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A recently proposed local second contact value theorem [Henderson D., Boda D., J. Electroanal. Chem., 2005,
582, 16] for the charge profile of an electric double layer is used in conjunction with the existing Monte Carlo
data from the literature to assess the contact behavior of the electrode-ion distributions predicted by the density
functional theory. The results for the contact values of the co- and counterion distributions and their product
are obtained for the symmetric valency, restricted primitive model planar double layer for a range of electrolyte
concentrations and temperatures. Overall, the theoretical results satisfy the second contact value theorem rea-
sonably well, the agreement with the simulations being semi-quantitative or better. The product of the co- and
counterion contact values as a function of the electrode surface charge density is qualitative with the simula-
tions with increasing deviations at higher concentrations.
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1. Introduction

One of the more interesting recent developments in the electric double layer research has been the
advancement of contact value theorems involving the charge profile in a primitive model (PM) planar
double layer (charged hard spheres moving in a dielectric continuum next to a planar electrode) (see, for
example, references [1-4]). Such exact conditions, or sum rules as they are often called, are important per
se in statistical mechanics since they permit unambiguous assessment of various approximate theories
and hence aid in theoretical development.

The most famous contact theorem in the double layer literature is the one formulated by Henderson
and Blum [5], and Henderson, Blum, and Lebowitz (HBL) [6] over thirty years ago. It is a condition on the
contact value of the total density profile in a planar double layer, and for a symmetric valency restricted
primitive model (RPM) (equisized ions in the PM) planar double layer - the model system of interest in
this paper, the HBL relation reads

bZ
gsum(d/2) = [gco(d/2)+gctr(d/2)]/2:a+?- @

*1t is a pleasure to dedicate this paper to Dr. Orest Pizio on the occasion of his 60th Birthday. Douglas Henderson recalls with
fondness his first meeting with “Don Oresto” in Telavi in the Republic of Georgia in the mid 1980s, where Orest and Myroslav
Holovko invited him to visit Lviv. During this visit, Orest showed him the city sights, including Stefan Banach’s grave and the
Scottish Cafe, where Banach and his colleagues formulated many important theorems in functional analysis.
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Here gco, gctr are the co- and counterion singlet distribution functions, d is the common ionic diameter,
and a = p/(pkgT) is the bulk osmotic coefficient with p being the bulk pressure, kg the Boltzmann con-
stant, and T the absolute temperature. The quantity b = zeo/(eperkgTx) is a dimensionless parameter
where z, e, and o are, respectively, the absolute value of the ionic valency, the magnitude of the elemen-
tary charge, and the uniform surface charge density on the electrode, € is the vacuum permittivity, and
€ is the relative permittivity of the continuum solvent. Also, % = \/z2e?p/(eper kg T) is the Debye-Hiickel
parameter (inverse Debye screening length) with p = Y"; p; where p; is the mean number density of the
ith ionic species. In the RPM case the contact distance, that is, the distance of closest approach of an ion
to the electrode, occurs at d/2, where d¢, = dcir = d. Note that ggum (x) (x is the perpendicular distance
from the electrode into the solution) is related to the total density profile

p(0) =3 pi(x) =} pigi(x) = pgsum (), @

where p;(x) is the singlet density profile of the ith species. It is of interest that the second term in equa-
tion (@ is just the Maxwell stress. Although equation (I) was obtained from statistical mechanics it is
consistent with Maxwell’s equations.

Equation () is a local expression and the consequent ease of its use has made the HBL contact con-
dition very appealing in double layer research over the years. For example, the classical Gouy-Chapman-
Stern (GCS) [7-9] theory of the double layer satisfies equation 1) but with a = 1, the ideal gas value. Thus,
for an electrolyte with osmotic coefficient substantially different from unity, the GCS theory can lead to
appreciable errors especially at low surface charges.

Sum rules such as equation (I) are useful not only for assessing theories but also for the insight they
provide. For example, because the coion contact value becomes small at a large surface charge and the
counterion contact value becomes large, according to this equation, the latter contact value increases as
square of the surface charge density. On the other hand, the local electroneutrality condition (also a sum-
rule) requires that the area of the charge profile be equal but opposite in sign to the electrode charge
density. As a result this area increases linearly with the electrode charge density. Consequently, at large
electrode charge, the oscillations and charge inversions in the charge profile should diminish but cannot
disappear altogether relative to the contact value.

Analogous relations for the contact value of the total charge profile in the double layer — the theme
of the present paper, have been relatively recent. A formal, rigorous relation was derived by Holovko et
al. [1,[10] and Holovko and di Caprio [2] using the Bogoliuobov-Born-Green-Yvon hierarchy. For symmet-
ric valency RPM planar double layer their expression is as follows:

dy(x)
dx ’

8ditr(d/2) = —zef f dxgsum (%) 3)

ar2

where B = 1/(kgT), w(x) is the mean electrostatic potential, and ggis(x) = [gctr(X) — co(X)]/2. Again,
gaifr(x) is now related to the total charge profile, viz.,

q(x)=e)_zip;gi(x) = zepgaifr(X), @
i

with z; being the valency of the ionic species i and z = z¢o = —Zcr. The definition of ggjf(x) is, for con-
venience only, designed to make this quantity positive in general. Since the use of this equation implies a
knowledge of ¥ (x), and g;(x) throughout the double layer, the expression is non-local.

Independently, Henderson and Boda (HB) [3] have proposed an approximate, local expression for
8aifr(d/2) at low electrode charges from empirical considerations, viz.,

gaife(d/2) = ab+ O(b*). (5)

To date a formal, analytic connection between equations (3) and (B remains obscure, although in a later
paper Holovko et al. [11] have outlined a very approximate connection. In a series of papers Henderson
and Bhuiyan [4] and Bhuiyan and co-workers [12-15] have tested equation (3) against exact Monte Carlo
(MC) simulation data for a spectrum of physical states including asymmetric electrolytes [13-15] and
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found the equation to be remarkably consistent with the simulations. Theoretical support came from an
application of the modified Poisson-Boltzmann (MPB) equation, which was found to satisfy equation (@)
to a very good degree [12,[13]. Bhuiyan and Henderson [16] have also compared the two relations (equa-
tions @) and @)) numerically using simulations and the conclusion was that although exact, equation 2)
is difficult to implement numerically because of its non-local nature. We note here that an approximate,
non-local relation for ggis(d/2) has also been suggested by Henderson and Bhuiyan [17]. Following con-
vention, we will call equation (I) the first contact value theorem, while equations @) and (B represent
two versions of the second contact value theorem.

Another interesting recent result that also concerns us in this paper is the behavior of the product of
the co- and counterion contact values f = gco(d/2) gcir (d/2) in the RPM planar double layer. The classical
GCS result for this quantity is strictly unity under all circumstances and thus constitutes a basis for the
classical theory. For example, the value of the counterion contact g¢.(d/2) is as high as the reciprocal
of the coion contact g¢,(d/2). However, the corresponding simulation results [18] dramatically alter the
classical picture. The product f is seen to be not only different from unity, but also that its characteristics
as a function of the electrode charge change with the salt concentration. At low concentrations there is a
maximum before f becomes vanishingly small at high electrode charge. As the concentration increases,
the height of the maximum decreases and at sufficiently high concentrations the maximum disappears
completely with f decreasing monotonously. Again, theoretical support for such a behavior of f came
from the MPB [18] and although the hypernetted chain/mean spherical approximation theory does not
show a maximum, the product f does become very small when the electrode charge is large [19].

In this study we propose to utilize the HB second contact value theorem and the existing MC simula-
tion results from the literature for f to assess the density functional theory (DFT) of the planar double
layer. The DFT has been one of the more successful theories of the electric double layer phenomenon and
compares favorably with the MPB across planar, cylindrical, and spherical geometries (see for example,
references [20-22]). Early applications of the DFT to the planar double layer were made by Tang et al. [23]
and Mier y Teran et al. [24]. Later Rosenfeld’s [25] techniques were utilized by Mier y Teran et al. [26] and
Boda et al. [27-30]. For even recent publications on application of the DFT to the planar double layer, we
refer the interested reader to the works by Gillespie et al. [31,/32], Valisko et al. [33], Wang et al. [34], Yu et
al. [35], and Pizio et al. [36]. Since there is more than one version of the DFT for the planar double layer,
in the next section we will briefly outline the DFT method used in this paper. Results will be shown in
section 3, and some conclusions drawn in section 4.

2. Model and methods

2.1. Molecular model

As indicated in the previous section, the model double layer system consists of a binary, symmetric va-
lency RPM next to a non-penetrable, non-polarizable, uniformly charged planar electrode with a surface
charge density of o. Since for a given salt concentration, solvent dielectric constant, and temperature, b
has a linear dependence on o, it is often convenient to specify o in terms of b.

The ion-ion interaction potential in the Hamiltonian is thus

00 r<d,

wij (r) = { ezzl-zj/(4ﬂ€0€rr) r>d, 6)

where r is the distance between a pair of ions. We also assume that the dielectric constant, €, is uniform
throughout the entire system. The bare interaction between an ion of species i and the wall is given by

u; (x) = v;(x) + w;(x), 7

where v;(x) and w;(x) are the non-electrostatic and electrostatic (Coulombic) parts of the ion-wall poten-
tial. The non-electrostatic contribution is a hard-wall potential

fo'e} x<dl2,

0 x>d/2. ®)

u;(x) ={
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The electrostatic part w;(x) is given by

ozie

w;(x) =- X, 9

€0€r

2.2. Density functional theory

The essence of the density functional theory (see for example, reference [37]) is that an expression
for the grand potential, Q, as a functional of the singlet density profiles, p;(x), of each of the species i,
is initially constructed. At equilibrium the grand potential is minimal with respect to variations in the
density profiles, viz.,

6Q 0

Spilx)

This condition is then used to calculate the density profiles and other relevant quantities like the free
energy.

In the density functional theory the grand potential of an inhomogeneous fluid can be written in the
form [30,/36]

(10)

1

Q=F({pih+ 2

> ezz-fpi(x)u/(x)dﬁ Y| lwi() - pldr, 1)
i=co,ctr i=co,ctr

where p; denotes the chemical potential of species i. The free energy functions F({p;}) is decomposed into
ideal (id), hard-sphere (hs), and electrostatic (el) terms as follows F({p;}) = Fig({pi}) + Fns({pi}) + Fea ({pi}).
The ideal term is known exactly

FqUpih= ), | drlp;(x)Inp;(x)—p;x)]. (12)

i=co,ctr

For the hard-sphere term, however, we apply the expression resulting from a recent version of the Fun-
damental Measure Theory [38], with the free energy consisting of the terms dependent on scalar and
vector weighted densities, for details see reference [36].

Following Pizio et al. [36] electrostatic contribution to the free energy, Fg ({p;}), is represented by

Fei(ipi}) = fdrfel({ﬁi(x)}), 13)

where {p;(x)} denotes a set of suitably defined inhomogeneous average densities of a reference fluid. One
of the simplest possible choices of f({0;(x)}) is to apply the expression resulting from the MSA equation
of state evaluated via the energy route, namely [39]

falpi(ONIET d Y Zpin) L +rs (19)
ellipilx = Zipilx A
i—eowctr 1+I'd 3=n
For a symmetric valency situation as in the present case the reduced temperature is 7% = %
Moreover,
r=(Vivaxd-1)/2d. (15)
The inverse Debye screening length » can be cast in terms of T*
#* = AndIT*)Y 22 pi(x). (16)
i

The last three expressions above correspond to an electroneutral fluid, so that the construction of the
averaged densities p;(x) at the electroneutrality condition is satisfied. In our approach we follow the
development proposed by Gillespie et al. [31,/32] described briefly below.

Let us define the weighted densities p;(x) as

pi(x) = fpi(x’)W(lr—r'l)dr', 17
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where W (|r —1'|) is a weight function. Gillespie et al. made the assumption, viz.,

o OUr—r'N =Ry

W(r—r) = ————"— (18)
(47r/3)Rf(r’)

where 6(|r —r'|) is the step-function. The radius of the sphere over which averaging is performed, Ry, is

approximated by the “capacitance” radius, that is, by the ion radius plus the screening length

d 1
Rf(®)=—

+ . (19)
2 2T {pi(0)}h

In addition, Gillespie et al. [31,32] required that the fluid with the densities {p;(x)} have the same ionic
strength as the system with weighted densities, {p;(x)}. Consequently, in the case of a symmetric 1:1
electrolyte the averaged densities {p;(x)} are given by

P1(x) + p2(x)

2 (20)

p1(x) = p2(x) =
Because equations and (I-@0) are coupled, the evaluation of Ry requires an iteration procedure.
This iteration loop has to be carried out in addition to the main iteration procedure for evaluating the
density profiles.
The mean electrostatic potential ¥ (x) is determined by the Poisson equation

dy(x) e

dx? €0€r

Zzipl-(x). (21)
1
The integration of the Poisson equation is carried out subject to the boundary conditions lim;_.., ¥ (x) =0
and limy—qo ¥/ (x) = 0.
Having specified all the contributions to the free energy functional, the requisite density profiles can
be obtained by minimizing the grand potential (cf. equation {I1D).
All the details of our approach can be found in reference [36].

3. Results and discussion

The DFT equations have been solved numerically using the established methods (see for example,
references [23,136,40]. We will also present the classical GCS results for comparison purposes, which for
the RPM case can be obtained analytically. It is convenient to discuss the results in terms of universal
reduced parameters such as the reduced density p* =Y ; pid? and the reduced temperature T defined
earlier. Calculations were done at two different reduced temperatures, 7* = 0.150 and 0.595, respectively,
and at each reduced temperature a number of physical states were treated. The value of the ionic diam-
eter was kept at d = 4.25 x107'% m throughout. Although a 1:1 valency system was used in the actual
calculations, in view of universality of T* this becomes a moot point since for a given T* a 1:1 system
at T is equivalent to a 2:2 system at 4T. For example, in the specific case of T* = 0.15, a 1:1 valency case
corresponds to ~75 K, while a 2:2 valency case corresponds to ~300 K.

In implementing the HB contact condition, Henderson and Bhuiyan [4] found it convenient to recast
equation (B in the form

m (gdiff(d/zy b) ) —a
b—0 b

for symmetrical valency electrolytes. We have followed the procedure here. We note though that a
straightforward linear plot of equation (B) with a as the slope has also been done [16]. In figures [IH6]
we present the results for gqifr(d/2, b)/b and the contact product f = gco(d/2)gc:(d/2) as functions b
for T* = 0.15 at p* = 0.02 (¢ = 0.216 mol/dm?®), 0.03 (¢ = 0.324 mol/dm?®), 0.05 (c = 0.541 mol/dm?), 0.10
(¢ = 1.08 mol/dm®), 0.20 (¢ = 2.16 mol/dm?), and 0.25 (c = 2.70 mol/dm3), respectively. The lone filled cir-
cle on the vertical axis in the upper panel of a figure corresponds to the osmotic coefficient a, which is
evaluated from the simulations at b = 0 using equation (). Noticeable immediately from the figures is

(22)
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p*=0.02,T =0.15
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Figure 1. gqir(d/2,b)/b (upper panel) and

8co(d/2)getr(d/2) (lower panel) as functions of
b in a RPM planar double layer for symmetric
valencies at p* = 0.02 (¢ = 0.216 mol/dm3) and T* =
0.15. The symbols represent MC data, while the solid
line represents the DFT results, and the dash-dotted
line the GCS results. The filled circle on the vertical
axis in the upper panel is gsum(d/2,b =0) = a =
0.597. MC data from reference [18].

p*=0.05T =0.15

g,,(d/2,0)/b

ctr

9,,(d/2)g,, (d/2)

co

Figure 3. gqiff(d/2,b)/b (upper panel) and
8co(dI2)getr(d/2) (lower panel) as functions of
b in a RPM planar double layer for symmetric
valencies at p* = 0.05 (¢ = 0.541 mol/dm?) and T*
= 0.15. The filled circle on the vertical axis in the
upper panel is gsum (d/2,b =0) = a = 0.627. The rest
of symbols and notation as in figure[ll MC data from
reference [18].

p*=0.03, T =0.15

g,,(d/2,b)lb

2.0

ctr

g,,(d/2)g, (d12)

Figure 2. ggiff(d/2,b)/b (upper panel) and
8co(d/2)getr(d/2) (lower panel) as functions of
b in a RPM planar double layer for symmetric
valencies at p* = 0.03 (¢ = 0.324 mol/dm?) and T*
= 0.15. The filled circle on the vertical axis in the
upper panel is gsum (d/2,b =0) = a = 0.606. The rest
of symbols and notation as in figure[ll MC data from
reference [18].

p*=0.10,T =0.15

p*=0.10, T =0.15
25

2.0
1.5
L0 S

05k ¢ L T

0.0 T ; *
0

g.(d/2) g, (d12)

Figure 4. gqif(d/2,b)/b (upper panel) and
8co(d/2)getr (d/2) (lower panel) as functions of
b in a RPM planar double layer for symmetric
valencies at p* = 0.10 (¢ = 1.08 mol/dm?) and T*
= 0.15. The filled circle on the vertical axis in the
upper panel is gsum (d/2,b =0) = a = 0.684. The rest
of symbols and notation as in figure[ll MC data from
reference [18].
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the trend that the DFT gqisr(d/2, b)/ b (upper panels of the figures) follows the corresponding simulation
results very closely for not too high b for the range of concentration treated. Only a very slight discrep-
ancy is seen at b = 0, which is a consequence of the fact that the DFT does not satisfy the HBL first contact
theorem exactly. The classical GCS theory satisfies equation (3) but with a = 1, the ideal gas value. This is
clear from the figures and for p* = 0.02, 0.03, 0.05, and 0.10 (figures[IH4), where a is somewhat less than
unity, the GCS theory leads to deviations from the MC data. The results at a different temperature T* =
0.595 and at p3 = 0.00925 (c = 0.1 mol/dm?) and p® = 0.0925 (c = 1.0 mol/dm?®) are shown in figures[Zland[8]
respectively. Here too the trends shown by the DFT ggir(d/2, b)/b and their agreement with the corre-
sponding simulations are similar to that seen in figures[TH6l We note that the HNC satisfies equation (1)
with the first term being a function of the hard sphere compressibility, and equation (5) with @ = 1 in the
first term. For contact values, it is little better than the GCS theory.

6 - 6
p*=0.20,T =0.15

p*=0.25T =0.15

N
®

g,,(d/2,b)/b
N
\\q
g,,(d/2,b)/b
N
\b
]

0 0 .
0 2 4 6 0 2 4 6 8 10
b b
3.0 - 3.0 .
- p*=0.20,T =0.15 p*=0.25,T =0.15
S 25 —~ 2.5
5 q
~% 20 )
o 5
x 2
3 g
3 o Z
o 8
()]
0.0 ‘ e
0 2 4 6 8 10
b b
Figure 5. gqif(d/2,b)/b (upper panel) and Figure 6. gqif(d/2,b)/b (upper panel) and

8eo(d/2)gctr(d/2) (lower panel) as functions of
b in a RPM planar double layer for symmetric
valencies at p* = 0.20 (¢ = 2.16 mol/dm?®) and T*
= 0.15. The filled circle on the vertical axis in the
upper panel is gsum (d/2,b =0) = a = 0.934. The rest
of symbols and notation as in figure[fl MC data from
reference [18].

8eo(d/2)getr(d/2) (lower panel) as functions of
b in a RPM planar double layer for symmetric
valencies at p* = 0.25 (¢ = 2.70 mol/dm3) and T*
= 0.15. The filled circle on the vertical axis in the
upper panel is gsum (d/2,b = 0) = a = 1.09. The rest
of symbols and notation as in figure[ll MC data from
reference [4].

The behavior of the contact product function f is displayed in the lower panel of the figures. Overall
the characteristics of the DFT plots are in qualitative agreement with the simulations. At p* < 0.10, the
MC data show a maximum with the height of the maximum decreasing as p* increases. The DFT result is
qualitative and there is a distinct maximum at p* = 0.03 (figure2), 0.05 (figure[3), and 0.10 (figure @), and
at p* = 0.02, there is the hint of a maximum. Further, the maximum in the DFT curves tends to occur at a
greater value of b than that in the MC. In figures[5l (p* = 0.20) and[Z] (p* = 0.00925) the plots are initially
flat, while in figures[6l(p* = 0.25) and[8l(p* = 0.0925) the initial slope of f is negative. In all of these figures
the DFT continues to be qualitative with the simulations. The characteristics of the initial slope of f as
the salt concentration increases can be understood from the following. From equations (@) and () one
has for low b

8eo(d12)gere(d/2) = a® + (a— a®) PP, (23)

(see for example, equation (18) of reference [18]). This equation is exact in the limit b —0. It is easy to
see at b = 0 that the value of f depends on the value of a. Furthermore, the initial slope of f is negative
for a < 1 (figures [IH4), the initial slope is approximately zero and the plots are initially flat when a ~ 1
(figures[5land[7), and the initial slope is negative when a > 1 (figures[6land[8). Note again that since in the
GCS theory a = 1, the right hand side of equation (I9) is unity and the initial slope is zero being consistent
with the observations.
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Figure 7. gqie(d/2,b)/b (upper panel) and Figure 8. ggiff(d/2,b)/b (upper panel) and
8co(d/2)getr(d/2) (lower panel) as functions of 8co(d/2)getr(d/2) (lower panel) as functions of

b in a RPM planar double layer for symmetric b in a RPM planar double layer for symmetric
valencies at p* = 0.00925 (¢ = 0.1 mol/dm?) and T* valencies at p* = 0.0925 (¢ = 1 mol/dm3) and T*
= 0.595. The filled circle on the vertical axis in the = 0.595. The filled circle on the vertical axis in the
upper panel is geum(d/2,b = 0) = a = 0.947. The upper panel is gsum (d/2,b = 0) = a = 1.31. The rest
rest of symbols and notation as in Figure 1. MC data of symbols and notation as in Figure 1. MC data
from reference [12]. from reference [12].

An important property of the simulation data is that the contact product f tends to very small values
at large values of b. As the surface charge increases the coion population near the electrode is depleted,
while the counterion population increases. However, the latter also induces packing problems that in-
hibit distant counterions from migrating too close to the electrode surface. All these lead to the observed
behavior of f. In the GCS theory however, the decrease in g, is always proportional to the increase in
&ctr SO that classically f = 1 consistently. The DFT f generally follows the MC trend in figures 2H8l Al-
though in figure 1 the lack of DFT data beyond b = 8 implies that one cannot be definitive, in view of the
results in the rest of the figures, it is a fair conjecture that here also the contact product will assume small
values at still higher values of b.

4. Conclusions

In this paper we have examined the predictions of a density functional theory of the planar electric
double layer with regards to (i) the HB second contact value theorem, and (ii) the behavior of the product
of the DFT contact values of the co- and counterion distributions vis-a-vis exact MC simulation data from
the literature. The principal finding regarding (i) is that generally the DFT follows the MC results very
closely over the range of concentrations and temperatures studied. There is only just a hint of discrepancy
at b = 0, which is probably tied to the approximation used for the hard-sphere term in the free energy
functional used to construct the grand potential. By contrast, the GCS results show greater deviations
from the simulations, especially at lower concentrations when the MC a is less than unity. It is of interest
to note that the degree to which the DFT satisfies the HB contact condition is very similar to what some of
us have observed with the MPB theory [12,(13] with both of the approaches showing slight deviations at b
= 0. This is not surprising since none of the theories satisfies the HBL first contact value theorem exactly.

With respect to (i) above, on the other hand, our calculations indicate that the DFT is broadly in
qualitative agreement with the characteristics of the simulations, with the product f of the contact values
tending to small values with increasing surface charge on the electrode. A maximum in f as a function
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of b seen at lower concentrations although this occurs as, what might be termed, a delayed maximum .
Importantly though, the behavior of the the initial slope of f as the electrolyte concentration increases
follows the MC trend. Admittedly, however, there is a quantitative discrepancy between the DFT results
and the MC data beyond ¢ ~ 1 mol/dm?3. This is understandable in view of the fact that the product of the
contact values of the distributions can be a rather more sensitive quantity than their difference so that a
slight error in either of the contact values tends to become magnified in the contact product.

The version of density functional that is employed in this paper gives good results for the contact
values but is less satisfactory in predicting oscillatory profiles. In contrast, other versions of density func-
tional theory [35,40] are better at producing oscillatory profiles but are less successful for contact values.
There is more to be done in the development of a fully satisfactory density functional theory.

References

. Holovko M., Badiali J., di Caprio D., J. Chem. Phys., 2005, 123, 234705; doii10.1063/1.2137707,

. Holovko M., di Caprio D., J. Chem. Phys., 2008, 128, 174702; doi{10.1063/1.2909973|

Henderson D., Boda D., J. Electroanal. Chem., 2005, 582, 16; do0i{10.1016/j.jelechem.2004.11.027,

Henderson D., Bhuiyan L.B., Mol. Simulat., 2007, 33, 953; doi:10.1080/08927020701461247.

. Henderson D., Blum L., J. Chem. Phys., 1978, 69, 5441; doi{10.1063/1.436535,

. Henderson D., Blum L., Lebowitz J.L., J. Electroanal. Chem., 1979, 102, 315;

d0ii10.1016/S0022-0728(79)80459-3,
7. Gouy G., ]. Phys. (Paris), 1910, 9, 457; doii10.1051/jphystap:019100090045700,
. Chapman D.L., Philos. Mag., 1913, 25, 475; d0ii10.1080/14786440408634187,
9. Stern O., Elektrochem., 1924, 30, 508.

10. Holovko M., Badiali J., di Caprio D., J. Chem. Phys., 2007, 127, 014106; doi{10.1063/1.2750336,

11. Holovko M., Badiali J., di Caprio D., J. Chem. Phys., 2008, 128, 117102; doi{10.1063/1.2873466,

12. Bhuiyan L.B., Outhwaite C.W., Henderson D., Alawneh M., Bangladesh J. Phys., 2007, 4, 93.

13. Bhuiyan L.B., Outhwaite C.W., Henderson D., Mol. Phys., 2009, 107, 343;
d0ii10.1080/00268970902758649.

14. Bhuiyan L.B., Henderson D., Mol. Simulat., 2011, 37, 269; d0i:10.1080/08927022.2010.502561.

15. Bhuiyan L.B., Henderson D., Mol. Phys. (in press).

16. Bhuiyan L.B., Henderson D., J. Chem. Phys., 2008, 128, 117101; doi{10.1063/1.2873370.

17. Henderson D.]., Bhuiyan L.B., Collect. Czech. Chem. Commun., 2008, 73, 558;
do0ii10.1135/cccc20080558.

18. Bhuiyan L.B., Outhwaite C.W., Henderson D., J. Electroanal. Chem., 2007, 607, 54;
doii10.1016/].jelechem.2006.10.010.

19. Henderson D., Alawneh M., Saavedra-Barrera R., Lozada-Cassou M., Condens. Matter Phys., 2007, 10, 323.

20. Bhuiyan L.B., Outhwaite C.W., Phys. Chem. Chem. Phys., 2004, 6, 3467; doi{10.1039/b316098;j.

21. Patra C.N., Bhuiyan L.B., Condens. Matter Phys., 2005, 8, 425.

22. Bhuiyan L.B., Outhwaite C.W., Condens. Matter Phys., 2005, 8, 287.

23. Tang Z., Mier y Teran L., Davis H.T., Scriven L.E., White H.S., Mol. Phys., 1990, 71, 369;
d0i:10.1080/00268979000101851.

24. Mier y Teran L., Tang Z., Davis H.T., Scriven L.E., White H.S., Mol. Phys., 1991, 72, 817;
doii10.1080/00268979100100581.

25. Rosenfeld J.,]J. Chem. Phys., 1993, 98, 8126; d0i;10.1063/1.464569.

26. Mier y Teran L., Boda D., Henderson D., Quifiiones S., Mol. Phys., 2001, 99, 1323;
doii10.1080/00268970110048383.

27. Boda D., Henderson D., Rowley R., Sokolowski S., J. Chem. Phys., 1999, 111, 9382;
do0ii10.1063/1.479850.

28. Boda D., Henderson D., Patrykiejew A., Sokolowski S., J. Chem. Phys., 2000, 113, 802;
d0i:10.1063/1.481855.

29. Boda D., Fawcett W.R., Henderson D., Sokotowski S., J. Chem. Phys., 2002, 116, 7170;
do0ii10.1063/1.1464826.

30. Boda D., Henderson D., L. Mier y Teran, S. Sokolowski, J. Phys.: Condens. Matter, 14, 11945 (2002);
do0ii10.1088/0953-8984/14/46/305.

31. Gillespie D., Valiské M., Boda D., J. Phys.: Condens. Matter, 2005, 17, 6609;

d0ii10.1088/0953-8984/17/42/002.

[e]

23801-9


http://dx.doi.org/10.1063/1.2137707
http://dx.doi.org/10.1063/1.2909973
http://dx.doi.org/10.1016/j.jelechem.2004.11.027
http://dx.doi.org/10.1080/08927020701461247
http://dx.doi.org/10.1063/1.436535
http://dx.doi.org/10.1016/S0022-0728(79)80459-3
http://dx.doi.org/10.1051/jphystap:019100090045700
http://dx.doi.org/10.1080/14786440408634187
http://dx.doi.org/10.1063/1.2750336
http://dx.doi.org/10.1063/1.2873466
http://dx.doi.org/10.1080/00268970902758649
http://dx.doi.org/10.1080/08927022.2010.502561
http://dx.doi.org/10.1063/1.2873370
http://dx.doi.org/10.1135/cccc20080558
http://dx.doi.org/10.1016/j.jelechem.2006.10.010
http://dx.doi.org/10.1039/b316098j
http://dx.doi.org/10.1080/00268979000101851
http://dx.doi.org/10.1080/00268979100100581
http://dx.doi.org/10.1063/1.464569
http://dx.doi.org/10.1080/00268970110048383
http://dx.doi.org/10.1063/1.479850
http://dx.doi.org/10.1063/1.481855
http://dx.doi.org/10.1063/1.1464826
http://dx.doi.org/10.1088/0953-8984/14/46/305
http://dx.doi.org/10.1088/0953-8984/17/42/002

L.B. Bhuiyan, D. Henderson, S. Sokotowski

32.

33.
34.
35.
36.
37.
38.
39.

40.

Gillespie D., Nonner W., Eisenberg R., ]. Phys.: Condens. Matter, 2002 14 12129;
doi:10.1088/0953-8984/14/46/317.

Valisk6 M., Boda D., Gillespie D., J. Phys. Chem. C, 2007, 111, 15575; d0i:10.1021/jp073703c.
Wang K, Yu Y.-X,, Gao G.-H., J. Chem. Phys., 2005, 123, 234904; doi:10.1063/1.2137710.

Yu Y.-X., WuJ., Gao G.-H., Chinese J. Chem. Eng., 2004, 12, 688.

Pizio O., Patrykiejew A., Sokolowski S., J. Chem. Phys., 2004, 121, 11957; doi:10.1063/1.1818677.
Evans R., Fundamentals of Inhomogeneous Fluids, ed. D. Henderson. Dekker, New York, 1992.
Yu Y.-X., WuJ.Z,, J. Chem. Phys., 2002, 117, 10156; doii10.1063/1.1520530}

Jiang J., Blum L., Bernard O., Prausnitz ].M., Sandler S.I., J. Chem. Phys., 2002, 116, 7977;
doii10.1063/1.1468638

Patra C.N., Ghosh S.K., Phys. Rev. E, 1993, 47, 4088; doi10.1103/PhysReVvE.47.4088|

KoHTaKTHi 3HauyeHHs Npo¢iniB ryCTUHN B €1IEKTPUYHOMY
noABiIHOMY LUApPi, BUKOPNCTOBYIOUM TEOPIilO
PyHKUiOHaNy ryctTuHn

N.B. bryaHZ 2. renpepcoH?, C. Cokonoscki?

L JNlabopatopist TeopeTnyHOI ¢isnkuy, ¢pisnyHni dakynbTeT, YHiBepcuTeT MyepTo Piko, CLUA
2 ®akynbTeT XiMmii i bioximii, YHiBepcuTeT Bpirema fiHra, Mposo, CLUA

3 Bipain MogentoBaHHs di3nKo-xiMiYHUX NpoLeciB, XiMiYHWI dakynbTeT,
YHisepcuTeT iM. Mapii Cknagoscbkoi-Kropi, J1lo6iH, MonbLuya

HellosaBHO 3anpomnoHoOBaHy TeopeMy Npo JokajabHe Apyre KOHTakTHe 3HaveHHs [Henderson D., Boda D., J.
Electroanal. Chem., 2005, 582, 16] ans npodinto 3apsay enekTpUYHOro NoABIHOro LWapy NOEAHAHO 3 iCHYOYW-
MU B fiiTepaTtypi AaHnMu MoHTe Kapao 3 MeToH OLiHKM KOHTaKTHOI MOBEeAIHKMN e1eKTPOA-IOHHUX PO3MOoAiNis,
nepegbaveHnx Teopieto GyHKLioHany rycTHWU. Pe3ynbTaTh At KOHTAaKTHUX 3HaYeHb PO3MNOAiINIB KO- i NpoTMio-
HiB Ta IXHbOro J06YTKY OTPMMaHO ANA BUNAAKY CUMETPUYHOI BaleHTHOCTI B paMKax 06MeXeHOi NPUMITUBHOT
MOZeni NN0CKOro NoABINHOrO LWapy ANS HU3KM KOHLLEHTPaLii | TemnepaTtyp enekTpoity. B Linomy, TeopetuyHi
pe3ynbTaT JOCWTb A06pPe 3a40BO/bHAOTL TeOpeMy Npo Apyre KOHTaKTHe 3HaYeHHs, Y3rofKeHHs i3 cumynaLi-
MU - HaniBKiNbkicHe abo Kpalye. lo6yTOK KO- i TPOTUIOHHUX KOHTaKTHUX 3HaYeHb K GYHKLLA yCTUHW 3apsgy
NMOBEpXHi enekTpoAa AKICHO Y3roJXyeTbCa 3 CUMYAALIAMU, ane BiAXWUAEHHA MiXX 060Ma 3pOCTaE Npu BULLMUX
KOHLLeHTpaLisiX.

KntouoBi cnoBa: enekTpudHmii NogBiiiHWi Lwap, obMexeHa NpUMITUBHA MOAE/b, NPOYini rycTuHu
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