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Concentration profiles of colloidal mixtures in a cylindrical pore

M. Chávez-Páez, E. Urrutia-Ban˜uelos, and M. Medina-Noyola
Instituto de Fı´sica ‘‘Manuel Sandoval Vallarta,’’ Universidad Auto´noma de San Luis Potosı´, Apartado Postal 629,

78000 San Luis Potosı´, SLP, Mexico
~Received 24 November 1997!

The concentration profiles of a model colloidal mixture inside a charged cylindrical pore are studied theo-
retically and by computer simulations. The theoretical structure of the colloidal mixture is obtained by em-
ploying the basic chemical equilibrium equations from which the concentration profiles can be expressed in
terms of a set of integral equations. The pair potential between particles is taken to be the repulsive part of the
Derjaguin-Landau-Verwey-Overbeek potential. Simulation results are also presented in order to assess the
accuracy of the theoretical predictions.@S1063-651X~98!12506-0#

PACS number~s!: 82.70.Dd, 05.40.1j
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I. INTRODUCTION

The determination of the structure of colloidal suspe
sions has been an active area of research through the
years. This area of research has benefited from the app
tion of modern experimental techniques, such as light
neutron scattering, on rather clean and well character
model experimental systems. As a result, the experimen
determined static structure factors in these systems have
compared quite successfully with the predictions of fai
simple theoretical models and approximations. Thus, for
ample, we can say that the basic features of the static s
ture of dilute aqueous suspensions of highly charged
ticles in the bulk are well understood on the basis of
Derjaguin-Landau-Verwey-Overbeek~DLVO! model for the
pair interactions@1#.

On the other hand, the recently reported attempts to
rectly measure the interaction forces between colloidal p
ticles near a charged surface@2,3#, and the structure of the
suspension that these forces induce in the vicinity of suc
surface, have prompted the proposal of theoretical mo
and approximations to describe the structure of a mono
perse suspension of highly charged colloidal particles n
charged walls@4–6#. These developments were based on
DLVO level of description of the particle-particle and wa
particle interactions, and on the use of simple, but w
established, approximations borrowed from the equilibri
theory of inhomogeneous liquids. Within the same spirit,
structure of suspensions of highly charged particles confi
in the interior of charged cylinders has also been studied@7#.
In such work the concentration profile of a monodispe
charged colloidal suspension inside a charged cylindr
pore has been calculated, and interesting effects were
served. Thus, for example, it was found that for the limiti
case of very thick cylinders, the concentration profilen(r)
approaches the structure of a suspension in front of a
wall, and becomes independent of the size of the cylind
and also independent of the strength of the wall-particle
pulsion. These scaling properties were also found to h
approximately for the main peak of the concentration pro
even in the opposite limit of very narrow cylinders.

Along this line of research, in this paper we report t
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results of our recent work on the description of a mod
colloidal binary mixture that permeates a cylindrical po
Thus, here we calculate the concentration profilesni(r ), i
51,2, of the two species of a colloidal mixture in the interi
of a pore, which is in contact with a reservoir at bulk co
centrationsn1 and n2. The theoretical calculations deriv
from a straightforward extension of the scheme employ
before in the context of monodisperse suspensions@7#. This
approximate theory allows us to calculate the concentra
profilesni(r ) for a variety of conditions, and the accuracy
the theoretical predictions can be tested by comparing w
computer simulations. We perform Brownian dynami
simulations for some of the systems we study and the c
parison is reported. Such comparison indicates that the
oretical scheme provides the correct general picture of
structural property. In Sec. II we explain the model syst
studied, and present the approximate theory employed to
culateni(r ). In addition, we give some details of the com
puter simulations. The results are presented and discuss
Sec. III. The main conclusions are summarized in Sec. I

II. THEORETICAL APPROACH AND COMPUTER
SIMULATIONS

Consider a colloidal mixture of highly charged spheres
water at low ionic strength, and imagine that we have a v
long capillary of inner radiusR immersed in the suspension
Our aim is to determine the concentration profiles~i.e., the
equilibrium average local concentration! of the suspended
particles at any point in the interior of this capillary. Give
the symmetry of the system, the density profiles depend o
on the distancer to the cylinder’s axis, i.e.,ni(r )5ni(r),
with i 51,2, and on the elementary parameters defining
system. These are those pertaining to the suspension@the
diameters i and chargeQi of the particles of speciesi 51,2,
the molar fractionsxi5ni /(n11n2), the total bulk concen-
tration n5n11n2, and the inverse Debye lengthk#, and
those referring to the capillary~the radiusR, and the inner
surface charge densitysel). Rather than stressing the detaile
manner in which the interaction forces depend on each
these parameters, we consider instead an idealized m
and will study the structure of such a model colloidal mi
681 © 1998 The American Physical Society
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682 PRE 58M. CHÁVEZ-PÁEZ et al.
ture in which the elementary parameters are contracted in
few effective parameters appearing in the particle-part
and wall-particle interaction potentials. Thus, we shall mo
the interaction potential of two particles, one of speciesi and
another of speciesj , separated by a distancer , by the
screened Coulomb or Yukawa potential, written as@1#

bui j ~r !5H `, r ,s

KiK j

exp@2zD~r /s21!#

~r /s!
, r .s,

~2.1!

where we assume the particles to have the same hard-sp
diameters. Here, b215kBT, with kB being Boltzmann’s
constant andT the temperature, andzD[ks with k being
the inverse Debye length. Thus,KiK j is the contact potentia
between two particles of speciesi and j in units of kBT.

As for the potentialC i(r ) of the force exerted by the
charge density of the cylinder’s inner surface on a particle
chargeQi at positionr inside the cylinder we will use the
form @7#

bC i~r!5KiKw

I 0~kr!

I 0~kR8!21
, r,R8, ~2.2!

whereI 0(x) is the modified Bessel function of order zero@8#,
andR8 is the distance from the cylinder axis to the point
which a particle is in hard contact with the cylinder’s inn
wall. Thus, if R is the actual radius of the cylinder, the
R8[R2s/2. From Eq.~2.2! we have thatKiKw is the elec-
trostatic potential energy, in units ofkBT, of a particle of
speciesi in contact with the cylinder wall, referring to th
potential at the cylinder’s axis. We can expect thatKi is
linear in Qi , and Kw is linear in sel , so that variations in
Kw , for example, are equivalent to variations insel .

Let us suppose that the confined suspension is in equ
rium with a homogeneous system of uniform densitiesn1
and n2, temperatureT, and chemical potentialsm1 and m2.
To determine the equilibrium local particle concentrati
ni(r ) ( i 51,2!, which corresponds to the external potent
C i(r ), we solve the following coupled equations@7,9#:

lnFni~r !

ni
G1bC i~r !5(

j 51

2 E d3r 8ci j
b ~ ur2r 8u!@nj~r 8!2nj #.

~2.3!

Here ci j
b (r ) is the bulk particle-particle direct correlatio

function between particles of speciesi and j , respectively.
This function is formally defined through the Ornstei
Zernike equations

hi j
b ~r !5ci j

b ~r !1 (
k51

2

nkE d3r 8hik
b ~r 8!ck j

b ~ ur2r 8u!,

~2.4!

wherehi j
b (r ) is the total bulk correlation function of specie

i and j . To determineci j
b (r ) it is necessary to provide

further relation betweenhi j
b (r ) and ci j

b (r ). In this work we
use the Rogers-Young closure relation@10#, which reads
a
le
l

ere

f

t

b-

l

ci j
b ~r !5e2bui j ~r !F11

eg i j
b

~r ! f ~r !

f ~r !
G2g i j

b ~r !21, ~2.5!

whereg i j
b (r )5hi j

b (r )2ci j
b (r ) is the so-called indirect corre

lation function, andf (r )512exp(2ar). Equations~2.4! and
~2.5! are solved iteratively, usinga as an adjustable param
eter to satisfy partial thermodynamic consistency. This c
sure relation, Eq.~2.5!, has proved to be highly accurate
predicting the structure of the bulk Yukawa fluid@11#.

Due to the symmetry of the external potential the conc
tration profilesni(r ) only depend on the distancer from the
center of the cylinder. Thus, Eqs.~2.3! can be rewritten as

ln@11Hi~r!#1bC i~r!5(
j 51

2

njE d3r 8ci j
b ~ ur2r 8u!H j~r8!.

~2.6!

In this caseHi(r) is defined in terms of the concentratio
profile ni(r) through the relation

Hi~r!5
ni~r!

ni
21. ~2.7!

To assess the predictions of this simple theoretical sch
we have carried out Brownian dynamics simulations to c
culate the concentration profile of the particles inside
cylinder and, in order to minimize edge effects due to t
finite size of the simulation system, conventional@12# peri-
odic boundary conditions in thez direction are used. The
method of Brownian dynamics, as proposed by Ermak a
McCammon@13#, is based on the solution of the generaliz
N-particle diffusion equation. Within this scheme, the d
placement of thei th particle ~during a short enough time
interval Dt) is given by

r i~ t1Dt !2r i~ t !5bD0FiDt1Ri~Dt !, ~2.8!

where D0 is the free-particle diffusion coefficient, an
Ri(Dt) is a random Gaussian displacement of the partic
which is assumed to have zero mean and variance 6D0Dt.
The forceFi in this equation arises from the direct intera
tions of thei th particle with the cylinder’s field of force and
with the other Brownian particles in the system. It should
noticed, however, that in this paper we only report equil
rium properties, which are independent of the particular
namic algorithm employed in these simulations.

The connection of the computer simulations with the th
oretical results is made by fixing the number of particlesN1
andN2 inside the volumepR2L of the basic simulation cel
~of lengthL in the z direction! such that

Ni

pR2L
5

2

R2E0

R

ni~r!rdr[n̄i , ~2.9!

whereni(r) is obtained from the solution of Eqs.~2.6! and
~2.7!. Thus, Eq.~2.9! defines the corresponding mean co
centration of speciesi , n̄i , inside the cylinder.
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III. RESULTS

In what follows, we first report the results forni(r) ob-
tained from the approximate theoretical scheme defi
above. This will allow us to explain the main features of th
structural property in the regimes that we refer to as ‘‘thic
and ‘‘narrow’’ cylinders. As it turns out, the features an
trends predicted by the theoretical results are also obse
in the computer-simulated results. The quantitative comp
son of the theoretical and simulated results will be presen
at the end of this section.

Let us present the results for the density profilesni* (r)
[n* xi@11Hi(r)#, where n* is the dimensionless bulk
number concentrationn* 5ns3 and xi5ni /n is the molar
fraction of speciesi . Among all the possible values of th
parameters of the system we could consider, we will cho
them appropriately to illustrate the regimes appearing w
the weakly screened electrostatic interactions dominate
particular, in this work we will consider a bulk system wi
parameterszD50.15, x150.5, K1510, K2520, and n*
58.431024, whose bulk structure is represented by the
dial distribution functionsg11(r ),g12(r ),g22(r ) ~see Fig. 1!,
and whose relevant length scales are the mean interpa
distance l * 5l /s[n* 21/3(510.6), the screening lengt
zD

21(56.67), and the correlation lengthl* 5l/s(;4l * ),
i.e., the distance at which the radial distribution functio
reach their asymptotic values. With this bulk system a
reservoir, let us consider the structure of the suspension
side a highly charged cylinder such that the hard con
between the particles and the wall is completely unlik
~i.e., Kw@1). In this manner,ni(r) ( i 51, 2! will be nearly
zero not only at wall-particle contact, but also within a fin
region between the wall (r5R8) and a certain distanced of
closest approach to the wall, which defines an effective
dius Ref5R82d of the cylinder.

A. Thick cylinders

The first case we consider corresponds to the regim
thick cylinders, i.e., the regime in which the particles a

FIG. 1. Theoretical pair correlation functions for a colloid
mixture in the bulk regime. Particles follow the pair interactio
given by Eq.~2.1!. The parameters in the system areK1510, K2

520, zD50.15,x150.5, andn* 58.431024.
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confined to a region of the order of, or larger than, the c
relation length~i.e., Ref*l). Figure 2 shows the concentra
tion profilesn1* (r) andn2* (r) as obtained from the solution
of the theory for the illustrative bulk parameters mention
above (K1510,K2520,zD50.15,x150.5,n* 58.431024)
and forKw510, andR85100s. The curves are plotted as
function of the distance from the wall,x[R82r. This figure
illustrates the general behavior of the concentration profi
Thus, for example, the figure shows the appearance of de
tion gaps next to the wall where no particles are allowed
be in. One can notice that the gap corresponding to the m
charged species~species 2! is larger than the gap correspon
ing to species 1~a feature that is shared by all the system
studied here!. The origin of this effect is the higher wall
particle repulsion experienced by particles of species 2
compared to species 1. Beyond these depletion gaps, the
centration profiles present a series of peaks whose he
decreases with the distance from the wall, until the conc
tration profiles reach their asymptotic valuen1 and n2, re-
spectively. The appearance of bulklike regions around
center of the cylinder~the regionx.40s in Fig. 2! illustrates
the loss of wall-particle correlations.

In order to show the differences arising from the redu
tion of the space available to the particles, in Fig. 3~a! we
compare the results corresponding to the caseR8550s ~still
Ref*l) along with the previous caseR85100s. In this fig-
ure the width of the depletion gaps and the position of
peaks of the two systems remain virtually the same, altho
the heights of the peaks are slightly increased. This indica
that the width of the depletion gaps and the position of
peaks are independent ofR8 in the regime of very thick
cylinders. Moreover, we have found~not shown here! that
for R8.70s the structure calculated for two different radii
identical to the structure already shown in Fig. 2. This me
that for the parameters employed here,R8570s constitutes
the threshold of the regime of very thick cylinders, chara
terized by the appearance of well-defined bulklike regions
the middle of the cylinder and by the independence of
concentration profiles on the cylinder’s radiusR. We can see

FIG. 2. Theoretical concentration profilesn1* (r) and n2* (r),
plotted as a function of the distance from the wallx5R82r. The
bulk parameters areK1510, K2520, zD50.15, x150.5, andn*
58.431024. The cylinder parameters areKw510 andR85100s.
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that these features derive from the asymptotic behavior of
wall-particle potential, since in the limit of largeR8 the wall-
particle potential~2.2!, as a function ofx5R82r, takes the
form

bC i~x5R82r!'KiKwexp~2kx!, ~3.1!

which does not depend onR8.
Due to this asymptotic form of the wall-particle intera

tion, a second scaling property of the structure of the susp
sion inside thick cylinders can be inferred. From Eq.~3.1! we
have that for two cylinders connected to the same reserv
but one characterized byR1 and Kw1, and the other byR2
andKw2, the following relation holds

bC i~r,R1 ,Kw1 ,Ki !5bC i~r,R2 ,Kw2 ,Ki ! ~3.2!

FIG. 3. ~a! Theoretical concentration profiles for two differe
values ofR8 ~5100s,50s), plotted as a function ofx5R82r.
Solid lines stand forR8550s and dotted lines stand forR8
5100s. In both cases, the curve closest to the wall correspond
n1* (r). The rest of the parameters are as in Fig. 2.~b! Theoretical
concentration profiles forR85100s and for two different values of
Kw ~510,20!, plotted as a function ofx5R82r. The bulk param-
eters are as in Fig. 2. The solid curves correspond ton1* (r) and
n2* (r) for Kw520, and the dotted curves correspond toKw510. In
both cases, the curve closest to the wall corresponds ton1* (r).
e

n-

ir,

provided that

R25R11k21ln~Kw2 /Kw1!. ~3.3!

Taking into account that in this limit the structure does n
depend onR8, we have that the concentration profiles f
two different values ofKw are identical, when plotted as
function of the distance from the wall, except for a sh
given by

d5k21ln~Kw2 /Kw1!. ~3.4!

This effect is illustrated in Fig. 3~b!, where we have plotted
the concentration profiles for two different systems, o
characterized byKw1510 and the other byKw2520, for the
same radius of the cylinderR15R25100s. As it happens, if
the curves corresponding toKw2520 are shifted to the left
by d5k21ln(Kw2 /Kw1)54.62s, they will superimpose on the
curves corresponding toKw1510. Taking into account the
results presented in Figs. 3~a! and 3~b!, we can say that, in
the limit of very thick cylinders, and for a given system
the bulk ~i.e., given bulk density, molar composition, an
interaction parameters of the colloidal suspension!, the width
of the depletion gaps only depends onKw , but not on the
thicknessR of the cylinder.

We can summarize the results presented up to this p
by stating that in the regime of very thick cylinders, where
bulklike region in the middle of the cylinder appears, t
shape of the concentration profiles are independent on
the size~i.e., the radius! of the cylinder and the strength o
the wall-particle repulsion, up to a shift given by Eq.~3.4!.

B. Narrow cylinders

Let us now consider the regime in which the particles
confined to a region of the order of the correlation lengthl
or smaller, i.e.,Ref&l. Our aim now is to show the effect
on the structure due to variations in the wall-particle inter
tions. Before we do this, let us first show the deviatio
arising from the reduction of the cylinder’s size in goin
from the limiting case of very thick, to narrow cylinder
This is done in Fig. 4 where we have replotted the curves
the system already presented in Fig. 2 (R85100s), along
with a system with the same parameters but withR8530s.
The comparison of the two regimes indicates that the red
tion of the cylinder’s size emphasizes the wall-particle c
relations, as indicated by the rise in the height of the pea
although their positions remain almost the same. Thus,
can conclude that in both regimes, very thick and narr
cylinders, the positions of the main peaks are only wea
dependent of the size of the cylinder, and the effect of red
ing the radius only emphasizes slightly the structure of
confined suspension.

Once we have presented the effects induced by the re
tion of the cylinder’s size, let us now consider the evoluti
of the structure when the wall-particle interaction varie
This is done in Fig. 5~a!, where the concentration profiles i
the interior of narrow cylinders (R8530s) are plotted for
two different values ofKw ~55,10!. One feature to notice is
that, as in the case of very thick cylinders, particles of s
cies 2 are always further away from the wall than particles
species 1. On the other hand, the structure becomes m

to
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confined when the interaction with the wall increases,
shown in Fig. 5~a!. For example, forKw55, the concentra-
tion profiles become nonzero near the wall (d'0 for species
1 andd'2.5s for species 2! and both species present thr
peaks in their concentration profiles, whereas forKw510 the
concentration profiles becomes nonzero still further from
wall (d'6s for species 1 andd'7.5s for species 2!, and
both species present only two peaks in their concentra
profiles.

As we saw in the case of thick cylinders the concentrat
profiles for a given value of the radiusR8 and for different
values ofKw are identical, up to a shift given by Eq.~3.4!. It
is interesting to see to what extent this scaling property
still satisfied in the regime of narrow cylinders, since in th
case the first peak~the peak closest to the wall! of both
n1* (r) and n2* (r) shifts to the center of the cylinder whe
Kw increases, but their shape remains almost the same
shown in Fig. 5~a!. In order to illustrate this feature, in Fig
5~b! we plot the same systems presented in Fig. 5~a!, but
with the two curves corresponding toKw510 shifted to the
left in such a way that the maximum of the first peak
n1* (r) coincides with the maximum of the first peak
n1* (r) for the caseKw55. In can be appreciated that th
superposition of the curves is still quite good, and even
second peaks are very similar. This feature is reminiscen
the scaling properties of very thick cylinders discuss
above, although in this case the shift is not quantitativ
given by Eq.~3.4!.

C. Comparison with computer simulations

Let us now present the comparison of the theoretical p
dictions with computer simulations. For such a comparis
let us consider a system with parametersKw510, andR8
530s ~and the originally fixed valuesK1510, K2520, zD
50.15,n* 58.431024, andx15x250.5). For these param
eters, the theoretical results for the mean concentration

FIG. 4. Theoretical concentration profiles forKw510 and for
two different values ofR8 ~530s,100s). The curves are plotted a
a function of the distance from the wall,x5R82r. The bulk pa-
rameters are as in Fig. 2. The solid curves correspond ton1* (r) and
n2* (r) for R8530s, and the dotted curves correspond toR8
5100s. In both cases, the curve closest to the wall correspond
n1* (r).
s

e

n

n
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f
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particles inside the cylinder aren̄1* [n̄1s352.6931024 and

n̄2* [n̄2s352.3231024. As explained before, these value

of n̄1* andn̄2* are employed in the computer simulations, a
the corresponding concentration profiles are plotted in F
6~a!, as a function of the distancex from the wall. We see
from this figure that the qualitative agreement betwe
theory and simulations is good, at least with respect to
position and number of peaks, and this degree of agreem
was also found for other values ofK1, K2, andKw . We must
also mention that the theoretically predicted scaling prope
of the main peaks of the concentration profiles just illustra
in Fig. 5~b!, also appears in the simulation results. For e
ample, if the simulations results corresponding to the s
tems already presented in Fig. 5 are displaced following
same procedure as in Fig. 5 for the theoretical curves,
main peaks of the simulation results corresponding to e

to

FIG. 5. ~a! Theoretical concentration profiles for two differen
values ofKw ~55,10) and forR8530s. The curves are plotted a
a function of the distance from the wall,x5R82r. The rest of the
parameters areK1510, K2520, zD50.15, x150.5, andn* 58.4
31024. The solid curves correspond ton1* (r) and n2* (r) for Kw

55, and the dotted curves correspond toKw510. In both cases, the
curve closest to the wall corresponds ton1* (r). ~b! The same as in
~a!, but the two curves corresponding toKw510 are shifted in such
a way that the position of the first maximum ofn1* (r) coincides
with the position of the first maximum of the calculatedn1* (r) for
Kw55.



ons
by

dis-
ons

ho-

e
ions

for
ant
the
the
e
to

tion
tent

on
of
r
ng

ion
6
lar

o

le

ion

imit

s
the

son
odis-
the
rse
ects
he
tem

ies

t
n of
the

la
-

c
o

tio
in
ti

e

th

th

e

686 PRE 58M. CHÁVEZ-PÁEZ et al.
FIG. 6. ~a! Comparison between theoretical results and simu
tion for the molar fractionx150.5. Circles correspond to the simu
latedn1* (r), whereas triangles correspond to the simulatedn2* (r).
The parameters of the system are the same as in Fig. 5 for the
of Kw510. The predicted results for the mean concentration

particles inside the cylinder aren̄1* 52.6931024 and n̄2* 52.32
31024. ~b! Comparison between theoretical results and simula
for the molar fractionx150.75 and for the same parameters as
the previous figure. The predicted values for the mean concentra

of particles inside the cylinder aren̄1* 53.4531024 and n̄2* 59.82
31025. Symbols are as in~a!. The dotted curve corresponds to th
concentration profile of species 1 in the monodisperse limitx151.
~c! Comparison between theoretical results and simulation for
molar fractionx150.25 and for the same parameters as in~a!. The
predicted values for the mean concentration of particles inside

cylinder aren̄1* 51.5231024 andn̄2* 53.9531024. Symbols are as
in ~a!. The dotted curve corresponds to the concentration profil
species 2 in the monodisperse limitx251 (x150).
species will superimpose. We see from these comparis
that the simulations confirm the general trends predicted
the theory, although the agreement is not perfect. Such
agreement we believe is mainly due to the approximati
involved in deriving and solving Eq.~2.6!. The most impor-
tant of these approximations is the replacement of the in
mogeneous direct correlation functionci j (r ,r 8) by its homo-
geneous counterpartci j

b (r ). Another approximation is the us
of approximate closure relations to close the set of equat
given in Eq.~2.4!.

So far we have presented the behavior of the structure
the case of equimolar mixtures. However, another relev
parameter determining the structure of the mixture inside
cylinder is the molar composition since, depending on
bulk composition of the mixture, the structure might b
dominated by one of the species. Thus, our aim now is
present the comparison between theoretical and simula
results for nonequimolar mixtures, and to discuss the ex
to which the structural order of the suspension depends
the bulk composition. For this, and still in the regime
narrow cylinders (R8530s), we present the results of ou
theory when varying the composition of the mixture, alo
with their simulation counterparts. This is done in Figs. 6~b!
and 6~c!, where both theoretical and simulated concentrat
profiles for a system with the same parameters as in Fig.~a!
are presented, but now for two different values of the mo
fraction of species 1 (x150.25, and 0.75!. The theoretically
predicted values for the mean concentrationn̄1* and n̄2* of

particles inside the cylinder for the casex150.25 aren̄1*

51.5231024 and n̄2* 53.9531024, whereas for the case

x150.75 aren̄1* 53.4531024 and n̄2* 59.8231025. From

these predicted values forn̄1* andn̄2* we see that through the

process of increasingx1 the mean concentrationn̄1* of spe-

cies 1 increases, whereas the mean concentrationn̄2* de-

creases, but the ration̄1* /n̄2* is not the same as the rati
n1 /n2 of the bulk concentrations.

In Fig. 6~b! we have also plotted the concentration profi
n1* (r) for the limiting casex151 ~dotted curve!, whereas in
Fig. 6~c! the dotted curve corresponds to the concentrat
profile n2* (r) for the limiting casex150 ~i.e., x251). No-
tice that the curve corresponding to the monodisperse l
of species 1 has a larger gap near the wall~i.e., the suspen-
sion is more confined!, and the amplitude of its oscillations i
much weaker, than those of the curve corresponding to
monodisperse limit of species 2. Thus, from the compari
between these dotted curves we clearly see that the mon
perse limit of species 2 is much more structured than
monodisperse limit of species 1. With these monodispe
limits as reference systems, we better appreciate the eff
induced by the variation of the molar composition of t
mixture. For instance, starting with a monodisperse sys
of particles of species 1@dotted curve in Fig. 6~b!#, and end-
ing with a monodisperse system of species 2@dotted curve in
Fig. 6~c!#, we see that the substitution of particles of spec
1 by particles of species 2~i.e., decreasingx1) displaces the
concentration profiles to the left~towards the wall! and an
additional peak centered inr50 appears. This means tha
the system becomes more structured as the concentratio
the more charged particles increases. During this process

-

ase
f

n

on

e

e

of



pa
as

ur
a

in

he

le
s
t

s

is
,
s
u
ed

o
l-

ed
h
on
th
-
O

w

n
ry

ec
re
rg
on
e
a

y
di

s

ulk-
p-

totic

e

is
rop-

pe
ac-
op-
of
-
ed
ria-
the
ther
ith
d it
l-
wn
ar,
e
d in

ulk
en-
me
ted
ı

PRE 58 687CONCENTRATION PROFILES OF COLLOIDAL . . .
average repulsive particle-particle interaction energy per
ticle also increases, forcing the depletion gaps to decre
By comparingn2* (r) from Fig. 6~b! with n1* (r) from Fig.
6~c! we see that the particles of species 1 are more struct
than particles of species 2, sincen1* (r) has three peaks and
depletion gap of about 6s, whereasn2* (r) has two peaks
and a depletion gap of about 10s. In Fig. 6~c! n1* (r) is so
structured because particles of species 1 are immersed
medium mainly constituted by particles of species 2 (x2
50.75), which induce stronger correlations. On the ot
hand, for the case presented in Fig. 6~b!, particles of species
2 are immersed in a medium mainly constituted by partic
of species 1 (x150.75), which makes the correlation
weaker than in the casex250.75. Thus we can state tha
species 2 highly emphasizes the structure of specie
whereas the abundance of species 1 tends to weaken
structure of species 2. It is important to notice that the d
cussion above holds for both theory and simulations. Thus
least qualitatively, and also quantitatively to the extent illu
trated by the figures, we can say that the simulation res
confirm all the general trends that the theory had predict

IV. SUMMARY

In this work we have presented a study of the structure
a model colloidal mixture consisting of highly charged co
loidal particles confined in the interior of a highly charg
cylinder. For such a study we have employed a simple t
oretical approach that allows the determination of the c
centration profiles once the interaction potentials and
bulk correlation functionsci j

b (r ) are given. For the particle
particle interactions we took the repulsive part of the DLV
pair potential, whereas for the wall-particle interactions
adopted a functional form that derives from a Debye-Hu¨ckel
description of such interactions@7#. The study of the struc-
ture was focused on two different regimes, namely, thick a
narrow cylinders, where we have studied the effects of va
ing the size and charge of the pore, as well as the eff
induced by variations in the bulk composition of the mixtu

Since from the beginning we restricted our study to la
values inKw , the first general feature of the concentrati
profiles is the appearance of a region near the wall wh
particles are not allowed to be in. These depletion gaps
found to be larger for the more charged species. Alread
the regime of thick cylinders, which is defined by the con
r-
e.
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tion Ref*l, it was found that the width of the depletion gap
depends only on the parameterKw . In this same regime it
was observed that there is a threshold value forR8 above
which we can safely refer to the regime ofvery thick cylin-
ders. This regime is characterized by the appearance of b
like regions in the middle of the cylinder. When this ha
pens, the shape of the concentration profilesn1* (r) and
n2* (r) is found to be independent of bothR8 andKw . Such
scaling properties derive as a consequence of the asymp
behavior of the wall-particle interaction potentialC i(r) ( i
51,2!, which becomes independent ofR8 in the limit R8
→`. By reducing the size of the cylinder we arrive at th
regime of narrow cylinders (Ref&l). Here we focussed on
the behavior of the structure as the wall-particle interaction
increased. During this process, an approximate scaling p
erty for the main peaks of the concentration profilesn1* (r)
andn2* (r) shows up, consisting of an invariance in the sha
of these peaks under variations of the wall-particle inter
tions. This feature is a clear reminiscence of a scaling pr
erty of our model system that holds exactly in the limit
infinitely thick cylinders@6#. Another parameter that was in
vestigated in this work was the bulk molar fraction. It turn
out that the concentration profiles are very sensitive to va
tions in this parameter, and that the bulk density of one of
species has important effects on the structure of the o
species. Finally, the theoretical results were compared w
computer simulations for some of the systems studied, an
was found that the theoretical results follow quite well, a
though mostly semiquantitatively, the general trends sho
by the simulations for both equimolar and nonequimol
mixtures. In fact, in the case of equimolar mixtures w
showed that the scaling property discussed and observe
the theoretically predicted results forn1* (r) andn2* (r) were
also confirmed by our simulations.
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