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A proczdure for the calculation of the characteristics of the inner part of the electrical double
layer has bzen elaborated on the basis of the capacity data obtained in the conditions of specific
adsorption of ions, accompanied by an increase of the inner layer dimensions. The formulae
derived have been verified by studying the specific adsorption of tetraalkylammonium cations
from aliphatic alcohols.

In the theory of the “metal/solution” interface the development of the quantitative relationships
of the inner part of double layer has a fundamental importance. The inner layer structure signifi-
cantly depends on the nature of electrode material and of solvent, on specific adsorption of ions
and molecules, on their chemical nature, geometrical configuration and dimensions. In ad-
sorption of simple inorganic ions the variation of the inner layer dimensions can be neglected
because of the comparatively low coverages of the electrode surface and small dimensions of the
ions adsorbed. However, if the inner layer thickness considerably increases as a result of the
specific adsorption, the inner layer capacity can decrease and this effect leads to serious distortions
of the adsorption parameters, unless special models are used for the calculations. Typical repre-
sentatives of such systems are mixed solutions of tetraalkylammonium ions (TAA) and of inor-
ganic reference ions of constant ionic strength.

In this paper the procedure has been elaborated and experimentally verified for the
calculation of the inner layer parameters in the conditions, where specific adsorption
of ions is accompanied by a remarkable increase of the inner layer thickness. To mini-
mize the calculation inaccuracy and to simplify the analysis of the experimental data
the systems have been chosen, where the specific adsorption is not accompanied
by the change of the inner layer dielectric properties and the quantitative treatment
of the experimental results can be accomplished by simple calculdtion methods,
for example, by the Hurwitz—Parsons-Dutkiewicz method!*2. In the first approxima-
tion these conditions are fulfilled in the adsorption of the TAA cations from the
alcoholic solvents if the hydrocarbon radicals of the solvent molecule and of the TAA
ion studied are similar as to their chemical nature and geometry. The main conditions
of the applicability of the Hurwitz—Parsons—Dutkiewicz method are satisfied if rela-
tively low ionic strengths of the solutions and suitable reference ions are used. Varia-
tion of the chemical nature of the surface-active ions and of the solvent enables
to vary the inner layer thickness in the adsorption process.
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EXPERIMENTAL

The adsorption of TAA cations was carried out from the following systems: 7) 0:005 mM-N(CH3),.
.Cl04 + 0:005(1 — m)M-LiClO, in methanol; 2) 0:01 mM-N(C,Hy),ClO, + 0-01(1 — m)m-
-LiClO, in ethanol; 3) 0:01 mmM-N(C,H,),ClO, + 0-01(1 — m)M-LiClO, in ethanol). As will be
shown the adsorption of the TAA cations from alcohols may cause the recharge of the electrode
surface at sufficiently high negative surface charge densities®*. In this case the errors due to the
different dimensions of the reference ions and the ions of TAA are relatively small®. The analysis
shows that the surface concentrations of TAA ions can be estimated in the precision limits
of 3— 7% (depanding on the system) when considering the main sources of the errors (differences
in the ionic radii, in the activity coefficients and in the association constants of the reference
electrolyte and of TAA salts). For comparison the adsorption of tetrabutylammonium cations
was studied from aqueous solutions. :

The experimental data have been obtained by measuring the dependence of the differential
capacity C of a solid bismuth electrode on its potential E in alcoholic solutions at 25°C. The
equilibrium capacities have been determined by the extrapolation of the frequency dispersion
of the capacity to zero frequency. The electrodes have been prepared in a special device described
previously6. The TAA salts have been prepared by neutralization of TAA hydroxides with
HCIO,. The salts were purified by a multiple recrystallization from methanol or ethanol. The
standard procedures have been used for purification and removal of the small residues of water
(boiling on calcium oxide, treatment with metallic magnesium and fractional destillation7).

RESULTS

In Figs 1 and 2 the sets of capacity curves (C,E-curves) are represented for two systems
studied. As seen in these figures the curves significantly differ from those for aqueous

0.5 1.0 15 -E,Visce)
Fig. 1 FiG. 2
Differential capacity curves of bismuth elec- Differential capacity curves of bismuth elec-
trode in methanolic solutions for the system trode in ethanolic solutions for the system
0-:005 mM-N(CH3),ClO,4 + 0-005 (1 — m) m- 0-01 mm-N(C,H;),Cl0, + 001 (1 — m)
-LiClO, for m: 1 0; 2 0-02; 3 0-05; 4 0-1; M-LiClO, for m: 10; 20-02; 30:05; 4 0-1;

50-2; 605, 71-0 50-2; 60-5; 71-0
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solutions of the TAA salts (Fig. 3) and for ethanolic solutions of the surface-active
inorganic salts (Fig. 4). As will be shown below, the shape of the capacity curves
in Fig. 1 and 2 is due to the superposition of the two following effects: a) the capacity
increase due to the specific adsorption of TAA cations; b) the capacity decrease
due to the increase of the inner layer dimensions (the distance of the outer Helm-
holtz plane x, from the electrode surface) caused by the entrance of the large TAA
cations into the inner layer.

On the basis of the capacity data the charge of the specifically adsorbed TAA
cations g; has been calculated using the Hurwitz-Parsons-Dutkiewicz method.
The plots of g; against the electrode charge density g are shown in Fig. 5 and 6
for the N(CH;); and N(C,H;); cations. The data obtained indicate that the TAA
cations adsorb from alcohols considerably stronger than the inorganic cations (Cs*,
K™, ref.®%) and at high — g they lead to the recharge of the electrode surface.

The following procedure has been elaborated to consider the increase of the ef-
fective dimensions of the inner layer due to the specific adsorption of the TAA
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Differential capacity curves of bismuth Differential capacity curves of bismuth
electrode in aqueous solutions for the system electrode in ethanolic solutions of the system
0-1mM-LiClO, + cM-N(C4H,),ClO, for c: 10; 0:01 mM-CsCl + 0-01(1 — m) m-LiCl for m:
2107%32.107%,45.107%; 51073 1.0; 20-01; 3 0-02; 4 0-05; 50-1; 6 0-2; 7 0-5;
81-0
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The inner layer model for the adsorption of
TAA ions from alcohols: x; inner Helmholtz
plane for cations; x; inner Helmholtz plane
for anions; x5 - outer Helmholtz plane in the
solution of supporting electrolyte; x, outer
Helmholtz plane in the solution of the TAA
salts
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The inner layer model for the adsorption

of TAA ions from aqueous solutions
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cations. The proposed model of the inner layer in alcoholic solutions is represented
in Fig. 7. According to this model the shift of the outer Helmholtz plane from the
distance x5 in the solution of supporting electrolyte (q;r = 0) to the position x,
in the solutions containing a surface-active electrolyte, is due to the entrance of the
large TAA cations into the inner layer. As a result of the strong specific adsorption
of the TAA cations (recharge of the electrode surface) the counter ions (ClOy)
enter the inner layer and localize in the plane x; . Under the conditions of the ionic
association in the inner layer the structure of this part of the double layer has been
discussed in our previous paper for the case x, = const!®, In the present model
(Fig. 7) the distances of the planes x5, x{ and x| from the electrode surface are
considered to be independent of gi. For the condition x, = f(¢{) a calculation
model of the inner layer parameters has been proposed in our papers!!-*2,

In aqueous solutions the inner layer model is somewhat more complicated: /) the
adsorption of organic TAA cations causes significant change in the inner layer
dielectric properties. 2) the position of the planes x5 and x; can become opposite
to that one in alcoholic solutions. At certain surface coverages the condition x; > x5
can become valid (Fig. 8). Therefore the calculations based on the model in Fig. 7
yield for these conditions physically senseless results (negative inner layer capacities,
improbably high repulsion between the specifically adsorbed ions etc.). The quantita-
tive analysis of this model will be given elsewhere.

For x, = f(q]) the formulae for the calculation of the inner layer parameters
have been derived on the basis of the model of three condensers in series'3. According
to this model the potential drop across the inner layer can be expressed by the fol-

lowing equation:

W' =Y. + Wi + WE-s = q[Koy+ + (g + qf)/Km— +
+ (¢ + g7 + a7)/Ki-2» (1)

where the lower indexes at the potential drop' Y and capacity K indicate the planes
between which the potential drop is located or they denote the volume with the capa-
city K, respectively. The quantity g; is the charge of the anions in the inner layer.
In the first approximation the dielectric constants of the inner layer Dy, can be
regarded as independent of the specific adsorption of TAA cations. As the distances
x; and x| (Fig. 7) are considered to be constant the capacities Ko;+ and K+ -
for ¢ = const have also constant values. In general, the dependence of K, -, on g}
is unknown; however, in the first approximation the linear variation of 1/K; -,
with g; can be suggested

1/K1 b 1/K(1)‘2 + qur > (2)

where the upper index at the capacity K means the condition g = 0. Considering
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Eq. (2), the relations'®

—gifei =203 and KI.; » K., 3
and the formula for three condensers in series
1/Ko; = 1/Kqy+ + 1/Ky4y - + 1Ky -5, (4)
the Eq. (/) obtains the following form
Y* = q/Ko, + (1Ky+1- + pg) af + 0-7(qf)2 : (5)
In this stage of the derivation it is expedient to introduce the auxiliary function y
r =" - q/Ks,)af (6)

the values of which can be calculated from the experimental data. The ratio g/Kg,
corresponds to the quantity /* for the supporting electrolyte where g; = 0. It follows
from Eq. (5) and (6) that

2 =1/Kiei- + plg + 0747). (7)

Linear experimental plots of y against (¢ + 0-7¢; ) have been obtained. It follows from
this fact that p = const and, consequently, the assumption of the linear dependence
of the quantities 1/K, -, and 1/K,, on ¢, is correct.

The capacity K., - and the term p can easily be found from Eq. (7). By the aid
of Eqgs (3) and (4) all the other inner layer capacity components (Ko,, K;+, and
K, -,) can be determined for any value of g7 .

On the basis of the y — g; plots the values of the terms p, K,,, K;+, and of the
thickness ratio (x, — x)/x, have been determined for g{ = 0 and for the mean
specific adsorption g; for the given g. The plots of Kg,, K+, and (x, — x{)/x,
against g are shown in Fig. 9 for the adsorption of N(C,Hj); from ethanol. It follows
from Fig. 9 that for §; = g; the capacities K,, and K +, are considerably lower than
for g; = 0 and their values decrease with an increase of —q. The low values of the
capacities Ko, and K., at §; = g; witness about the significant increase of the
inner layer dimensions due to the adsorption of N(C,H;); . The increase of the ratio
(x2 — x{)/x, in transition from the condition ¢ = 0 to §; demonstrates that the
decrease of the capacities K, and K, .+, with the growth of g7 is due to the changes
in the value of x,. The changes of the capacities at a constant value of the ratio
(x; — x{)[x, are due to the dependence of D, on g7 .
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In the table the values of the parameter p characterizing the variation of the capa-
city components with the charge q; are represented. As seen the values of p increase
with the increase of the dimensions of the ions adsorbed specifically. This result
is physically reasonable since the distance x, must increase the more the greater
is an adsorbing ion:

Ion N(CH3){ N(C,H)Z N(C,Ho) 4
p 44.107% 62.1073 1:0.1072

The K,, — g plots are represented in Fig. 10 for various TAA cations. It is seen
that in transition from the condition g; = 0to g; the change of K,, becomes more

Ky , Koo, uF-cni® y (%= 1)/ %
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Charge dependence of the inner layer parameters for the adsorption of N(CZHS)Z from ethanol.
1,364 =0;2,4,5q¢f =37

Koz, uF- crn'

; \/ i
Fic. 10
: Charge dependence of the integral capacity
| Ko, for the adsorption of N(CH;){ from
o methanol, N(C,Hs)& and N(C,Hg)§ from

-q, ,uC cm® ethanol. 1, 3 gf =0; 2, 4, 5 gf = a7
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pronounced in the sequence of cations N(CH,); < N(C,Hs){ < N(C,H,){, i.e.
in the sequence of an increase of the ionic radii. Indeed, these results are physically
reasonable.

Physical validity of the inner layer parameters obtained shows that the inner layer
model and the calculation procedure proposed can be successfully used for the
quantitative study of the specific adsorption of large ions from alcohols. Obviously,
this model can be used also in other systems where the adsorption is accompanied
by an increase of the inner layer dimensions but practically does not influence the
inner layer dielectric properties. This model will also be valid for a quantitative
description of more complicated systems, e.g. for the adsorption of TAA cations
in aqueous solutions.

An increase of the distance x, and a decrease of the inner layer capacity due to the
specific adsorption of TAA cations (Fig. 9 and 10) must also be reflected in the shape
of the differential capacity curves of the electrode. As seen in Figs 1 and 2, this
effect causes the braking of the capacity increase with the growth of the negative
potential of the electrode. In the case of the large TAA cations the differential capacity
begins to increase at sufficiently high negative potentials.

On the basis of the results obtained the following conclusion can be made. So far
as the TAA cations have the properties both of molecules and ions, the adsorption
behaviour of the TAA cations has a dualistic nature in aqueous solutions; in con-
trary, in alcoholic solutions their adsorption can be regarded as of typical ions with
large dimensions. Therefore, in the double layer studies on ideally polarizable electro-
des the variation of the solvent nature allows to extend considerably the number
of problems the solution of which is almost impossible on the basis of a single solvent
(for example, water).

REFERENCES

Hurwitz H. D.: J. Electroanal. Chem. Interfacial Electrochem. 70, 35 (1965).
Dutkiewicz E., Parsons R.: J. Electroanal. Chem. Interfacial Electrochem. 71, 100 (1966).
Paltusova N., Vddrtndou M., Palm U.: Elektrokhimiya 74, 719 (1978).
. Paltusova N., Véirtnou M., Palm U.: Elektrokhimiya 75, 1259 (1979).
. Fawcett W. R., Loutfy R. O.: J. Electroanal. Chem. Interfacial Electrochem. 39, 185 (1972).
. Damaskin B., Palm U., Petydrv E., Salve M.: J. Electroanal. Chem. Interfacial Electrochem.
47, 127 (1973). g
7. Weissberger A., Proskauer E., Riddick J., Toops E.: Organic Solvents. Chemizdat., Moscow
1958. ’
8. Vdidrtnou M., Palm U.: Elektrokhimiya 73, 221 (1977).
9. Vdidrtnou M., Paltusova N., Palm U.: Elektrokhimiya 74, 1731 (1978).
10. Palm U.,Viirtnou M., Salve M.: J. Electroanal. Chem. Interfacial Electrochem. 86, 35 (1978).
11. Palm U., Damaskin B., Vddrtnou M., Petyirv E.: Proc. 4th Symposium on Double Layer and
Adsorption on Solid Electrodes, p. 220. Tartu 1975.
12. Védrtnou M., Palm U.: Elektrokhimiya 15, 1371 (1979).
13. Baugh L. M., Parsons R.: J. Electroanal. Chem. Interfacial Electrochem. 58, 229 (1975).

SN

Collection Czechoslovak Chem. Commun. [Vol. 46] [1981]





