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I. INTRODUCTION AND DEFINITIONS

The nature of solutions is unquestionably one of the main ob-
jects of modern chemistry. It has been customary to define a
solution in terms of its concentration. However, it is now a
familiar fact that when it is necessary to investigate chemical
equilibria such a definition will suffice only when the solutions
in question are of such dilution that the ideal gas laws may be
utilized to describe the properties of the dissolved substance.
For representing deviations from the ideal state the conception
of the thermodynamic function called the activity, first defined
by G. N. Lewis (1), has proven to be of great importance. It
has proven to be of particular value in the study of the marked
deviations from ideality which oceur in aqueous solutions of
strong electrolytes. The idea as developed empirically by Lewis
led to the hypothesis (2) that “In dilute solutions of electrolytes
the activity coefficient of an ion depends only on the total ionic
strength of the solution,” the ionic strength of a solution being
defined by the expression

I =3}Z¢iz2 1)

where I = ionic strength.
¢; = concentration in moles per 1000 grams of water.
z; = valence,
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Bronsted (3) showed, also in an empirical manner, that in the
region of sufficiently dilute solutions, in which the behavior of
the electrolyte was determined only by its valence type, that in
the case of a uni-univalent salt its activity could be expressed by
the relation

logf = —3av @

where o = constant dependent on the temperature.

v = concentration in moles per liter of solution.
In short, the change of the activity coefficient of the ions with
concentration in highly dissociated solutions can be represented
by a square root law. Equation 2 has more recently been written
in a general form which is valid for any valence ion, as follows:

logf = — 3 a2z VT (2a)

In the limiting case, therefore, the activity coefficient depends
only upon the square root of the ionic strength and the valence
of the ion in question.

The interionic attraction theory of activity, first developed
by Milner (4), and later in simpler form by Debye and Hiickel
and by Debye (5), gives an adequate theoretical explanation of
these empirical laws, based on the fact that the thickness of the
ionic atmosphere of mean charge surrounding each ion has to be
proportional to the square root of the concentration, if the prin-
cipal forces between ions are the ordinary Coulomb forces.

However, it is not the purpose of this article to treat the ac-
tivity problem;® rather it is its purpose to show in the first part
how these fundamental ideas have been applied by Debye and
his co-workers to show that the square-root law, found experi-
mentally by Kohlrausch, is the correct one to explain the change
in electrical conductance of dilute solutions of electrolytes with

3 The activity problem has been the subject of a number of reviews. The
following articles may be mentioned in this connection:

Brénsted: Trans. Faraday Soc. Symposium on Strong Electrolytes, April, 1927,
Hiickel: Ergebnisse d. exakt. Naturwiss. III, 199 (1924),

LaMer: Trans. Am. Electrochem. Soc. 41, 507 (1927).

Noyes: J. Am, Chem. Soc. 46, 1080, 1098 (1924).
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concentration, and in the second part, to show how these ideas
have led to the prediction of an electrical conductance which
is dependent on the frequency used to measure it.

Definztions

In treating the quantitative problem of the electrical conduct-
ance of solutions of strong electrolytes it is necessary to define
carefully a number of quantities. For the elementary quantities
(in electrostatic units), specific conductance, molar conductance,
and equivalent conductance the symbols, A, A, and A*, respec-
tively, will be used. Further, the molecular concentration and
equivalent concentration are given by the symbols v and +%,
respectively. According to the familiar definitions of physical
chemistry,

1000 A 1000 N
A= JA* = — (3
v v

Also,

v = 7im 4
where m is the valence factor defined for a given ion by the rela-
tion

m= vs 2;
where »; is the number of ions formed from one molecule.

Therefore the relation between molar conductance and equiva-
lent conductance is

m

It is customary in physical chemistry to use the practical
system of units, i.e., for A the unit OHM~t CM2, In this article
the quantities which are given in practical units are designated
by a bar over the symbol which represents the quantity in
question, thus

1
I

9 X 101 ©
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The mobility of an ion of the i** kind will be designated
by the symbol L;. If a molecule is dissociated into ions of
the number »;...v;...v, of charge e;...e:...e,, with valences
21...2i...2 and friction coefficients p1. . .p;. . .ps, then the molecu-
lar conductance at infinite dilution is written

A, =ZwLi ™
— Ne? 22 |
where L; = m . ;
N = 6.06 x 10%

e = 4.774 X 10" es.u.
Between the mobilities, L; and the friction coefficients, p; there
exists the relation

5.34 .
138 e x 107 ®)

L =

pi
The mobilities, L;, used in this article are related to the mobilities
usually found in tables of physical constants, ;, by the simple
relation

Li=2 ls 9)

Further, the ionic strength to be used in this article is the one
defined by Bjerrum rather than the Lewis quantity referred to
above. This ionic strength is given by the equation

Il = Sy (10)

A purely arbitrary method of referring to electrolytes of the
various valence types has been adopted. Those electrolytes
which give two different kinds of ions are called stmple electro-
lytes. The simple electrolytes are further subdivided into sym-
metrical and unsymmetrical electrolytes depending on whether
the ions formed have equal or unequal valences. Thus an elec-
trolyte of the type 1-1 or 2-2 is said to be symmetrical, while
one of the type 1-2 or 2-3 is unsymmetrical.



INTERIONIC ATTRACTION THEORY 321

II. THE LIMITING LAW OF THE ELECTRICAL CONDUCTANCE OF SOLU-
TIONS OF STRONG ELECTROLYTES. STATIONARY CASE

As the fundamental ideas underlying the treatment of the con-
ductance problem are the same as those mentioned for the treat-
ment of the activity problem, it is well to consider them in some
detail at this point. In the first place Coulomb’s law as used
here, i.e., to measure the forces between the ions, states that these
forces are inversely proportional to the square of the distance
between them. As a result of the presence of these Coulomb
forces a completely random distribution of ions in an electrolyte
solution is impossible. The probability that two oppositely
charged ions will come near to each other is greater than the prob-
ability that like charged ions will find themselves in the same po-
sition. To describe these deviations from a random arrangement
of ions the conception of an “ionic atmosphere” has been intro-
duced. This ionic atmosphere may be conveniently described
in terms of two of its characteristic properties, 1, its thickness
and 2, its time of relaxation.

1
1. Thackness, =

If a straight line of length r, is considered with a given ion at-
tached to one end and an element of volume at the other, it is
found that sometimes there is an excess of positive and at other
times an excess of negative electricity in the element of volume.
The time integral of this charge divided by the time of observa-
tion gives its mean charge. The density of the ionic atmosphere
is the mean charge divided by the volume of the element. The
density in the ionic atmosphere is of opposite sign to the charge
carried by the ion, and decreases as the length r is increased.
It is possible to show that the significant factor in representing
this decrease in density with distance is the exponential e,
where « has the dimension of a reciprocal length and is given by
the formula

4 7
2 = e—- . .2
p T 2 ni e (11)
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Where D = dielectric constant of the solvent
k = Boltzmann's constant = 1.372 X 10-1¢ erg/degree.
T = absolute temperature
N: = number of ions of the ¢ kind in 1 cc.
¢; = charge on ion of the 7** kind.
The order of magnitude of « in centimeters is

08
l = ];——_ cm., (12)
K

V'
where v is the concentration in moles per liter. It is further
suggested by table 1 which gives the values of the thickness -1
in centimeters for y = 0.001 in water at 18°C.

TABLE 1

TYPR OF ELECTROLYTE THICENESS

o
8

1-1 96.6 X 108
1-2 55.9 X 10-¢
2-2 48.3 X 10~
1-3 39.5 X 108
1-4 30.7 X 10-8
2-4 27.8 X 108

The characteristic dependence of the thickness on the concen-
tration 4%, is explanation for the fact of the proportionality of
the change of the logarithm of the activity coefficient with the
square root of the concentration and therefore with the square
root of the ionic strength, the latter containing both a concentra-
tion and valence term. As will be seen it is also explanation for
the law of conductance found by Kohlrausch.

2. Tvme of relaxation, 8

The influence of this property of the ionic atmosphere is ex-
tremely important in the consideration of the irreversible process
of conduction. The ionic atmosphere can neither be destroyed
nor created in an infinitely small period of time. If an ion is
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suddenly separated from the solution, the regularity in its neigh-
borhood will cease to exist because it owes its presence only to
the force field of the central ion. The transfer to the regular ori-
entation with reference to the point where the ion was will take
place gradually. The time necessary for this change is the time
of relaxation, and is dependent on a number of factors. It is de-
pendent on the quantities which characterize the thickness of the
ionic atmosphere, also it is dependent on the mobility of the ions.
Its order of magnitude in seconds has been shown to be

10—10

6 = seconds (13)
TABLE 2
CORRESPOND-
ELECTROLYTE TIME OF RELAXATION ING WAVE
LENGTHS
seconds meters
KOl .. e e 0.553 X 10-7 16.6
HCl. ... e .189 X 107 5.67
MgCla. it i .324 X 107 9.72
CASO e e .315 X 107 9.45
LaCls. oo 162 X 107 4.86

The values of 8 for v = 0.001 in water at 18°C. for several elec-
trolytes are given in table 2. There have also been included in
this table corresponding wave lengths whose significance will be
recognized in Part II1.

In the following pages it will be shown that the dissymmetry
of the ionic atmosphere caused by this time of relaxation, though
small, is sufficient to cause an additional (resisting) force on an
ion as it passes through the solution. This force is appreciable
because of the relatively large value of the charge carried by an
ion.

According to present views electrical conductance in solutions
of electrolytes is explained in the following manner. Due to
the influence of the outer electric field each ion, because of its
charge, is subjected to a force. This force gives to the ion a
velocity which is proportional to this force. Its veloecity is also
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dependent upon the forces which resist the passage of the ions
through the solution, namely, the frictional forces; but these
may be neglected for the moment. At this point we shall con-
sider only the velocity which the ion assumes under the influence
of the outer electric field at infinite dilution. The resulting elec-
trical foree E; is proportional to this field-strength because other-
wise Ohm’s law would not be obeyed. If 2z is the charge of the
ion and X the outer field-strength then

Ei=2z2¢eX = pivig (14)

where p; specifies that outer electric force which gives to the ion
a velocity of 1 em. per second, and p; v;. is a measure of the re-
sisting forces which the ion meets when it moves with the veloc-
ity v;. under the influence of the outer field strength X.

At finite concentrations equation 14 is no longer strictly obeyed,
since it fails to take into account the forces of relaxation and elec-
trophoresis which are about to be discussed. The absolute value
of the velocity which an ion has under the influence of a unit
outer field is called its mobility, ;. This mobility u; is related
to the mobility I; in the following manner:

Us = glo %

i = 96,500 u:.

Ui = '—g—;_—’ (absolute electrostatic units) (15)

The connection between electrical field-strength and current
density follows directly. If a molecule of the salt is dissociated
on solution into ions vi...»;...v, with valences 2:...2;...2,,
number present per cubic centimeter 7;. . . n;. . . n,, and quantities
p1. .. ps. .. ps, Which measure the resisting forces of the passage of
the ions, then the current density j (current strength per square
centimeter cross-section) is given by the expression

F=€eZmiziv;

=e2n.~[z.-|u.-X (16)
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The specific conductance \ is defined as the current density for
unit field-strength. Therefore,

=§=Eznil?i[u.’ (17)

From formula (17) the expression for the specific conductance at
infinite dilution can now be written

ni 242
= &2
A e

(17,a)
pi

For finite concentrations the mobilities u%; are necessary to

calculate the specific conductance, or any of the conductances

derived from it, again using equation 17.

It is evident that there are two possible methods in which the
change of conductance with concentration may be explained, as
follows:

First, the number of ions n; may be considered to be variable.
This is the method of the classical theory in which a thermody-
namic equilibrium between undissociated molecules and the dis-
sociated ions is assumed. The method of treatment is that
by which the number 7, is decreased by multiplication by a fac-
tor «, the “degree of dissociation,” as the concentration increases.
This is familiar as the classical theory and will not be discussed
further.

Second, the conductance may change with concentration be-
cause of variations in the mobilities, u;. This possibility in-
volves the assumption of complete dissociation, or that the num-
ber of ions n; is always exactly proportional to the total concen-
tration. This assumption is the one which had to be made in
the treatment of the activity problem; furthermore it is the one
which is used by Debye and Hiickel to explain the deviations
of the proportionality between the conductance and concentra-
tion and which is used throughout the work reviewed in this
article.

When an outer field-strength is applied to a solution of finite
concentration each ion will no longer move with the same velocity
as it did in the infinitely dilute solution because now other forces
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between the ions come into play, since each ion finds itself in the
presence of others. In other words, the mobility «; at finite
concentration will differ from that at infinite dilution u:,. In
the first place the distribution of the ions in the solution is such
that on the average in the neighborhood of an ion of given sign
there are more ions of unlike than of like sign. Each ion is
surrounded by an ionic atmosphere, the properties of which have
been suggested above. Thisionic atmosphere is built symmetric-
ally about a stationary ion, but if the ion is caused to move
through the liquid with the velocity », the ionic atmosphere about
it can no longer be symmetrical. It is true that the interionic
forces tend to restore the symmetry of the ionic atmosphere,
but as has been shown, this requires a definite period of time—
the time of relaxation. Since the ion is moving, the symmetry
of the ionic atmosphere is never completely restored; however,
there will be built about each moving ion a stationary ionic atmos-
phere which moves with the ion to which it belongs. This ionic
atmosphere will be unsymmetrical in the direction of the motion
of the ion. Before the ion there will be more ions of like charge
and behind it more ions of opposite charge than was the case
when the ion was not moving. The electrical forces will not be
able to build up the static ionic atmosphere before the ion, while
a definite period of time is necessary to restore the ionic atmos-
phere behind it. This granted, it is evident that each moving
ion, positive or negative, issubjected to a force which decreases its
mobility, since bodies charged alike repel each other and bodies
charged unlike attract each other. This force will be called the
electrical force of relaxation in the sections to follow.

As a result of the characteristic properties of the ionic atmos-
phere this electrical force of relaxation is dependent on & number
of circumstances. In the first place, the greater the velocity of
the ion the greater the additional electrical force will be, because
the ionic atmosphere will deviate more and more from that of the
stationary case, at least for small velocities. If the friction con-
stants of the ions p; are larger the electrical forces of relaxation
are increased because the adjustment of the ionic atmosphere is
more difficult. If the temperature is decreased, the electrical
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forces of relaxation are again increased, again because the ad-
justment of the ionic atmosphere is more difficult. In short,
the mobility is modified by the ionic atmosphere. Therefore,
the ionic atmosphere with its characteristic thickness, which
is also a function of the (ionic) concentration plays a very im-
portant part in the determination of the magnitude of this force
which resists the passage of an ion (6). The problems which
confronted Debye and Hickel at this point were, first, to find an
expression for the space distribution of ions, taking into account
its variation with time, and second, to calculate the stationary
dissymmetry around an ion moving with a constant velocity v
in the direction of the external field. Their solution, the details
of which are given in the original article, was found in the general
equations which describe the Brownian movement, and leads to
the result that the passage of an ion through the solution is sub-
jected to an additional electrical force of relaxation, E}, in the
direction opposite to its velocity,

s 1 PV e
E, K3 DkT K € 24 (18)
. . . Zniei’p;
where the mean friction constant of the solution p = "
i€

Thus, if only the electrical forces acting on an ion are considered
the total force is the algebraic sum of the two which have been
evaluated.

Vs

E’=E.~+E.~'=z.-eX—%-£kT

ket z? (19)

For a steady state of motion these electrical forces must be in
equilibrium with other forces. These other forces are frictional
in nature as has already been suggested in equation (14)

Fi = ps v

which expresses the frictional force on the ions exerted by the
impacts of the surrounding molecules. The force may also be
expressed in terms of Stokes law as follows:

Fi=6r7biv (20)
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where 5 is the internal friction constant of the liquid. In a solu-
tion of finite concentration the apparent frictional constant will
vary from the limiting value, p;, again because of the distribution
of ions about the one in question. In such a solution all the posi-
tive ions are moving towards the cathode, while all the negative
ions are moving in the opposite direction. But in the vicinity
of a given ion there are on the average more ions of unlike than
of like sign. Since the ions carry with them a certain amount
of the solvent the given ion may be considered to be moving in a
medium that is moving in a direction opposite to its motion rather
than in a stationary medium, so that a decrease in the mobility
results from this force. This effect is the simple electrophoretic
effect, and is calculated in a manner similar to that utilized by
Helmholtz in earlier studies of this phenomenon. The electro-
phoretic effect was shown by Debye and Hiickel to be given by
the expression

Fl=ez;aubi X 1)

where b; is the radius of the ion of the ¢** kind.
Therefore the purely frictional forces are given by the algebraic
sum

F=F,+Fl=piviterieb; X (22)

As already indicated, for a steady state of motion the two sets
of forces must be in equilibrium

Therefore,

Ei+ B/ =F; + F/,
That is,

ezi X — % p Y ke2 22 = pivi +tezsxbi X

* DET

or
1 — xbe
v = ez X » ud (23)
pi 4 e ez x

DEkT
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For the mobility w; this equation may be written

Vi p €t z?
U = X = Uiy [1 <% pi DET + bi) K:| (24)

where

Thus, in the region of small concentration the mobility is propor-
tional to the square root of the concentration, since the factor
« is proportional to this quantity. Thus the law found empiri-
cally by Kohlrausch is explained.

From this expression others giving the molar conductance, the
equivalent conductance, and the so-called conductance coeffi-
cient of Bjerrum (7) may be written. For example, the molar
conductance of a simple electrolyte in sufficiently dilute solution
may be given by an expression of the form

K K —
A=Am—Am[D—§w1+H:b]'\/2'y (25)

where K, and K, are constants varying only with the temperature,

UL o U2
w =3+ ==
U2 o UL

Uy, Us,» = mobilities of anion and cation
b = harmonic mean of the ionic radii
and ~ = molecular concentration
It may be further simplified to

A=A, —aNy (25,8)

where « = numerical factor.

Debye and Hiickel tested this equation by making a survey
of the existing conductance data for dilute aqueous solutions.
They found in practically every case the linear relation between
the equivalent conductance and the square-root of the concen-
tration demanded by the equation. It is, as suggested above, in
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exactly the form of the expression found empirically by Kohl-
rausch to hold for very dilute aqueous solutions.

The experimental verification of the equation in non-aqueous
solutions is more difficult for several reasons of which the follow-
ing may be mentioned.

1. The experimental data are incomplete, and in a number of
cases where they have been reported they must be considered as
unreliable.

2. Since the theory is applicable only when the electrolyte in
solution is completely dissociated, measurements in non-aqueous
solutions have to be made at greater dilutions even than in the
case of the aqueous solutions. In non-aqueous solvents the pres-
ence of undissociated molecules even in dilute solutions is a much
more common phenomenon than in water. It goes without say-
ing then, that the experimental difficulties may become very
great.

In spite of these difficulties Fraser and Hartley (8) have shown
that the square-root law is satisfied by the conductance data for
a number of uni-univalent salts dissolved in methy! alecohol up
to a concentration of vy = 0.002. These experiments were
conducted with extreme care and the results must be considered
to be among the most accurate conductance data available at the
present time. Walden, Ulich and Busch (9) tested the theoretical
relation with their data, and found it to be obeyed for a number
of salts dissolved in acetone up to a concentration of v = 0.0005.
In the more dilute solutions the data of Franklin and Kraus (10)
and of Kraus and Bishop (11) for certain of the alkali-halides
dissolved in liquid ammonia may be represented by the equation
given above.

The development of the theory by Onsager

To this point the numerical factor « in equation (25a) has not
been considered. Unfortunately the equations lead to a numeri-
cal factor which is more complicated than the corresponding fac-
tor in the activity theory which is made up of universal constants
only. The factor of the conductance equation has to be calcu-
lated for each individual case from the conduectance measurements
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themselves, because one of the terms from which it is obtained
contains the ionic radius—a distance not accurately known at
present. Also, if this distance is calculated from the mobility
of the ion, using Stokes Law, and the result used to calculate «
it is found that the calculated decrease in conductance as the con-
centration is increased is always somewhat large.

On investigation of these difficulties Onsager (12) was able to
improve the theory in several respects. In the first place he was
able to calculate the effect due to electrophoresis in such a way
that in the region of small concentrations it was entirely inde-
pendent of the ionic radius. The result is given by the expression

ez X «

Fy o= (26)

6 71y

This expression is essentially the one found previously by Debye
and Hiickel (equation 21), since it may be obtained from the
latter by the simple substitution of the equivalent of the ionic
radius given by Stokes Law. Therefore, although the calcula-
tion of the factor o was simplified in this manner, the difficulty
concerning its magnitude was not removed.

Onsager showed further that the method used by Debye and
Hiickel to calculate the electrical force of relaxation upon an ion
passing through a solution needed some modification. The
original Debye expression

E/) = -3 1‘;:} Kk € 2 (18)
was obtained by considering the ion to be moved in a given di-
rection with a constant velocity, which, according to Onsager,
cannot be strictly true. The ion, in addition to its mean motion
in the given direction, possesses an irregular motion, due to its
Brownian movement, which will have an effect on the dissym-
metry of the ionic atmosphere. Introducing this conception it
is found that the resistance to the passage of an ion is lower than
was indicated by the earlier treatment. The calculation is also
modified due to the fact that the diffusion of two ions in relation
to one another causes a combined relaxation of both ionic atmos-
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pheres. The additional electrical force of relaxation is caleu-
lated to be

2 /2

B = somraseX @
where
ni e
= 4T pi
DkT 1
E —_—

Pi

n; and p; being the number and frictional coefficients, respectively
of the various ions in the solution, as before.

The result of the calculations of Onsager may be given quite
simply by means of the relation

A=K, — A~ 4y (28)
where A,, = ordinary conductance at infinite dilution

_aal -

- q . .
A, = KA = = electrical force of relaxation expressed as con-
° 3DkT 1+ Vg ductance. (28,a)
2 2 1000 1
KH = megtmd - + k = electrophoretic force expressed as con-
67 v 9 X10” ductance, (28,b)
47 &N

2

R 28
“ = Drr 1000 Y F T F (23,¢)

For water at 18°C.:

k* = 0,05342 X 10 v T v; 24®
For water at 25°C.:

= 0.05385 X 1018 y T v; 2.2

Equation 28 shows at a glance that the molecular conductance,
A, is equal to the familiar molecular conductance at infinite di-
lution, A., minus the effect of the two additional forces, which
have been under discussion, namely the electrical force of relaxa-
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tion and the force due to electrophoresis. These forces are, of
course, expressed as molecular conductances.

The quantity, ¢, depends only on the valences and mobilities.
It is given by the relation

Z1Z2 + Zzzl
(21 + 22) (Liz} + Laz?)

q = * 2123 (29)

Introducing the universal constants the expression for the
molecular conductance of a simple electrolyte takes the following
form

_ 0.985 X 109 -
A=AQ—(W A, Vvl + (DT) (\/Euizﬁ)\/v (30)
where
oo 20
1+ Ve

The molar conductance, A, is therefore given by an expression
of the form

A=A, —aVy (30a)

where

(D7)} (DT)5

.. <M IRV Vo z'>>

The corresponding expression for the equivalent conductance
(the quantity used exclusively by Onsager) is

. — 985 X 108 _ 29.0 —
A* = A% — (0_9%0)—;5)?' wAy + W) Vit G

This equation is of the form
A* =AY — o* ‘\/(21 + z2) v* (31a)
where

0985 X 100 -, + 29.0 (2 + 23)
(DT)? ® (DT)} 4

a¥ =
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The limiting law for the equivalent conductance may be written
in still simpler form when the ionic strength, I’, given by equation
10, is introduced. It may be written

A* =AY —a* VI (32)

where o* has the value given above.

The above general equations contain, besides universal con-
stants, only the valences of the ions in question and their veloci-
ties of migration at infinite dilution. According to these equa-
tions, the decrease in conductance with increasing concentration
takes place more rapidly the higher the valences are, and the
greater the ionic mobilities at infinite dilution are. The valence
effect predominates because it occurs in both members of the term
which gives the numerical factor.

Considerable progress has already been made in the verifica-
tion of the theory.

For solvent water at 18°C., using the values of Drude for the
dielectric constant of water

a* = 0.270 w A* + 17.85 (20 + 2)

For solvent water at 25°C.
a* = 0.274 w K'; 4+ 21,14 (2, + z0)

That the experimental data of Kohlrausch (13) for salts of
the valence types 1-1, and 1-2, as well as for acids of the type
1-1 may be represented by the equation of Onsager is indicated
in tables 3 and 4. In practically every case the deviations are
within the limit of the experimental error. The fact that the
differences between experiment and theory are somewhat greater
in the case of the uni-bivalent salts is explained by the fact that
only five values of the molar conductance, corresponding to the
concentrations 4* = 0.0001, 0.0002, 0.0005, 0.001, and 0.002
could be used. In the case of the uni-univalent salts the concen-
trations used were +* = 0.0001, 0.0002, 0.0005, 0.001, 0.002
and 0.005.

In the case of the salts of the higher valence types the conduct-
ance values at the highest dilutions for which data exist are
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represented by a square-root law, but the values of the limiting
slope, o*, are much higher than that demanded by the theory.
This is indicated in table 5 which, like tables 3 and 4, has been

TABLE 3
Conductance data for electrolytes of type 1-1. Solvent water

*

P = 35.7 4+ 0.159A
theors o

ELECTROLYTE —K; %xp. 2heor. “gxp. *theor.
LiCl....oooo e 98.9 57.4 51.4 6.0
LilOs .o 67.4 48.3 46.4 1.9
LiNOg..........ooviiin 35.2 56.3 50.9 5.4
NaCl.......ooooiiiine, 108.9 54.7 53.0 1.7
NalOsooooooooiiiiiiil 77.4 51.4 48.0 3.4
NaNOg....oooivi i 105.3 58.3 52.5 5.8
KCLo..........oooooion. 129.9 59.9 56.4 3.5
KBro......ooovevviiiiien 132.0 62.2 56.7 5.5
KI.............o.ooiiiinn. 130.5 51.5 56.5 —-5.0
KIOg..........covviiinn. 98.4 54.2 51.4 2.8
KClOg...ooviei i, 119.5 58.2 54.7 3.5
KNOs oo 126.4 65.7 55.8 9.9
KCNS....ooo o 121.0 54.1 55.0 —0.9
CsCl. .o 133.1 53.8 56.9 —-3.2
AgNOz ... 115.8 62.4 54.1 8.3
TINOg. ..o e 127.6 63.4 56.0 7.4

TABLE 4
Conductance data for electrolytes of type 1-2. Solvent water
* q —k
@ = 53.55 4 1.084 r \/I_ZA »

ELECTROLYTE Ao aExp. *%heor. "‘;xp. ~ otheor.
Ba(NOjga.................o0. 117.0 92.8 86.9 5.9
Sr(NOs)s....oovvveiiin.. 113 .4 97.8 85.5 12.3
CaCly. ..o 116.7 88.0 86.1 1.9
Ca(NOga.oov oo 113.6 97 .4 85.6 11.8
MgCla oo 110.9 83.2 84.1 —-0.9
KoSOgoioioiioii i 132.2 81.0 92.1 —11.1

adopted from the article of Onsager (12). The values of o*
were calculated from the conductance data of Kohlrausch at the
concentrations v* = 0.0001, 0.0002, 0.0005, 0.001 and 0.002. It
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appears as if the experiments had not as yet been carried out at
high enough dilutions to be able to apply the limiting law, since
the extrapolation to v* = 0 gives a value for which A2 is always

too large.

TABLE §

Conductance data for elecirolytes of type 2-2. Solvent water

.
a* =714+ 06364
theor. «©
ELECTROLYTE Ao “yp. ‘ *heor. %gxp. ~ “iheor.
MgSOs..oovvvv it 114.7 242.7 144 4 98.3
CdSO4. .o vvvvii 115.8 270.7 145.1 125.6
TABLE 6

Conductance data for electrolytes of type 1-1.

*
= 109 4 0.626 A °

Solvent methyl alcohol

a
theor.

ELECTROLYTE red @exp, “Fheor. a;xp. ~ *theor.
LiCl......ooooi s 90.9 158 166 -8
NaCl.....ooooi e 97.0 163 170 ~7
KClo.ooooioiiiiiiiiiiio 105.1 185 175 10
RbCl........oii 108.7 199 177 12
CsCl.....ooiiiii i 113.6 200 180 20
0 94.0 167 168 -1
KBro..ooooviiiiiiiiiian, 109 .4 185 178 7
KL oo 114.9 184 181 3
NHCL ..o 111.0 187 179 8
HCL.........ooove it 193.5 260 231 29
LiNOg.ovoviiiii i 100.3 177 172 5
NaNOz...ooovvviviiienon. 106.5 204 177 27
KNOg.ooiiiiiiiiiieie 114.6 244 181 63
RbNO;. ... 118.2 251 183 68
CsNOs vt 123.0 268 186 82
AgNO;. ..o 113.0 319 180 139
NaBr..............ooeit 101.5 170 173 -3
NaOCH;. oot 98.4 157 171 —-14
NaClOy.ooovvivviiien e 115.1 198 181 17

For the solvent methyl aleohol at 25°C. (Dielectric Constant =
30) the coefficient becomes

a* = 1.07 w AL + 545 (2a + 20)
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The data of Fraser and Hartley (8) have been used by Onsager
for the verification of the limiting conductance expression. The
range of concentration considered was +* = 0.0001 to 0.002 as in
the case of the aqueous solutions. The comparison of the experi-
mental results with the theoretical is given in table 6. Many of
the differences at least must be considered as real deviations from
the limiting law. It seems probable that in the region of con-
centration studied many of the electrolytes are associated to a
certain degree, and that if the data were available for the region
~* = 0.00001 to 0.0001 a better agreement with the theory might
be expected.

Examining the work of Walden, Ulich and Busch in the
solvent acetone it is found that the change of conductance in the
dilute solutions may be represented by a square-root law. How-
ever, simple calculations carried out by the present authors
indicate that the values for the constant o* determined from the
experimental data are much greater than that givenby the theory,
again indicating a certain degree of association of the ions.

The authors believe that satisfactory experimental verification
of the theory in any solvent having a dielectric constant much
below that of water will only be possible in solutions which are
more dilute than any which have as yet been studied. The same
thing is true in the case of aqueous solutions of salts of the higher
valence types.

Thus the present position of the conductance theory may be
compared to that of the activity theory which, although it has
been amply verified in aqueous solutions, cannot as yet be said to
have been proven satisfactorily in solvents of considerably
lower dielectric constant. It is true that several attempts have
been made in this direction using electromotive force measure-
ments (14). More recently one of us (15) has published data
which indicate that the activity theory is obeyed for salts of the
type 1-1 and 1-2 in methyl alcohol in sufficiently dilute solution.
The activity coefficients were determined by means of the effect
of suitable solvent salts on the solubility of highly insoluble
complex cobaltammine salts in that solvent. The solubility of
the saturating salts in methyl alecohol is considerably less than it
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is in water. Since the same salts and salts of similar solubility
had previously been used to verify the theory in aqueous solution
(16), it is probable that if the necessary measurements can be
made on sufficiently dilute solutions a verification will be possible.

The experimental data in the various solvents which have been
utilized above in the verification of the simple conductance theory
are for the most part for solutions whose lowest concentration is
not less than 0.0001 mol per liter, and whose highest concentra-
tion is not greater than 0.005 mol per liter. The figures seem to
indicate that 0.0001 mol per liter is sufficient dilution only in
the case of the conductance effect of salts of the simpler valence
types in water. In the case of the activity theory the straight
line relationship between the logarithm of the activity coefli-
cient and the square root of the ionic strength, and with the
correct slope, has been shown to hold in many cases up to concen-
trations of the order of magnitude of 0.01 mol per liter. The
difficulties of verification of the simple conductance theory are
therefore greater than in the case of the activity theory. One
reason is, without doubt, that it is necessary to use a number of
complicating assumptions in calculating the limiting slope in
the case of the conductance theory. It may be suggested here
that with improvements in the technic of conductance measure-
ments at high dilutions, at least certain of the difficulties which
the theory has met will be overcome.

III. THE DEPENDENCE OF THE ELECTRICAL CONDUCTANCE ON
FREQUENCY

In the preceding section the theory which describes the con-
ductance of dilute solutions of strong electrolytes for the usual
type of conductance measurement has been reviewed. It will
be recalled that for this measurement the Vreeland oscillator,
the ordinary vacuum tube generator, the induction coil, or the
Washburn generator are standard sources of the alternating
current which are used to reduce electrolytic disturbances and
polarization effects to a minimum. These instruments are
styled in textbooks as sources of “high-frequency’ current. In
the discussion given forthis type of conductance it was recognized
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that the thickness of the ionic atmosphere was of primary
importance.

The purpose of the present section is to show that as a neces-
sary consequence of the existence of a finite time of relaxation,
an electrical conductance which is dependent on the frequency
must result. From the examples to be given it will be apparent
that the frequencies of the sources mentioned in the paragraph
above are not high enough to cause any appreciable effect on the
conductance of the solution. In other words, to measure the
predicted effect it will be necessary to resort to such sources as
the Holborn sender or especially built vacuum tube generators
which will operate to give waves of length of the order of magni-
tude 1 to 10 meters.

Consider an ion, surrounded by its ionic atmosphere, to be
suddenly removed from the solution. The regular distribution
of the ions in the neighborhood of this ion can no longer exist,
because the central force field which is the cause of the regular
distribution has been removed. The change of the distribution
of the charges of the ionic atmosphere to a random distribution
with respect to the point where the central ion was will take place
gradually. The disappearance of this equilibrium position has
been given both mathematically and in the form of a graph in the
original articles (17). In the first article this process which is
described above was treated only for the case of a symmetrical
electrolyte whose ions possessed equal mobilities and neglecting
the effect of their Brownian movements. The general case of an
unsymmetrical electrolyte, taking into consideration the Brown-
ian movements of the ions is considered in the second article.
To summarize the results of these calculations, the statement may
be made that the t¢me of relaxzation is a measure for the disappear-

ance of the equilibrium condition. It has already been shown
-10

that it is of the order of magnitude 1—7— seconds.

The reason why a dispersion or frequency dependence of the
electrical conduetance must exist may be explained in the fol-
lowing manner. If an ion is in motion due to the action of an
external electrical field, then, as we have seen in Part 1I, there
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will be a density of charge (of opposite sign) which is too small
before and too large behind any ion upon which attention is
fixed. Therefore, there will be a dissymmetry of the ionic at-
mosphere which becomes more and more important the greater the
average velocity of the ion is. The result is the resisting force
which has been called the electrical force of relaxation in Part
II. This electrical force of relaxation appears in the calculation
(as is shown by equation (28)) as a decrease in the mobility of the
ion.

It must be emphasized that the calculation of the dissymmetry
can give an approximation only for small ionic velocities. In
the usual cases an approximation is sufficient but the case is
different when one, as has been done by Wien (18) in his recent
experiments, causes the existence of abnormally large ionic ve-
locities by great field strengths. The order of magnitude of the
ionic velocities in the Wien experiments was 1 meter per second
contrasted to the usual velocities of the order of magnitude 0.01
mm. per second. It can be readily shown that ions which have
these high velocities will travel many times the thicknesses of
their ionic atmospheres in the time of relaxation. Under these
conditions, then, the ionic atmosphere can hardly be built.
Therefore, in very strong fields the force which has been termed
the additional electrical force of relaxation is of little or no conse-
quence, and the conductance will approach that value found
at infinite dilution. This deviation from Ohm’s law is exactly
the effect discovered experimentally by Wien and explained
in a more or less quantitative manner by Joos and Blumentritt
(19). This effect has also been discussed in some detail from the
standpoint of the interionic attraction theory by the authors (20).
It has been introduced at this point merely to assist the reason-
ing which leads to the explanation of the dispersion effect.

To return to the point in question, it may be said that if the
experiments of Wien can be explained in the manner which has
been given, and the explanation is certainly beyond reasonable
doubt the correct one, then the existence of an electrical con-
ductance which is dependent on the frequency must be suspected.
If it be assumed that an outer electrical field of oscillation fre-
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quency « acts on the ions in the solution, then apart from their
Brownian movements the ions must acquire a back and forth,
or periodic movement. For the ordinary frequencies it can be
shown that the ionic atmosphere will have in each moment a
dissymmetry of distribution of charges which corresponds to the
momentary velocity of the ion. In other words, the decrease in
the conductance of a solution due to the electrical force of re-
laxation will be independent of frequency until the extreme case
where the frequency of the field is extraordinarily great compared

to %, is reached. Under these conditions it may be shown (17),
(20) that the dissymmetry of the ionic atmosphere cannot be
built. If the frequency is made high enough, it should then be
possible to almost completely destroy this electrical force of
relaxation. Since this force is one which in the case of the fre-
quencies ordinarily used for the measurement of conductance
operates to resist the passage of an ion, it is evident that an in-
crease in conductance will appear when such high frequencies
are used that this force disappears. It is, therefore, predicted
(17) that for sufficiently high frequencies an electrical conduct-
ance which is dependent on the frequency will result.

The results of the original calculations for the general case of
anunsymmetrical electrolyte, takinginto consideration the Brown-
ian movement of the ions are given below. The molecular
conductance, , as a function of the frequency may be written:

where A, = molecular conductance at infinite dilution.

| e e

= s DET K Km X (o 6, q) (83,a)

AIw
= electrical force of relaxation for frequency w.

- me+me 1000 1
A= T, y 9108 f

N E G (A

(28,b)
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- 1
R=—= 1/

'z V1it+ater +1
6=._L

VeV Vitawre -1

2} 2} 15.34 X 10-8
2;Z1+szz kT qwx

% being given by equation 28,¢

The dependence of the conductance on frequency appears in
the term X, which is in turn dependent on «8 and ¢. The values
of 6 in terms of the concentration for several electrolytes with
the corresponding wave lengths in meters, have already been
given in table 2. The frequency w is controlled experimentally.
. It is evident from the equations (33) that in the case of ordinary
frequencies the expression for the molecular conductance goes
over to that given by equations (28). It is thereby assumedthat
the electrophoretic part of the conductance is independent of the
frequency. The quantity, g, is given by equation (29).

Values of the quantity A, /A;, also dependent on w8 and g,
have been used to demonstrate the magnitude of the effect
of frequency on conductance (17), (21). In these articles a
detailed description of the effect of such factors as concentration
of the solution, mobilities and valences of the ions, dielectric
constant of the medium, and temperature has been given. It is
not our purpose to review this material here, it will be sufficient
to include a single graph (fig. 1) to show the dispersion effect
quantitatively. In this figure, which illustrates the effect of
a change in the valences of the ions, values of the quantity
K;./A;, are plotted against the wave lengths, for which a loga-
rithmic scale has been used. Wave lengths for which the elec-
trical force of relaxation has been reduced to one-half its usual
value, i.e., when A, /A;, = 0.5, may be read directly from the
graph for each of the salts for which curves are given.

In order to indicate the magnitude of the effect under discus-
sion we shall consider a 0.001 molal solution of cadmium sul-
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fate. The molecular conductance at infinite dilution and 18°C.

18
A, = 92 + 136.6 = 228.6

The calculated decrease in conductance due to the electrophore-
tic effect is, according to equation (28).

Ay = 12,8 = 5.6 per cent of A,

The calculated decrease in conductance due to the electrical force
of relaxation for the ordinary frequencies is, also according to
equation (28)

Az, = 13.0 = 5.7 per cent of A,

{azim
Aslo
w ‘
sl
- L~ »
//// // »
m{ A
/// x 1/
45 /// /] »
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— l
| il E B} i I S Y L ol . "
7 2 4 4710 20 40 et &100 200 40050 6008001D00 5000 10000
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At a wave length of 6.5 meters Ay, /A;, = 0.5, therefore,
A;, = 6.5 = 2.85 per cent of A

Therefore, if a source of current having a frequency corre-
sponding to a wave length of 6.5 meters is used to measure the
conductance of a 0.001 molal solution of CdSQ,, its molecular
conductance should be approximately 3 per cent higher than that
measured using a frequency corresponding to a wave length of
300 meters, for example.
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The example of K.Fe(CN)s is similar. The molecular con-
ductance at infinite dilution and 25°C. is

A, = 680

Further,

I

Az = 18.9 = 2.8 per cent of A,

A, = 13.7 = 2.0 per cent of A,

The total lowering of the molecular conductance is 4.8 per cent.
An increase of approximately one per cent in the molecular con-
ductance should be observed using the wave length, I = 16.3
meters, i.e., where A;,/A;, = 0.5. The curve for this salt is given
in figure 1. The maximum dispersion effect, to be observed at
extremely short wave lengths, would be of the order of magnitude
of 2 per cent.

The predicted effect has been observed for the first time by
Sack (22), working here in Debye’s laboratory. This observa-
tion must, however, be considered to be one which is as yet but
roughly qualitative in nature. A quantitative verification will of
course consist in being able to show that a series of experimentally
determined conductances for various short waves will give a
curve which when properly plotted will coincide with the cor-
responding calculated curve. Such calculated curves are given
in figure 1.

The effect in question is already finding application to chemi-
cal problems. For example, Nernst (23) has utilized it, in
combination with the classical Arrhenius theory, to calculate a
degree of dissociation for strong electrolytes in solution. Fur-
ther, it now seems possible that the effect of the mutual associa-
tion of the ions may be determined by a direct experiment. With
the elimination of this factor a true degree of dissociation should
be made accessible.
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