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Concentration profiles of colloidal mixtures in a cylindrical pore
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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 predictiori§1063-651X98)12506-0

PACS numbe(s): 82.70.Dd, 05.40k]

[. INTRODUCTION results of our recent work on the description of a model
colloidal binary mixture that permeates a cylindrical pore.
The determination of the structure of colloidal suspen-Thus, here we calculate the concentration profilgs), i
sions has been an active area of research through the lastl,2, of the two species of a colloidal mixture in the interior
years. This area of research has benefited from the applic&f a pore, which is in contact with a reservoir at bulk con-
tion of modern experimental techniques, such as light angentrationsn; and n,. The theoretical calculations derive
neutron scattering, on rather clean and well characterizetfom a straightforward extension of the scheme employed
model experimental systems. As a result, the experimentallpefore in the context of monodisperse suspensj@hsThis
determined static structure factors in these systems have begfproximate theory allows us to calculate the concentration
compared quite successfully with the predictions of fairly profilesn;(r) for a variety of conditions, and the accuracy of
simple theoretical models and approximations. Thus, for exthe theoretical predictions can be tested by comparing with
ample, we can say that the basic features of the static stru€éomputer simulations. We perform Brownian dynamics
ture of dilute aqueous suspensions of highly charged pasimulations for some of the systems we study and the com-
ticles in the bulk are well understood on the basis of theparison is reported. Such comparison indicates that the the-
Derjaguin-Landau-Verwey-Overbe¢RLVO) model for the  oretical scheme provides the correct general picture of this
pair interactiong1]. structural property. In Sec. Il we explain the model system
On the other hand, the recently reported attempts to distudied, and present the approximate theory employed to cal-
rectly measure the interaction forces between colloidal parculaten;(r). In addition, we give some details of the com-
ticles near a charged surfaf2,3], and the structure of the puter simulations. The results are presented and discussed in
suspension that these forces induce in the vicinity of such &ec. lll. The main conclusions are summarized in Sec. IV.
surface, have prompted the proposal of theoretical models

and approximations to describe the structure of a monodis- || THEORETICAL APPROACH AND COMPUTER

perse suspension of highly charged colloidal particles near SIMULATIONS

charged wall§4-6]. These developments were based on the

DLVO level of description of the particle-particle and wall-  Consider a colloidal mixture of highly charged spheres in

particle interactions, and on the use of simple, but well-water at low ionic strength, and imagine that we have a very
established, approximations borrowed from the equilibriumlong capillary of inner radiu® immersed in the suspension.
theory of inhomogeneous liquids. Within the same spirit, theOur aim is to determine the concentration profi(es., the
structure of suspensions of highly charged particles confineélquilibrium average local concentratjoof the suspended
in the interior of charged cylinders has also been stufii¢d  particles at any point in the interior of this capillary. Given
In such work the concentration profile of a monodispersghe symmetry of the system, the density profiles depend only
charged colloidal suspension inside a charged cylindricabn the distance to the cylinder’s axis, i.e.n;(r)=n;(p),
pore has been calculated, and interesting effects were olwvith i=1,2, and on the elementary parameters defining the
served. Thus, for example, it was found that for the limitingsystem. These are those pertaining to the susperisien
case of very thick cylinders, the concentration profilg) diametero; and charge; of the particles of specigs=1,2,
approaches the structure of a suspension in front of a fldhe molar fractions;=n;/(n,;+n,), the total bulk concen-
wall, and becomes independent of the size of the cylinderration n=n;,+n,, and the inverse Debye length], and
and also independent of the strength of the wall-particle rethose referring to the capillarfthe radiusR, and the inner
pulsion. These scaling properties were also found to holdurface charge density,). Rather than stressing the detailed
approximately for the main peak of the concentration profilemanner in which the interaction forces depend on each of
even in the opposite limit of very narrow cylinders. these parameters, we consider instead an idealized model,
Along this line of research, in this paper we report theand will study the structure of such a model colloidal mix-

1063-651X/98/581)/681(8)/$15.00 PRE 58 681 © 1998 The American Physical Society



682 M. CHAVEZ-PAEZ et al. PRE 58

ture in which the elementary parameters are contracted into a

few effective parameters appearing in the particle-particle ci”j(r):e*ﬁuij“)
and wall-particle interaction potentials. Thus, we shall model

the interaction potential of two particles, one of speciaad

another of specieg, separated by a distanag by the  where ] (r)=hp(r)—cp(r) is the so-called indirect corre-

V(D)

0

-y (-1, (29

screened Coulomb or Yukawa potential, written &k lation function, and (r) = 1—exp(—ar). Equationg2.4) and
(2.5 are solved iteratively, using as an adjustable param-
o, r<g eter to satisfy partial thermodynamic consistency. This clo-
_ _ _ (2.1 sure relation, Eq(2.5), has proved to be highly accurate in
Buij(r)= | jexp[ zp(rlo—1)] >0, predicting the structure of the bulk Yukawa flUiti1].
(rlo) Due to the symmetry of the external potential the concen-

. tration profilesn;(r) only depend on the distangefrom the
where we assume the particles to have the same hard-sphesgnter of the cylinder. Thus, Eq&.3) can be rewritten as
diametero. Here, B~ 1=kgT, with kg being Boltzmann’s

constant andl' the temperature, angh= ko with « being 2
the inverse Debyg length. ThU§iKi is_the co_ntact potential  |n[1+H;(p)]+BY¥;(p)= 2 an d3I”Cit}(|I’—I"|)H]-(p’).
between two particles of speciesndj in units of kgT. =1

As for the potential¥;(r) of the force exerted by the (2.6
charge density of the cylinder’s inner surface on a particle of
chargeQ; at positionr inside the cylinder we will use the In this caseH;(p) is defined in terms of the concentration

form [7] profile n;(p) through the relation
BV (p)=K.K lo(kp) R 2.2 H_(p):ni(p)_l 2.7
itp i W|0(KR')—1’ ) . i n,
wherel o(x) is the modified Bessel function of order z¢8j, To assess the predictions of this simple theoretical scheme

andR’ is the distance from the cylinder axis to the point atWe have carried out Brownian dynamics simulations to cal-
which a particle is in hard contact with the cylinder’s inner culate the concentration profile of the particles inside the
wall. Thus, if R is the actual radius of the cylinder, then Ccylinder and, in order to minimize edge effects due to the
R’'=R— ¢/2. From Eq.(2.2) we have thaK K, is the elec- flnl_te size of the 5|m_u_lat|on_ system, co_nventlofﬂa?] peri-
trostatic potential energy, in units ¢ T, of a particle of odic boundary cqndltlons in the direction are used. The
speciesi in contact with the cylinder wall, referring to the Method of Brownian dynamics, as proposed by Ermak and
potential at the cylinder's axis. We can expect tkatis McCar_nmor[l3],_ is based on the_so_lutlo_n of the generallz_ed
linear in Q;, andK,, is linear in o, SO that variations in N-particle dlffu5|9n equa.tlon. Wllthln this scheme, thg dis-
K., for example, are equivalent to variationsdg;. placement (_)f theth particle (during a short enough time

Let us suppose that the confined suspension is in equilignterval At) is given by
rium with a homogeneous system of uniform densitigs
andn,, temperaturel, and chemical potentialg; and u,. ri(t+At)—r;(t) = BDoFAt+R;(At), (2.8
To determine the equilibrium local particle concentration
ni(r) (i=1,2), which corresponds to the external potentialwhere D, is the free-particle diffusion coefficient, and
W;(r), we solve the following coupled equatiofiz9]: Ri(At) is a random Gaussian displacement of the particle,

which is assumed to have zero mean and variarizgAg.
n(r) 2 5 b ) ’ The forceF; in this equation arises from the direct interac-
In[T +,B‘I’i(r)=21 f d>r"cii([r=r'DIn;(r")—n;]. tions of theith particle with the cylinder’s field of force and
' = 2.3 with the other Brownian particles in the system. It should be
noticed, however, that in this paper we only report equilib-
rium properties, which are independent of the particular dy-
namic algorithm employed in these simulations.

The connection of the computer simulations with the the-
oretical results is made by fixing the number of partidigs
andN, inside the volumerR2L of the basic simulation cell
2 (of lengthL in the z direction) such that

hibj(r)=cﬁ(r)+k21 i | A% hR(regi(lr=r)),

(2.4) N —inn-( )pdp=n, 2.9
. 7TR2L_R20 itp)pdp=n;, .

Here cit}(r) is the bulk particle-particle direct correlation
function between particles of speciesind j, respectively.
This function is formally defined through the Ornstein-
Zernike equations

whereh?

;(r) is the total bulk correlation function of species
i andj. To determinec])(r) it is necessary to provide a Wheren;(p) is obtained from the solution of Eq2.6) and
further relation betweeh}(r) andcf(r). In this work we (2.7 Thus, Eq.(2.9) defines the corresponding mean con-

use the Rogers-Young closure relatid®], which reads centration of species n;, inside the cylinder.
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FIG. 1. Theoretical pair correlation functions for a colloidal FIG. 2. Theoretical concentration profileg (p) and n%(p),
mixture in the bulk regime. Particles follow the pair interaction plotted as a function of the distance from the we# R’ —p. The
given by Eq.(2.1). The parameters in the system ae¢=10, K, bulk parameters ar&,=10, K,=20, z;=0.15,x,=0.5, andn*
=20, 2p=0.15,x,=0.5, andn* =8.4xX 10" *. =8.4x10"4. The cylinder parameters akg,=10 andR’ =100v-.

Ill. RESULTS . .
confined to a region of the order of, or larger than, the cor-

In what follows, we first report the results for(p) ob-  relation length(i.e., Rg=\). Figure 2 shows the concentra-
tained from the approximate theoretical scheme definetion profilesny (p) andn (p) as obtained from the solution
above. This will allow us to explain the main features of thisof the theory for the illustrative bulk parameters mentioned
structural property in the regimes that we refer to as “thick” above K;=10,K,=20,25=0.15x,=0.5n*=8.4x10"%)
and “narrow” cylinders. As it turns out, the features and and forK,,=10, andR’ =1000. The curves are plotted as a
trends predicted by the theoretical results are also observédnction of the distance from the wak=R’ — p. This figure
in the computer-simulated results. The quantitative compariilustrates the general behavior of the concentration profiles.
son of the theoretical and simulated results will be presentetthus, for example, the figure shows the appearance of deple-
at the end of this section. tion gaps next to the wall where no particles are allowed to

Let us present the results for the density profigp) be in. One can notice that the gap corresponding to the more
=n*x[1+H;(p)], where n* is the dimensionless bulk charged specigspecies Ris larger than the gap correspond-
number concentration* =no> and x;=n;/n is the molar ing to species 1a feature that is shared by all the systems
fraction of species. Among all the possible values of the studied herg The origin of this effect is the higher wall-
parameters of the system we could consider, we will choosparticle repulsion experienced by particles of species 2 as
them appropriately to illustrate the regimes appearing wheeompared to species 1. Beyond these depletion gaps, the con-
the weakly screened electrostatic interactions dominate. Inentration profiles present a series of peaks whose height
particular, in this work we will consider a bulk system with decreases with the distance from the wall, until the concen-
parameterszp=0.15, x;=0.5, K;=10, K,=20, and n* tration profiles reach their asymptotic valng andn,, re-
=8.4x 104, whose bulk structure is represented by the ra-spectively. The appearance of bulklike regions around the
dial distribution functionsg,4(r),g.12(r),g,.(r) (see Fig. 1,  center of the cylindefthe regionx>400 in Fig. 2) illustrates
and whose relevant length scales are the mean interpartictbe loss of wall-particle correlations.
distance /* = //o=n* "Y3(=10.6), the screening length  In order to show the differences arising from the reduc-
251(=6.67), and the correlation lengtt* =\/o(~4/*), tion of the space available to the particles, in Fi¢p)3ve
i.e., the distance at which the radial distribution functionscompare the results corresponding to the dise 500 (still
reach their asymptotic values. With this bulk system as &Re=\) along with the previous cas®’ =100o. In this fig-
reservoir, let us consider the structure of the suspension irire the width of the depletion gaps and the position of the
side a highly charged cylinder such that the hard contadgpeaks of the two systems remain virtually the same, although

between the particles and the wall is completely unlikelythe heights of the peaks are slightly increased. This indicates
(i.e., K,>1). In this mannern;(p) (i=1, 2) will be nearly  that the width of the depletion gaps and the position of the
zero not only at wall-particle contact, but also within a finite peaks are independent &' in the regime of very thick
region between the wallp=R’) and a certain distanakof  cylinders. Moreover, we have foun@ot shown hergthat
closest approach to the wall, which defines an effective rafor R’>700 the structure calculated for two different radii is
dius Ri=R’ —d of the cylinder. identical to the structure already shown in Fig. 2. This means
that for the parameters employed heRé= 700 constitutes
A. Thick cylinders the threshold of the regime of very thick cylinders, charac-
: terized by the appearance of well-defined bulklike regions in

The first case we consider corresponds to the regime ahe middle of the cylinder and by the independence of the

thick cylinders, i.e., the regime in which the particles areconcentration profiles on the cylinder’'s radiRsWe can see
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0.0009 provided that
Ry=R;+ k N(K o /Ky1). (3.3

Taking into account that in this limit the structure does not
depend onR’, we have that the concentration profiles for
two different values oK, are identical, when plotted as a

function of the distance from the wall, except for a shift
given by

5=k (Ko /Kyg). (3.9

This effect is illustrated in Fig. ®), where we have plotted
the concentration profiles for two different systems, one
characterized b¥,,; =10 and the other b¥,,,= 20, for the
same radius of the cylind€;=R,=1000. As it happens, if
the curves corresponding #,,=20 are shifted to the left
0.0009 by 6=k In(K,,/Ky1)=4.620, they will superimpose on the
curves corresponding ti,,;=10. Taking into account the
results presented in Figs(a83 and 3b), we can say that, in
the limit of very thick cylinders, and for a given system in
the bulk (i.e., given bulk density, molar composition, and
interaction parameters of the colloidal suspenkitire width

of the depletion gaps only depends Kg,, but not on the
thicknessR of the cylinder.

We can summarize the results presented up to this point
by stating that in the regime of very thick cylinders, where a
i bulklike region in the middle of the cylinder appears, the
} shape of the concentration profiles are independent on both

0.0

the size(i.e., the radiusof the cylinder and the strength of
the wall-particle repulsion, up to a shift given by E§.4).

20 40 60
xlo B. Narrow cylinders

FIG. 3. (a) Theoretical concentration profiles for two different ~ Let us now consider the regime in which the particles are
values of R’ (=1000,500), plotted as a function ok=R’—p. confined to a region of the order of the correlation length
Solid lines stand forR’=500 and dotted lines stand foR’ or smaller, i.e.Rg=\. Our aim now is to show the effects
=100v. In both cases, the curve closest to the wall corresponds ton the structure due to variations in the wall-particle interac-
ni (p). The rest of the parameters are as in Fig(®.Theoretical  tions. Before we do this, let us first show the deviations
concentration profiles foR’ = 1000 and for two different values of  arising from the reduction of the cylinder's size in going
Ky (=10,20, plotted as a function ok=R’—p. The bulk param-  from the limiting case of very thick, to narrow cylinders.
eters are as in Fig. 2. The solid curves correspondittp) and  This is done in Fig. 4 where we have replotted the curves of
n (p) for K,,=20, and the dotted curves correspon&ip=10.In  the system already presented in Fig. R’ £ 100s), along
both cases, the curve closest to the wall correspona ¢p). with a system with the same parameters but viRth= 300

The comparison of the two regimes indicates that the reduc-
tion of the cylinder’s size emphasizes the wall-particle cor-
that these features derive from the asymptotic behavior of theslations, as indicated by the rise in the height of the peaks,

0.0
0

wall-particle potential, since in the limit of large’ the wall-  although their positions remain almost the same. Thus, we
particle potential2.2), as a function ok=R’—p, takes the can conclude that in both regimes, very thick and narrow
form cylinders, the positions of the main peaks are only weakly

dependent of the size of the cylinder, and the effect of reduc-
ing the radius only emphasizes slightly the structure of the
. confined suspension.
which does not depend dr'. o Once we have presented the effects induced by the reduc-
~ Due to this asymptotic form of the wall-particle interac- tion of the cylinder's size, let us now consider the evolution
tion, a second scaling property of the structure of the susperst the structure when the wall-particle interaction varies.
sion inside thick cylinders can be inferred. From ERj) we  Thjs is done in Fig. &), where the concentration profiles in
have that for two cylinders connected to the same reservoifne interior of narrow cylindersR’ =300) are plotted for
but one characterized b, andK,;, and the other bYR, o different values oK, (=5,10. One feature to notice is
andKy;, the following relation holds that, as in the case of very thick cylinders, particles of spe-
cies 2 are always further away from the wall than particles of
BYi(p, Ry, Ky1,Ki)=BY¥i(p,Ry,Ky2,Kj) (3.2  species 1. On the other hand, the structure becomes more

BYi(x=R'—p)~K;K,exp — kx), (3.1
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FIG. 4. Theoretical concentration profiles fi,=10 and for 0.0009
two different values oR’ (=300,1007). The curves are plotted as . ®)
a function of the distance from the wak=R’ —p. The bulk pa- — K,=
rameters are as in Fig. 2. The solid curves correspomd (p) and | A} ... K,~10
n3(p) for R"=300, and the dotted curves correspond RS
=1000. In both cases, the curve closest to the wall corresponds to

ni(p).

confined when the interaction with the wall increases, as
shown in Fig. %a). For example, foK,=5, the concentra-
tion profiles become nonzero near the wall{0 for species

1 andd~2.50 for species 2and both species present three
peaks in their concentration profiles, whereaskgr= 10 the
concentration profiles becomes nonzero still further from the . .
wall (d~60 for species 1 andi~7.50 for species P and 0.00 . " . ” . 20

both_ species present only two peaks in their concentration xlo

profiles.

As we saw in the case of thick cylinders the concentration FIG. 5. (&) Theoretical concentration profiles for two different
profiles for a given value of the radil® and for different  values ofK,, (=5,10) and forR’=300. The curves are plotted as
values ofK,, are identical, up to a shift given by E¢B.4). It a function of the distance from the wal=R’ —p. The rest of the
. . . . . . — — — — * —
is interesting to see to what extent this scaling property igarameters ar&, =10, K;=20, z,=0.15,x,=0.5, andn” =8.4
still satisfied in the regime of narrow cylinders, since in this <10 . The solid curves correspond td (p) andn; (p) for K,
case the first peakthe peak closest to the walbf both =5, and the dotted curves correspondig=10. In both cases, the
v (1) andni () Shits 1o the center of he cyinder when SIS0 0 e el SoTesbenuetle) (0 The Sare e
K,y increases, but their shape remains almost the same gg o PONdiNgHQ,= .

w ’ ]
shown in Fig. %a). In order to illustrate this feature, in Fi & way that the position of the first maximum of () coincides
9- ’ PN 9 with the position of the first maximum of the calculatefi(p) for
5(b) we plot the same systems presented in Figy),5out K -5
with the two curves corresponding kK, =10 shifted to the "

left in such a way that the maximum of the first peak of harticles inside the cylinder arg =n,03=2.69x 104 and

* inei ; ; i —  —
n}c(p) coincides with the maximum of the.flrst peak of n% =n,o3=2.32x10"%. As explained before, these values
ni (p) for the caseK,,=5. In can be appreciated that the ;—

* % . . .
superposition of the curves is still quite good, and even thé)f ni andn; are employed in t.he computer S|mulat|on§, an_d
second peaks are very similar. This feature is reminiscent o € correspond!ng concentrauon profiles are plotted in Fig.
the scaling properties of very thick cylinders discusse (a), as a function of the distanoefrom the wall. We see

above, although in this case the shift is not quantitativel)from this fig_ure that the qualitative agrt_aement between
given by Eq.(3.4). theory and simulations is good, at least with respect to the

position and number of peaks, and this degree of agreement
was also found for other values Kf, K,, andK,,. We must
also mention that the theoretically predicted scaling property
Let us now present the comparison of the theoretical preef the main peaks of the concentration profiles just illustrated
dictions with computer simulations. For such a comparisonin Fig. 5(b), also appears in the simulation results. For ex-
let us consider a system with paramet&g=10, andR’ ample, if the simulations results corresponding to the sys-
=300 (and the originally fixed valuek;=10, K,= 20, z, tems already presented in Fig. 5 are displaced following the
=0.15,n* =8.4x 10 4, andx,=x,=0.5). For these param- same procedure as in Fig. 5 for the theoretical curves, the
eters, the theoretical results for the mean concentration ahain peaks of the simulation results corresponding to each

C. Comparison with computer simulations
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0.0012 species will superimpose. We see from these comparisons
a (2) that the simulations confirm the general trends predicted by

A _ 0=0.5, the theory, although the agreement is not perfect. Such dis-

m(p)o, agreement we believe is mainly due to the approximations

A
59 , - = mp)o
a

involved in deriving and solving Eq2.6). The most impor-
tant of these approximations is the replacement of the inho-
mogeneous direct correlation functiop(r,r’) by its homo-
geneous counterparﬂ (r). Another approximation is the use

of approximate closure relations to close the set of equations
given in Eq.(2.4).

So far we have presented the behavior of the structure for
the case of equimolar mixtures. However, another relevant
parameter determining the structure of the mixture inside the
cylinder is the molar composition since, depending on the
0.0015 bulk composition of the mixture, the structure might be
dominated by one of the species. Thus, our aim now is to
present the comparison between theoretical and simulation
results for nonequimolar mixtures, and to discuss the extent
to which the structural order of the suspension depends on
the bulk composition. For this, and still in the regime of
narrow cylinders R’ =300), we present the results of our
theory when varying the composition of the mixture, along
with their simulation counterparts. This is done in Figé)6
and Gc), where both theoretical and simulated concentration
profiles for a system with the same parameters as in k&). 6
are presented, but now for two different values of the molar
fraction of species 1X;=0.25, and 0.7p The theoretically

predicted values for the mean concentratigh and n of

xlo

0.0023 particles inside the cylinder for the caze=0.25 areﬁ’l‘
‘ i°)=0 s =152x10 * and nj =3.95x 10", whereas for the case

.:5"‘-.4}, —_ ni(p);,j x,=0.75 areny =3.45<10"* and n; =9.82<10"°. From
: ;‘1 =T ) these predicted values fa§ andn} we see that through the

4. 3 process of increasing, the mean concentratiar_n’l‘ of spe-

cies 1 increases, whereas the mean concentratjorde-

creases, but the ratinj/n3 is not the same as the ratio
n,/n, of the bulk concentrations.
In Fig. 6(b) we have also plotted the concentration profile
n} (p) for the limiting casex; =1 (dotted curvg, whereas in
Fig. 6(c) the dotted curve corresponds to the concentration
profile n3 (p) for the limiting casex;=0 (i.e., Xx,=1). No-
tice that the curve corresponding to the monodisperse limit
FIG. 6. (a) Comparison between theoretical results and simulaCf SPecies 1 has a larger gap near the Wiadl, the suspen-
tion for the molar fractiorx;=0.5. Circles correspond to the simu- Sion is more confingdand the amplitude of its oscillations is
latedn* (p), whereas triangles correspond to the simulatgé@p). ~ much weaker, than those of the curve corresponding to the
The parameters of the system are the same as in Fig. 5 for the caBonodisperse limit of species 2. Thus, from the comparison
of K,,=10. The predicted results for the mean concentration ofoetween these dotted curves we clearly see that the monodis-
particles inside the cylinder are* =2.69x10™* and nf=2.32  Perse limit of species 2 is much more structured than the
X104, (b) Comparison between theoretical results and simulationonodisperse limit of species 1. With these monodisperse
for the molar fractionx;=0.75 and for the same parameters as inlimits as reference systems, we better appreciate the effects
the previous figure. The predicted values for the mean concentratiofiduced by the variation of the molar composition of the
of particles inside the cylinder armgf =3.45<10 4 andn}=9.82  Mixture. For instance, starting with a monodisperse system
X 1075. Symbols are as ifs). The dotted curve corresponds to the Of particles of species [ildotted curve in Fig. @)], and end-
concentration profile of species 1 in the monodisperse kpit1.  ing with a monodisperse system of specidsl@ted curve in
(c) Comparison between theoretical results and simulation for thé=ig. 6(C)], we see that the substitution of particles of species
molar fractionx,=0.25 and for the same parameters agan The 1 by particles of species @e., decreasing,) displaces the
predicted values for the mean concentration of particles inside theoncentration profiles to the leftowards the wa)l and an
cylinder aren* =1.52< 10 4 andn% =3.95x 10 %. Symbols are as  additional peak centered ip=0 appears. This means that
in (a). The dotted curve corresponds to the concentration profile othe system becomes more structured as the concentration of
species 2 in the monodisperse limit=1 (x,=0). the more charged particles increases. During this process the
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average repulsive particle-particle interaction energy per pation R.=\, it was found that the width of the depletion gaps
ticle also increases, forcing the depletion gaps to decreasgepends only on the parametéy,. In this same regime it
By comparingn; (p) from Fig. @b) with n}(p) from Fig.  was observed that there is a threshold valueRorabove
6(c) we see that the particles of species 1 are more structuraghich we can safely refer to the regime \@dry thick cylin-
than particles of species 2, sineg(p) has three peaks and a ders. This regime is characterized by the appearance of bulk-
depletion gap of about®, whereasn (p) has two peaks like regions in the middle of the cylinder. When this hap-
and a depletion gap of about @0In Fig. 6c) n¥(p) is so  pens, the shape of the concentration profildgp) and
structured because particles of species 1 are immersed inng (p) is found to be independent of boRl andK,,. Such
medium mainly constituted by particles of species X2 ( scaling properties derive as a consequence of the asymptotic
=0.75), which induce stronger correlations. On the otheibehavior of the wall-particle interaction potentidl;(p) (i
hand, for the case presented in Figh)6 particles of species =1,2), which becomes independent Bf in the limit R’
2 are immersed in a medium mainly constituted by particles—c. By reducing the size of the cylinder we arrive at the
of species 1 X;=0.75), which makes the correlations regime of narrow cylindersR.=\). Here we focussed on
weaker than in the case,=0.75. Thus we can state that the behavior of the structure as the wall-particle interaction is
species 2 highly emphasizes the structure of species Increased. During this process, an approximate scaling prop-
whereas the abundance of species 1 tends to weaken tbkety for the main peaks of the concentration profit§gp)
structure of species 2. It is important to notice that the diSandn’z‘ (p) shows up, consisting of an invariance in the shape
cussion above holds for both theory and simulations. Thus, aif these peaks under variations of the wall-particle interac-
least qualitatively, and also quantitatively to the extent illus-tions. This feature is a clear reminiscence of a scaling prop-
trated by the figures, we can say that the simulation resultgrty of our model system that holds exactly in the limit of
confirm all the general trends that the theory had predictedinfinitely thick cylinders[6]. Another parameter that was in-
vestigated in this work was the bulk molar fraction. It turned
IV. SUMMARY out that the concentration profiles are very sensitive to varia-
In this work we have presented a study of the structure 0Eons_in this parameter, and that the bulk density of one of the
) ; o ) pecies has important effects on the structure of the other
a _model c_oII0|daI m_|xture_ con5|_st|ng_ of hlghly_ charged col- species. Finally, the theoretical results were compared with
loidal particles confined in the interior of a highly charged computer simulations for some of the systems studied, and it
cylinder. For such a study we have employed a simple the Swas found that the theoretical results follow quite well, al-
oreﬂca[ approaph that allows _the det.erm|nat|on. of the con though mostly semiquantitatively, the general trends shown
centration proflles once Ehe mterac_:tlon potentials a.nd th y the simulations for both equimolar and nonequimolar,
bulk correlation functiong;;(r) are given. For the particle- i tires. In fact, in the case of equimolar mixtures we

particle interactions we took the repulsive part of the DLVO g, qwwed that the scaling property discussed and observed in

pair potential, whereas for the wall-particle interactions Wei o theoreticall
y predicted results fof (p) andn’ (p) were
adopted a functional form that derives from a Debyeckél also confirmed by our simulations.

description of such interactiori§]. The study of the struc-
ture was focused on two different regimes, namely, thick and
narrow cylinders, where we have studied the effects of vary-
ing the size and charge of the pore, as well as the effects
induced by variations in the bulk composition of the mixture.  The authors wish to thank Dr. J. M. Mdez-Alcaraz for

Since from the beginning we restricted our study to largeproviding the program to calculate the Rogers-Young's bulk
values inK,,, the first general feature of the concentrationdirect correlation function. We also thank the Computer Cen-
profiles is the appearance of a region near the wall wheréer of the Universidad de Guadalajara, Mexico, where some
particles are not allowed to be in. These depletion gaps arealculations were made. This work was partially supported
found to be larger for the more charged species. Already iy the Consejo Nacional de Ciencia y Tecnoéog!
the regime of thick cylinders, which is defined by the condi-(CONACyT, Mexico) through Grant No. 2882E.

ACKNOWLEDGMENTS

[1] E. J. W. Verwey and J. T. G. Overbedlheory of the Stability ~ [4] P. Gonzéez-Mozuelos, J. Chem. Phya8, 5747(1993.

of Lyophobic Colloids (Elsevier, Amsterdam, 1948 M. [5] P. Gonzéez-Mozuelos and J. Alejandre, J. Chem. PHB5,

Medina-Noyola and D. A. McQuarrie, J. Chem. Phy3.6279 5949(1996.

(1980. [6] P. Gonzéez-Mozuelos, J. Alejandre, and M. Medina-Noyola,
[2] D. H. van Winkle and C. A. Murray, J. Chem. Phg8, 3885 J. Chem. Phys97, 8712(1992.

(1988. [7] M. Chavez-Paz, H. Aclim-Campa, L. Yeomas-Reyna, M.
[3] M. D. Carbajal-Tinoco, F. Castro-Romaand J. L. Arauz- Valdez-Covarrubias, and M. Medina-Noyola, Phys. ReB5E

Lara, Phys. Rev. E53, 3745(1996; G. M. Kepler and S. 4406(1997.

Fraden, Phys. Rev. Letf3, 356(1994; J. C. Crocker and D.  [8] G. Arfken, Métodos Matemtcos Para Fsicos (Editorial
G. Grier,ibid. 73, 352 (1994. DIANA, México, 1981



688 M. CHAVEZ-PAEZ et al. PRE 58

[9] P. Gonz#ez-Mozuelos, J. Alejandre, and M. Medina-Noyola, (1991); J. M. Mendez-Alcaraz, B. D'Aguanno, and R. Klein,
J. Chem. Phys95, 8337(1991). Physica A178 421(1991); Langmuir8, 2913(1992.

[10] F. J. Rogers and D. A. Young, Phys. Rev. 20, 999 [12] M. P. Allen and D. J. TildesleyComputer Simulation of Lig-
(1984. uids (Clarendon Press, Oxford, 1987

[11] R. Krause, B. D’Aguanno, J. M. Melez-Alcaraz, G. Ngle, [13] D. L. Ermak and J. A. McCammon, J. Chem. Ph§8, 1352
R. Klein, and R. Weber, J. Phys.: Condens. Maer459 (1978.



