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It has been noted earlier that although the Gouy-Chapman-Stern theory of the double layer is widely used in
electrochemistry and colloid chemistry, its statistical basis and limits of applicability have not been clarified, In a
previous paper [1] the double layer equilibrium was discussed directly on the basis of Gibbs statistics (correlation
function method). This method makes it possible to take into account the spatial localization of charges in the
layer and the effects of spatial correlation between ions, In subsequent papers [2, 3] theories of the discrete double
layer in the presence of specific ionic adsorption were discussed, The present paper is devoted to further details of
the structure of the electrical double layer.

The properties and structure of a solvent immediately adjacent to an interphase boundary differ from its pro-
perties and structure in bulk (homogeneous phase). The orienting effect of the boundary on solvent molecules is
strongest at the layer of molecules in direct contact with the external phase, Macroscopically, this appears as a
change in the effecrive dielectric permeability of the Helmholtz (or dense) layer, compared with its value in the
homogeneous solution, For a charged interphase boundary the dielectric permeability of the dense layer depends on
the field strength and, when dipolar capillary active substances are present, on the amount of adsorption of these
substances, As an approximation it is convenient to use a continuum model for the dense layer.* The presence of
such a "dielectric layer” must appreciably affect the nature of the ionic interaction in the diffusionlayer, since in
this case the ions also interact with the polarization of the layer, In the present paper the effect of the "dielectric
layer” on the electrostatic adsorption of ions and on the surface tension of the interphase boundary will be discussed,

We shall assume that the solution occupies the semispace x > 0 and the external phase the semispace x < —d,
and let the dielectric premeabilities of the external phase, dense layer and solution volume be Dy, D and Dy, re-

spectively, We will consider the initial system of the set of ions N = Z N, interacting with one another through
(@)

the binary potential U,(q). The total energy of the system Un(dy,....qN), Where qi = (xi, Vi, z;j) are the coordinates

of the particles, is

UN(ql» .oy qN) = Z Tjab(q;, q]')‘l_le (qp ey qN)' : (1)
(a, &)

Here ¥\ (q4,...qN) is the interaction energy of ions with the external phase in the presence of a dielectric layer and
U,y, differs from Uap owing to reaction of ion a to form ion b,

The equilibrium properties of such a system can be analyzed, as before, using the correlation function method
[2, 3], First of all it is necessary to solve the problem of the interaction of a point charge e, in phase III (x > 0),
with the external phase (x < — d) in the presence of the dielectric layer, It can be shown that the field strength in
phase III is determined by the expression

P11t (q) = Fo'lqequol - l_e)go_ S Jo (kpqqo) ekl xo)E (D, D, an d, k) dk, (2)
0 .

* Although such a quasimacroscopic approach is not completely consistent, nevertheless it seems probable that it
enables the basic laws of the actual interaction of ions with the interphase boundary to be developed,

337



where Jo(x) is a ze{o order Bessel function, pqqo = [(y — Yo)? + (Z — zo)zlll’,

.. Do _
{00,004~ (1-52)(1 55"
D+Dd’ D+D¢ -1
A= [ezkd (—__D—-Dq, ) + l] [ezkd(.D_—__D(b) —1] . (4)

For a metal A = ‘>‘M = th kd, ‘Analysis of equations (2)-(4) shows that when D<«D,
charge with a metal, as a function of the distance between charge and metal, changes si
from the swface of separation, At small distances the repulsion force increases logarith

distance, and only at relatively great distances from the metal does the interaction bet
come attractive,

the interaction energy of a
gn at distances about 10 d
mically with decreasing
ween charge and metal be-

The equation for the unary distribution function of the ath

ionic component of charge ga in the double layer
has the form

0g, (x) 1 0¥, (%) 1 U , (a4, q) Ny
x T 8™ +FZ%S—“""@,C 8. (Q, q')dq’ =0, )
(®)

where ga1, (q,Q') is a binary distribution function associated with higher order distribution functions while ¥

a(x) and
Uab (q, q') are determined from the expressions

2

[e o] . -
W, () = — ;go S e (D, D, Dy, d, k) dk;
0 -

(6)

~ € € €,6 ¢ ,
Uab (q’ Q')= Do|q _f qT - Dob S Jo (kpqq’) e—k(x+x)§ (D01 D’ Dd)) d’ k) dk (7)

0

Here £ is found from equations (3), e, is the charge on the type aionand c3 = Na/V is the density,

The form of the unary distribution function at small distances (x< n!

) can be obtained from (5) by introducing
an expansion in the parameter ¢ = N/V;

PR T N ®

In the general case, i.e,, at any distance,
. 1
&, (x) =exp { — 5 Ga (0)p, ©)
where Ga(x) also contains a screening form-factor and at small distances Ga(x) = v, (x).

At small electrolyte concentrations the asymptotic behavior of Ga(x) can be determined approximately by in-
troduction of an expansion in the parameter uS'V/N.

We put gy}, in the form gaghy,p  introduce the expansions
E=1+g0() +. .0 P =vQ+ 9@ +..., (10)

where ¥ 51 (,9") is a binary correlation function. Then for the functions gg) (x) and ¥ a(%) (q. q") we obtain the
closed equations: : .

0 () | 1 0¥, () 00 45 (9, 4) : Ndq’
fo () 44 %%l +%Z)cbg——':k*[gg“(x)+%‘?(q, q)]dq’ =0; (1)
b
’ 1 T " ” 4 ” 1 ¥ !
¥ @ 0)+ g e | U @, )99 (@ 9)dg” = — L oy (g, ). 42
(¢)
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TABLE 1, Gg+10'% mole/cm?"

¢ (mole ¢ (mole/
liter) b=109| b=10,8 b=0,7 b=0 liter) b=09| =08 |b=0,7 | b=0
10- R — |'—s54,5| 4432 [J1os | —o0,87] 41,13 | +2,31]| 48,22
5.10™¢ — —53,3 | —15,4 | +245 {[5-1076 —0,18| 0,83 | 41,42 -}-4,40
104 22,6 —4,24 | 46,03 | +62,7 ([10~8 1+0,09| 40,30 | 40,42 | +1,02
5.1075 —9,62{ —0,11 | -+5,38 | 4-34,1
The solution of equation (12), found by a Fourier transformation, has the
dynes/cm ) form:
Y 6=09
(0) —_ __a_b \‘ J k kdk
(q’ ) (') ( ) Vk‘z |- 2
X {e— Vizni| x-x' | _ (k) e~ Vi (x—x’)} : (13)

2l 2 D 3 3 -1
where ‘,ll-(k)‘—”(—DD:—V—kk"—K—x) <Fo+—ﬁk——'—£—7»> » and X is

found from equation (4).

Solving equation (11) we find

q

- g (x Y (x), 14
log g — (x) = ZDO ( ) 14)

Fig, 1. Surface tension of a metal- where Y (x) is found from the formulae

solution boundary,
- °.° (D/DO) VT"" —1— 124 (‘I:', D’ Dd)’ d) —2XXT d . (15)
Y()z&{ — }e~~ T;
(D/Dg) V72 —1 41X (%, D, Dy, d)
. D+D D+ D, p— -1

t,D,Dg,d =[(—¢)ezxdvrf—l+1][ S e VI 1] : (16)

)4 ( ¢ ) D — Dd) ( D — \

Thus for g,(x) at all distances we have
] en

g, (X) =exp {—2 Do Y (x)} . an

When there is an uncharged interphase boundary the amount of adsorption is given by

ey

IT',= caio{exp (ZD 5 Y (x)) }dx. , (18)

An investigation of this expression for the case d = « was carried out in {4, 5]. In the present work we con-
sider in detail the case of a metal-solution boundary (Dg = «), Although in this case formula (18) cannot be reduced
to a final combination of elementary functions, by several correlations between its parameters it appears possible to
carry out an effective simplification and to calculate the amount of adsorption with sufficient accuracy, In parti-
cular, such a simplification is possible when the condition ®d<< (D /D;) « 1 is fulfilled, In this case the number
of ions adsorbed was calculated as a function of the meanelectrolyte concentration ¢ and the parameter b = (Dy;—DY
Dy + D) at a fixed layer thickness d = 3,3 A, the calculation being correct to terms of first order smallness in the
parameters ®dDy/D and (D/Dy)In(Dy/D). In addition the amount of adsorption was calculated for the case D= D, (b= 0),

339



The results, which relate to uni-univalent electrolytes at room temperature, are given in Table 1,

Analysis of the formulae obtained, and the results of the numerical calculations, show that adsorption on a metal
may be both positive and negative with respect to the relationship between the dielectric permeability of the dense
layer and the volume of the solution, and with respect to the thickness of the dense layer and the electrolyte con-
centration, This conclusion is supported by the interphase surface tension curves, The curves were constructed from
data on electrostatic adsorption , using the Gibbs equation for adsorption, and are shown in Fig, 1, where Ay is the
change in surface tension of the solution in comparison with the surface tension of the pure solvent,

Quantitative calculations have been carried out over a quite narrow range of values of parameters b and c,
The more general investigation in the present work shows, however, that the effect of negative electrostatic adsorption

of ions is more significant at higher electrolyte concentrations, These results agree qualitatively with electrocapillarity
measurements obtained in concentrated solutions of inorganic acids [6, T].
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