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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 studies@M. Lozada-Cassou and J. Yu, Phys. Rev. Lett.77, 4019~1996!# a correlation between
the fluids at both sides of the plate is found. Good agreement with theory is obtained.
@S1063-651X~98!09203-4#

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

When a charged fluid is next to a charged electrode
electrical double layer~EDL! is formed, i.e., the negative an
positive charges are arranged such that the electrical
produced by the external field is canceled. At a certain d
tance away from the electrode the effective electrical field
zero. This distance defines the thickness of the EDL. T
structure of this EDL is relevant for some biological@1# and
colloidal systems@2–4#. A model for a surface as complex a
that of a membrane of a cell or vesicle or a platelike colloi
particle in contact with an ionic fluid is necessarily simple.
widely used model for an ionic fluid next to a charged pla
is that in which the electrolyte is assumed to be a fluid
charged hard spheres of chargeezi and diametera, in a
dielectric continuum of dielectric constant«, wheree is the
electronic charge andzi is the valence of an ion of speciesi .
The bulk concentration of the speciesi is r i and the fluid is
assumed to be in equilibrium at a temperatureT. This model
for an electrolyte is known in the literature as the restric
primitive model~RPM! @4–6#. The plate is considered to b
a flat, hard wall with a constant surface charge density.
wall is infinitely thick and is composed of a dielectric mat
rial with a dielectric constant chosen to be equal to that
the solvent, for simplicity, such that image forces need
be considered. Liquid theories for inhomogeneous char
fluids have been developed in the past@5,6#. Because rea
systems are very complex, computer simulations for t
model have been made to test these theories, i.e., M
Carlo ~MC! @7–12# and grand canonical Monte Carl
~GCMC! @12,13# simulations. The disagreement of a liqu
theory, applied to a simple model, with experimental d
could be due to shortcomings of the theory or of the mod
Therefore, in the field of the many-body theory for liquid
the use of computer simulations is necessary to progress.
hypernetted-chain~HNC! mean spherical approximatio
~MSA! theory has been applied to the model described ab
@5,6#. The agreement of the HNC-MSA results with MC da
is good @5,14#. In spite of its simplicity, this model ha
proved to be successful in reproducing qualitative behav
of real systems@2–4,15#.

Recently, the HNC-MSA theory was applied to a RP
571063-651X/98/57~3!/2978~6!/$15.00
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next to a charged wall offinite thickness@16#. A correlation
between the charged liquids at both sides of the wall w
predicted. This effect, if it is real, could be relevant for som
biological and complex fluids systems. In this paper we u
three methods to simulate an electrolyte solution in con
with a planar wall of finite thickness. Probably because t
effect has just been recently detected, all the existing sim
lations in the literature, to the best of our knowledge, are
walls of infinite thickness.

II. MONTE CARLO METHOD

Reduced concentration profiles~RCPs! were obtained
from canonical and grand canonical Monte Carlo simulatio
conducted on a RPM electrolyte solution in contact with
flat, hard wall of finite thickness. The wall has a surfac
charge densitysL on its left-hand side and a surface char
densitysR on its right-hand side. The wall has a widthd and
is composed of a dielectric material with a dielectric const
chosen to be equal to that of the solvent, for simplicity, su
that image forces need not be considered. In the past a d
method ~DM! to derive statistical mechanical theories f
inhomogeneous fluids has been proposed@17#. This method
is based on the equivalence between particles and fields,
the external field in an inhomogeneous fluid can be taken
just another particle in a homogeneous fluid. The DM h
proved to be successful in studying fluids in the presence
external fields of different geometries@18#. An obvious ap-
plication of this method to the field of computer simulatio
of inhomogeneous fluids is that in which one takes an e
trolyte next to a charged plate~i.e., an inhomogeneous liq
uid! and places the entire system inside a simulation box
a homogeneous fluid, where the plate is one of the partic
This plate can be conveniently located, say, perpendicula
thex axis and at the center of the box in thex direction. The
usual Metropolis MC algorithm@19# can now be applied by
checking the acceptance of a change in position at either
of the wall.

The simulation box is defined by@2Lx ,Lx# and@0,Ly# in
the x, y, and z Cartesian axes, respectively. The plan
charged plate is perpendicular to thex axis. The dimensions
of the simulation box were chosen in order to allow the d
2978 © 1998 The American Physical Society
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57 2979MONTE CARLO SIMULATION OF A CHARGED FLUID . . .
scription of the system according to the method of Torrie a
co-workers@7,8,20#, i.e., the distances from the wall surfac
to the limit of the box on thex axis must be larger than
severalk21 Debye-Hückel distances, where

k25
4pbe2

« (
i 51

n

r izi
2 ~1!

and b51/kT. k is the Boltzmann constant. Torrie and c
workers suggest that a better way to treat the long-ra
interactions is obtained by using systems that are very la
In this case, Ewald’s sums, which introduce spurious effe
are avoided. Therefore, we have usedk(Lx2d/2)'90 and
k(Ly)'90.

For our model the total potential energy of an ion is t
sum of the hard-sphere contribution and the total elec
static potential, which is the sum of the interactions with
the other ions and with the surface electrostatic densities
the wall. As a result of all the interactions the effectiv
exact, interaction potential of an ion of speciesi with the rest
of the system can be found to be@21,22#

ui~x!52
4pezi

« E
x

`

~y2x!rel~y!dy, x>0, ~2!

where

rel~y!5(
i 51

2

ezir igpi~y! ~3!

is the charge profile produced by a two species electro
andr igpi(y) is the local concentration of ions of speciesi , at
a distancex5y from the center of the plate and perpendic
lar to the plate. A similar expression applies forx<0. How-
ever, in Eq.~2! the plate’s surface charges do not app
explicitly because the charge densityrel(x) has its equilib-
rium value, whose determination is the objective of the sim
lation. For this reason, the direct interaction potential m
be used. Considering thatsL is located atx52d/2 andsR
at x5d/2, we have

ui~x!5
24pezi

« FsL~ ux1d/2u! f S ux1d/2u
Ly

D
1sR~ ux2d/2u! f S ux2d/2u

Ly
D G , ~4!

wheref (z) is the ‘‘window’’ function defined by Torrie and
co-workers@8,20#. Results for infinite plates in they and z
directions can be obtained by extrapolation of results fr
systems where the plates present increasing surface are

We calculatedLy510a, 20a, and 30a and several values
of the wall’s charge and thickness and several electroly
bulk concentrations. The differences in the RCPs for
three values ofLy are in general undetectable due to t
fluctuations. For example, ford5a, the differences in the
contact values between theLy520a calculations and those
for Ly510a are less than 6% and those forLy530a are less
than 2%, but the differences in the contact values betw
theLy510a calculations and those forLy530a are less than
4%. After convergence with Eq.~4!, Eq. ~2! was used in the
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simulation for three additional iterations~with 100 000
cycles each! as a test for consistency. The charge induced
the wall to its left- and right-hand sides on the liquid,sL8 and
sR8 , are obtained from the simulation’s ‘‘experimental
charge profiles, i.e.,

sL852E
2`

2d/2

rel~y!dy, sR852E
d/2

`

rel~y!dy. ~5!

The differences in the predictedsR8 between theLy520a
and 10a calculations were in general less than 0.09% a
those between theLy520a and 30a cases were less tha
0.07%. Between theLy510a and 30a calculations the agree
ment was less than 0.03%. ForsL8 the disagreement was i
general higher, but in general less than 1%. The total e
troneutrality condition~TEC! for the plate plus the electro
lyte system states that the charge induced in the liquid,
the wall, must cancel that on the wall, that is,sL1sR5sL8
1sR8 .

We used three methods to simulate the system:method 1,
GCMC simulationswithout forced total electroneutrality
method 2, GCMC simulations withforced total electroneu-
trality; andmethod 3, canonical MC simulations necessari
with forced total electroneutrality. The results of the thr
methods are essentially indistinguishable, although they
differ in the rate of convergence and in CPU time: Clear
method 3 is the fastest. The GCMC simulations were c
ducted alternating canonical and grand canonical Mo
Carlo cycles. During the grand canonical Monte Carlo pa
attempts for ion creation or destruction were made w
equal probabilities for cations and anions in the first meth
or of neutral ionic pairs in the second case. For example,
grand canonical conditions in the first method are, for
creation of one ion,

1Y F11
N11

zV
exp~bDEc!G>x, ~6!

and for a destruction

1Y F11
zV

N
exp~bDEc!G>x, ~7!

wherez is the absolute activity of the ion,N is the number of
particles in the system,V is the total volume of the system
DEc and DEd are the energy changes observed during
corresponding processes, andx is a random number uni
formly distributed on the interval@0,1#.

The use of the standard Metropolis Monte Carlo alg
rithm for our system is justified since, clearly, the system c
be divided into two or more subsystems in order to check
acceptance of a change in position that can occur in the s
subsystem or between different subsystems, that is, Eqs~6!
and~7! can be approximated for the consecutive processe
destruction of an ion~from a system containingN ions! at
one point of the system and its creation at another poin
the system~formed now byN85N21 ions! by
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H 1Y F11
zV

N
exp~bDEd!G J H 1Y F11

N811

zV

3exp~bDEc!G J 'exp~2bDEf i !>x. ~8!

Since

DEf i5DEd1DEc

5$E~N21!2Eold~N!%1$Enew~N!2E~N21!%

5Enew~N!2Eold~N!, ~9!

Eq. ~8! is the usual Metropolis criterion. The canonical M
simulation is equivalent to a particle destruction followed
a creation, i.e., the energies of two configurations are c
pared. The periodic boundary conditions and minimum i
age conventions were used in they andz directions and hard
uncharged walls were located at2Lx andLx . Due to the fact
that k(Lx2d/2)'90, no consequence on the diffuse lay
structures was detected due to the adsorption or desorptio
the electrolytes on these walls. The system, a 2:2 RPM e
trolyte next to a charged plate offinite thickness, was simu
lated atT5298 K and with«578.5. The bulk concentration
of the electrolyte~1.09M or 0.051 in units ofa3! was ad-
justed by means of the ionic, or mean ionic, activities in
first two methods or by means of the constant number of i
in the third method. The first 10 000 simulation cycles we
discarded in the first two methods~2000 for the third
method! and 100 000~20 000 for the third method! complete
cycles were used to obtain the final data. The reported res
are forLy530a. For this case around 2400 ions were used
the simulation. ForLy510a and 20a, around 300 and 1200
particles were used in the simulations, respectively.

III. RESULTS

In all our calculations the fluid is a 2:2, 1.09M ~i.e., 0.051
in units ofa3! electrolyte and the ionic diameter was taken
be equal to 4.25 Å. In Fig. 1 the surface charge density
the left-hand side of the wall issL520.1419 C/m2 and on
the right-hand sidesR50.6741 C/m2. Two thicknesses of the
wall are considered:d5a and 500a. We show the MC
positive-ion reduced concentration profile~PIRCP! and the
negative-ion reduced concentration profile~NIRCP! induced
by the wall in the solution. On the left-hand side of the wa
near the wall, and ford5a, the PIRCP is lower than in the
bulk solution, whereas the NIRCP is clearly above its b
value. On the right-hand side of the wall, ford5a the
PIRCP is lower than one and the NIRCP is well above o
For a wall thickness ofd5500a, the PIRCP is well above
one on the left-hand side of the wall and lower than one
the right-hand side, whereas the NIRCP is lower than one
the left and higher than one on the right. A calculation fo
symmetrically charged wall, with surface charge dens
equal to20.1419 C/m2, gives a PIRCP and a NIRCP equ
to those shown in Fig. 1 for the left-hand side of the w
with d5500a. A similar result is observed from a calcula
tion for a symmetrically charged wall, with charge dens
equal to 0.6741 C/m2, i.e., its NIRCP and PIRCP agree wit
those shown in Fig. 1 for the right-hand side of thed
-
-

r
of
c-

e
s

e

lts
n

n

,

k

.

n
n

y

l

5500a wall. For a symmetrically charged plate the NIRC
and PIRCP are independent of the width of the plate. O
results clearly show that there is a correlation between
liquids on both sides of the wall, for thin plates, and that t
correlation disappears for very thick plates.

In Fig. 2 the surface charge density on the left-hand s
of the wall is sL520.3 C/m2 and on the right-hand side

FIG. 1. Monte Carlo RCPs for a 2:2, 1.09M electrolyte, next to
a charged wall, as a function of the distance to the wall. The sur
charge density on the left-hand side of the wall issL5
20.1419 C/m2 and on the right-hand sidesR50.6741 C/m2. Two
thicknesses of the wall are considered:d5a and 500a. The dis-
tance to the wall is expressed in units of the ionic radius. The z
of the x coordinate is located on the left surface of the wall for t
left RCPs and on the right surface of the wall for the right RCP
i.e., the thickness of the wall is not plotted. The solid and brok
lines are for thed5a and 500a RCPs, respectively. The curve
with black and white circles are the NIRCPs ford5a and 500a,
respectively.T5298 K, «578.5, anda54.25 Å.

FIG. 2. Monte Carlo RCPs for a 2:2, 1.09M electrolyte, next to
a charged wall, as a function of the distance to the wall. The sur
charge density on the left-hand side of the wall issL520.3 C/m2

and on the right-hand sidesR50.3 C/m2. Two thicknesses of the
wall are considered:d5a and 500a. The meaning of the curves i
the same as in Fig. 1.T5298 K, «578.5, anda54.25 Å.



d
e

en
a
si
e
. 1
-
ha
o
s
th
e
o

id

d-
t

r
er
e
m
f t

e
he
l
o

od
al
n
t
6

eft
an
the

me
e

ion
ry

-

lu-
ids

fa

s

me
as in

me
as in

57 2981MONTE CARLO SIMULATION OF A CHARGED FLUID . . .
sR50.3 C/m2. Two thicknesses of the wall are considere
d5a and 500a. At the right of the plate, the RCPs have th
same qualitative behavior as the corresponding RCPs se
Fig. 1. Their contact values are considerably lower th
those in Fig. 1 due to the lower right surface charge den
sR . At the left of the plate thed5500a RCPs have the sam
qualitative behavior as the corresponding RCPs in Fig
The NIRCP and the PIRCP for thed5a case have the op
posite qualitative behavior to that in Fig. 1. This shows t
in spite of the correlation with the fluid at the other side
the plate, the fluid on the left-hand side of the plate see
negatively charged plate. Notice, however, that although
net charge of the plate is zero, the fluid ‘‘sees’’ a charg
plate. This shows the nonlinear nature of the correlation
the fluids on both sides of the plate.

In Fig. 3 the surface charge density on the left-hand s
of the wall is sL520 C/m2 and on the right-hand sidesR
50.532 21 C/m2. Two thicknesses of the wall are consi
ered:d5a and 500a. The qualitative behavior of all the lef
RCPs and the right,d5a, RCPs is similar to that shown in
Fig. 2. The left NIRCP and PIRCP, ford5500a, become
equal and slightly less than one near the plate. Since fod
5500a there is no correlation with the liquid on the oth
side of the plate and the left surface of the plate is uncharg
it is to be expected that the left NIRCP and PIRCP beco
equal to each other. The drying effect is a consequence o
attractive mean energy of an electrolyte solution.

In Figs. 4–6 we show the HNC-MSA results for th
PIRCP and NIRCP induced by the wall in the solution. T
electrolyte and plate parameters in Figs. 4–6 are equa
those in Figs. 1–3, respectively. The qualitative behavior
the HNC-MSA concentration profiles is in remarkably go
agreement with the MC profiles. The HNC-MSA contact v
ues are consistently higher than those from MC calculatio
However, in general, the quantitative agreement between
MC and HNC-MSA concentration profiles is good. In Fig.
the left NIRCP and PIRCP, ford5500a, reduce to the RCPs

FIG. 3. Monte Carlo RCPs for a 2:2, 1.09M electrolyte, next to
a charged wall, as a function of the distance to the wall. The sur
charge density on the left-hand side of the wall issL50 C/m2 and
on the right-hand sidesR50.532 221 C/m2. Two thicknesses of the
wall are considered:d5a and 500a. The meaning of the curves i
the same as in Fig. 1.T5298 K, «578.5, anda54.25 Å.
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for a hard-sphere fluid next to a hard wall, i.e., the l
NIRCP and PIRCP become equal and slightly higher th
one near the plate. This is probably due to the fact that in
HNC-MSA theory bridge diagrams are lacking.

In Fig. 7 the fluid and the charge of the plate are the sa
as in Fig. 1. We plot the MC and HNC-MSA results for th
charge density induced in the fluid by the wall, as a funct
of the wall’s thickness. The HNC-MSA results are in ve
good agreement with our MC data. Asd increases,sL8 de-
creases andsR8 increases, such thatsL8→20.1419 C/m2 and
sR8→0.6741 C/m2 for large values ofd. For all situations we
find that sL1sR5sL81sR8 . However, we find that in gen
eral sL8ÞsL andsR8ÞsR . This implies a violation of some
sort of a local electroneutrality condition~LEC!.

IV. CONCLUSIONS

Our simulation data shown in Figs. 1–3 and 7 conc
sively demonstrate that there is a correlation between liqu

ce
FIG. 4. HNC-MSA reduced concentration profiles for the sa

parameters as in Fig. 1. The meaning of the curves is the same
Fig. 1.

FIG. 5. HNC-MSA reduced concentration profiles for the sa
parameters as in Fig. 2. The meaning of the curves is the same
Fig. 1.
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on both sides of a wall of finite thickness. The qualitati
behavior of our MC data is in complete agreement with t
given in Ref.@16#. The fact thatsL8 is in general different
from sL implies a violation of some kind of LEC@21–23#.
However, the TECsL1sR5sL81sR8 is indeed satisfied. Fo
a plate of finite thickness the correlation of particles on b
sides of the wall produces the violation of the LEC. T
agreement of the HNC-MSA results with our simulation da
is good. The results of our method 1, where the TEC is
forced, but a constant chemical potential is imposed, sh
the physically appealing result that electroneutrality is a c
sequence of the energy equilibrium of the system, not
opposite. Further, we also find that in general the LEC w
not be satisfied. Apparently these facts have not been re
nized in the literature. Instead there seems to be the gen
belief that a LEC must be imposed@2–14#. The equivalence
between particles and fields, used in the DM, implies that
external field producing the inhomogeneity can be treated
just another particle in the fluid. This method has been s
cessfully applied in the field of integral equations for inh
mogeneous fluids@16–18,21–23#. Here we have extende
this method to be applied to numerical simulations of inh

FIG. 6. HNC-MSA reduced concentration profiles for the sa
parameters as in Fig. 3. The meaning of the curves is the same
Fig. 1.
H
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mogeneous fluids. This is consistent with the fact that th
is no restriction in the partition function related to the hom
geneity of the systems. Thus the standard Metropolis M
algorithm can be applied to a fluid separated by a wall
checking the acceptance ratio of a change in position of p
ticles on either side of the wall, as an equivalent method
the GCMC method. Our GCMC and MC simulation resu
corroborate this fact. Apparently, these ideas have not b
applied in the past to simulations of inhomogeneous flu
@6–13#. An open charged system atequilibrium must be
electroneutral, as a result of the interaction ofall the particles
in the system. Hence, clearly, our methods 2~GCMC simu-
lations with the forced TEC! and 3 ~canonical MC simula-
tions with the forced TEC! ought to give the same results a
those from method 1~GCMC simulationswithout the forced
TEC!. Our results show the equivalence between the can
cal MC and the GCMC methods when applied to confin
fluids, when the system is properly defined. However,
MC simulation method is of course much more efficient th
the GCMC method.

e
in

FIG. 7. Charge density induced in the fluid by the wall, as
function of the wall’s thickness~expressed in units of the ionic
diameter!. The fluid and the charge of the plate are the same a
Fig. 1. sL8 is the charge induced on the left-hand side of the w
whereassR8 is that induced on the right-hand side of the wall. T
solid line is the HNC-MSA results and the black dots are the M
data.
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