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In this paper a field theoretical approach is used in the description
of the properties of ionic solutions near a charged wall. The differences
with the Gouy-Chapman theory are emphasized both near the point
of zero charge and for high values of the charge. At the point of
zero charge we are getting a maximum instead of a minimum and at
high charge densities we observe a saturation in the capacitance values
instead of a continuous increase. The results are very sensitive to the
asymmetry of ions which is expected in real systems. Our approach
seems to be a good starting point for investigating various phenomena
at charged interfaces and in the bulk of ionic solutions.

1. Introduction

The main goal of standard statistical mechanics is to describe the macro-
scopic properties of systems in terms of quantities which are defined at the
microscopic level — the intermolecular potentials. In order to do that sev-
eral starting points, in principle equivalent, can be used. For instance, we
can start from the grand canonical ensemble and derive from it the so-called
integral equations. They have been very successful in describing the proper-
ties of hard sphere fluids or the structure of ionic solutions, see, for example,
[1]. Another choice consists in starting from the density functional theory
which asserts that the equilibrium distribution of particles corresponds to
the minimum of an appropriate free energy functional. This approach has
been extensively used to describe interfacial properties including the wetting
phenomena [2]. For the given system defined at a microscopic level, each
description requires some assumptions that can be verified by comparison
with numerical simulations (Monte-Carlo or molecular dynamics).

When we deal with complicated systems it may turn out too ambitious
to try to have a description in terms of intermolecular pair potentials. This
is particularly true when we attempt to investigate the structure of mem-
branes or micellar solutions. In these cases we have to consider a mixture
of several entities for which the pair potential is not very well known and,
moreover, we do not know whether a description in terms of pair potential
is accurate enough. As another example we may consider the ideally polar-
izable electrode which is the simplest metal-solution interface, since in the
stationary regime no electrical current crosses the interface. To describe
real experiments we have to know the interfacial electronic structure of the
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electrode, the perturbation of it induced by the solution side, the adsorption
of molecules or ions onto the metallic interface and the details of the ion-
molecule interaction in order to describe the solvation of ions. In addition,
we know that interfacial properties are nonlinear functions of the interfacial
potential or the charge on the metal. Of course, it is possible to treat the
above problems separately and to perform a comparison with simulations
for the isolated problem independently of the other problems. Nevertheless,
at the end we will have to restore the coupling between several parts in-
vestigated separately. From the late 50-ies starting with the work of Watt
and Mott-Tobin, the so-called molecular models were developed in which
the overall interface has been studied [3-4]. These models contributed to
a substantial progress in understanding the electrified interface. However,
these models include several parameters and, in general, different models
can describe the same experiments equally well. As a consequence, it is
difficult to assess the validity of a particular microscopic model from exper-
imental data. Evidently, more direct measurements of interfacial properties
are needed to validate these models.

In recent papers another approach has been proposed [5-8]. It is less
ambitious than those discussed above. The general philosophy behind it is
the following. Since the description of a specific experiment is a difficult
task it should be more simple to consider a collection of many experiments,
to observe gross features common to some classes of the experiments and
then to investigate if we can reproduce these general features by using very
general physics. In other words, can we predict different kinds of behavior
for the interface just by considering some well-known ingredients in physics ?
Behind this approach another question emerges — what kind of information
we can really get from the experiments? In this paper we will work in this
direction in order to study some aspects of the ionic adsorption at a charged
interface.

When we investigate the properties of charged interfaces, the Gouy-
Chapman theory remains up to now an indispensable tool in the interpreta-
tion of experimental data. The more sophisticated and up-to-date theories
(MSA, HNC, ...) [9] have never acquired its significance. This is due to
the fact the Gouy-Chapman theory (or equivalently the Poisson-Boltzmann
theory) is based on simple and intuitive arguments. However, the Gouy-
Chapman theory itself is not able to account for the experimental data
especially in concentrated electrolyte solutions. For this reason it was com-
pleted by Grahame [10] with the notion of the compact or inner layer first
introduced by Stern [11]. In what follows we will try to stay as close as
possible to the spirit in which the Gouy-Chapman theory was initially de-
rived. As we shall see, the approximations introduced in our extension
of the Gouy-Chapman theory are simple and have a well-defined physical
meaning. They are also sufficient to obtain a lot of different behaviors for
the electrical properties, of the interface. Some of these properties not ac-
counted for by the Gouy-Chapman theory, were previously associated with
the specific ionic adsorption.

This paper is arranged as follows. In section 2 we briefly summarize
the field theoretical approach which we use and discuss the meaning of
the coupling constants which appear in the Hamiltonian. In section 3 we
describe some analytical results concerning the differential capacitance of
the interface. They clearly show deviations from the Gouy-Chapman theory.
In section 4 we analyze some predictions of our model. Conclusions and
perspectives are presented in section 5.
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2. Theoretical approach

2.1. The formalism

As in the standard Gouy-Chapman theory our main goal is to describe
the distribution of ions in a dielectric continuum near a charged wall. We
consider a planar interface in which z is a direction normal to the wall. We
assume that the partition function Z of the interface can be written as a
functional integral according to

2=2" [ DDy (x) exp{~FHT [ (0).p ()]}, (21

where p*(r) and p~(r) are two fields which represent the concentrations of
cations and anions at the point r of the space and § = 1/kgT. The free
energy of the interface will be given by the following standard expression:

F=F" kTl ([ D5 (01D (1) exp{~6HT o @), 57 (1))} ) (22

in which F"" contains a charge independent part of the free energy. We
expect that the integral which appears in (2.2) contains the main features
of the charge dependence while the Hamiltonian H*/[p* (r), p~ (r)] retains a
very transparent physical interpretation. We have no strict proof that this is
possible but we know that the equivalence between a field theoretic approach
and the standard statistical mechanics has been already established in given
conditions from which the ionic screening has been derived. Moreover, a
contact between a field theoretic approach and the standard liquid state
theory has been already presented. As we shall see below, we may also
expect the validity of such an approach because it allows one to derive some
standard results as the Non-Linear-Gouy-Chapman (NLGC) theory [6-7]
in a simple way. In particular, we may expect that such an approach is
justified when one length is dominating compared to the other ones; this
is the case at very low ionic concentrations when the Debye length is large
compared to the size of the ionic core. To our knowledge, a similar approach
using a Landau type Hamiltonian has been already proposed for bulk ionic
solutions by Nabutovskii et al [12] and after that by Hoye and Stell [13].
But in these two cases the authors focus on the critical regime in the bulk
phase.

The meaning of the integral in (2.2) is the following. We select arbitrary
values for the fields p*(r) and p~ (r) at each point of a cubic grid (r;) in
the interface which formally extends to the solution halfspace away from
the wall. In general, the Hamiltonian SH Y [p* (r;), p~ (r;)] may be a com-
plicated function of a set of values of the both fields at all the points of the
grid. The function describes the coupling of the fields with themselves lo-
cally, at a given point, as well as non locally at two or more different points.
In the functional integral we integrate the Boltzmann factor varying the
field values at each point of the grid independently and then proceeding to
the continuous limit.

We assume [7] that 3H//[p*(r), p~(r)] can be written as :

BHT[p* (r), p™ (r)] = BH[p* (r), p (r)] = mQp* (r), p™ (r)], (2.3)

where Q[p*(r), p(r)] is the number of states corresponding to the fields
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p*(r) and p~(r). It is given by [7]:

In Q[p*( /{p [ ;E )—1—1}4—,0 (r) [—lnL/Er)—i—l]}dr

(2.4)
where p plays a role similar to the de Broglie wave length in the usual
statistical mechanics. As we shall see later, it disappears in the mean field
approximation.

The Hamiltonian H[p™ (r), p~(r)] contains the coulombic energy func-
tional:

15¢ /d 4 190(r) + ¢(r)][g0(r") + ¢(r')]

At " (x), p™ (1)) = 57— P . (25

where e is elementary charge, € is dielectric permitivity of the dielectric
continuum, ¢(r) = p*(r) — p~(r), ¢0(r) = eod(z) is charge distribution
behind the wall and eo is surface charge density. We have placed the wall
at z = 0. In addition to BH,[p" (r), p~ (r)] we introduce SH,[pT (r), p~ (r)]
which takes into account the fluctuations of p*(r) and p~(r). It is given by:

Bl (1), (5] = 5~ [{one " (4200 " () () o[ (e,

(2.6)
where p, is the overall bulk ionic concentration i.e. twice the electrolyte
concentration. The quantities ay , a;_ , and a__ are dimensionless pa-
rameters describing the correlations between ions [7].

The relevant part of the free energy corresponding to SH [p*(r), p~(r)]
can be calculated exactly using (2.2). In this paper we only focus on the
mean field determination of this free energy. In this case the average profiles
are obtained by solving two equations:

5
opt(r)

B . _ - _
s @) - [ a0 @)

which express the necessary condition for the free energy to have a minimum
with respect to any variation of the profiles. In these equations the symbols
d/6p™T(r) and §/6p~ (r) denote functional differentiation. Due to the sym-
metry of the wall the average profiles are z-dependent only. In equations
(2.7) and (2.8) two Lagrange multipliers, py and p_ , are introduced to
account for the fact that the total number of cations and anions is fixed
during the minimization. They can be eliminated by subtracting the bulk
contribution from each equation. The conditions for the minimum of the
free energy can be transformed to the form:

{pestr @ @l - [orear =0 @)

g+2(z) T a4y % + 04— diy) = 5(2), (2.9)
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P _ gt 2) - 07 (2) (211)

where we have expressed z in Debye length unit (i.e. z is the product of
the distance to the wall with the reciprocal Debye length Ky, = e(p,[/€)?.
We have also introduced g*(z) = 2p*(2)/p, and g~ (2) = 2p™(2)/ps - In the
above equations s(z) is defined as

9= [10") -9 () 212)

and s(z) is proportional to the electric field E(z). At the point z we have
E(z) = s(z)Kp/2fe. From now on we refer to s(z) as either electric field
or charge density having in mind that these are equivalent in the sense
that they differ by the conversion constant only. It is readily seen that
equation (2.11) is just the Poisson equation expressed in reduced variables.
In addition to the differential equation system (2.9)-(2.11) we have two
boundary conditions for s(z):

20e
$(20)].=0 = —d[;D a, (2.13)
s(z) =0 when z — oc; (2.14)
and this implies for the profiles
gt(z) > 1 and g~ (2) — 1 when z — cc. (2.15)

Due to the fact that (2.7) and (2.8) are not a sufficient condition for the
minimum of free energy we have to complete it with the condition that the
second derivative of free energy is a positive definite bilinear form of the
field. This leads to the following inequalities:

- >0, 2.16
g+(z) + Ayt ( )
2 >0 (2.17)
——4a__ , .
9 (2)
@) e )
——+a ——+a | —a,_>0, (2.18)
<g+(2) ) \g(2) !
which must be veriﬁed at any point z. It is easy to see that in the case
where a,, = a, = a__ = 0, the ionic distributions ¢*(z) and g~ (z)

correspond to the NLGC theory We can see that the coefficient p which
we have introduced in (2.4) has been eliminated by subtracting the bulk
properties.

2.2. The meaning of a;,a__ and a,_

The profiles g7 (z) and g~ (z) resulting from (2.9 -2.11) depend on the three
parameters a, ., a__ and a,_ only. These parameters account for the
fact that a realistic Hamiltonian SH¢//[p* (r), p (r)] should contain more
information on specific interionic interaction than a simple combination
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of the ideal entropy term InQ[p*(r),p™(r)] and the electrostatic energy
BH,p(r) — p~(r)]. They lead to a deviation from the NLGC theory. In
terms of the field theory they appear as coupling constants. Let us note
that BHs[pT(r), p (r)] can be rewritten according to

1 ) )
FHalp* ()0 (] = 5 Y [ e e — ) ()arar'. (219)
3,j=+.—

Considering the above form we may say that we are investigating a sys-
tem in which there is a dominating length. For dilute solutions it is the
Debye length. The other lengths are small compared to it and the spatial
dependence of short range interactions or correlations can be conveniently
represented by the Dirac function d(r). This does not imply that we are
treating point particles. Such an approach has been already used in order
to describe the long range properties of polar fluids [14]. Now we see that
the coefficients a;; determine the magnitude of the short range correlation
in the system.

It is noteworthy that the coefficients a;; are specific of a given ionic so-
lution. Accordingly, they also determine the properties of the bulk solution.
If we cancel the external field i.e. the charged wall which originates the
inhomogeneity in the system, then 3H/[p*(r), p~(r)] can be used for de-
scribing the structure of the ionic solution. Clearly, the coefficients a,;; now
determine the deviation from the Debye-Hiickel theory. It is easy to show
that they are related to the non- coulombic part of the activity coefficient
calculated in the mean field theory. This might represent one route from
which they can be related to the microscopic description of the system.

If we want to recover the Gouy-Chapman theory which is exact at in-
finitely low concentrations, we can see from (2.8) that a,,, a__ and a, _
must be concentration dependent. Since the quadratic fluctuations are not
primarily related to the electrostatic effects for which a non-analytic behav-
ior is expected, the simplest choice consists in assuming that these coeffi-
cients are proportional to the ionic concentration. We will write a;; = pya;;
where we may assume that «;; is concentration independent, at least, at
very low concentrations. Of course, the magnitude of the coefficients «;; is
also determined by the ion-solvent interaction. The difference a,, —a__
(or ay 4 — a__) gives an indication of the asymmetry between ions.

3. Analytical results

The expression for the differential capacitance C' has been already estab-
lished [8]. It reads:

do T — 90
—e— = eKp [ -2 70 1
C edV € D< %o ), (3 )

where sq, g and gy are the values of the profiles s(z), g*(z) and g~ (z) for

z = 0. Let us recall that (2.13) yields so = fﬁ; o. All the deviations of the

capacitance from the value of the Gouy-Chapman capacitance at the point
of zero charge, eKp, are determined by the ratio of dimensionless quantities
(98 — g0 )/50. Of course, the non-linear Gouy-Chapman theory also verifies

(3.1).
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3.1. Capacitance near the point of zero charge

The capacitance at the zero charge density on the wall, Cy, is given by

4+a+++a77+20+,
Cy = €K, 3.2
= D\/(2+a++)(2+a)—ai (32)

and its first derivative with respect to o , Cj, is given by

(2+ai)2+a )—3a, (4+ars+a )

CI:2 K - e——
o = 2eckn o 0 ) T e e )R ta ) — @ P

(3.3)
If we consider that the concentration approaches zero, we have the Gouy-
Chapman result Cy = eKp. For low concentrations the relation (3.2)

predicts a deviation from the Gouy-Chapman theory. The capacitance
is given by Cy = eKp(l + pyA) where A is a combination of the coeffi-
cients «;;. For these concentrations, if the ions are not symmetrical i.e. if
(ayy—a__) = py(ayy —a__) does not vanish, we can see from (3.3) that C}
is non-zero. Then Cj is not the minimum of the capacitance. Conversely,
as a consequence, the minimum of the C(o) curve does not correspond to
the zero charge value and the slope at the pzc is equal to Kp(oy, —a__)/6
and depends on the square root of the ionic concentration.

If we are in more concentrated solutions, Cy and Cj are still given by
(3.2) and (3.3), but the extremum on the C(o) curve observed for sym-
metric ions at the zero charge on the wall can be a maximum, as well as
a minimum. At the maximum it is rather difficult to change the potential
changing the charge density in contrast to the case when we have a min-
imum. For asymmetrical ions we may observe a given finite slope at zero
charge instead of an extremum. These results are illustrated in figures 1
and 2. We will discuss the two figures in more detail later.

3.2. Capacitance at high values of the charge density

It is also possible to calculate the interfacial capacitance in the regime:
o — xoo. If a__ and a, do not vanish, then selecting the dominant terms
in (2.9)-(2.11) we obtain:

K 2
C— 0 = pec for 0 — +o0, (3.4)
a__ a__

K 2
o i E ”566 for 0 = —o0. (3.5)
Ay + Qpy

The above limits are finite for a;, > 0 and a__ > 0. Then the model
leads to a saturation for the values of the capacitance. When o — 400 the
structure of the interface is mainly determined by the anions, as expected.
Moreover, if a__ is concentration independent, then the asymptotic value
of the capacitance is also concentration independent. A change Jo in the
charge density produces the change of the interfacial potential V by §V =
dov/a__/pBee?. We see that the larger is a__, the larger will be 6V, and
the smaller the limiting capacitance.

The relations (3.4) and (3.5) also show that the interfacial free energy
behaves like o2, which is more realistic than the 0® asymptotic dependence
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observed in the Gouy-Chapman theory. If we compare (3.1) with (3.4)
and (3.5), we can see that g7 — g, behaves like o, while in the non-linear
Gouy-Chapman theory it behaves like 0. Here, on the contrary, the Gouy-
Chapman theory is more accurate.

In order to conclude this part we see that we have a very simple model
including short range correlations between ions. They are represented by
quadratic terms in the Hamiltonian which is the simplest correction that
we can imagine. In this respect we can say that the functional form of
BH T [pt(2), p—(2)] is universal. All the specificities of the problem are
localized in the three coupling constants a;;, 4,7 = 4+ or —. With the same

Hamiltonian SH//[p*(2)), p_(z)] we are able to produce different kinds of
behavior just by changing the magnitude of parameters a;; . At very low
ionic concentrations our model is identical with the NLGC theory. From
now on we shall refer to it as GGCM (Generalized Gouy — Chapman Model)

4. Ionic adsorption

Specific ionic adsorption is assumed to exist whenever the surface excess of a
given ion is greater than that predicted by the Gouy-Chapman theory [15].
So the validity of this theory is crucial in the investigation of ionic adsorption
at electrodes. In order to obtain the ionic profiles and the capacitances as
a function of charge density we have to solve equations (2.9-2.11). This can
be done by the numerical procedure presented in [8]. Some examples of the
results are given in figures 1 and 2 where we can see the influence of the
parameters a;;. In all cases we accept the value of the dielectric constant to
be 78.0 as for water and the temperature of 298.15 K.

4 o
3 [
o 1M
| .
£ o2t
~
O
" [
O | | | |
-0.2 —0.1 0.0 0.1 0.2

o/Cm—2

Figure 1. The symmetric case. Capacitance C as a function of
the charge density o on the wall calculated accord-
ing to the NLGC theory (Cgc, dotted lines) and our
model (Cgge , full lines) with the following parameter
set: a,, = a,_ = a__ = 2¢g/1M. The concentra-
tions are given on the figure.
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4,

C/Fm—2

Figure 2. The asymmetric case. Capacitance C as a function of
the charge density o on the wall calculated accord-
ing to the NLGC theory (Cgc , dotted lines) and

our model (Cgge , full lines) with the following pa-

rameter set: ay,, = 8¢s /1M, a_ = 2¢gy /1M and
a;_ = 4c¢sq; /1M . The concentrations are given in the
figure.

Figure 1 corresponds to a symmetrical case (all the parameters a;; are
equal). We take the value a,y = a;_ = ay_ = 2¢g,11/Crer Where gy is the
salt molar concentration and we decide to take ¢, = 1M. It is noteworthy
that for these values of the parameters we accept fluctuations in the free
energy having 2kgT as the order of magnitude at 1M solution. The values
of the capacitance which result from our model, Cgcc, are identical with
those of the NLGC theory, Cqc, at the zero charge only. The most striking
differences between the two models are visible at high concentrations and at
high charge density limits. At high concentrations we observe a maximum
of Cgge instead of the minimum of Cge. At high charge densities Coge
goes to a constant value according to (3.4) and (3.5) when Cge increases
indefinitely. In figure 2 an asymmetric case is presented. The parameter
values are: ay = 8¢t/ Crefy G—— = 2Cga1¢/Crer and ay_ = 4cCgq1y/Cres. For the
unchardged wall Cgee and Cge coincide only for low concentrations. For
0.1M solution the minimum of Cggc is shifted towards the negative charge
densities as compared with Cge while for 1M solution Cgge exhibits a
maximum at the positive charge densities.

As already mentioned, the Gouy-Chapman theory plays a major role in
the analysis of the experimental data. The Gouy-Chapman capacitance Cgc
is related to the Debye length and does not contain any specific properties, in
particular, — no interfacial properties. Thus, to get some interfacial data we
have to compare Cg - and the experimental capacitance Ceyp,. It is generally
assumed that the overall interface can be described by two capacitances in
a series model and we write

1 1 1
- 4 4.1
Cow G | Coo (4.1)
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where C; represents the so-called inner layer capacitance. For electro-
chemists it is C; that contains the information about the interface (the
typical order of magnitude of C; is between 0.1 and 1 Fm™2). In fact all the
information relative to C; depends on the validity of the Gouy-Chapman
theory in the domain of ionic concentrations and charges which are investi-
gated.

Clearly, if we use Cgge instead of Cge in (4.1), then we may find a
totally different behavior concerning C;. For example, for high values of o
we have a very high value of the Gouy-Chapman capacitance, as shown in
the figures, then CZ/, may be totally negligible compared to C;' and the
experiment gives us Cex, =~ C;. When saturation is observed in our model
then Coae < Cqe and Cgae can contribute to Cy, while the contribution
of Cge is negligible.

To illustrate another aspect of our results let us consider the tradi-
tional ideally polarizable electrode, but in which the diffuse layer is given
by GGCM. This means that the experimental capacitance should be de-
scribed by . . .

Cexp Cz CGGC

From the traditional approach, i.e. by using (4.1) we will introduce an
effective inner layer capacitance, C; 71 defined according to

(4.2)

11 1L_1, 1 1
ol Cup Coc Ci Cgae  Cac

(4.3)

For a given value of the charge, at extremely low ionic concentration there
is no significant deviation between C¢ and C;. For moderate values of the
concentration, and particularly for non-symmetrical ions, a large difference
between C¢" and C; appears. We will recover C ~ C; at very high con-
centrations if Cgge and Cge are large enough compared to C;. Thus, the
traditional analysis may lead to erroneous conclusions if there are notice-
able deviation from the Gouy-Chapman theory. Let us emphasize that the
deviation investigated in this paper is a consequence of the bulk solution
properties and cannot be attributed to any specific interfacial phenomena.

5. Conclusions

In addition to the hamiltonian which gives rise to the Non-Linear Gouy-
Chapman theory we have introduced some terms quadratic in the fields.
They take into account the existence of short range correlations. The mag-
nitude of these correlations is represented by three coupling constants a;;,
1,7 = + or — which contain all the specific behavior of the system i.e. the
non-coulombic interaction between ions, the effect of the solvent and tem-
perature. Just by changing the magnitude of these parameters we describe
a variety of behaviors for the capacitance dependence on the charge density.
Qualitative differences with the Gouy-Chapman theory appear both near
the point of zero charge and for high values of the charge. At the pzc we
may obtain a maximum or a finite slope instead of a minimum and at high
charge densities we observe a saturation in the capacitance values instead
of a continuous increase. The results are very sensitive to the asymmetry of
ions which is expected in real systems. For asymmetric ions the capacitance
extremum does not correspond to the pzc and a minimum at pzc is found
only when the concentration approaches zero. It is interesting to note that
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this kind of behavior is generated by the bulk properties and not by any
specific interfacial phenomena.

Our approach seems to be a good starting point for investigating a lot of
phenomena occurring at charged interfaces or in the bulk of ionic solutions.
At charged interfaces we may investigate more sophisticated hamiltonians
which are able to describe specific interfacial phenomena as, for instance,
the existence of interfacial phase transitions. Some results in this field are
being prepared. In parallel, the formalism can be useful for studying the
criticality in ionic solutions, some progress in this direction is expected.
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CIIPOIIEHUN OIINC CTPYKTYPU IOHHMUX PO3UMHIB
B1JIA 3APANKEHWX ITOBEPXOHbBb

1.Cra¢’e, A.Exoka, 3.Bopkoscbka, 2K.-II.Banpaii

Y wmift cTaTTi TEOPETUKONONLOBU TiAXiM BUKOPUCTAHO IJIST OTIU-
Cy BJIACTUBOCTEN iOHHUX PO3UYMHIB MOOAU3Y 3aPANKEHOI CTIHKU.
BigmivatoTnes BimmiraOCTI Bim Teopii I'yi-Uenmena mobausy Tou-
KU HYJILOBOTO 3apPsANy Ta IJIs BUCOKWX 3HAUEHbL 3apsamy. B Touri
HYJBLOBOTO 3apANYy OTPUMAHO MAKCUMYM 3aMiCTh MiHIMyMYy, a mpu
BUCOKUX 3HAYEHHAX I'YCTUHU 3aPSANY CIOCTEPIra€ThCsi HACUYEHHS
IJs BEJUWYUHU €MHOCTiI 3aMiCTh il HemepepBHOTO 3pocTanusa. Pe-
3yJILTATU € Jy¥Ke YyTIUBi 1O acHMeTpii iOHIB, MO NPUNYCKAETLCA
B peaJnbHUX cuctemax. Ham migxig Mmoxke Oyt 1o6GpO0 CTapTOBOIO
TOUKOIO JJIS1 TOCIiMKEHHA Pi3HUX ABUII HA 3aPANKEHUX TOBEPXHAX
i s 06’eMHUX BJIACTUBOCTEN 10OHHUX PO3YMHIB.



