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Correlation of charged fluids separated by a wall of finite thickness:
Dependence on the charge of the fluid and the wall

Marcelo Lozada-Cassou and Jiang Yu
Departamento de Fı´sica, Universidad Auto´noma Metropolitana–Iztapalapa, Apartado Postal 55-534,

09340 México, Distrito Federal, Mexico
~Received 9 December 1996!

It is shown that a charged fluid in contact with a planar electrode, of finite thickness, is correlated with the
charged fluid on the other side of the electrode. Results for several plate and fluid parameters are presented.
Thicker electrical double layers seem to promote a stronger correlation between the liquids at both sides of the
wall. @S1063-651X~97!04209-8#

PACS number~s!: 61.20.Qg, 61.20.Gy
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I. INTRODUCTION

If a charged fluid is next to a charged electrode of pla
geometry, a charge concentration profile is induced on
fluid next to the plate. This charge concentration profile ha
maximum at the point of contact with the plate and decrea
as it moves away from the plate, to reach its minimum va
of zero in the bulk fluid. This charge profile is known as t
electrical double layer~EDL! in the liquid and colloidal dis-
persion fields. Since the classical work of Gouy@1# and
Chapman@2# it has been universally accepted that the ED
formed by a charged fluid next to a planar, charged electr
is independent of the fluid that might be on the other side
the electrode. For example, this has been the case in li
theory studies@3–14#, numerical simulations@15–17#, and
classical monographs and textbooks on colloids@18–26#. To
the best of our knowledge, all the literature in the field a
sumes either that there is no correlation between the fluid
both sides of the dividing wall or that the wall is infinitel
thick.

The Poisson-Boltzmann equation@1,2# or theories based
on charge moment expansions@3# simply do not include
proper boundary conditions in order to take into account
fluid on the other side of the wall. From the point of view
the integral equation theories, the reason for this approac
probably due to the influential work of Henderson, Abraha
and Barker@4# and that of Henderson and Blum@5#. In these
papers a method for deriving integral equations for inhom
geneous fluids is proposed. In this method the Ornst
Zernike ~OZ! equation@4# for an (n11)-component homo-
geneous fluid is generalized to study inhomogeneous flu
The limits of infinite radius and zero concentration for t
n11 species is taken in the OZ equation and the othen
species are left as the liquid species. Hence the field
duced by the giant particle~assumed to be spherical! be-
comes the source of the external field and thus produce
inhomogeneity in the fluid. Because this central particle
giant, the fluid near it ‘‘sees’’ it as a planar wall. Let us ref
to this method as the asymptotic method~AM ! @27#. A short-
coming of this method is that it is restricted to planar, in
nitely thick walls. As we will show later, with a wall o
infinite thickness there is no liquid-liquid correlation throug
the wall.
561063-651X/97/56~3!/2958~8!/$10.00
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The equivalence between particles and fields is well
tablished in physics, i.e., particles and fields are defin
through their interactions with other particles or extern
fields. The various microscopic liquid theories are basica
mathematical manipulations of the species probability de
ties, starting from a conservation equation or a probabi
density ansatz. Since there are no restrictions in these st
tical mechanical theories in relation to the type of the p
ticles’ interaction potential, the number of species in a flu
and their concentrations, one can consider the external
in an inhomogeneous fluid to be just another particle in
homogeneous fluid. This very simple idea was used in
past by one of us to propose a method to derive theories
inhomogeneous liquids@27#. We will refer to this method as
the direct method~DM!. This method has been applied su
cessfully to study inhomogeneous liquids next to exter
fields of several geometries@28#. The DM allows the study
of an inhomogeneous fluid next to an electrode ofany shape
and size, in particular that of an electrode of planar geome
and afinite thickness. Apparently there is some confusion
the literature with regard to the differences between the D
and the AM@29#. Clearly the DM is more general than th
AM, but it is not a generalization of the AM: The AM is a
mathematical procedure to deal with the fluid structu
around a very large spherical particle in the fluid@4#. Hence
the AM can be applied only to the particular case of
infinitely thick, wide, and long plate. The DM is based on t
well-established equivalence between particles and fields
can be applied to fluids in external fields of any size a
shape. The AM is a geometrical limit and the above equi
lence does not seem to have been recognized. If the equ
lence between particles and fields is recognized the m
ematical limit is clearly unnecessary@27,28#. The AM can be
obtained from the DM, the opposite is not true.

In a recent Letter@30# we showed that a correlation exis
between charged fluids separated by a charged wall of fi
thickness. Here we study the extent of this effect as a fu
tion of the plate and liquid parameters. In Sec. II we outli
the derivation of the hypernetted-chain–mean-spherical
proximation ~HNC-MSA! equation for a finite plate. The
HNC-MSA integral equation theory has been shown to b
successful theory for infinitely thick charged plates@7,15#. In
Sec. III we present our results. In Sec. IV we give som
conclusions.
2958 © 1997 The American Physical Society
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56 2959CORRELATION OF CHARGED FLUIDS SEPARATED BY . . .
II. THEORY

With the DM @27,28#, the HNC-MSA equation for a two-
component electrolyte next to the external field produced
a charged plate of thicknessd is obtained in a straightfor
ward manner, i.e.,

gpi~x!5expH 2bupi~x!1 (
m51

2

rmE cim~s!hpm~y!dv3J ,

~1!

whererm is the bulk concentration of the ions of speciesm;
cim(s) is the MSA direct correlation function for ions o
speciesi andm, a distants apart;r igpi(x) is the local con-
centration of ions of speciesi , at a distancex from the center
of the plate and perpendicular to the plate~see Fig. 1!;
hpm(y), defined ashpm(y)[gpm(y)21, is the total correla-
tion function; dv3 is the volume differential;b[1/kT,
wherek is the Boltzmann constant andT is the system tem-
perature; andupi(x) is the interaction potential between a
ion of speciesi and the plate, represented by the subindexp.
A widely used model for the electrolyte is the so-called
stricted primitive model electrolyte. In this model the ele
trolyte is assumed to be a fluid of charged hard sphere
chargeezi and diametera, in a dielectric continuum of di-
electric constante, wheree is the electronic charge andzi is
the valence of an ion of speciesi . In this paper the plate is
considered to be a flat, hard wall with a surface charge d
sity sL on the left-hand side surface of the plate and a s
face charge densitysR on the right-hand side surface of th
plate. The wall has a widthd and is composed of a dielectri
material with a dielectric constant chosen to be equal to
of the solvent, for simplicity, such that image forces need
be considered. This model for the electrode differs from o
ers in the literature@1–26# in that thethicknessof the plate is
taken into account and its two surfaces need not beequally

FIG. 1. Geometry for a charged plate, immersed in a restric
primitive model electrolyte.
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charged. As pointed out before, to the best of our knowled
in the past this wall was explicitly or implicitly assumed
be infinitely thick.

For our model, this potential can be separated into a ha
sphere–hard-wall termupi* (x) and an electrostatic par
upi

el (x). The hard-sphere–hard-wall potential simply tak
into account the fact that the ions cannot penetrate or def
the walls. From Gauss’s law the electrostatic potential can
found to be

2bupi
el ~x!5

2pbezi

«
~sL1sR!x. ~2!

Equation~1! is a nonlinear integral equation that we solv
numerically with advanced finite-element techniques. T
solution of Eq.~1! gives the concentration profiler igpi(x) to
the left and right of the wall.

The charge profile in the solution is given by

rel~x!5 (
m51

2

ezmrmgpm~x!. ~3!

The electroneutrality condition for the plate plus the elect
lyte system states that the charge induced in the liquid by
wall must cancel that on the wall, that is,sL1sR5sL8
1sR8 , wheresL8 andsR8 are the induced charges in the liqu
to the left and right of the plate, respectively. Mathematica
this condition is expressed as

sL1sR52E
2`

2d/2

rel~y!dy2E
d/2

`

rel~y!dy, ~4!

where the first and second integrals definesL8 and sR8 , re-
spectively.

For an isolated charged plate the net pressure mus
zero. However, for an unsymmetrically charged plate,
Maxwell stress tensor contributions to the pressure on e
side of the plate will not in general be equal. Thus the kine
stress tensor contributions must be such that the net pres
is zero. An exact expression for this net pressure can
obtained from that for the interaction of two plates, as t
limit of plates’ infinite separation@31,32#, i.e.,

P52
2p

«
@sL82sR8 #1kT@rs~2d/22a/2!2rs~d/21a/2!#,

~5!

where the first and second terms on the right-hand side
the Maxwell and kinetic stress tensors contributions to
net pressure and

rs~x![ (
m51

2

rmgpm~x!. ~6!

As a test for our theory we have calculated the net press
on the plate and found that indeed the Maxwell and kine
stress tensors contributions are different on each side of
plate, but still the net pressure is zero. This result is in d
agreement with that for the ideally polarizable interfa
model ~IPIM! of Rosinberg, Blum, and Lebowitz@33,34#.
They do not find a net zero pressure. We find our result m

d
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2960 56MARCELO LOZADA-CASSOU AND JIANG YU
physically appealing. The IPIM is obtained with the AM a
the limit of infinite radius for two concentric spherical shel
There is fluid inside the inner shell and outside the exte
shell. There is no fluid in between the shells. Appendix D
Ref. @33# is particularly useful to compare with our model

From the charge profile~3! the mean electrostatic poten
tial ~MEP! can be calculated. Following the derivation pr
sented in Appendix B of Ref.@32#, the MEP for a charged
plate immersed in a charged fluid is obtained as

c~x!55 2
4p

« E
2`

x

~x2y!rel~y!dy, x,2
d1a

2

4p

« E
x

`

~x2y!rel~y!dy, x.
d1a

2

~7!

c~x!5
4psL8

«
x1

4p~sL81sR8 !

«

d

2
2

4psR

«
d2I 0 ,

2
d1a

2
,x,2

d

2
~8!

c~x!52
4psR8

«
x1

4psR

« S x2
d

2D2I 0 , 2
d

2
,x,

d

2
~9!

c~x!52
4psR8

«
x2I 0 ,

d

2
,x,

d1a

2
~10!

where

I 05
4p

« E
~d1a!/2

`

yrel~y!dy. ~11!

III. RESULTS

In Fig. 2 the fluid is a 2:2, 0.971M electrolyte. Severa
surface charge densities on the left and right surfaces of
wall were considered: ~a! On its left surface sL
50.272 C/m2 and on its right surfacesR50.272 C/m2; ~b!
sL50.3627 C/m2 and sR50.1813 C/m2; ~c! sL50 C/m2

and sR50.544 C/m2; ~d! sL520.136 C/m2 and sR
50.68 C/m2. In all casessR1sL50.544 C/m2. The thick-
ness of the wall isd5a. In Fig. 2~a! we show the positive-
ion reduced concentration profile~PIRCP!, induced by the
wall in the solution. In Fig. 2~b! the negative-ion reduce
concentration profile~NIRCP! is shown. At the left-hand
side of the wall, near the wall, the PIRCP is lower than in
bulk solution, whereas the NIRCP is clearly above its b
value @far from the wall, i.e., in the bulk,gp2

(x)5gp1
(x)

51, since the wall’s electrical field is screened by t
charged fluid#. This is an unexpected behavior for cases~c!
and~d! because the left-hand side of the wall has zero cha
or is negatively charged, respectively. For cases~a! and ~b!
this qualitative behavior is to be expected since the left-h
side of the wall is positively charged. At the right-hand si
of the wall an apparently normal behavior is observed n
the wall, i.e., the PIRCP is lower than one and the NIRCP
well above than one. Since the right surface of the wal
positively charged, this is to be expected. These results
r
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gest that a correlation between the left and right liquids
ists since the wall-ion interaction potential is symmetric w
respect to the left- and right-hand sides of the wall@see Eq.
~2!#.

Case~a! is the symmetric situation, that is, the left PIRC
and the left NIRCP are equal to the corresponding ri
PIRCP and right NIRCP. A higher or lower surface char
density than that in case~a! produces a NIRCP, in case
~b!–~d!, correspondingly, higher or lower than that of ca
~a! and a lower or higher PIRCP contact value. Does t
means that the charge induced in the liquids at the left
right of the wall are equal to the corresponding, given s
face charge densities on the left and right faces of the w

FIG. 2. Reduced concentration profiles~RCPs! for a 2:2,
0.971M electrolyte, next to a charged wall, as a function of t
distance to the wall, in units of ionic radius. The wall has differe
surface charge densities:~a! On its left surfacesL50.272 C/m2

and on its right surfacesR50.272 C/m2 ~solid line!; ~b! sL

50.3627 C/m2 and sR50.1813 C/m2 ~open circles!; ~c! sL

50 C/m2 and sR50.544 C/m2 ~triangles!; ~d! sL520.136 C/m2

and sR50.68 C/m2 ~filled circles!. In all cases sR1sL

50.544 C/m2. The thickness of the wall isd5a. In ~a! we show
the positive-ion reduced concentration profile~PIRCP!, induced by
the wall in the solution. In~b! the negative-ion reduced concentr
tion profile ~NIRCP! is shown. The distance to the wall is measur
in ionic radius. The zero of thex coordinate is located on the lef
surface of the wall for the left RCPs and on the right surface of
wall for the right RCPs, i.e., the thickness of the wall is not plotte
The left RCPs are shown in the inset.
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56 2961CORRELATION OF CHARGED FLUIDS SEPARATED BY . . .
Is the total charge induced in the liquid equal to the to
charge on the wall? Is the fluid at the left and right of t
wall at a constant chemical potential? If there is no liquid o
say, the right-hand side of the wall, how are the ionic profi
modified?

In Fig. 3 the fluid is a 2:2, 0.971M electrolyte andsL
50 C/m2 and sR50.544 C/m2. Two thickness of the wall
are considered: d5a and 1500a. For a wall thickness of
d51500a, a physically appealing result is obtained on bo
sides of the wall, i.e., the PIRCP and the NIRCP near
wall are well above one at the left-hand side of the wa
whereas the NIRCP is higher than one and the PIRCP
lower than than one at the right-hand side of the wall.
calculation for a symmetrically charged wall@with Eq. ~1!#
or with traditional methods@7#, with charge density equal to
0.544 C/m2, shows a PIRCP and a NIRCP equal to tho
shown in Fig. 3 for the right-hand side of the wall. A simil
result is observed from a calculation for a symmetrica
charged wall, with charge density equal to 0 C/m2, i.e., its
NIRCP and PIRCP agree with those shown in Fig. 3 for
left-hand size of thed51500a wall. On the other hand, it ha
been proved in the past that for a symmetrically charg
plate the NIRCP and PIRCP are independent of the width
the plate @31,32#. Our calculations corroborate this fac
Thus, if for a symmetrically charged wall the concentrati
profiles are symmetrical and independent of the width of
wall and if these profiles are equal to the corresponding p
files next to a very thick unsymmetrically charged wall, th
the differences in the profiles for narrow walls are due to
correlation between the liquids on the left- and right-ha
sides of the wall.

FIG. 3. Reduced concentration profiles for a 2:2, 0.971M elec-
trolyte, next to a charged wall, as a function of the distance to
wall, in units of ionic radius. The wall has surface charge densi
sL50 C/m2 on its left surface andsR50.544 C/m2 on its right
surface. Two thicknesses of the wall are considered:d5a ~solid
lines! and d51500a ~dashed lines!. We show the PIRCP~plain
lines! and the NIRCP~lines with filled circles!. The distance to the
wall is measured in ionic radius. The zero of thex coordinate is
located on the left surface of the wall for the left RCPs and on
right surface of the wall for the right RCPs, i.e., the thickness of
wall is not plotted. The left RCPs are shown in the inset. The cur
for the PIRCP and the NIRCP on the left-hand side of thed
51500a wall coincide.
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Let us point out that although Eq.~2! is a wall-ion poten-
tial that increases with the value ofuxu, measured from the
center of the wall, at both sides of the wall, the left and rig
fluids become uncorrelated for large values ofd. Therefore,
the observed correlation is a true many-body effect and n
feature of the wall-ion potential.

Let us give another argument in support of this correlat
between the liquids at both sides of a wall. Although we m
be redundant, we believe the following argument could g
a different, perhaps useful, perspective. In Fig. 3, at the l
hand side of the wall, the NIRCP and PIRCP coincide a
are equal to those for the reduced concentration profile
hard-sphere fluid~the d51500 case!. This should be the re-
sult for our primitive model, where the positive and negati
ions differ from each other only in their charge sign. Sin
the NIRCP and PIRCP at the left-hand side of the wall are
top of each other, the fluid at the right-hand side of the w
cannot ‘‘see’’ its charge, i.e., it is equivalent to having
vacuum at the left-hand side of the wall. On the other ha
as pointed out above, the RCPs at each side of a very th
unsymmetrically charged wall are equal to those for sy
metrically charged walls, charged with the correspond
charge. Hence, in Fig. 3 the right RCPs for thed51500a
case are equal to those for a very thick wall, symmetrica
charged with 0.544 C/m2. Therefore, it is clear that having
vacuum or a charged liquid at the left-hand side of a v
thick wall has no effect on the liquid at the right-hand side
the wall. This shows, perhaps in a particularly clear way, t
the liquids at both sides of a very thick wall are not corr
lated. Suppose now that we have a vacuum at the left-h
side of anarrow wall. Then, from Gauss’s law, an ion at th
right-hand side of the wall will see a sheet of charge with
surface charge density equal tosR1sL , say, equal to
0.544 C/m2 @see Eq.~2!#. The result would be independent o
the width of the wall since there is a vacuum at the left-ha
side of the wall and the wall-ion potential is independent
the width of the wall@see Eq.~2!#. Thus the RCPs for a
narrow wall, with a vacuum on one side, must be equa
those for a very thick wall, equally charged, and also with
vacuum on one side. Thus it is clear that the RCPs at
right-hand side of a narrow wall with a vacuum at its le
hand side will be equal to those shown in Fig. 3 for t
right-hand side of thed51500a wall. Therefore, in Fig. 3
the difference between thed5a RCPs and those for thed
51500a RCPs is due to a correlation of the liquids at bo
sides of the wall.

In Fig. 4 the fluid is a 2:2, 0.971M electrolyte andsL
520.136 C/m2 andsR50.68 C/m2. Two thicknesses of the
wall are considered: d5a and 5000a. We show the PIRCP
and NIRCP. In Fig. 5 the fluid is a 2:2, 0.05M electrolyte
andsL520.136 C/m2 andsR50.68 C/m2. Two thicknesses
of the wall are considered:d5a and 500a. We show the
PIRCP and the NIRCP. In Fig. 6 the fluid is a 1:1, 0.1M
electrolyte andsL520.136 C/m2 andsR50.68 C/m2. Two
thicknesses of the wall are considered:d5a and 1500a.
We show the PIRCP and the NIRCP. The results for
large values ofd in Figs. 4–6 show that a lower charge o
concentration of the salt produces thicker EDLs, i.e.,
RCPs are of longer range and the counterion RCPs h
higher contact values for a lower charge or concentration
the salt. This is to be expected since for large values ofd we
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2962 56MARCELO LOZADA-CASSOU AND JIANG YU
recover the single EDL results and this is a well-known b
havior for infinitely thick walls@7,35#. For d5a, this quali-
tative behavior of the EDL persist. However, a comparis
of these results with the corresponding results for large
ues ofd suggests that a thicker EDL implies a stronger c

FIG. 4. Reduced concentration profiles for a 2:2, 0.971M elec-
trolyte, next to a charged wall, as a function of the distance to
wall, in units of ionic radius. The wall has surface charge densi
sL50.136 C/m2 on its left surface andsR50.68 C/m2 on its right
surface. Two thicknesses of the wall are considered:d5a ~solid
lines! and d55000a ~dashed lines!. We show the PIRCP~plain
lines! and the NIRCP~lines with filled circles!. The distance to the
wall is measured in units of ionic radius. The zero of thex coordi-
nate is located on the left surface of the wall for the left RCPs
on the right surface of the wall for the right RCPs, i.e., the thickn
of the wall is not plotted. The left RCPs are shown in the inset

FIG. 5. Reduced concentration profiles for a 2:2, 0.05M elec-
trolyte, next to a charged wall, as a function of the distance to
wall, in units of ionic radius. The wall has surface charge densi
sL520.136 C/m2 on its left surface andsR50.68 C/m2 on its
right surface. Two thicknesses of the wall are considered:d5a
~solid lines! and d5500a ~dashed lines!. We show the PIRCP
~plain lines! and NIRCP~lines with filled circles!. The distance to
the wall is measured in units of ionic radius. The zero of thex
coordinate is located on the left surface of the wall for the left RC
and on the right surface of the wall for the right RCPs, i.e.,
thickness of the wall is not plotted. The left RCPs are shown in
inset.
-

n
l-
-

relation between the liquids on both sides of the wall; s
for example, the left NIRCP, where a lower charge or co
centration of the salt produces larger deviations with resp
the corresponding NIRCP for large values ofd.

In Figs. 7 and 8 the fluid is a 2:2, 0.971M electrolyte and
sL520.136 C/m2 andsR50.68 C/m2. Results for the mean
electrostatic potential profile~MEPP!, for wall thicknesses of

e
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d
s

e
s

s
e
e

FIG. 6. Reduced concentration profiles for a 1:1, 0.1M electro-
lyte, next to a charged wall, as a function of the distance to the w
in units of ionic radius. The wall has surface charge densitiessL

520.136 C/m2 on its left surface andsR50.68 C/m2 on its right
surface. Two thicknesses of the wall are considered: (d5a) ~solid
lines! and d51500a ~dashed lines!. We show the PIRCP~plain
lines! and NIRCP~lines with filled circles!. The distance to the wal
is measured in units of ionic radius. The zero of thex coordinate is
located on the left surface of the wall for the left RCPs and on
right surface of the wall for the right RCPs, i.e., the thickness of
wall is not plotted. The left RCPs are shown in the inset.

FIG. 7. Mean electrostatic potential profile~MEPP! for a 2:2,
0.971M electrolyte, next to a charged wall, as a function of t
distance to the wall, in units of ionic radius. The wall has surfa
charge densitiessL520.136 C/m2 on its left surface andsR

50.68 C/m2 on its right surface. The thicknesses of the wall ared
5a ~solid line! and d55000a ~dashed line!. The distance to the
wall is measured in units of ionic radius. The zero of thex coordi-
nate is located on the left surface of the wall for the left RCPs a
on the right surface of the wall for the right RCPs, i.e., the thickn
of the wall is not plotted.
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56 2963CORRELATION OF CHARGED FLUIDS SEPARATED BY . . .
d5a and 5000a, are shown. In Fig. 7 the MEPP outside th
wall is shown, whereas in Fig. 8 the MEPP for the regi
2(a1d)/2,x,(a1d)/2 is plotted. A comparison of the
MEPP ford5a and 5000a shows the effect of the correla
tion of the liquid at both sides of the wall on the MEPP. T
derivative with respect tox of the MEPP gives the electrica
field as a function ofx. The effective electrical field at the
left-hand side of the wall and ford5a is less intense and ha
an opposite sign to that ford55000a. This is consistent with
the RCPs shown in Fig. 4: Near the wall, at the left-ha
side, the PIRCP ford55000a and the NIRCP ford5a are
both above the bulk value and the PIRCP is much larger t
the NIRCP. In the different regions plotted in Fig. 8 th
electrical field is constant, i.e., the MEP has a linear dep
dence onx @see Eqs.~8!–~10!#. This is to be expected sinc
in our model these regions obey the Laplace equation.
seen that for21,x,20.5 the electrical field ford5a has
an opposite sign to that ford55000a. This shows that the
electrical field due to the liquid at the right-hand side of t
d5a wall is more intense than that produced by the surf
charge on the left face of the wall. This is consistent with
concentration profiles shown in Fig. 4.

In Fig. 9 the charge density induced in the fluid by t
wall, as a function of the wall’s thickness~measured in units
of ionic diameter!, is plotted. The fluid is a 2:2, 0.971M
electrolyte and the charge of the plate is the same as th
Fig. 2, i.e.,~a! on its left surfacesL50.272 C/m2 and on its
right surface sR50.272 C/m2; ~b! sL50.3627 C/m2 and
sR50.1813 C/m2; ~c! sL50 C/m2 andsR50.544 C/m2; ~d!
sL520.136 C/m2 and sR50.68 C/m2. In all casessR

1sL50.544 C/m2. sL8 is the charge induced on the left-han
side of the wall, whereassR8 is that induced on the right-han
side of the wall: Ford50, sL85sR850.272 C/m2; this is
equal to the average charge on the wall. Asd increases,sL8
andsR8 decrease or increase such thatsL85sL andsR85sR

FIG. 8. MEPP inside a charged plate immersed in a 2:2, 0.97M
electrolyte, as a function of the distance to the center of the wal
units of (d1a)/2, whered is the wall thickness anda is the ionic
diameter. The wall has surface charge densitiessL520.136 C/m2

on its left surface andsR50.68 C/m2 on its right surface. The
thicknesses of the wall ared5a ~solid line! andd55000a ~dashed
line!. The distance to the center of the wall is measured in u
reduced by half the thickness of the wall plus half the ionic radi
The zero of thex coordinate is located at the center of the wall.
d

n

n-

is

e
e

in

for d→`. In Fig. 9 it is seen that the total charge induced
the liquid, for all values ofd, is equal to the total charge o
the wall, i.e., there is overall electroneutrality. For very lar
values ofd there is local electroneutrality, i.e.,sL85sL and
sR85sR for d→`. However, for small values ofd the left-
and right-hand sides of the system are not independe
electroneutral, i.e.,sL8ÞsL andsR8ÞsR . If we defineDsL

5usL2sL8 u andDsR5usR2sR8 u, from Fig. 9 it can be seen
that DsL5DsR ([Ds) for all four cases and for every
value ofd. This is to be expected if the total electroneutral
is conserved. Ford50 the wall becomes a sheet of charg
with a surface charge equal tosL1sR , i.e., the system be
comes symmetric and the left RCPs become equal to t
corresponding right RCPs. These RCPs are equal to thos
an infinitely thick plate with a surface charge equal to h
sL1sR . Therefore, the maximum ofDs is always ford
50, since ford50

sL85sR85
~sL1sR!

2
. ~12!

The minimum ofDs is, of course, ford→`, i.e., Ds50.
From Fig. 9 it is clear thatDs, as a function ofd, has the
same nonlinear behavior as that shown bysL8 andsR8 . No-
tice thatDs50 for all values ofd, for case~a!. For the other
three cases, theDs curves are higher for larger asymmetry
the charge between the left and right faces of the wall, i
Ds is the highest for case~d! and the lowest for case~b!. The
value of Ds is a measure of the violation of some sort
local electroneutrality condition@31,32,36,37# by the liquid
at each side of the wall.

in

s
.

FIG. 9. Charge density induced in the fluid by the wall, as
function of the wall’s thickness~measured in units of ionic diam
eter!. The fluid is a 2:2, 0.971M electrolyte and the charge of th
plate is the same as that in Fig. 2, i.e.,~a! on its left surfacesL

50.272 C/m2 and on its right surfacesR50.272 C/m2 ~plain line!;
~b! sL50.3627 C/m2 and sR50.1813 C/m2 ~lines with open
circles!; ~c! sL50 C/m2 andsR50.544 C/m2 ~lines with open tri-
angles!; ~d! sL520.136 C/m2 andsR50.68 C/m2 ~lines with filled
circles!. In all casessR1sL50.544 C/m2. sL8 is the charge in-
duced on the left-hand side of the wall, whereassR8 is that induced
on the right-hand side of the wall: The solid lines are forsL8 and the
dashed lines are forsR8 . For case~a! the solid and dashed line
coincide.
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If one takes this violation of the local electroneutrali
condition as a measure of the correlation between the liq
on both sides of the wall, Figs. 2–4 and 9 show that ther
a correlation of the liquid through the wall and that this
larger for larger asymmetries in the charge and smaller
ues ofd.

In Fig. 10 the charge density induced in the fluid by t
wall, as a function of the wall’s thickness~measured in units
ionic diameter!, is shown. The charge of the plate issL

520.136 C/m2 and sR50.68 C/m2. sL8 is the charge in-
duced on the left-hand side of the wall, whereassR8 is that
induced on the right-hand side of the wall. Different elect
lytes are considered:~a! a 2:2, 0.971M electrolyte;~b! a
2:2, 0.05M electrolyte; and~c! a 1:1, 0.1M electrolyte.
Clearly case~c! shows the lowestsR8 ~highestsL8! for 0,d
,`, i.e., the largerDs. Case~b! has aDs smaller than that
for case~a! for small values ofd and larger than that for cas
~a! for large values ofd. These results show a dependence
the correlation between the liquids at both sides of the w
with the thickness of the EDLs next to the wall. For lar
values ofd we can say that, in general, a thicker EDL im
plies a stronger correlation. For small values ofd, a higher
concentration of the salt seems to produce a stronger co
lation.

Figures 4–6, 9, and 10 show that the correlation betw
the liquids at both sides of the wall seems to increase w
decreasing electrolyte charge and concentration. Hence t
seems to be a higher correlation of the fluid, through
wall, for thicker EDLs. However, in the limit of zero charg
the hard-sphere fluid is recovered, as expected for
model. All the data in Figs. 2–10 were obtained forT
5298 K, «578.5, anda54.25 Å, which is the approximate
size for a hydrated ion in solution, i.e., about two times
typical atomic diameter. For ourd5a case, perhaps one ca
think of a monolayer of polar diatomic molecules. In a
case, we have chosend5a in Figs. 2–8 as an example of th
correlation between the liquids on both sides of the wall.

FIG. 10. Charge density induced in the fluid by the wall, a
function of the wall’s thickness~measured in units of ionic diam
eter!. The charge of the plate issL520.136 C/m2 and sR

50.68 C/m2. sL8 is the charge induced on the left-hand side of t
wall, whereassR8 is that induced on the right-hand side of the wa
The fluid is 2:2, 0.971M ~dashed line!; 2:2, 0.05M ~solid line!; and
1:1, 0.1M ~dotted line!.
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particular significance is given to this particular value of t
parameterd.

As pointed out in Sec. II, the sum rules proposed by R
inberg, Blum, and Lebowitz@34# for the IPIM predict a net
pressure different from zero, whereas in our case the pres
is zero. This difference is probably due to the fact that
their model the liquids on both sides of the interface are
correlated. In their model they do not have correlati
through the wall because they forced the system to be, in
pendently, electrically neutral at each side of the wall.
their case, ford50, they find unsymmetrical concentratio
profiles. In our case, ford50, the concentration profiles ar
symmetrical. This is puzzling since ford50 the system does
not have a way of ‘‘knowing’’ what charge belongs to wh
side of the wall. In fact, since in Fig. 2sL1sR
50.544 C/m2 for all four cases, ford50 the RCPs become
equal to each other. We find our results, for our model, m
physically appealing.

IV. CONCLUSION

The DM @27,28# is a general, simple method to deriv
integral equation theories for inhomogeneous fluids. T
method is based on the recognition of the well-establis
equivalence between particles and fields. The AM@4,5# is a
mathematical limit where clearly this principle is not reco
nized, since taking this limit is unnecessary. Hence the D
is more general than the AM, but it is not a generalization
it. There seems to be some confusion in the literature w
regard to this point@29#. The AM can be applied only for
infinitely thick planar walls. Perhaps due to the strong infl
ence of the AM in the literature@7–17#, no attention seems
to have been given in the past to the relevant case of a
of finite thickness. In this paper we have derived, through
DM, an integral equation for an inhomogeneous fluid next
a charged wall offinite thickness. We show that the liquids
on the left- and right-hand sides of the wall are correlat
This correlation seems to be more important for thicker el
trical double layers. The correlation disappears for infinite
thick walls. Thus, in the limit of infinitely thick walls we
recover the well-established results for single electri
double layers@7–17,35#.

By construction, the HNC-MSA equation for a plate im
mersed in a fluid, derived through the DM, is a theory fo
constant chemical potential. That is, the fluids on both si
of the wall have the same chemical potential. However,
though the total charge induced in the fluid cancels the t
charge on the wall, each side of the system is not indep
dently electroneutral. In Ref.@30# and in the present pape
we have shown that is due to the correlation between
liquids on both sides of the wall. This correlation is amany-
body effect. The ions at the, say, left-hand side of the w
interact among themselves, with those at the right-hand
of the wall, and with the wall. The result of all these inte
actions is an effective potential. The way in which this e
fective interaction goes from one side of the wall to the oth
and how it is modified by the wall’s thickness is shown
Fig. 8.

In the past it has been shown that in confined fluids th
is a violation of the local electroneutrality condition~LEC!
@31,32,36,37#. That is, the fluid between two plates,sym-



id
fo
C
a
o

th
a

w,
e
ti
un
a
,

tri
g

lif
io

us
not
n
een
ic
so-
ld
la-
ll.

nes
al

of

56 2965CORRELATION OF CHARGED FLUIDS SEPARATED BY . . .
metrically charged, does not cancel the charge on the ins
surfaces of the plates. This violation of the LEC is larger
thinner plates and greater confinement. However, the LE
satisfied for large separations between the plates and for
thickness of the plates. In this paper we report a violation
some sort of electroneutrality condition. However, here
fluid is not confined and the origin of this effect is due to
correlation of the fluid through the wall. As far as we kno
this effect has not been recognized before and we believ
could be of far-reaching consequences in the field of sta
tical mechanics of condensed-matter systems, where bo
aries between different kind of materials are present. In p
ticular, this finding could be relevant in colloid, thin film
and biophysics studies.

In our calculations we have assumed the wall’s dielec
constant to be equal to that of the solvent, to avoid ima
interactions. We have avoided image interactions to simp
our already elaborate system of nonlinear integral equat
an

n
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m

e
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d-
r-

c
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and to have a point of reference with most of the previo
complex liquids literature, where image interactions are
taken into account@1–37#. However, the image interactio
will probably enhance or decrease the correlation betw
the liquids on both sides of the wall if the wall’s dielectr
constant is lower or larger, respectively, than that of the
lutions solvent. A low dielectric constant for the wall cou
be of interest for some biological systems. The fluid corre
tion through the wall need not be limited to a charged wa
This effect could be present, for example, in Lennard-Jo
fluids next to a wall with surfaces with asymmetric
Lennard-Jones potentials.
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