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practically unchanged (0.506 and 0,412 M) the concentration
of molecular iodine was varied by a factor of 14, which led
to a reduction in the limiting current from 226 mA cm-?’
for a solution of 0,506 M KI + 0.0123 M I, to 73 mA cm™2
for a solution of 0.412 M KI + 0.174 M I,, which represents
a decrease by a factor exceeding 3. The rate of the anodic
process depends on the concentration of both I” and I,, and
the complex ion I7 has a remarkably great effect.  The
electrode reaction itself limits the velocity of the process.

1. E.A.Ukshe and A. I, Levin, Zhur, Fiz.Khim.,- 27, 1396 (1953);
M. D, Zholudev and V.V, Stender, Ukrain.Khim, Zhur., 24, 570
(1958); I.K.Rusnak, Nauch.Dokl, Vys. Shkoly, 4, 646 (1958);
E.A.Ukshe, Zhur.Fiz.Khim., 34, 259 (1960) {Russ.J. Phys.
Chem., 123 (1960)].

2. A.V.Izmailov, Izv.Vys.Ucheb.Zaved., Khimiya, 1, 118, 127
(1958); 2, 562, 568 (1959); Nauch.Dokl. Vys. Shkoly, 2, 240,
245 (1958).

3. A.A.Yakovkin, Z.phys.Chem., 13, 539 (1894); 20,

19 (1896); Dowson, J.Chem.Soc., 79, 238 (1901); G.Jones
and B. B. Kaplan, J.Amer,Chem. Soc., 50, 1845 (1928).

4, E.A.Hogger and M. B.Craichman, J.Amer.Chem.Soc., 76,
1431 (1954); A.l, Fedorova and G, L. Vidovich, Dokl. Akad.
Nauk SSSR, 109, 135 (1956).

5. S.V.Gorbachev, “Trudy Chetvertogo Soveshchaniya po Elek-
trokhimii” (Proceedings of the Fourth Conference on Electro-
chemistry), Izd.Akad, Nauk SSSR, 1959, p.61.

6. V.A.Khadeev and F.F.Kvashina, Izv,Vys., Ucheb. Zaved.,
Khimiza, 3, 251 (1960); A.N.Frumkin and E. A, Aijkazyan,
1zv.Akad. Nauk SSSR, Otd.Khim.Nauk, No.2, 202 (1959);
A.N, Frumkin and G.A. Tedoradze, Dokl,Akad.Nauk SSSR,
118, 530 (1958); E. Budevskii and S.Toshev, Dokl.Akad.
Nauk SSSR, 130, 1047 (1960); G.P.Dezider'ev and 8, L.
Berezina, Dokl.Akad.Nauk SSSR, 130, 1270 (1960).

7. A.l.Rusanova, Zhur,Obshch,Khim,, 8, 1272 (1938); Freir
and Resch, Z.Elektrochem., 60, 473 (1956). )

Mendeleev Institute of Chemical Received 26th January 1961

Technology, Moscow

ENERGY OF HYDRATION OF IONS AND
THE “EXPULSION EFFECT”

A.N.Frumkin

The sums Aqp, of the chemical energies of hydration of
cations and anions and the differences in energies of hydra-
tion of ions of the same sign can be determined from ex-
perimental data; in order to derive from these quantities
the energies of individual ions, an assumption must be
made about the energy of hydration of one of the ions, or
something else must be assumed, for example that these '
quantities are equal for a certain cation and a certain an-
ion. Izmailov! avoids this difficulty by a method which
consists essentially in finding such sums or differences for
the combination of a certain ion, e.g. H* or Ag*, with an ion
of sufficiently large radius and of the opposite or the same
sign respectively, on the assumption that, with increase in
v, the chemical free energy of hydration tends to zero as
1/». Limiting values of these sums or differences as
1/7 — 0 are found by extrapolation from data for halide and

1064

alkali-metal ions having different values of . In a discus-
sion of this question I pointed out that the part of the energy
of hydration depending on van der Waals forces does not
decrease with increase in ¥, but increases as r? for suf-
ficiently large ». This view, to which reference was made
in the above paper, has not yet been published. The pur-
pose of the present communication is to make this idea
more precise.

As an example, let us consider the value of the term due
to van der Waals forces in the free energy of hydration for
tetra-alkylammonium ions. For this purpose, such an ion
can be regarded to a first approximation (ignoring the
charge) as a hydrocarbon droplet of radius 7. We shall
now utilise a method which has already been applied
repeatedly in analogous calculations®®. In order to intro-
duce this droplet into an aqueous medium, we create a void
of radius 7 in the latter, the work involving in doing this
being 477 20,, where 0, is the surface tension of water.
Filling this void with the hydrocarbon produces a gain in
energy of 47r%a, where a is the free energy of adhesion of
the hydrocarbon to water per cm?, equal to 0, + 03— 033, 03
being the surface tension of the hydrocarbon and oy, the
water—hydrocarbon interfacial tension. The net work done
in transferring the hydrocarbon droplet from the gas phase
to the aqueous medium is therefore 4n7r%(g,,—0,), a result
which can be obtained directly by comparing the initial and
final states of the system. On substituting 50.8 and
21.8 ergs cm~? (the experimental values for octane CgH,s at
20°) for 0,; and o, respectively®, and 5.29 X 1075, i.e. the
radius of the N(C,H,,)} cation®, for », we obtain 14.7 kcal X
X g-ion~! for the quantity in which we are interested. The
employment of a macroscopic model to determine the
energy of hydration of this ion is apparently justified,
since, for example, a calculation based on Stokes's formula
gives a correct value for its mobility®; however, the value
obtained is too high, since our calculation has made no
allowance for the effect of radius of curvature on the value
of 0. Another source of error is the fact that the values of
6, and o, used relate to a hydrocarbon with an unbranched
chain; it would be more correct to use values for hydro-
carbons of the type CR,, but apparently such data have not
been published. An analogous calculation can be carried
out for the change in total energy, using data from ref.5;
the resulting value of 4.9 kcal is considerably lower than,
but has the same sign as, the change in free energy.

The existence of this “expulsion effect” is revealed in
the considerable capacity of tetrapentylammonium ions to
be adsorbed?, and should lead to high values for their
partition coefficients between non-aqueous solvents and
water. The quantitative dependence of partition coeffi-
cients on ionic size could be determined from the variation
of the potential difference at the boundary between aqueous
and non-aqueous solutions with the nature of the electrolyte,
but apparently such measurements have not yet been made
for ions of this type (cf. ref.8).

The influence of the expulsion effect on the free energy
of hydration of organic ions can also be assessed from
published data on uncharged long-chain molecules. It fol-
lows from the increase in fugacity with increase in chain
length of unbranched aliphatic compounds, e.g. alcohols,
dissolved in water that the free energy of hydration at 20°

1 A recent pa,per2 has made use of the hypothesis that the term
in the expression for the free energy of a large ion which depends
on non-Coulombic interaction with the solvent is identical with that
for an uncharged molecule of the same radius,
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changes by 0.16~0.175 kcal when one CH, group is added to
the chain®1° Hence the reduction in free energy of hydra-
tion due to the expulsion effect should be about 3.2 kcal
greater for the cetylirimethylammonium ion, C;gH;.
.N(CH,)}, than for the NH} ion. Application of this method
of calculation to the N(C.H,,); ion, using the fugacities given
in ref.9 for methyl and t-butyl alcohols, indicates that 0.2
instead of 0.17 kcal should be added for each CH, group,
which gives an increase in the expulsion effect on passing
from NH} to N(C,H,,); of about 4 kcal.

Thus appreciably lower values are obtained for the non-
Coulombic component of the free energy of hydration by the
second method of calculation compound with the first (the
expulsion effect for the NH} ion is probably small).  The
difference between the two calculated values is still greater
if we consider the corresponding component for the total
energy of hydration. The first method of calculation gives
a value which, as indicated above, is of the same sign as,
although less than, that for the free energy; with increase
in chain length in homologous series, however, the free and
the total energy of hydration of gaseous organic compounds
change in the opposite sense®. In spite of the diminution in
solubility with increase in chain length, the energy evolved
in the dissolution of gaseous organic compounds increases
under these conditions. Since the first method of calcula-
tion involved several dubious assumptions, the results
obtained by the second method must be regarded as the
more reliable, whence it follows in particular that the ex-
pulsion effect of large organic ions is entropic in origin.

In any case, rough estimates of the van der Waals com-
ponent of the free energy of hydration show that it reaches
very considerable values for the organic ions with which we
deal in practice in electrochemical research. This is seen
particularly well from the fact that the gain in free energy,
calculated from the formula 3Ne ?(1—1/D)/r, for thetransfer
of an ion from a vacuum to water, is only ~ 30 kcal for an
ion with # = 5,29 X 102, For an ion with # about 10 4, the
expulsion effect should thus reduce the free energy of
hydration to zero. ‘

It is difficult to carry out similar calculations for inor-
ganic ions with » = 1,5—2,0 X 108, Although the expulsion
effect is not usually allowed for in calculating the energy of
hydration, its hypothetical existence has been used to ex-
plain the increase, in the sequence Cl- < Br~ <1I-, of the
capacity of inorganic anions for adsorption at the free sur-
face of aqueous solutions and at the water—mercury inter-
face 3,4,

The partition coefficient of anions between alcohols and
water is considerably greater than that of cationsj. It
might be concluded, by analogy with the behaviour of the
above organic ions, that the halide anions were exhibiting
an expulsion effect, which reduced the numerical value of
their free energy of hydration and which increased with
increase in radius. Great caution is necessary, however,
in reaching such a conclusion, since there is apparently a
considerable difference between aliphatic compounds and
the very simple inorganic ions with respect to the effect of
molecular size of the non-Coulombic part of the free
energy of hydration, In the dissolution of gaseous organic

:

1 Thus the results of calculations kindly communicated to the
writer by N. A, Izmailov show that the positive value of the chemi-
cal free energy of solvation decreases on the average by 5 kcal in
the case of the singly charged Li* -Cs* cations, but only by 2 keal
in the case of the CI"-I" anions, on passing from water to ethanol.

compounds in water the difference in entropy between the
initial and final states (negative entropy of hydration) in-
creases with increase in chain length, which also leads to
an increase in their fugacity in aqueous solution®. In
the case of the halide and alkali-metal ionms, however,
the negative entropy of hydration falls with increase in
radius, reaching a value which cannot be explained by a
decrease in the orienting action of the electric field of
the ion on the water dipoles®!%, If, nevertheless, the
existence of an expulsion effect of the anions which in-
creases with radius is accepted, a correction would
have to be introduced into Izmailov's calculation, since
values of free energies of hydration which did not in-
clude the expulsion effect would have to be used in the
extrapolation. It is readily seen from a consideration
of the method of extrapolation employed in ref.1 that
such a correction would lead to an increase in the cal-
culated values of the free energies of hydration of
cations and to a decrease in those for anions.

Although this correction would probably be small, such
a result would be of definite interest, since chemical
energies of hydration and the actual values A, which can be
determined experimentally are linked by the relation

(1

which enables us to determine X0 the potential difference
at the water—gas interface, » being the number of positive
charges on the ion, and free energies of hydration being
regarded as positive, Calculation based on Eqn.(1) using
the more reliable of the published values of A . yields
negative values between -0.3 and ~0.48 V for x,.,, whereas
a number of other considerations suggest a small positive
value 1,18 (~ 0,1 V) as the more probable. This difference
is diminished when the values of A, quoted in ref.1 are
used in combination with Randles' most trustworthy experi-
mental values*® of A.§. The mean for Na*, K*, Rb*, Cs*,
Cl-, Br-, and I~ (Li* is rather out of line) gives -2.6

+ 0.8 kcal for the difference A,y —A,, whence Xuyo.= -0.119.,
An increase in the calculated A for cations would reduce
still further the discrepancy between this value and that
indicated above, Still more exact calculations of A are
thus extremely desirable.

Ag = A4 I"Xn,o-

In conclusion, I wish to express my gratitude to B.V.
Deryagin, Corresponding Member of the Academy of
Sciences of the USSR, and to Professor A.B.Taubman for
valuable discussion of some of the questions dealt with in
the present paper.
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THE SURFACE CONDUCTIVITY OF THE
GERMANIUM-ELECTROLYTE JUNC-
TION

- V.A., Myamlin

The study of surface conductivity provides valuable in-
formation on the surface properties of semiconductors and
of their junctions with other media. The present work
concerns an estimate of the surface conductivity of the n-
-germanium—electrolyte junction, the calculations being
based essentially on the assumptions about the properties '
of the junction made in ref.1. ‘

A logarithmic relation between current and voltage is
observed in the anodic dissolution of germanium at low cur-
rents; this can be obtained in several ways. It is reason-
able to suppose that the charge distribution is closely
related to the kinetics of dissolution, and therefore the
tnvestigation of surface conductivity will undoubtedly help
to elucidate the electrochemical aspects of dissolution.

The conductivity of the region adjacent to the junction
differs from that of the homogeneous semiconductor, for
the following reasons. The contact potential difference
results in a difference in the number of carriers at the sur-
face and in the bulk of the semiconductor. Similarly, the
concentration of ions at the junction differs from the bulk
value away from the junction. The mobility of the current
carriers at the surface algo differs from that in the bulk of
the material. This i3 because the width of the surface
layer is comparable with the mean free path of the carriers,
and therefore collision of the carriers with the surface .
leads to a substantial decrease in their mobility. Finally,
the electrolyte iong adjacent to the semiconductor may be
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arranged in an ordered fashion, and therefore the occur-
rence of electronic conduction in this region of the electro-
Iyte is not impossible. This last case, however, will not

be examined here.

Let us now calculate the surface conductivity ¢, of the
semiconductor, which is defined as follows,

8p = ot eft? (1)

where Ty is the total charge due to holes per unit surface
and pey the surface mobility of the holes. In conformity
with the assumptions made in ref.1, we regard the surface
as being enriched with holes, and neglect the surface con-
ductivity due to electrons. Therefore the total surface
charge can with good approximation be put equal to the
charge due to holes T,. The total charge can be readily
found from the equation

%%:: — 4np (x), ’ (2)

where plr) is the density inside the semiconductor at adis-
tance x from the junction, and ¢(x) is the potential at the

point x.
In this case T} is given by

o

= S p (z)dr. ‘ (3)

. 0
On integrating both sides of Eqn. (2) with respect to x,
we obtain - - ‘
S%‘gd:=—4n S p (x) dz.
0 E
Since the electric field in the interior of the semicon-
ductor is zero, we find that :

E
2=, @)

where Ej is the electric field at the semiconductor junction.

In determining e, we shall follow ref.2, but will not
repeat the calculations made there, noting only the impor-
tant physical assumptions involved. The reflection of holes
from the surface is assumed to take place by diffusion.
This means that particles which have collided with the sur-
face are scattered at all angles. Mathematically this im-
plies that application of an electric field parallel to the
boundary surface does not affect the Boltzmann velocity dis-
tribution at the surface itself. For simplicity, we shall
further suppose that a constant electric field E; exists in
the semiconductor at equilibrium. We shall see later that
this hypothesis yields too low a value for the conductivity.

In the present case, in conformity with ref.2, we have
Bogt =1 —exp( —erfa)] puy, (5)

erfa=7%§cxp (= %) dr. ' . (6)
The value of ais given by

o == N
. eEj'r

S‘
EX
=~

where T is the relaxation time in germanium, and iy is the
bulk mobility in the interior of the semiconductor.

According to ref.1, the junction field E; is high (it was
required in ref.1 that y; > 1/t,, where y; is a quantity pro-
portional to the electric field, and ¢, is proportional to the
length of the Helmholtz layer). It is easily shown that for



