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Static structure and colloidal interactions in partially quenched quasibidimensional colloidal
mixtures
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Partially quenched quasibidimensional colloidal suspensions are obtained by confining a bidisperse aqueous
suspension of polystyrene spheres between two glass plates. The larger particles are fixed between the plates,
forming a disordered bidimensional matrix of obstacles, with respect to which the colloidal suspension of the
smaller species of particles equilibrates. Digital video microscopy is used to measure the static structure of both
the colloidal suspension and the matrix for various fixed particles concentrations. The effective pair potentials
between the mobile particlas(r) and between mobile and fixed particleg(r) are obtained by deconvo-
luting the structural information of the system via the Ornstein-Zernike equation. The measured pair potential
uq4(r) exhibits two attractive components. One of them, at intermediate distances, is present at all fixed
particle concentrations, while the second one, of longer range, develops as the number of obstacles increases.
The pair potentiali;5(r) also has an attractive component at intermediate distaf88863-651X99)10503-§

PACS numbeis): 82.70.Dd, 05.40-a, 47.55.Mh

[. INTRODUCTION suspended in water. The suspension is confined between two
glass plates, in such a way that the separation between the
In many natural and industrial processes one is concerndadner surfaces of the plates coincides wiiy. Thus, the
with the description of fluid systems permeating a porouslynamics of the species 2 is quenched, i.e., the particles of
matrix. Most of the interest in such systems is due to theilspecies 2 are frozen in a disordered configuration forming in
technological relevance which spans a wide range of applithis way a two-dimensional2D) (porous matrix of fixed
cations[1,2]. A microscopic understanding of the physical particles. The particles of species 1 form then an effective
properties of the permeating fluid, such as its structure, dy2D colloidal fluid which equilibrates in the field of the fixed
namics, thermodynamics, etc., requires the accurate deternparticles of species 2. The particles of the species 1 are fluo-
nation of the interactions between the fluid particles and berescent polystyrene spheres of diameter @&, and the
tween them and the matrix, as well as detailed informatiorparticles of species 2 are nonfluorescent polystyrene spheres
on the matrix structure, morphology, porosity, etc. Howeverof diameter 2.05um. The differences in size and in color of
in most cases such complete information of the system is ndioth species, allow us to clearly identify the particles of the
available, mainly due to the complexity of naturally occur- different species and to determine accurately their positions
ring porous materials. On the other hand, suitable theoreticalsing digital video microscopyDVM). In Sec. Il we de-
models of porous media have been introduced in the literascribe in more detail the sample preparation and data analy-
ture, which allow to test theoretical tools for the descriptionsis.
of the matrix and the properties of absorbed fluids. Of par- The structure of the colloidal fluid, characterized by the
ticular interest, it is the model of a partially quenched fluid radial distribution functiorg,;(r) of the diffusing particles,
mixture. This model consists of a binary mixture, where theis measured for different concentrations of fixed particles
particles of one species are frozen in a given configuratiokeeping fixed the mobile particle’s concentration. In this way
while the other species equilibrates in the static field of thave measure the structural changes of the colloidal suspen-
frozen matrix and represent the fluid phase. To study thession as the porosity of the matrix is reduced. This system
type of systems with quenched disorder, extensions of thallow us also to measure other quantities of interest which
liquid theory methods have been developed to characterizeomplement the structural information of the system,
the static structure of both the liquid phase and the structureamely, the fluid-solid correlation functiogy(r), and the
of the solid matrix in terms of quantities such as the two-structure of the matrix given by the correlation function be-
body correlation functions, where the interaction potentialgtween fixed particleg,,(r). Contrary to the theoretical mod-
between the mobile particles and between mobile and fixedls where one assumes the interparticle potentials, in real
particles are given, as well as the fixed particle configuratiorsystems the effective pair interaction potentials have to be
[3—-5]. Computer simulation methods have also been impledetermined experimentally. For the case of homogeneous
mented to consider both the static structure and dynamics ahree-dimensional3D) aqueous suspensions of polystyrene
the mobile speciefs,7]. spheres, the assumption of a repulsive screened Coulomb
Here, we study a colloidal system that is a quasi-effective pair potential, as the one derived by Derjaguin,
bidimensional experimental realization of the model dis-Landau, Verwey, and OverbeelOLVO) [8], provides a
cussed above. The system consists of a binary mixture dfinctional form for the interparticle potential in terms of
polystyrene spheres of diameters and o, with o,>0, which the experimental observations have been reasonably
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FIG. 1. Schematic representation of the side view of a sample.
The dark circles represent the fixed particles of species 2, while the
open smaller circles the mobile particles of species 1.

well described9,10]. However, for the same kind of systems
but now confined between two parallel glass plates, direct
and indirect determinations of the effective interparticle po-
tential show an attractive component, rather than repulsive, FIG. 2. Image of a sample taken using fluorescent and transmit-
at intermediate distancd41-13. For the systems consid- ted light illumination, and a 108 objective. Here both the mobile
ered here, such attractive interaction becomes of larger rangeright) and fixed(shadow particles are clearly imaged. The scale
as the concentration of fixed particles increase. This obsewf the picture is 60um along thex direction.

vation, reported in a previous pagéd#], is presented here in
more detail, together with the interaction potential between
mobile and fixed particles. Those effective pair potentials are The basic components of digital video microscopy are, as
determined by deconvoluting the information contained init is setup in our laboratory, a fluorescence microso@jséss
the measured structural properties of the system, by using thxioskop), a CCD video camera with a shutter exposure
multicomponent Ornstein-Zernik€OZ) integral equation time of 1/250 sec, a video tape recordgfi8 Sony EV-
and a closure relation. In Sec. lll, we present the measureti00), and a frame grabber with a resolution of 640
structural properties of the system and the effective pair pox 480 pixef (Data Translation We observe the samples
tentials. A discussion of our results and the conclusions arasing a 10& oil immersion objectivénumerical aperture of

B. Digital video microscopy

given in Sec. IV. 1.3), and a 4X objective(numerical aperture of 0.75as we
explain below. For illustration, in Figs. 2 and 3 we show
Il. EXPERIMENTAL DETAILS typical images of one of the samples studied here as it seen
using the 10& and the 4 objectives, respectively. The
A. System preparation picture in Fig. 2 was taken using transmitted and fluores-

Colloidal suspensions of fluorescent polystyrene spheregénce illumination. This increase the optical contrast be-
of diametero,=0.5=0.015 um and nonfluorescent poly- tween the particles, and allows to distinguish one species
styrene spheres of diametes=2.05+0.05 xm (Duke Sci- from the other. The small and bright particles are the fluo-
entific) are diluted in ultrapure water and dialyzed to reduce'®Scent particles of species 1, and the larger and shadow
the ionic concentration and the excess of surfactants from tharticles are the fixed particles. Figure 3 shows the same
original batches. The systems studied are prepared as fotample, at Iowe_r magn|f|_cat|on, using only transmitted I_|ght.
lows: in a clean atmosphere of nitrogen gas, both susperii€re, only the fixed particles are clearly imaged, showing a
sions are mixed together at different proportions to producdyPical configuration of the porous matrix at a larger scale.
binary colloidal mixtures with different concentrations of
large particles, but with constant concentration of particles of C. Data analysis

species 1. A tiny volume of the mixture=0.5 ul), is con- The pair correlation functiong;;(r) are determined from
fined between two carefully cleaned glass pldteslide and  he positions of the particleEL2,15, which are obtained
a cover slip which are uniformly pressed one against the

other until the motion of the large particles is totally
guenched. This occurs when the separation between the
plates coincides witlar,. Thus, the large particles are frozen

in a disordered configuration forming a matrix of fixed ob-
stacles, or porous matrix, while the smaller species form a
suspension of mobile particles that permeates this matrix.
The system is sealed with epoxy rediBpo-Tek 302 to
avoid any further contamination, especially from airborne
CO,. By carefully controlling the volume of suspension
used in each sample, we avoid the contact with the epoxy
resin and this prevents any contamination from the solvents.
The sample is allowed to equilibrate for 1 or 2 days at a
constant temperature of 25 °@ contact with a circulating
bath. The systems prepared with this procedure remain F|G. 3. Image of the sample in Fig. 2 at lower magnification,
stable for several weeks or even several months. Figure thken using a 48 objective and transmitted light. Here only the
shows a schematic representation of a sample as it is se@nger particles are clearly imaged. The scale of the picture is
from a side view. 122 um along thex direction.
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FIG. 4. A superposition of 1000 images of different mobile rlc,
particles configurations, taken at the same matrix location. The o i i .
bright and dark areas represent the accessible and unreachable /G- 5- Radial distribution function of the mobile particles mea-
space to the mobile colloidal particles, respectively. sured at 4 different conflguratlons of fixed particles. In this sample
n} =0.02 andn} =0.25. Different symbols represent measurements

from the digitized images by using the method deviced byat different sites.

Crocker and Grief16]. This method allows to locate the
spheres’ centroids with a precision of 1/5 pixel. With ourhere one species is fixed in a disordered configuration,

setup we measure km=16.7 and 8.2 pixels, with the those pair correlation functions are expected to depend to
100x and 40< objectives, respectively. For the determina- some extent on the local configuration of fixed particles
tion of gy4(r) andgyx(r), we observe the sample with the \yhere they are measured. Thus, the measurement, ()
100X objective and digitized 3600 different mobile particles andg,,(r) at different sites on each sample should provide
configurations at various sites of the sample, i.e., at varioug,formation of such dependence, as well as on the common
fixed particles configurations, as the one shown in Fig. 2. IGeatures. To illustrate this, in Figs. 5 and 6 we show(r)
practice, to avoid confusions,_we identify the part_icles Ofandglz(r), respectively, measured at 4 different sites on a
both species at the same location separately. For this, we uggmpje with mobile and fixed particles reduced concentration
the difference in size of both species, and the fact that thgx _ 5 0o andh* = 0.25. Heren* =n.o2. wheren. =N. /A is
mobile particles are fluorescent and the fixed particles argﬁe average ccznncentration ofl partlicita’s of speld:jes;th N
nonfluorescent, in the following way. We first observe thebeing the average number of particles of spetiesa framle
sample using_ fluorescence illumination to see only _the Palat areaA. Different symbols represent the correlation func-
t'C.IeS Of species 1. Then, we observe the sample W'Fh tran%Fons at different sites on the sample, determined from 3600
mitted light and we focus at the top qf the larger pfartlcles S%ifferent configurations of the mobile particles at each site.
that only the_se particles are c!early imaged. In this way WEAs shown in these figures, at short distances the structure of
clearly identify both species independently. To determme[he mobile particles exhibits a qualitative behavior nearly

92:Ar), I.€., the structure of the maltrix of fixed particles, we independent of the local fixed particles configuration, while

digitized Images at severgHZO(_)O) different Iocat_|on_s of at larger distances the local effect of the matrix become more
the sa_mple, using transmlttgt_j Ilght and the><4©bject|ve_ apparent. An average a,y(r), and gi(r), measured at

(see Fig. 3 The lower ma_gnlfl_catlon allow us to determine different sites, would average out local effects leaving only
the structure of the matrix with data obtained at a Iargerthe common behavior, which represents then the general

spatial scale. To end this section, let us mention that one

important parameter in the characterization of porous media
is the effective space available to the fluid phase. In our
systems we can determine this parameter in a very simple &
way. Figure 4 shows a superposition of 1000 images of the &
mobile particles at one location of the sample using only 1.0 fx
fluorescence illumination. Here one can see the effective i
space available to the mobile particles, the white area, as = g
well as the unreachable dark area, which in the case shown = H
here it corresponds mainly to the area determined by the > g
presence of the fixed particles. 031 by
g.
ll. RESULTS AND DISCUSSION
§¢

A. Static structure 0.0 . ‘
) 2 3 4 5 6

The physical quantities describing how the mobile par- e,
ticles locally structure around a mobile particle and around a :
fixed particle are the pair correlation functiogs(r) and FIG. 6. Cross-correlation function measured at the same sites as
g14(r), respectively. For the kind of systems studied hereg; (r) in Fig. 5.

ey N
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FIG. 7. Matrix-averaged radial distribution function of the mo- g22(r) (b)
bile particles at various concentrations of the fixed particles.
3 5
physical characteristics of the system. In the following, we 5]
will show the average of 4 measurements of those functions. ' ! K
Figure 7 showsy,,(r) for various concentrations of fixed n oy ':. ..
particles. In order to minimize the effect of the interactions ] RN IR
between the mobile particles on the pair correlation functions APy HE N . .
g;j(r), we kept the average particle concentration of species b : /

1, nq, very low. In all our samples the reduced concentration
ni was~0.02. Thus, in Fig. 7 one can see the effect of the
porous matrix on the structure of the colloidal fluid. In the
limit of very low concentrations of fixed particlesi ~0), FIG. 8. Matrix-averaged cross correlation functi@n and fixed

the system corresponds to a monodisperse quasgarticles’ radial distribution functiokb) for the systems in Fig. 7.
bidimensional suspension. Here the few large particles

present in the system serve only as spacers and allow us @gcays slower for larger values 0 and exhibits a marked

control accurately the distance between the plates. Since ti&ange in the slope. _ _ _

hibits only a low first peak(solid line, at aroundr  Particles,g;(r), are shown in Fig. ). An interesting fea-
=150, followed by minor oscillations that fade away ture to be noticed here is the existence of a low first maxi-

rather quickly. At finite values ofi3 , gq,(r) reveals an in- mum afglz(r) with height a_md pos_ition varying very Iit_tle
crease in the structure of the colloidal fluid. As one can se 'th. na - _Another effect of increasing the number O.f fixed
particles, is the development of long range correlations be-

here, the he|grlt .Of the first pea_k gfll(r). Increases g_wte_ tween the particles of species 1 and 2, exhibited in the pres-
apprem_ably a®; increases and, mterestmgly, _|ts p_osmon IS ance of more evident oscillations of (1) at longer dis-
almost independent af; . One can also notice in Fig. 7 that tances am} increases. For the particles of species 2, we can
the first peak ofy;4(r) decays more slowly for larger values 4|5 determine the corresponding radial distribution function,
of n; and that there is an abrupt change in the slope thay,.(r), as a practical way to characterize the structure of the
also interestingly, happens at the same plaasundr  porous matrix. Thus, in Fig.(B) we showg,,(r) for the
=2.20) in all the samples. This behavior gfy(r) is differ-  same systems. These curves were determined from (1-2)
ent from what it is observed in homogeneous suspensionss 10° different configurations of the fixed particles, i.e., from
i.e., when instead of increasing the number of frozen parimages taken at different sites on the sample, using the 40
ticles, one varies? keepingn} ~0. In this case, the system X objective, as the one shown in Fig. 3. In all of these
is an effective 2D system that can be considered homogeéamplesgyy(r) has a very high first maximum close to con-
neous along the plane parallel to the pldtE 17. There, as  tact. For the larger values of; , one can observe the devel-
the particle concentration increases, the radial distributio®pment of a minimum and a secondary maximum. This
function develops a higher first maximum, followed by aShape ofy;(r) resembles a system of hard disks, although in
minimum, a lower secondary maximum, and so on. The poour systems the f|rst_ peak is much higher than'that corre-
sitions of the maxima and minima depend on concentratio$Ponding to a hard disk system at the same particle concen-
and there are not abrupt changes in the slope of the radidfiation. Since the.partlcle concentration of the coIIo_ldaI fluid
distribution function[12]. Thus, the presence of fixed ob- 'S kept low, their influence on the structure of the fixed par-
stacles, or porous matrix, enhances the correlation betweé;H:Ies is expected to be negligible.

the mobile particles, but there is not any development of
secondary maxima or minima, as it is the case for homoge-
neous systems. Here the correlations become stronger and of The interparticle interactions are the fundamental quanti-
longer range, bugy,(r) has basically only one peak that ties determining colloidal properties such as stability, struc-

B. Colloidal interactions
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ture, dynamics, thermodynamics, and so on. As mentioned o+ 0

before, experimental dafd1—14 and recent theoretical cal- Cij(r)=—Bu;(r), r>o;=—75—, MSA (32
culations[19] support the notion of a dramatic change in the

pair potential between charged particles under some condighere g, is the diameter of particles of species

tions of confinement, as compared with the interaction of the

same particles in the bulk. In this section, we describe in Cij(r)=E’E“ii(’)[yij(r)+l]—yij(r)—l, PY, (3.3
some detail the method employed to determine the effective

interaction pot_en'ual be_tweeq mobile parycles and betwgen Cij(r):efﬁui,-(r)eyij(r)_yij(r)_l, HNC, (3.9
them and the fixed patrticles, i.e., the matrix. These potentials

can be extracted from the detailed structural information ofyhere ¥j(r)=h;;(r)—c;;(r). These closure relations must
the system contained igy;(r), by deconvoluting this infor-  be consistent with the hard-core condition,

mation via the 2D Ornstein-Zernike integral equation. For

multicomponent systems, the O-Z equation is a set of hij(nN=-1, r<oy. (3.5
coupled integral equations for the total correlation functions

hij(r)=g;;(r)—1 (i,j=1,2,... m) wheremis the number Thus, if the pair potentials are known, one can use the
of species in the system. The set of equations in 2D reads O-Z equation and one of these closure relations to obtain the

pair correlation functiong;(r). Here we follow the inverse
" 5, , , process. We Fourier transform the O-Z equation to obtain a
hii(r):Cij(ng1 nkf d*r’ Ci(rHhig(lr=r'}), set of 4 coupled linear equations involving(k) andh;;(k),
(3.1) the Fourier transforms o€;;(r) and h;;(r), respectively.

Since we measureld;(r), we solve the set of equations for
wherec;;(r) are the direct correlation functions between par-Cij (k), which are then transformed back to the real space to

ticles of species andj, n, is the 2D particle concentration get the measured direct correlation functigq¢r). The pair

of speciesk. For symmetry, we assuntg;(r)=h;;(r) and Potentialsuyy(r) anduy(r) are obtained frontyy(r) and
¢;i(r)=c;(r). Usually the O-Z equation is employed to cal- cyo(r), respectively, using the closure reIathns gbove. Here
culateg;;(r) assuming known the pair potentialg(r) be- ~ We report the resu!ts from the HNC'ap.prOX|m'at|'0n, but the
tween the different species. In these equations both sets §fher closure relations lead to qualitatively similar results.
functions h;;(r) and c;;(r) are unknown functions. There- The pair potent_|als_determ|ned by this deconvoluting method
fore, an additional set of relations are required to be able t@re presented in Figs. 9 and 10.

solve Eq.(3.1) to obtain the system’s structural information, ~ Figure 9 shows the results fer;(r). The curve in Fig.
i.e., gi;(r). Closure relations to Eq3.1) have been intro- 9(a) corresponds to the sample wherg~0. Hereuyy(r)
duced in the literature, consisting of approximate relationsshows a well defined attractive component at aroundr.5
involving the direct correlation functiorts;(r), the interpar- At finite values ofn3, uy(r) exhibits also this attractive
ticle pair potentialsij;(r), and the total correlation functions component at~1.50;. As one can see, its position remains
hij (r). basically independent ofi} and it becomes only slightly

The closure relations more frequently used are the sodeeper a®} increases. At large concentrations of fixed par-

called mean spherical approximatidMSA), the Percus- ticles there is an additional feature of the pair potential,
Yevick approximation(PY), and the hypernetted chain ap- namely, the attractiveness of the mobile particles becomes of
proximation(HNC). These approximations re4dl5,18 larger range. One can observe in Figc)%he development

of a second attractive component ofy(r) at larger dis-
tances. This second component widens out towards smaller

- distances and merges with the first attractive edle Fig.
n, =011 9(d)]. Thus, one could say that the effective pair potential
between the particles of the colloidal liquid exhibits two well
(b)
0.8
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FIG. 9. Effective pair potential between mobile particles in ma-  FIG. 10. Effective pair potential between mobile and fixed par-
trices of different porosity.

ticles for the samples in Fig. 9.
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defined attractive components under the particular confinenation of the effective direct interactions between mobile
ment studied here. The first attractive component, the miniparticles and between them and the particles of the matrix.
mum atr ~1.50;, can be attributed to the effect of the con- Although both species are electrically charged with the same
fining by the glass plates. As shown in Fig. 9 this componensign, we found that under confinement the effective interac-
changes very little a®} is varied. The second attractive tions are attractive at intermediate and long distances. These
component arises as an extra effect of the fixed particlegesults confirm and advance the notion that the confinement
which then not only serve as obstacle particles reducing angdf like charged particles within a charged pdmanar, cy-
molding the space available to the colloidal liquid, but theirlindrical, or other geometri¢can induce attractive interac-
interaction with the mobile particles introduces a strongtions between the particles. This attractiveness might be due,
modification of the effective pair potential(r). The other at least partially, to a nonspherical redistribution of the ionic
important interaction involved here is the effective interac-double layer around the particles caused by the presence of
tion potential between the matrix and the mobile colloidalthe charged confining walls, as recent calculations show it is
particles, i.e.u;,(r). The results for this quantity are shown the case for a pair of charged particles in a charged cylindri-
in Fig. 10. As it turns out, this interaction also happens to becal pore[19]. In the systems studied here, besides the ions
attractive at intermediate distances, which also becomes @lissociated from the surface of the polystyrene spheres, there
longer range as the porosity of the matrix decreases . Since i @ probably large contribution to the ionic strength, and
our systems both species of particles, fixed and mobile, artherefore to the screening of the electrostatic interactions,
charged polystyrene spheres, the attractive interaction bdrom the ions released from the glass w49]. Although
tween them is consistent with the results €gg(r). both ionic contributions are unknown, one could make a
In this work we present measurements of the structure ofough estimation of the combined effect by comparing Figs.
a suspension of charged colloidal particles permeating & and 4. As it is seen in these figures, the physical &tzg.
model porous medium. Our model system allows us a de2) and the effective size as seen by the mobile partidtes
tailed characterization of both the structure of the colloidal4), of the fixed particles are not much different. Thus, the
fluid and the matrix. By varying the concentration of the total ionic concentration must be high enough to provide a
obstacle particles, i.e., the porosity of the matrix, we deterDebye screening length smaller than the size of the mobile
mine the matrix effect on the structure of the colloidal sus-particles, i.e., smaller that 0.axm. Our results also show
pension. According to the results presented here, the strorijat the effective potential depends strongly on the confining
change 0fy,4(r) observed as a function of; is a combina- geometry, at least for the particular system where charged
tion of two effects arising from the presence of the obstacld?0lystyrene spheres are used for both the mobile and the
particles. On one hand, the large particles cage the mobilxed particles. We expect, however, that this simple model
particles within the pores so that they remain close togethesystem captures the general trends of the physical quantities
for longer times than in the homogeneous casg~0). On  Studied here.
the other hand, particles of the matrix also induce changes on
the effective interaction between the mobile particles. This
interaction is experimentally determined by deconvoluting of
the structural function of the system, via the multicomponent This work was partially supported by the Consejo Nacio-
O-Z equation. This procedure provides an indirect determinal de Ciencia y Tecnolog) (CONACyYT, Mexico.
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