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Correlation of Charged Fluids Separated by a Walll
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It is shown that the concentration profile of a charged fluid, in contact with a planar electrode, is
correlated with the charged fluid on the other side of the electrode. [S0031-9007(96)01638-9]

PACS numbers: 61.20.Gy, 61.20.Qg

If a charged fluid is next to a charged electrode ofa probability densityansatz. Since there are no restric-
planar geometry, a charge concentration profile is inducetions in these statistical mechanical theories in relation to
on the fluid next to the plate. This charge concentratiorthe type of particles’ interaction potential, the number of
profile has a maximum at contact with the plate andspecies in a fluid, and their concentrations, one can con-
decreases going away from the plate, to reach its minimursider the external field in an inhomogeneous fluid to be just
value of zero in the bulk fluid. This charge profile is another particle in a homogeneous fluid. This very simple
known as the electrical double layer (EDL) in the liquid idea was used in the past by one of us to propose a method
and colloidal dispersion fields. Since the classical worko derive theories for inhomogeneous liquids [27]. Here
of Gouy [1] and Chapman [2], it has been universallywe will refer to this method as the direct method (DM).
accepted that the EDL formed by a charged fluid next torhis method has been successfully applied to study inho-
a planar, charged electrode is independent of the fluid thahogeneous liquids next to external fields of several geome-
might be on the other side of the electrode. For exampléaries [28]. The DM allows the study of an inhomogeneous
this has been the case in liquid theory studies [3—14Jluid next to an electrode of planar geometry anfinite
numerical simulations [15—-17], and classical monographshickness.
and textbooks on colloids [18—26]. To the best of our With the DM [27] one can derive in a straightforward
knowledge, all the literature in the field assumes either thatanner, for example, a hypernetted chain/mean spherical
there is no correlation between the fluids on both sides OGHNC/MSA) equation for a two-component electrolyte

the dividing wall or that the wall is infinitely thick. next to the external field produced by a charged plate of
In the case of the Poisson-Boltzmann equation [1,2}hicknesdd, i.e.,

or theories based on charge moment expansions [3], they 2
simply do not include proper boundary conditions in order gi(x) = exp[—ﬁupi(X) + > om ] Cim(s)hpm(y)dv3}s
to take into account the fluid on the other side of the m=1
wall. From the point of view of the integral equation (1)
theories the reason for this approach is probably due twherep,, is the bulk concentration of the ions of species
the influential work of Henderson, Abraham, and Barkerm; c;,(s) is the MSA direct correlation function for ions
[4] and that of Henderson and Blum [5]. In these papers, af species andm, a distants apart; p; g,,:(x) is the local
method for deriving integral equations for inhomogeneousoncentration of ions of specigésat a distance from the
fluids is proposed. In this method, the Ornstein-Zernikecenter of the plate and perpendicular to the platec =
(OZ) equation [4] for ag + 1)-component homogeneous x < ®); h,,(y), defined ash,,(y)=g,n(y) — 1, is the
fluid is generalized to study inhomogeneous fluids. Theotal correlation functiondvs is the volume differential;
limits of infinite radius and zero concentration for the 8 =1/KT, whereK is the Boltzmann constant andis
(n + 1)-species is taken in the OZ equation, the othetthe system temperature;;(x) is the interaction potential
n-species are left as the liquid species. Hence the fieldetween an ion of speciésand the plate, represented by
produced by the giant particle (assumed to be sphericathe subindey. A widely used model for the electrolyte is
becomes the source of the external field, thus producinthe so-called restricted primitive model electrolyte (RPM).
an inhomogeneity in the fluid. Because this centraln this model the electrolyte is assumed to be a fluid of
particle is giant, the fluid near it “sees” it as a planar wall.charged hard spheres of chargg and diametema in a
As we will show later, with a wall of infinite thickness dielectric continuum of dielectric constastwhereeis the
there is no liquid-liquid correlation through the wall. electronic charge ang is the valence of an ion of species
The equivalence between patrticles and fields is well es- In this Letter the plate is considered to be a flat, hard wall
tablished in physics, i.e., particles and fields are definedvith a surface charge density; on the left hand surface
through their interaction with other particles or externalof the plate and a surface charge density on the right
fields. The various microscopic liquid theories are ba-hand surface of the plate. The wall has a widthnd is
sically mathematical manipulations of the species probacomposed of a dielectric material with a dielectric constant
bility densities, starting from a conservation equation orchosen to be equal to that of the solvent, for simplicity,
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such that image forces need not be considered. This model 8
for the electrode differs from others in the literature [1—26] L R
in that the thickness of the plates is taken into account and
in that its two surfaces need not be equally charged. As  —_ 6 !
pointed out before, to the best of our knowledge, in the X {1 d=5000a ! 0.971M
past this wall was explicitly or implicitly assumed to be iy \n |
infinitely thick. O 4] i
For our model, this potential can be separated into a |
hard sphere-hard wall term),;(x) and an electrostatic ! N
part u;Ii(x). The hard sphere-hard wall potential simply 2] 1\ a |
takes into account the fact that the ions cannot penetrate / i
or deform the walls. From Gauss law, the electrostatic ] =~- = [
potential can be found to be

2w Bez;
£

—BuSi(x) = (o1 + or)x. 2)

Equation (1) is a non-linear integral equation that we
solved numerically with advanced finite element tech-
niques. The solution of Eq. (1) gives the concentration
profile p;g,i(x) to the left and right of the wall.

The charge profile in the solution is given by

2
pcl(x) = Z ezmpmgpm(x)~ (3)

m=1
The electroneutrality condition for the plate plus the
electrolyte system states that the charge induced in the
liquid by the wall must cancel that on the wall; that

is o, + or = —0o] — ok, Where g} and ok are the o
induced charges in the liquid to the left and right of 1 190 14 16 18 2
the plate, respectively. Mathematically this condition is X[a/2]

expressed as
P FIG. 1. Reduced concentration profiles (RCP) for a 2:2,

I _ _ 4/2 (y)dy — ” (y)d 0.97IM electrolyte, next to a charged wall, as a function of the
oL T OR B Pely)dy 5 Pelly)dy, distance to the wall. The wall has a surface charge density on
4) its left side ofo;, = —0.136 C/m? and on its right surface of

or = 0.68 C/m?. Two thicknesses of the wall are considered,
where the first and second integrals defing and ok, d =a and d = 5000a. In (a) we show the positive ion
respectively. reduced concentration profile (PIRCP), induced by the wall in

In Fig. 1 the fluid is a 2:2, 0.9 electrolyte. The the solution. In Fig. (b) the negative ion reduced concentration

Il h f h d it its left sid rofile is shown (NIRCP). The distance to the wall is measured
wa as a surlace charge density on 1S I€lt Side Ok, jonic radius. The zero of the coordinate is located on the

op = —0.136 C/mz_ and on its right surface obx = |eft surface of the wall for the left RCPs and on the right surface
0.68 C/m?. Two thicknesses of the wall are considered,of the wall for the right RCPs, i.e., the thickness of the wall is

d = a andd = 5000a. In Fig. 1(a) we show the positive not plotted.

ion reduced concentration profile (PIRCP), induced by

the wall in the solution. In Fig. 1(b) the negative ion is obtained on both sides of the wall, i.e., the PIRCP is
reduced concentration profile is shown (NIRCP). Onwell above one on the left side of the wall and lower
the left side of the wall, near the wall and far= @, than one on the right side, whereas the NIRCP is lower
the PIRCP is lower than in the bulk solution, whereas thehan one on the left and higher than one on the right. A
NIRCP is clearly above its bulk value (far from the wall, calculation for a symmetrically charge wall [with Eq. (1)]
i.e., in the bulkg, (x) = g,+(x) = 1, since the wall's or with traditional methods [7] with charge density equal
electrical field is screened by the charged fluid). This iso —0.136 C/m? will show a PIRCP and a NIRCP equal to
an unexpected behavior because the left side of the wathose shown in Fig. 1 for the left side of the wall with=

is negatively charged. On the right hand side of the wall5000a. A similar result is observed from a calculation for
still for d = a, an apparently normal behavior is observeda symmetrically charged wall, with charge density equal
near the wall, i.e., the PIRCP is lower than one and thé¢o 0.68 Gm?, i.e., its NIRCP and PIRCP agree with those
NIRCP is well above one. Since the right surface of theshown in Fig. 1 for the right hand size of thle= 5000«
wall is positively charged, this is to be expected. For awall. For a symmetrically charged plate the NIRCP and
wall thickness ol = 5000q, a physically appealing result PIRCP are independent of the width of the plate.

o
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In Fig. 2 the fluid and the charge of the plate is the same The fluid correlation through the wall need not be
as that in Fig. 1. We plot the charge density induced iflimited to a charged wall. This effect could be present,
the fluid by the wall as a function of the wall's thickness. for example, in Lennard-Jones fluids next to a wall with
For d =0, o7 = or = 0.272 C/m?, this is equal to surfaces with unsymmetrical Lennard-Jones potentials.
the average charge on the wall. Akincreases,o]
decreases andly, increases such that;, — —0.136 C/m?
andok — +0.68 C/m? for d — . Figures 1 and 2 show
that_th_ere is a corrglation of the quui_d through.the wall. [1] G. Guoy, J. Phys9, 457 (1910).

Preliminary calculations show that this correlation seems[3] p. . chapman, Philo. Mag5, 475 (1913).

to increase with lower charge on the plate and/or lower [3] F.H. Stillinger, Jr. and J. G. Kirkwood, J. Chem. Phgs,
electrolyte’s charge and concentration; these results are not 1282 (1960).

shown. Hence there seems to be a higher correlation of th¢4] D. Henderson, F. F. Abraham, and J. A. Barker, Mol. Phys.
fluid, through the wall, for thicker EDLs. However, in the 31, 1291 (1976).

limit of zero charge the hard sphere fluid is recovered, as[5] D. Henderson and L. Blum, J. Chem. Phy&9, 5441
expected for this model. All the data were obtained for _ (1978). _

T =298K, & = 78.5, a = 425 A [6] S. Levine and C.(\{\g7g))uthwa|te, J. Chem. Soc. Faraday

In the past it has been shown that in confined fluids _  Trans. 274, 1670 '
there is apviolation of the local electroneutrality condition [7] M. Lozada-Cassou, R. Saavedra-Barrera, and D. Hen-

(LEC) [29-31]. That is, the fluid between two plates, ?heéfecmf J. Chem. Phy§7, 5150 (1982), and references

symmetrically chargeddoes not cancel the charge on [g] p v. Giaquinta and M. Parrinello, J. Chem. Phgs, 4074
the inside surfaces of the plates. This violation of the =~ (1984).

LEC is larger for thinner plates and greater confinement.[9] S.L. Carnie and G.M. Torrie, irAdvances in Chemical
However, the LEC is satisfied for large separations Physics,edited by I. Prigogine and S. A. Rice (John Wiley
between the plates and for any thickness of the plates. & Sons, New York, 1984). Review article.

In this paper, we certainly report a violation of some[10] S.L. Carnie, Mol. Phys54, 509 (1985), and references
sort of electroneutrality conditions. However, here the therein. ) _

fluid is not confined and the origin of this effect is [11] C.W. Outhwaite and L.B. Bhuiyan, J. Chem. Phf,
due to a correlation of the fluid through the wall. This . 3461 (1986).

- . 2] P. Nielaba, T. Alts, B. D’Aguanno, and F. Fortsmann,
effect has not been recognized before, and we bellev[éL Phys. Rev. A34, 1505 (1986), and references therein.

it coult_j pe of far-regching consequences in the fiel 13] M. Plischke and D. Henderson, J. Chem. PI8&. 2712
of statistical mechanics of condensed matter systems, (1988), and references therein.

where boundaries between different kind of materials arg14] p. Attard, Phys. Rev. B8, 3604 (1993), and references
present. In particular, this finding could be relevant in therein.

colloid, thin film, and biophysics studies. [15] G.M. Torrie and J.P. Valleau, J. Chem. Phy8, 5807
(1980).
[16] I. Snook and W. van Megen, J. Chem. Phy%s, 4104
0.8 (1981).
[17] B. Svensson, B. Joénsson, and C.E. Woodward, J. Phys.
Chem.94, 2105 (1990).
0.6 [18] E.J. Verwey and J. Th. G. Overbeekheory of Stability
of Lyophobic ColloidgElsevier, Amsterdam, 1948).
[19] R.J. HunterZeta Potential in Colloid Scienc@cademic
0.4- Press, London, 1981).
\b [20] A.W. Adamson, Physical Chemistry of Surfacegohn
02, Wiley & Sons, New York, 1982).
' [21] R.D. Vold and M. J. Vold,Colloid and Interface Chem-
istry (Addison-Wesley, London, 1983).
0 O =-0.136 C/m? [22] P.C. HiemenzPrinciples of Colloid and Surface Chem-
N istry (Marcel Dekker, New York, 1986).
il T p—— [23] T.G. M. van de Ven(olloidal HydrodynamicgAcademic
0.2 4——rrrmr——rrrrr T Press, London, 1989).
10?102 10" 10" 10" 10°  10° [24] M.J. RosenSurfactants and Interfacial Phenome(#ohn
da] Wiley & Sons, New York, 1989).
FIG. 2. Charge density induced in the fluid by the wall as al25] W.B. Russel, D.A. Saville, and W.R. Schowalt€ol-
function of the wall's thickness (measured in ionic diameters). ~ loidal Dispersions (Cambridge University, Cambridge,

The fluid and the charge of the plate is the same as that in ~ 1989).
Fig. 1. o} is the charge induced on the left side of the wall, [26] K.S. Schmitz, Macroions in Solution and Colloidal
whereaso; is that induced on the right side of the walll. Suspensioné/CH, New York, 1993).
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