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Monte Carlo simulation of a charged fluid separated by a charged wall of finite thickness
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A charged fluid separated by a charged flat wall of finite thickness is studied by means of Monte Carlo
computer simulations. Three different approaches of computer simulations are used. It is shown that in simu-
lations of inhomogeneous charged fluids no local electroneutrality condition should be imposed. In agreement
with previous studie§M. Lozada-Cassou and J. Yu, Phys. Rev. Lé®#.4019(1996] a correlation between
the fluids at both sides of the plate is found. Good agreement with theory is obtained.
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PACS numbsdis): 61.20.Qg, 61.20.Gy

[. INTRODUCTION next to a charged wall dinite thicknesg16]. A correlation
between the charged liquids at both sides of the wall was
When a charged fluid is next to a charged electrode apredicted. This effect, if it is real, could be relevant for some
electrical double layefEDL) is formed, i.e., the negative and biological and complex fluids systems. In this paper we use
positive charges are arranged such that the electrical fieldiree methods to simulate an electrolyte solution in contact
produced by the external field is canceled. At a certain diswith a planar wall of finite thickness. Probably because this
tance away from the electrode the effective electrical field igffect has just been recently detected, all the existing simu-
zero. This distance defines the thickness of the EDL. Théations in the literature, to the best of our knowledge, are for
structure of this EDL is relevant for some biologi¢d] and ~ Walls of infinite thickness.
colloidal system$2—4]. A model for a surface as complex as
that_of a membrane _of a cgll or ve_sic_le ora plate_like_colloidal Il MONTE CARLO METHOD
particle in contact with an ionic fluid is necessarily simple. A
widely used model for an ionic fluid next to a charged plate Reduced concentration profile®RCP39 were obtained
is that in which the electrolyte is assumed to be a fluid offrom canonical and grand canonical Monte Carlo simulations
charged hard spheres of charge and diametera, in a  conducted on a RPM electrolyte solution in contact with a
dielectric continuum of dielectric constast wheree is the  flat, hard wall offinite thickness. The wall has a surface
electronic charge ang is the valence of an ion of species  charge densityr, on its left-hand side and a surface charge
The bulk concentration of the speciess p; and the fluid is  densityog on its right-hand side. The wall has a widttand
assumed to be in equilibrium at a temperaftiréThis model  is composed of a dielectric material with a dielectric constant
for an electrolyte is known in the literature as the restrictedchosen to be equal to that of the solvent, for simplicity, such
primitive model(RPM) [4—6]. The plate is considered to be thatimage forces need not be considered. In the past a direct
a flat, hard wall with a constant surface charge density. Thenethod (DM) to derive statistical mechanical theories for
wall is infinitely thick and is composed of a dielectric mate- inhomogeneous fluids has been propogEd. This method
rial with a dielectric constant chosen to be equal to that ofs based on the equivalence between particles and fields, i.e.,
the solvent, for simplicity, such that image forces need nothe external field in an inhomogeneous fluid can be taken as
be considered. Liquid theories for inhomogeneous chargefiist another particle in a homogeneous fluid. The DM has
fluids have been developed in the pfsi6]. Because real proved to be successful in studying fluids in the presence of
systems are very complex, computer simulations for thigxternal fields of different geometri¢s8]. An obvious ap-
model have been made to test these theories, i.e., Mon@ication of this method to the field of computer simulations
Carlo (MC) [7-12 and grand canonical Monte Carlo of inhomogeneous fluids is that in which one takes an elec-
(GCMC) [12,13 simulations. The disagreement of a liquid trolyte next to a charged plai@e., an inhomogeneous lig-
theory, applied to a simple model, with experimental datauid) and places the entire system inside a simulation box for
could be due to shortcomings of the theory or of the modela homogeneous fluid, where the plate is one of the particles.
Therefore, in the field of the many-body theory for liquids, This plate can be conveniently located, say, perpendicular to
the use of computer simulations is necessary to progress. Tiieex axis and at the center of the box in thelirection. The
hypernetted-chain(HNC) mean spherical approximation usual Metropolis MC algorithnj19] can now be applied by
(MSA) theory has been applied to the model described abovehecking the acceptance of a change in position at either side
[5,6]. The agreement of the HNC-MSA results with MC data of the wall.
is good [5,14]. In spite of its simplicity, this model has The simulation box is defined By-L,,L,] and[O,L,] in
proved to be successful in reproducing qualitative behaviorthe x, y, and z Cartesian axes, respectively. The planar
of real systemg2-4,15. charged plate is perpendicular to thexis. The dimensions
Recently, the HNC-MSA theory was applied to a RPM of the simulation box were chosen in order to allow the de-
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scription of the system according to the method of Torrie andimulation for three additional iterationgwvith 100 000
co-workers[7,8,2(, i.e., the distances from the wall surface cycles eachas a test for consistency. The charge induced by
to the limit of the box on thex axis must be larger than the wall to its left- and right-hand sides on the liquid, and
severalx~* Debye-Higkel distances, where oR, are obtained from the simulation’s “experimental”

n charge profiles, i.e.,
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ol=- f pelly)dy, og=-— fdlzpel(y)dy- (5

and 8= 1KT. k is the Boltzmann constant. Torrie and co-
workers suggest that a better way to treat the long-range

interactions is obtained by using systems that are very largérne differences in the predictedy, between thel,=20a

In this case, Ewald’s sums, which introduce spurious effects, .4 1@, calculations were in general less than 0.09% and
are avoided. Therefore, we have use(l—d/2)~90 and  h4qe petween thé,=20a and 3@ cases were less than
x(Ly)~90. 0.07%. Between the,=10a and 3@ calculations the agree-

For fotjr: mﬁdzl thi total pottggtlﬁl energytr(])f intlclm IIS tthement was less than 0.03%. Fof the disagreement was in
sum or the hard-sphere contribution an € lotal elec rOfgeneral higher, but in general less than 1%. The total elec-
static potential, which is the sum of the interactions with all

. . ; . troneutrality condition(TEC) for the plate plus the electro-
the other ions and with the surfa(_:e elect_rostatlc densme_zs Oﬂ/te system states that the charge induced in the liquid, by
the wall. As a result of all the interactions the effective

H H — i
exact, interaction potential of an ion of speciesith the rest Te )/vall, must cancel that on the wall, that &, + og= oy

f th f 1,2 IR-
of the system can be found to b21,22 We used three methods to simulate the systaethod 1

Amez (= GCMC simulationswithout forced total electroneutrality;
u(x)=——— f (Yy=X)pe(y)dy, x=0, (2) method 2 GCMC simulations withforced total electroneu-

© X trality; and method 3 canonical MC simulations necessarily

with forced total electroneutrality. The results of the three

h . o
where methods are essentially indistinguishable, although they can
2 differ in the rate of convergence and in CPU time: Clearly,
pel(Y)= 2, €Zpigpi(y) (3)  method 3 is the fastest. The GCMC simulations were con-
i=1

ducted alternating canonical and grand canonical Monte
Carlo cycles. During the grand canonical Monte Carlo part,
%ttempts for ion creation or destruction were made with
equal probabilities for cations and anions in the first method
or of neutral ionic pairs in the second case. For example, the
rand canonical conditions in the first method are, for the
reation of one ion,

is the charge profile produced by a two species electrolyt
andp;g,i(y) is the local concentration of ions of specigst
a distancex=Yy from the center of the plate and perpendicu-
lar to the plate. A similar expression applies fo£0. How-
ever, in Eq.(2) the plate’s surface charges do not appeal'f':l
explicitly because the charge densjiy(x) has its equilib-
rium value, whose determination is the objective of the simu-

lation. For this reason, the direct interaction potential must N+1
be used. Considering thaf, is located ax=—d/2 andog 1/ 1+ zV exp BAE:) =X, ©)
atx=d/2, we have
—4mez, |x+d/2| and for a destruction
U(x)= ——— aL(|x+d/2|)f< )
Ly
Ix—dr2) 1/ 1+ 2Y exp BAE )} @
X— — ex =y,
+ or(|x—d/2))f C ) , (4) N g
y

wheref(z) is the “window” function defined by Torrie and wherez is the absolute activity of the iolN is the number of
co-workers[8,20]. Results for infinite plates in thg andz  particles in the systenV/ is the total volume of the system,
directions can be obtained by extrapolation of results fromAE. and AE, are the energy changes observed during the
systems where the plates present increasing surface area. corresponding processes, agdis a random number uni-
We calculated-,=10a, 20a, and 3@ and several values formly distributed on the intervdlo,1].
of the wall's charge and thickness and several electrolytes’ The use of the standard Metropolis Monte Carlo algo-
bulk concentrations. The differences in the RCPs for theaithm for our system is justified since, clearly, the system can
three values ofL, are in general undetectable due to thebe divided into two or more subsystems in order to check the
fluctuations. For example, fai=a, the differences in the acceptance of a change in position that can occur in the same
contact values between thg=20a calculations and those subsystem or between different subsystems, that is, @gs.
for Ly=10a are less than 6% and those foj=30a are less and(7) can be approximated for the consecutive processes of
than 2%, but the differences in the contact values betweedestruction of an ior{ffrom a system containingyl ions) at
theL,=10a calculations and those fdr,=30a are less than one point of the system and its creation at another point of
4%. After convergence with Eq4), Eq. (2) was used in the the systemformed now byN'=N-—1 iong by
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Eq. (8) is the usual Metropolis criterion. The canonical MC 0.1
simulation is equivalent to a particle destruction followed by 1 4 5

a creation, i.e., the energies of two configurations are com- X/(al2)
pared. The periodic boundary conditions and minimum im-

age conventions were used in thandz directions and hard FIG. 1. Monte Carlo RCPs for a 2:2, 1/9electrolyte, next to
uncharged walls were located-al_, andL,.. Due to the fact & charged wall, as a function of the distance to the wall. The surface
that x(L,—d/2)~90, no consequence on the diffuse layercharge density on the left-hand side of the wall dg =
structures was detected due to the adsorption or desorption gf0-1419 C/mi and on the right-hand sideg=0.6741 C/m. Two

the electrolytes on these walls. The system, a 2:2 RPM eledlicknesses of the wall are consideret:-a and 50@. The dis-
trolyte next to a charged plate @hite thickness, was simu- tance to the wall is expressed in units of the ionic radius. The zero

lated atT= 298 K and withe=78.5. The bulk concentration of thex coordinate is located on the left surface of the wall for the

. . left RCPs and on the right surface of the wall for the right RCPs,

g\’ 3 -
.Of the electrolyte(1.0 .or_0.051 In umts_ofa ) .W."’TS a.d i.e., the thickness of the wall is not plotted. The solid and broken
justed by means of the ionic, or mean ionic, activities in the,

. .~ “lines are for thed=a and 50@ RCPs, respectively. The curves
first two methods or by means of the constant number of i0N§ i1, piack and white circles are the NIRCPs fba and 50@

in the third method. The first 10 000 simulation cycles WereosnectivelyT=298 K, £=78.5, anda=4.25 A.
discarded in the first two method€000 for the third ’ '

method and 100 0020 000 for the third methgccomplete

=500a wall. For a symmetrically charged plate the NIRCP
) ) Uhd PIRCP are independent of the width of the plate. Our
are forL,=30a. For this case around 2400 ions were used inoq 115 clearly show that there is a correlation between the
the simulation. Fot.,=10a and 2@, around 300 and 1200 jiquids on both sides of the wall, for thin plates, and that this
particles were used in the simulations, respectively. correlation disappears for very thick plates.
In Fig. 2 the surface charge density on the left-hand side
ll. RESULTS of the wall is o0y =—0.3 C/nf and on the right-hand side

In all our calculations the fluid is a 2:2, 1.80(i.e., 0.051
in units ofa?) electrolyte and the ionic diameter was taken to
be equal to 4.25 A. In Fig. 1 the surface charge density on 100 R 1 A 7
the left-hand side of the wall is =—0.1419 C/nf and on § 104 O oy 9/
the right-hand side-r=0.6741 C/m. Two thicknesses of the ] NI
wall are consideredd=a and 50@. We show the MC S
positive-ion reduced concentration profiEIRCP and the
negative-ion reduced concentration profidRCP) induced
by the wall in the solution. On the left-hand side of the wall,
near the wall, and fod=a, the PIRCP is lower than in the
bulk solution, whereas the NIRCP is clearly above its bulk
value. On the right-hand side of the wall, for=a the
PIRCP is lower than one and the NIRCP is well above one.
For a wall thickness ofl=500a, the PIRCP is well above
one on the left-hand side of the wall and lower than one on
the right-hand side, whereas the NIRCP is lower than one on 1 2 3 4 5 6 8
the left and higher than one on the right. A calculation for a X/(a/2)
symmetrically charged wall, with surface charge density
equal to—0.1419 C/rﬁ, gives a PIRCP and a NIRCP equal g, 2. Monte Carlo RCPs for a 2:2, 1K9electrolyte, next to
to those shown in Fig. 1 for the left-hand side of the wall 3 charged wall, as a function of the distance to the wall. The surface
with d=500a. A similar result is observed from a calcula- charge density on the left-hand side of the waltris= — 0.3 C/n?
tion for a symmetrically charged wall, with charge density and on the right-hand sideg=0.3 C/nf. Two thicknesses of the
equal to 0.6741 C/f i.e., its NIRCP and PIRCP agree with wall are consideredd=a and 50@. The meaning of the curves is
those shown in Fig. 1 for the right-hand side of tHe the same as in Fig. =298 K, ¢=78.5, anda=4.25 A,

0.1 T T T T T
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FIG. 3. Monte Carlo RCPs for a 2:2, 1/9electrolyte, next to FIG. 4. HNC-MSA reduced concentration profiles for the same
a charged wall, as a function of the distance to the wall. The surfacgarameters as in Fig. 1. The meaning of the curves is the same as in
charge density on the left-hand side of the wallris=0 C/n? and Fig. 1.

on the right-hand sideg=0.532 221 C/rA Two thicknesses of the

wall are considerecd=a and 50@. The meaning of the curves is for a hard-sphere fluid next to a hard wall, i.e., the left

the same as in Fig. =298 K, é=78.5, anda=4.25 A. NIRCP and PIRCP become equal and slightly higher than
one near the plate. This is probably due to the fact that in the

or=0.3 C/nf. Two thicknesses of the wall are considered: H'\:EI%SA? ttn‘:ﬂmigré‘:‘%etﬁéag@%se %ﬁrﬁcgggé are the same

d=a and 50@. At the right of the plate, the RCPs have the """ "'9"

same qualitative behavior as the corresponding RCPs seen {§ !N Fi9- 1. We plot the MC and HNC-MSA results for the

Fig. 1. Their contact values are considerably lower thanCharge der]sny .|nduced in the fluid by the wall, as afunctlon

those in Fig. 1 due to the lower right surface charge densit f the wall's th|ckn?ss. The HNC'MSA. results are, In very

og. At the left of the plate thel=500a RCPs have the same good agreem,e_nt with our MC data}. Aincreasese,  de-

qualitative behavior as the corresponding RCPs in Fig. 167€ases andr increases, such that ——0.1419 C/_'ﬁ and

The NIRCP and the PIRCP for tri=a case have the op- og—0.6741 C/rf for large values ofl. For all situations we

posite qualitative behavior to that in Fig. 1. This shows thatfind thato + or= 0| + 0. However, we find that in gen-

in spite of the correlation with the fluid at the other side oferal o # o andog# or. This implies a violation of some

the plate, the fluid on the left-hand side of the plate sees sort of a local electroneutrality conditiqhEC).

negatively charged plate. Notice, however, that although the

net charge of the plate is zero, the fluid “sees” a charged IV. CONCLUSIONS

plate. _This shows the nonlinear nature of the correlation of Our simulation data shown in Figs. 1-3 and 7 conclu-

the fluids on both sides of the plate. _sively demonstrate that there is a correlation between liquids

In Fig. 3 the surface charge density on the left-hand side
of the wall is o =—0 C/n? and on the right-hand sideg
=0.532 21 C/m. Two thicknesses of the wall are consid- 100 5
ered:d=a and 50@. The qualitative behavior of all the left ]
RCPs and the righti=a, RCPs is similar to that shown in
Fig. 2. The left NIRCP and PIRCP, fat=500a, become
equal and slightly less than one near the plate. Sincel for
=500a there is no correlation with the liquid on the other
side of the plate and the left surface of the plate is uncharged,
it is to be expected that the left NIRCP and PIRCP become
equal to each other. The drying effect is a consequence of the
attractive mean energy of an electrolyte solution.

In Figs. 4-6 we show the HNC-MSA results for the
PIRCP and NIRCP induced by the wall in the solution. The
electrolyte and plate parameters in Figs. 4—6 are equal to
those in Figs. 1-3, respectively. The qualitative behavior of
the HNC-MSA concentration profiles is in remarkably good
agreement with the MC profiles. The HNC-MSA contact val-
ues are consistently higher than those from MC calculations.
However, in general, the quantitative agreement between the FIG. 5. HNC-MSA reduced concentration profiles for the same
MC and HNC-MSA concentration profiles is good. In Fig. 6 parameters as in Fig. 2. The meaning of the curves is the same as in
the left NIRCP and PIRCP, fat=500a, reduce to the RCPs Fig. 1.
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FIG. 6. HNC-MSA reduced concentration profiles for the same FIG. 7. Charge density induced in the fluid by the wall, as a

parameters as in Fig. 3. The meaning of the curves is the same anMnction of the vyall’s thicknesgexpressed in units of the ionic _
Fig. 1. diametej. The fluid and the charge of the plate are the same as in

Fig. 1. 0| is the charge induced on the left-hand side of the wall,

) o ] .. whereasoy, is that induced on the right-hand side of the wall. The
on both sides of a wall of finite thickness. The qualitativesojig line is the HNC-MSA results and the black dots are the MC
behavior of our MC data is in complete agreement with thagata.

given in Ref.[16]. The fact thato| is in general different i o ) )

from o implies a violation of some kind of LEC21—23. mogeneous fluids. This is consistent with the fact that there

However, the TEGr_ + or= o + o4 is indeed satisfied. For is no restriction in the partition function related to the homo-
y - L R . . .

a plate of finite thickness the correlation of particles on bothglene!:% of the bsysterr;_s .thhus ]Elhedstandar? g/lﬁtrOpO“S"'\gC

sides of the wall produces the violation of the LEC. Theagorl M can be appiied 1o a TUId separaled by a wat by

. : ) checking the acceptance ratio of a change in position of par-
agreement of the HNC-MSA results with our simulation datayjjes on either side of the wall, as an equivalent method to

is good. The results of our method 1, where the TEC is nojhe GCcMC method. Our GCMC and MC simulation results
forced, but a constant chemical potential is imposed, showqrrohorate this fact. Apparently, these ideas have not been
the physically appealing result that electroneutrality is a congpplied in the past to simulations of inhomogeneous fluids
sequence of the energy equilibrium of the system, not theg—13. An open charged system aquilibrium must be
opposite. Further, we also find that in general the LEC willelectroneutral, as a result of the interactioraththe particles

not be satisfied. Apparently these facts have not been recogn the system. Hence, clearly, our methodéGCMC simu-
nized in the literature. Instead there seems to be the generaltions with the forced TECand 3(canonical MC simula-
belief that a LEC must be impos¢@—14]. The equivalence tions with the forced TECought to give the same results as
between particles and fields, used in the DM, implies that thehose from method 1GCMC simulationswithoutthe forced
external field producing the inhomogeneity can be treated aSEC). Our results show the equivalence between the canoni-
just another particle in the fluid. This method has been suceal MC and the GCMC methods when applied to confined
cessfully applied in the field of integral equations for inho-fluids, when the system is properly defined. However, the
mogeneous fluid$16-18,21-28 Here we have extended MC simulation method is of course much more efficient than
this method to be applied to numerical simulations of inho-the GCMC method.
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