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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
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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. [S1063-651X97)04209-8

PACS numbeps): 61.20.Qg, 61.20.Gy

I. INTRODUCTION The equivalence between particles and fields is well es-

tablished in physics, i.e., particles and fields are defined

If a charged fluid is next to a charged electrode of planathrough their interactions with other particles or external

geometry, a charge concentration profile is induced on thééelds. The various microscopic liquid theories are basically
fluid next to the plate. This charge concentration profile has &athematical manipulations of the species probability densi-

maximum at the point of contact with the plate and decreaseldes, starting from a conservation equation or a probability
as it moves away from the plate, to reach its minimum Va|ueglen5|ty ansatz. Since Fher.e are no restrictions in these statis-

of zero in the bulk fluid. This charge profile is known as thefical mechanical theories in relation to the type of the par-

electrical double layefEDL) in the liquid and colloidal dis- iC!eS’ interaction potential, the number of species in a fluid,
persion fields. Since the classical work of Go[#] and and their concentrations, one can consider the external field

Chapmar{2] it has been universally accepted that the EDI_in an inhomogeneous fluid to be just another particle in a

formed by a charged fluid next to a planar, charged electrodgomogeneous fluid. This very simple idea was used in the

g ) . . ast by one of us to propose a method to derive theories for
is independent of the fluid that might be on the other side Oﬁhomogeneous liquick27]. We will refer to this method as

the eIectrer. For example,.this has bgen the case in |iqu1ﬁi‘e direct methodDM). This method has been applied suc-
theory studieq3-14), numerical simulation$15-17, and  cosslly to study inhomogeneous liquids next to external
classical monographs and textbooks on colldtB-26. To  fieigs of several geometrid@8]. The DM allows the study
the best of our knowledge, all the literature in the field as-of 5 inhomogeneous fluid next to an electrodewy shape
sumes either that there is no correlation between the fluids ogyq sizein particular that of an electrode of planar geometry
both sides of the dividing wall or that the wall is infinitely and afinite thickness. Apparently there is some confusion in
thick. the literature with regard to the differences between the DM
The Poisson-Boltzmann equati¢h,2] or theories based and the AM[29]. Clearly the DM is more general than the
on charge moment expansiof3] simply do not include AM, but it is not a generalization of the AM: The AM is a
proper boundary conditions in order to take into account thenathematical procedure to deal with the fluid structure
fluid on the other side of the wall. From the point of view of around a very large spherical particle in the fl{dd. Hence
the integral equation theories, the reason for this approach the AM can be applied only to the particular case of an
probably due to the influential work of Henderson, Abrahamiinfinitely thick, wide, and long plate. The DM is based on the
and Barkef{4] and that of Henderson and BIur]. In these  well-established equivalence between particles and fields and
papers a method for deriving integral equations for inhomo<can be applied to fluids in external fields of any size and
geneous fluids is proposed. In this method the Ornsteinshape. The AM is a geometrical limit and the above equiva-
Zernike (OZ) equation[4] for an (n+1)-component homo- lence does not seem to have been recognized. If the equiva-
geneous fluid is generalized to study inhomogeneous fluiddence between particles and fields is recognized the math-
The limits of infinite radius and zero concentration for the ematical limit is clearly unnecessdi®7,28. The AM can be
n+1 species is taken in the OZ equation and the other obtained from the DM, the opposite is not true.
species are left as the liquid species. Hence the field pro- In a recent Lettef30] we showed that a correlation exists
duced by the giant particléassumed to be spherigabe-  between charged fluids separated by a charged wall of finite
comes the source of the external field and thus produces ghickness. Here we study the extent of this effect as a func-
inhomogeneity in the fluid. Because this central particle istion of the plate and liquid parameters. In Sec. Il we outline
giant, the fluid near it “sees” it as a planar wall. Let us refer the derivation of the hypernetted-chain—mean-spherical ap-
to this method as the asymptotic meth@dV) [27]. A short-  proximation (HNC-MSA) equation for a finite plate. The
coming of this method is that it is restricted to planar, infi- HNC-MSA integral equation theory has been shown to be a
nitely thick walls. As we will show later, with a wall of successful theory for infinitely thick charged plaf@sl5]. In
infinite thickness there is no liquid-liquid correlation through Sec. Ill we present our results. In Sec. IV we give some
the wall. conclusions.
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charged. As pointed out before, to the best of our knowledge,
in the past this wall was explicitly or implicitly assumed to
be infinitely thick.

| numerically with advanced finite-element techniques. The
solution of Eq.(1) gives the concentration profigg,;(x) to

the left and right of the wall.

a2
] For our model, this potential can be separated into a hard-
I .
| sphere—hard-wall tern"u;i(x) and an electrostatic part
: usi(x). The hard-sphere—hard-wall potential simply takes
: into account the fact that the ions cannot penetrate or deform
\ the walls. From Gauss’s law the electrostatic potential can be
! found to be
|
|
2mwpez
! el
| —_ . =
Bupi(x)= (oLt oR)X. 2
GL—:—— pi e
; : X Equation(1) is a nonlinear integral equation that we solved
|
|
! |
|
(] | i The charge profile in the solution is given by
= x= *
S £ 2
S N
® pel(x):mE_l ezmpmgpm(x)- ©)
FIG. 1. Geometry for a charged plate, immersed in a restricted
primitive model electrolyte. The electroneutrality condition for the plate plus the electro-
lyte system states that the charge induced in the liquid by the
Il. THEORY wall must cancel that on the wall, that i& +or=0]

+ ok, whereg| andop, are the induced charges in the liquid
to the left and right of the plate, respectively. Mathematically
¥his condition is expressed as

With the DM [27,28, the HNC-MSA equation for a two-
component electrolyte next to the external field produced b
a charged plate of thickneskis obtained in a straightfor-
ward manner, i.e., —di2

(TL+ OR= — J’

©

pely)dy— fdlzpemy)dy, (4)

—o0

2
gpi(X):eXP{ — Bupi(x) + 21 me Cim(s)hpm(y)dUS]v where the first and second integrals defifeand o, re-
m (1) spectively.

For an isolated charged plate the net pressure must be
. ) . ] zero. However, for an unsymmetrically charged plate, the
wherepp, is the bulk concentration of the ions of species  Maxwell stress tensor contributions to the pressure on each
Cim(S) is the MSA direct correlation function for ions of sjde of the plate will not in general be equal. Thus the kinetic
species andm, a distants apart;p;gpi(X) is the local con-  stress tensor contributions must be such that the net pressure
centration of ions of species at a distance from the center is zero. An exact expression for this net pressure can be
of the plate and perpendicular to the pldee Fig. L obtained from that for the interaction of two plates, as the

hpm(y), defined ash,(y)=gpm(y) —1, is the total correla- |imit of plates’ infinite separatiofi31,37, i.e.,
tion function; dvs is the volume differential;3=1/KT,

wherek is the Boltzmann constant afidis the system tem- 2T,
perature; andiy(x) is the interaction potential between an P=- & [oL—or]+KTlps(—d/2—al2) = ps(d/2+a/2)],
ion of species and the plate, represented by the subinplex (5)

A widely used model for the electrolyte is the so-called re-

stricted primitive model electrolyte. In this model the elec-where the first and second terms on the right-hand side are
trolyte is assumed to be a fluid of charged hard spheres dhe Maxwell and kinetic stress tensors contributions to the
chargeez and diameter, in a dielectric continuum of di- net pressure and
electric constant, wheree is the electronic charge armlis

the valence of an ion of speciés|In this paper the plate is

considered to be a flat, har;d wall with apsuprface chparge den- pS(X)zmzzl Pm3pm(X)- )

sity o on the left-hand side surface of the plate and a sur-

face charge densityr on the right-hand side surface of the As a test for our theory we have calculated the net pressure
plate. The wall has a widtd and is composed of a dielectric on the plate and found that indeed the Maxwell and kinetic
material with a dielectric constant chosen to be equal to thagtress tensors contributions are different on each side of the
of the solvent, for simplicity, such that image forces need noplate, but still the net pressure is zero. This result is in dis-
be considered. This model for the electrode differs from oth-agreement with that for the ideally polarizable interface
ers in the literatur@l—26] in that thethicknessf the plate is  model (IPIM) of Rosinberg, Blum, and Lebowitf33,34.
taken into account and its two surfaces need noedpgally  They do not find a net zero pressure. We find our result more
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physically appealing. The IPIM is obtained with the AM as 3.5+
the limit of infinite radius for two concentric spherical shells. s
There is fluid inside the inner shell and outside the exterior 3-_ -

shell. There is no fluid in between the shells. Appendix D in
Ref.[33] is particularly useful to compare with our model.

From the charge profil€3) the mean electrostatic poten-
tial (MEP) can be calculated. Following the derivation pre-
sented in Appendix B of Ref32], the MEP for a charged
plate immersed in a charged fluid is obtained as

9,(x)

477 X d+a

B ? _w(x_y)pel(y)dy, X< — T

vix)= A (= d+a @
e ynady, -2
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)= e " € 2 ¢ ~lo, I R * 2:2 L
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=— ——| = —_— X< — ° ] N A
P(X) X+ (x 2) lo, 5<X<5 n 5 2
9
dmog | d d+a 10
Y)=———x—lo, Z<x<— (10
where 1 15 xa/2] >
|0:4_7T fw ype(y)dy. (12) FIG. 2. Reduced concentration profildRCPg for a 2:2,
€ Jd+a)2 € 0.97IM electrolyte, next to a charged wall, as a function of the

distance to the wall, in units of ionic radius. The wall has different
. RESULTS surface charge densities(a) On its left surfaces, =0.272 C/m
and on its right surfacesr=0.272 C/m} (solid line; (b) o
In Fig. 2 the fluid is a 2:2, 0.9M electrolyte. Several =0.3627 C/M and 0z=0.1813C/ni (open circlel (c) o
surface charge densities on the left and right surfaces of the 0 C/n? and oz=0.544 C/nf (triangles; (d) o =—0.136 C/ni
wall were considered: (@ On its left surface o, ~ and 0g=0.68C/nt (filed circles. In all cases ogp+oL
=0.272 C/nf and on its right surfacerr=0.272 C/nf; (b) =0.544 C/nf. The thickness of the wall id=a. In (a) we show
o, =0.3627 C/rA and 0r=0.1813 CIm: (© o.=0 C/ne the positive-ion reduced concentration profldRCB, induced by
and 0r=0.544C/% (d) o,=—0.136C/M and og the wall in the solution. In(b) the negative-ion reduced concentra-
—0.68C/n?. In all casesog+ o =0.544 C/ré. The thick- tion profile (NIRCP) is shown. The distance to the wall is measured

ness of the wall isi=a. In Fig. 2a) we show the positive- in ionic radius. The zero of thg coordinate is located on the left

. d d _t .t' 9. fi®IRCP, ind dp by th surface of the wall for the left RCPs and on the right surface of the
Ion”r_e ur(1:e Clon_cen ra Io_n prof h ’ 'T‘ U_Ce >(; ed wall for the right RCPs, i.e., the thickness of the wall is not plotted.
wall in t e so utlor_l. In Fig. El_)) the negative-ion reduced 1. |oft RCPs are shown in the inset.

concentration profilgNIRCP) is shown. At the left-hand

side of the_ wall, near the wall, the PIRCP is lower tha.n in thegest that a correlation between the left and right liquids ex-
bulk solution, whereas the NIRCP is clearly above its bulkists since the wall-ion interaction potential is symmetric with
value [far from the wall, i.e., in the bulkg, (X)=d, (X)  respect to the left- and right-hand sides of the Wadle Eq.
=1, since the wall's electrical field is screened by the(2)].

charged fluid. This is an unexpected behavior for cases Case(a) is the symmetric situation, that is, the left PIRCP
and(d) because the left-hand side of the wall has zero chargand the left NIRCP are equal to the corresponding right
or is negatively charged, respectively. For caggsand (b) PIRCP and right NIRCP. A higher or lower surface charge
this qualitative behavior is to be expected since the left-handensity than that in casé) produces a NIRCP, in cases
side of the wall is positively charged. At the right-hand side(b)—(d), correspondingly, higher or lower than that of case
of the wall an apparently normal behavior is observed neaa) and a lower or higher PIRCP contact value. Does this
the wall, i.e., the PIRCP is lower than one and the NIRCP igneans that the charge induced in the liquids at the left and
well above than one. Since the right surface of the wall isright of the wall are equal to the corresponding, given sur-
positively charged, this is to be expected. These results sudace charge densities on the left and right faces of the wall?
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100

Let us point out that although E¢R) is a wall-ion poten-
SiL ofm %-® At tial that increases with the value pf|, measured from the
) da/ | [ center of the wall, at both sides of the wall, the left and right
_x) Ea d=1500a fluids become uncorrelated for large valuesdofTherefore,
b TR = L the observed correlation is a true many-body effect and not a
= 4-1500a feature of the wall-ion potential.
9 A\ | T Let us give another argument in support of this correlation
I between the liquids at both sides of a wall. Although we may
be redundant, we believe the following argument could give
a different, perhaps useful, perspective. In Fig. 3, at the left-
hand side of the wall, the NIRCP and PIRCP coincide and
are equal to those for the reduced concentration profile of a
00a hard-sphere fluidthe d= 1500 cask This should be the re-
—— sult for our primitive model, where the positive and negative
ions differ from each other only in their charge sign. Since
the NIRCP and PIRCP at the left-hand side of the wall are on
FIG. 3. Reduced concentration profiles for a 2:2, OM7dlec-  top of each other, the fluid at the right-hand side of the wall
trolyte, next to a charged wall, as a function of the distance to th&€annot “see” its charge, i.e., it is equivalent to having a
wall, in units of ionic radius. The wall has surface charge densities/acuum at the left-hand side of the wall. On the other hand,
o,=0C/n? on its left surface andrr=0.544 C/n? on its right  as pointed out above, the RCPs at each side of a very thick,
surface. Two thicknesses of the wall are considereti=a (solid ~ unsymmetrically charged wall are equal to those for sym-
lines) and d=150G (dashed lings We show the PIRCRplain  metrically charged walls, charged with the corresponding
lines) and the NIRCRlines with filled circleg. The distance to the charge. Hence, in Fig. 3 the right RCPs for tthe 1500
wall is measured in ionic radius. The zero of thecoordinate is  case are equal to those for a very thick wall, symmetrically
located on the left surface of the wall for the left RCPs and on thecharged with 0.544 C/fn Therefore, it is clear that having a
right surface of the wall for the right RCPs, i.e., the thickness of theygcyum or a charged liquid at the left-hand side of a very
wall is not plotted. The left RCPs are shown in the insgt. The curveshick wall has no effect on the liquid at the right-hand side of
for the PIRCP and the NIRCP on the left-hand side of the e \wall. This shows, perhaps in a particularly clear way, that
=150 wall coincide. the liquids at both sides of a very thick wall are not corre-
lated. Suppose now that we have a vacuum at the left-hand
Is the total charge induced in the liquid equal to the totalside of anarrow wall. Then, from Gauss’s law, an ion at the
charge on the wall? Is the fluid at the left and right of theright-hand side of the wall will see a sheet of charge with a
wall at a constant chemical potential? If there is no liquid on,surface charge density equal @x+o, say, equal to
say, the right-hand side of the wall, how are the ionic profiles).544 C/nt [see Eq(2)]. The result would be independent of
modified? the width of the wall since there is a vacuum at the left-hand
In Fig. 3 the fluid is a 2:2, 0.9M electrolyte ando side of the wall and the wall-ion potential is independent of
=0 C/n? and ogr=0.544 C/md. Two thickness of the wall the width of the wall[see Eq.(2)]. Thus the RCPs for a
are considered: d=a and 150@. For a wall thickness of narrow wall, with a vacuum on one side, must be equal to
d=150@, a physically appealing result is obtained on boththose for a very thick wall, equally charged, and also with a
sides of the wall, i.e., the PIRCP and the NIRCP near th&/acuum on one side. Thus it is clear that the RCPs at the
wall are well above one at the left-hand side of the wall,right-hand side of a narrow wall with a vacuum at its left-
whereas the NIRCP is higher than one and the PIRCP ifand side will be equal to those shown in Fig. 3 for the
lower than than one at the right-hand side of the wall. Aright-hand side of thel=1500 wall. Therefore, in Fig. 3
calculation for a symmetrically charged waWith Eq. (1)]  the difference between theé=a RCPs and those for the
or with traditional method§7], with charge density equal to =150 RCPs is due to a correlation of the liquids at both
0.544 C/m, shows a PIRCP and a NIRCP equal to thosesides of the wall.
shown in Fig. 3 for the right-hand side of the wall. A similar  In Fig. 4 the fluid is a 2:2, 0.9 electrolyte ando
result is observed from a calculation for a symmetrically=—0.136 C/nf andor=0.68 C/nf. Two thicknesses of the
charged wall, with charge density equal to 0 &/me., its  wall are considered: d=a and 500@. We show the PIRCP
NIRCP and PIRCP agree with those shown in Fig. 3 for theand NIRCP. In Fig. 5 the fluid is a 2:2, 0.Bbelectrolyte
left-hand size of thel= 1500 wall. On the other hand, it has ando = —0.136 C/nf andor=0.68 C/nf. Two thicknesses
been proved in the past that for a symmetrically charged®f the wall are considered:d=a and 50@. We show the
plate the NIRCP and PIRCP are independent of the width oPIRCP and the NIRCP. In Fig. 6 the fluid is a 1:1, 1.1
the plate[31,32. Our calculations corroborate this fact. electrolyte andr = —0.136 C/mt and or=0.68 C/nf. Two
Thus, if for a symmetrically charged wall the concentrationthicknesses of the wall are consideredt=a and 1508@.
profiles are symmetrical and independent of the width of theVe show the PIRCP and the NIRCP. The results for the
wall and if these profiles are equal to the corresponding prokarge values ofd in Figs. 4—6 show that a lower charge or
files next to a very thick unsymmetrically charged wall, thenconcentration of the salt produces thicker EDLs, i.e., the
the differences in the profiles for narrow walls are due to aRCPs are of longer range and the counterion RCPs have
correlation between the liquids on the left- and right-handhigher contact values for a lower charge or concentration of
sides of the wall. the salt. This is to be expected since for large values we

3 2 -

T T 4=15

0.1 : : S -
1 2 3 4 5 6 7 8
X[a/2]
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FIG. 4. Reduced concentration profiles for a 2:2, 0M7dlec- FIG. 6. Reduced concentration profiles for a 1:1M.#&lectro-

trolyte, next to a charged wall, as a function of the distance to thdyte, next to a charged wall, as a function of the distance to the wall,
wall, in units of ionic radius. The wall has surface charge densitiedn units of ionic radius. The wall has surface charge densities
o,=0.136 C/n on its left surface and-r=0.68 C/nf on its right ~ =—0.136 C/nf on its left surface andrz=0.68 C/nf on its right
surface. Two thicknesses of the wall are consideratt=a (solid  surface. Two thicknesses of the wall are consideredt=4) (solid
lines and d=500( (dashed lings We show the PIRCRplain  lines) and d=150C (dashed lings We show the PIRCRplain
lines) and the NIRCR(lines with filled circle3. The distance to the lines) and NIRCP(lines with filled circles. The distance to the wall
wall is measured in units of ionic radius. The zero of ¥heoordi- is measured in units of ionic radius. The zero of xheoordinate is
nate is located on the left surface of the wall for the left RCPs andocated on the left surface of the wall for the left RCPs and on the
on the right surface of the wall for the right RCPs, i.e., the thicknesgight surface of the wall for the right RCPs, i.e., the thickness of the
of the wall is not plotted. The left RCPs are shown in the inset. wall is not plotted. The left RCPs are shown in the inset.

recover the single EDL results and this is a well-known be-elation between the liquids on both sides of the wall; see,
havior for infinitely thick walls[7,35]. Ford=a, this quali-  for example, the left NIRCP, where a lower charge or con-
tative behavior of the EDL persist. However, a comparisorcentration of the salt produces larger deviations with respect
of these results with the corresponding results for large valthe corresponding NIRCP for large valuescbf

ues ofd suggests that a thicker EDL implies a stronger cor- In Figs. 7 and 8 the fluid is a 2:2, 0.9¥lelectrolyte and
o_=—0.136 C/nt andogr=0.68 C/nf. Results for the mean
electrostatic potential profildMEPP), for wall thicknesses of

1004
100} R L o
= 2 20
g _(X) 1ol G =-0.136 C/m' il ]
100-_ 068 o gp_(X) 7 - L / “\ N\ R
— 0- — L
Z 10
o 1 z ]
= .20 d= L
14 g A
> {
-404 ! L
0.1, L |
E 1 1
60 «— d=5000a
0.01 ] | [
1 : 12 16 20 O =-0.136 C/m* | O 0680m? |
X[a/2] ! I
-804 v .
. ) , -10 -5 0 5 10
FIG. 5. Reduced concentration profiles for a 2:2, 810Blec- X [2/2]

trolyte, next to a charged wall, as a function of the distance to the
wall, in units of ionic radius. The wall has surface charge densities FIG. 7. Mean electrostatic potential profiEPP for a 2:2,
o,=-0.136 C/n% on its left surface andrr=0.68 C/nf on its 0.97IM electrolyte, next to a charged wall, as a function of the
right surface. Two thicknesses of the wall are consideret:a distance to the wall, in units of ionic radius. The wall has surface
(solid lineg and d=500a (dashed lines We show the PIRCP charge densitiess,=—0.136 C/m on its left surface andog
(plain lineg and NIRCP(lines with filled circles. The distance to =0.68 C/nf on its right surface. The thicknesses of the wall dre
the wall is measured in units of ionic radius. The zero of the =a (solid linel and d=500( (dashed ling The distance to the
coordinate is located on the left surface of the wall for the left RCPsawall is measured in units of ionic radius. The zero of theoordi-

and on the right surface of the wall for the right RCPs, i.e., thenate is located on the left surface of the wall for the left RCPs and
thickness of the wall is not plotted. The left RCPs are shown in theon the right surface of the wall for the right RCPs, i.e., the thickness
inset. of the wall is not plotted.
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FIG. 9. Charge density induced in the fluid by the wall, as a

electrolyte, as a function of the distance to the center of the wall, irfunction of the wall’s thicknesgmeasured in units of ionic diam-

units of (d+a)/2, whered is the wall thickness and is the ionic  etep. The fluid is a 2:2, 0.9 electrolyte and the charge of the

diameter. The wall has surface charge densities —0.136 C/n3 plate is the same as that in Fig. 2, i.@) on its left surfaces

on its left surface andrr=0.68 C/nf on its right surface. The =0.272 C/n}and on its right surfaceg=0.272 C/n? (plain line);

thicknesses of the wall a=a (solid line) andd=5000 (dashed (b) o, =0.3627 C/mM and ¢0z=0.1813 C/M (lines with open

line). The distance to the center of the wall is measured in unitzircles; (¢) o, =0 C/nf and or=0.544 C/nt (lines with open tri-

reduced by half the thickness of the wall plus half the ionic radius.angles$; (d) o, = —0.136 C/nf andor=0.68 C/n? (lines with filled

The zero of thex coordinate is located at the center of the wall.  circles. In all casesog+ 0 =0.544 C/n4. o is the charge in-
duced on the left-hand side of the wall, whereggis that induced

d=a and 500@, are shown. In Fig. 7 the MEPP outside the on the right-hand side of the wall: The solid lines aredgrand the

wall is shown, whereas in Fig. 8 the MEPP for the regiondashed lines are forg. For case(a) the solid and dashed lines

—(a+d)/2<x<(a+d)/2 is plotted. A comparison of the coincide.

MEPP ford=a and 500@ shows the effect of the correla-

tion of the liquid at both sides of the wall on the MEPP. Thefor d—. In Fig. 9 itis seen that the total charge induced in

derivative with respect ta of the MEPP gives the electrical the liquid, for all values ofl, is equal to the total charge on

field as a function ok. The effective electrical field at the the wall, i.e., there is overall electroneutrality. For very large

left-hand side of the wall and fat=a is less intense and has values ofd there is local electroneutrality, i.e0; =0 and

an opposite sign to that fat=5000a. This is consistent with o= o0y for d—o. However, for small values al the left-

the RCPs shown in Fig. 4: Near the wall, at the left-handand right-hand sides of the system are not independently

side, the PIRCP fod=5000 and the NIRCP fod=a are  electroneutral, i.e.g| # o, andoL# og. If we defineAo,

both above the bulk value and the PIRCP is much larger thas |0 — o | andAog=|og— oR|, from Fig. 9 it can be seen

the NIRCP. In the different regions plotted in Fig. 8 the that Ao =Acr (=A0) for all four cases and for every

electrical field is constant, i.e., the MEP has a linear depenvalue ofd. This is to be expected if the total electroneutrality

dence orx [see Eqs(8)—(10)]. This is to be expected since s conserved. Fod=0 the wall becomes a sheet of charge,

in our model these regions obey the Laplace equation. It igvith a surface charge equal tq + o, i.e., the system be-

seen that for-1<x<—0.5 the electrical field fod=a has  comes symmetric and the left RCPs become equal to their

an opposite sign to that faf=5000. This shows that the corresponding right RCPs. These RCPs are equal to those for

electrical field due to the liquid at the right-hand side of thean infinitely thick plate with a surface charge equal to half

d=a wall is more intense than that produced by the surfacer, + or. Therefore, the maximum oA is always ford

charge on the left face of the wall. This is consistent with the=0, since ford=0

concentration profiles shown in Fig. 4.

In Fig. 9 the charge density induced in the fluid by the

wall, as a function of the wall's thicknesmeasured in units

of ionic diametey, is plotted. The fluid is a 2:2, 0.9%1

e[ectrolyte and th.e charge of the plate is the same as_that HFhe minimum ofAo is, of course, ford—, i.e., Ac=0.

Fig. 2, i.e.,(a) on its left surfaceor, =0.272 C/nt and on its From Fig. 9 it is clear that\, as a function ofd, has the

right surface ‘/TrE: 0.272_C/n%;/m(2b) 3L29'3627 C//'fﬁ'agd same nonlinear behavior as that showndjyand o. No-
or=0.1813 C/m; (c) 0, =0 C/nf andog=0.544 C/m; (d)  yice thata o= 0 for all values ofd, for case(a). For the other

o =~0.136 C/nt ar’u_j or=0.68 C/,”?' In all casesor o6 cases, theo curves are higher for larger asymmetry in
+ 0. =0.544 C/nt. o is the charge induced on the left-hand e charge between the left and right faces of the wall, i.e.,
side of the wall, whereasg, is that induced on the right-hand A is the highest for cas@l) and the lowest for cas®). The
side of the wall: Ford=0, o[ =03=0.272 C/nf; this is  value of Ao is a measure of the violation of some sort of
equal to the average charge on the wall.d\mcreasesg| local electroneutrality conditiofi31,32,36,37 by the liquid
and oy decrease or increase such thgt=c,_ andog=0g at each side of the wall.

, ,_(UL+0'R)

ol =op=" (12)
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particular significance is given to this particular value of the
parameted.

As pointed out in Sec. Il, the sum rules proposed by Ros-
inberg, Blum, and Lebowitf34] for the IPIM predict a net
pressure different from zero, whereas in our case the pressure
is zero. This difference is probably due to the fact that in
their model the liquids on both sides of the interface are not
correlated. In their model they do not have correlation
through the wall because they forced the system to be, inde-
pendently, electrically neutral at each side of the wall. In
their case, ford=0, they find unsymmetrical concentration
profiles. In our case, fod= 0, the concentration profiles are
symmetrical. This is puzzling since fde=0 the system does

o — T e = 5 not have a way of “knowing” what charge belongs to what
10 10 10 10 10 10 side of the wall. In fact, since in Fig. 20 +og
d[e] =0.544 C/n? for all four cases, fod=0 the RCPs become
equal to each other. We find our results, for our model, more
physically appealing.

FIG. 10. Charge density induced in the fluid by the wall, as a
function of the wall's thicknes¢émeasured in units of ionic diam-
ete). The charge of the plate isr,=—0.136 C/i¥ and oy
=0.68 C/nf. o is the charge induced on the left-hand side of the
wall, whereasry, is that induced on the right-hand side of the wall.
The fluid is 2:2, 0.97M (dashed ling 2:2, 0.08 (solid line); and The DM [27,29 is a general, simple method to derive
1:1, 0. (dotted ling. integral equation theories for inhomogeneous fluids. This

If one takes this violation of the local electroneutrality method is based on the recognition of the well-established

g ) .~ equivalence between particles and fields. The V5] is a
condition as a measure of the correlation between the l'qu'c.%athematical limit where clearly this principle is not recog-

on both 5|_des of the \.Nal.l' Figs. 2—4 and 9 show that th_erg '?lized, since taking this limit is unnecessary. Hence the DM
a correlation of the liquid _thro_ugh the wall and that this is is more general than the AM, but it is not a generalization of
Ijégeorf;or larger asymmetries in the charge and smaller Vall’t. There seems to be some confusion in the literature with
- o . . regard to this poinf29]. The AM can be applied only for

In Fig. 10 th_e charge den§|ty |_nduced in the flu_|d bY theinfinitely thick planar walls. Perhaps due to the strong influ-
wall, as a function of the wall's thicknegmeasured in units ence of the AM in the literatur§7—17], no attention seems
ionic diamete}, is shown. The charge of the plate & 4 15ye heen given in the past to the relevant case of a wall
=—0.136 C/nf and or=0.68 Cint. of is the charge in- ¢ finite thickness. In this paper we have derived, through the
duced on the left-hand side of the wall, wheregisis that D, an integral equation for an inhomogeneous fluid next to
induced on the right-hand side of the wall. Different electro-4 charged wall ofinite thicknessWe show that the liquids
lytes are considered:(a) a 2:2, 0.97M electrolyte;(b) @  on the left- and right-hand sides of the wall are correlated.
2:2, 0.0 electrolyte; and(c) a 1:1, 0.M electrolyte.  Thjs correlation seems to be more important for thicker elec-
Clearly case(c) shows the lowestr,, (highesta) for 0<d  trical double layers. The correlation disappears for infinitely
<=, i.e., the largef\o. Case(b) has aAo smaller than that thick walls. Thus, in the limit of infinitely thick walls we
for case(a) for small values ofl and larger than that for case recover the well-established results for single electrical
(a) for large values otl. These results show a dependence ofdouble layer§7-17,35.
the correlation between the liquids at both sides of the wall By construction, the HNC-MSA equation for a plate im-
with the thickness of the EDLs next to the wall. For large mersed in a fluid, derived through the DM, is a theory for a
values ofd we can say that, in general, a thicker EDL im- constant chemical potential. That is, the fluids on both sides
plies a stronger correlation. For small valuesdofa higher  of the wall have the same chemical potential. However, al-
concentration of the salt seems to produce a stronger corr¢hough the total charge induced in the fluid cancels the total
lation. charge on the wall, each side of the system is not indepen-

Figures 4—6, 9, and 10 show that the correlation betweedently electroneutral. In Ref30] and in the present paper
the liquids at both sides of the wall seems to increase witlhwe have shown that is due to the correlation between the
decreasing electrolyte charge and concentration. Hence theliguids on both sides of the wall. This correlation isnany-
seems to be a higher correlation of the fluid, through thebody effect. The ions at the, say, left-hand side of the wall
wall, for thicker EDLs. However, in the limit of zero charge interact among themselves, with those at the right-hand side
the hard-sphere fluid is recovered, as expected for thisf the wall, and with the wall. The result of all these inter-
model. All the data in Figs. 2—10 were obtained for actions is an effective potential. The way in which this ef-
=298 K, £=78.5, anda=4.25 A, which is the approximate fective interaction goes from one side of the wall to the other
size for a hydrated ion in solution, i.e., about two times theand how it is modified by the wall's thickness is shown in
typical atomic diameter. For out=a case, perhaps one can Fig. 8.
think of a monolayer of polar diatomic molecules. In any In the past it has been shown that in confined fluids there
case, we have choseér=a in Figs. 2—8 as an example of the is a violation of the local electroneutrality conditighEC)
correlation between the liquids on both sides of the wall. Nd'31,32,36,37. That is, the fluid between two platesym-

IV. CONCLUSION
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metrically chargeddoes not cancel the charge on the insideand to have a point of reference with most of the previous
surfaces of the plates. This violation of the LEC is larger forcomplex liquids literature, where image interactions are not
thinner plates and greater confinement. However, the LEC igaken into accounf1-37]. However, the image interaction
satisfied for large separations between the plates and for anyill probably enhance or decrease the correlation between
thickness of the plates. In this paper we report a violation othe liquids on both sides of the wall if the wall’s dielectric
some sort of electroneutrality condition. However, here thesgnstant is lower or larger, respectively, than that of the so-
fluid is not confined and the origin of this effect is due to a|ytions solvent. A low dielectric constant for the wall could
correlation of the fluid through the wall. As far as we know, pe of interest for some biological systems. The fluid correla-
this effect has not been recognized before and we believe {ign through the wall need not be limited to a charged wall.

could be of far-reaching consequences in the field of statisthjs effect could be present, for example, in Lennard-Jones
tical mechanics of condensed-matter systems, where bounglyids next to a wall with surfaces with asymmetrical

aries between different kind of materials are present. In par ennard-Jones potentials.
ticular, this finding could be relevant in colloid, thin film,
and biophysics studies.
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