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Effect of confinement on charge-stabilized colloidal suspensions between two charged plates

J. Chakrabarti
Laboratory of Separation Processes and Transport Phenomena, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

H. Lower?
Institute fur Theoretische Physik Il, Heinrich-Heine-Univerditéniversitasstrasse 1, D-40225 Bseldorf, Germany
(Received 19 May 1998

We study the effect of confinement on the phase behavior of a charge-stabilized colloidal suspension
between two parallel charged plates. The electrostatic interaction of the counterions with the plates induces
density inhomogeneity of the counterions. Our Monte Carlo simulations show that the external potential acting
on the colloidal particles due to this inhomogeneity inhibits pihecrystallizationtendency, a prediction that
can be verified in experiments. Our mean-field theory qualitatively accounts for the tendency to inhibit the
precrystallization[S1063-651X98)11609-4

PACS numbd(s): 82.70.Dd

INTRODUCTION charge neutrality, and additional impurity ions, all dispersed
in a solvent(typically wate)d. For simplicity we ignore the
Monodisperse charge-stabilized colloidal suspensions arenpurity ions. The tiny counterions screen the mutual Cou-
ideal model condensed matter systems to study various eqlemb interaction between the macroions. According to the
librium and nonequilibrium phenomena found in atomic sys-linear Debye-Hukel picture[5], in the absence of the mac-
tems. This is because of the unique feature of colloidal suroions, the tiny counterions with mutual Coulombic interac-
pensions, namely, very large length scales, for instance, largeon will be homogeneously distributed in space. Now sup-
particle size and interparticle separatigapproximately pose that two macroions are introduced at a certain
equal to the optical wavelengtland large time scale, i.e., separation. The presence of the macroions will disturb the
very slow diffusion. Because of large interparticle separadistribution of the counterions. If the disturbance of the
tions, typical particle densities of the colloidal suspensionsounterion density from the homogeneous situation is not too
are about 18 times less than in an atomic system and hencédarge, one can write the mean-field free-energy cost of such
their shear moduli are low. This makes colloidal suspensiondensity inhomogeneity as a quadratic functional of the den-
vulnerable to perturbations easily conceivable in laboratonsity difference and calculate the equlibrium density distribu-
conditions[1]. tion of the counterions by minimizing the resulting free en-
The phase behavior of a colloidal suspension under corergy. If this counterion density distribution is integrated out
finement is expected to be dramatically different from a bulkof the free energy, one is left with an effective screened
system. A series of experiments by Grier and co-work2fs Coulomb repulsion between the macroions at a separation
brings out even greater surprise than this simple expectatiom.(r) =exp(—«r)/r, where « is inverse Debye screening
In a recent experimer8], they confine a charge-stabilized length, given byx?=(4me? ekgT)q%p, e being the funda-
colloidal suspension within a pair of charged glass plates anthental chargeg(=1) the charge on the counterionsthe
drive the colloidal spheres towards the charged walls bylielectric constant of the solvent, apdhe mean counterion
electrophoresis. Under this metastable condition they obeensity. Note that ¥ is the length scale that determines the
serve a crossover from a purely repulsive screened Coulomiange of the repulsion. What do we expect if such a colloidal
interaction, more popularly known as the Derjaguin-Landaususpension is confined between two charged plates? Due to
Verwey-Overbeek potentigh] between a pair of colloidal the electrostatic interaction of the walls, the distribution of
spheres to an attractive interaction, fairly long-ranged paralthe counterions released by the walls themselves will not be
lel to the plates, over a region sufficiently close to the glasshiromogeneous even without the macroions, the density of the
plates, where the colloidal particles form crystalline layers. counterions being larger close to the walls. The inhomoge-
This intriguing observation leads us to analyze more careneous counterion density profile will generate an electrostatic
fully the consequence of the confinement effects, albeit irexternal potential on the macroions. Furthermore, if one as-
terms of known theoretical models. It is useful to recapitulatesumes that two macroions are introduced, not too close to the
the conventional picture due to Debye andckel that de- plates, and this disturbs the counterion density profile only
scribes the pair interaction between colloidal spheres in thelightly so that the linear Debye-ldkel picture would re-
bulk. The colloidal suspension can be thought of as an asmain valid, one will still get a repulsive screened Coulomb
sembly of large spherical iongnacroiong surrounded by interaction between the macroions, but now the inverse De-
tiny counterions, released by the macroions for overalbye screening length, being dependent on the counterion
density, will be a function of the positions of the macroions
with respect to the walls by virtue of the inhomogeneity of
*Also at Institute fu Festkoperforschung, Forschungszentrum, the counterion density profile. At low density of the macro-
Juich, D-52425 Jlich, Germany. ions, the particles will tend to inhabit the center where the
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external potential is minimum. However, with increasingthe z direction, where the particles, mutually interacting via
density the central layer will be unstable to the formation ofthe space-dependent screened potential, are subject to the
side layers. The side layers will be subject to the outwardexternal potentialg(z)/kgT. The starting configuration in
repulsion of the central layer and the inward repulsion due t@ach case has been three equally populated layers of a trian-
the external potential. The balance between these two oppaular lattice with slight random perturbations at each lattice
site forces would play a crucial role in the phase behavior asite, one layer being at the center and the other twp=at
well as in the realization of the effect of the space-dependent H/4. The particle positions are updated by a standard Me-
screening in such systems. tropolis algorithm. The first 10 000 Monte CarlbIC) steps

We have carried out detailed Monte Carlo simulations to(each step beind{ attempts to move the particleare dis-
bring out the salient features of this competition that providecarded for equilibration, which is checked by monitoring the
useful insight into the role of confinement on the colloidal energy of the system. The next 10 000 steps are performed to
suspensions. We observe that the system undergoes a sgiculate the different quantities of interest.
quence of different number of layers with increasing density We report the results from our simulations for the system
of the macroions. The wall repulsion, however, tends to reparametersQ=1000, particle diameted=10"* cms[8],
duce the effect of the space-dependent screening, resulting #3=80, andT=300 K, which are realistic for a colloidal
the fact that the phase behavior can be accounted for by guspension. For a gived we vary * = koH, which is evi-
space-independent screened Coulomb interaction but with afently equivalent to tuning,, . We illustrate in detail the
effective inverse Debye screening length. Most significantlycase ofH/d=20. Figure 1a) shows the density profile of the
we find that the side layers do not show up any crystallinemacroionsp(z) calculated by binning the coordinates of
order, the so-callegrecrystallizationeffect[6]. We account the particles for different«*. p(z) shows pronounced
for the inhibition to precrystallization observed in our systempeaked structures, indicating the formation of layers. For
through simple mean-field calculations. very low «*, there is only one central layer. Ag* in-

Details of the derivation of the space-dependent screeningreases, two symmetric side layers are formed and the central
have been given by Denton and one ofés We give here  one decays considerably, resulting in a two-layer situation.
only the relevant features of their derivation for the sake Oflncreasingx* further, we get a cascade of the formation of
clarity. The Poisson-Boltzmann equation for the counteriongeveral layers. The position vectors of the particles lying
without the macroions for a situation of two infinitely ithin the half-width of a peak are projected onto the con-
charged walls az=+H/2 can be solved exactly to yield the stantz=z,, plane, where,, is the position of the peak, and

counterion density profile this projected plane is identified as a layer locatedz at
=z,. For such a layer, we calculate the bond orientation
_ €kgT 2_77256877_2 order parameter defined by
Pw _4 2 12 H
1 1 _
The corresponding electrostatic potential can be shown to be Y=\ N QZlN 5 % exp(i60, ) ),

$(2)/kgT=—(2/e)In(cosmz/H), which acts as an external

potential on the macroions. The interaction potential betweenh h lar brackets indi h f .
a pair of macroions, assuming a small density perturbatio/Nere the angular brackets indicate the configuration average

induced by the macroions over,(z), is given b and® , ; is the angle between a fixed axisere thex axis)
na y Pi(2) g y and the bond joining a particle with another particle8

202 1 lying within a radius 1/p(zy)]Y? around e, p(z,) being
e —«(z2)r], the area density at the peak. The quantfipg|? is clearly
sensitive to local crystazlline order in the layfg|>=0 for a
, : ~ fluid (L) phase andig|“# 0 for a crystal §) phase of hex-
thrf Qs tr,1ez f,‘;r.face charge O_n the macroiorz[(r) agonal order. We find that the layers found under different
—r)°+(z=2)7]"" is the separation between two mMacro- gjyations have fluid orderL(). The sequence of transition
ions, 1y, andr|" being their planar coordinates, and for H/d=20 is clearlynL— (n+ 1)L type. We get an iden-
tical sequence foH/d=40 as well.
We show in Fig. 1b) the space-dependent inverse Debye
screening lengthk(0,z)H as a function ofz for k*=4.4
where the system showsl 2arrangement. Clearly, the in-

is the square of the-dependent inverse Debye screeningVerse I?ebye screzenigg I%ngth does not change appreciably
length. Herex, is the contribution to the screening from the from «°(0,0)=27“/H"+ «; over the position of the side

counterions released by the macroions of denpify: «3  layers. We repeat our simulations for the sakieby setting
= (47e*QlekgT) py - x(z,2')=«(0,0) but under the identical external potential

and get a density profile insignificantly different from the
space-dependent case, as is apparent in Fa. We thus
conclude that the system behaves to a large extent as if with

The Monte Carlo simulations are performed Nr=192  an effective inverse screening length::= «(0,0), indepen-
macroions in a parallelepiped geometry having periodiadent ofz. Note thatx?,> «3, an enhancement of the screen-
boundary conditiofPBCS in thex andy directions with the  ing proportional to 112, completely due to the confinement
ratio of the dimensiong, /L, being J3/2 and no PBCs in induced by the charged plates.
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FIG. 1. (a) Density profilep(z) vs z plot from simulations for FIG. 2. Snapshots of the outermost lay€ig. 1(c)] for three

«* =0.5 (solid ling), x* =4.4 (dashed ling and x* =6.0 (dotted well-equilibrated conflgura_tlons, 5000 MC steps amamcles,_ _step_

line) with the space-dependent screening acft=4.4 with the 0;_ squ*ares, step 5000; triangles, step 10 000 after equilibyation

space-independent screenin¢dot-dashed line The space- Y‘”th «*=15.0 andH(d:ZO.(a) The hard-wall casep) the space-

dependent and the space-independent cases are almost indistiidePendent screening, afd the space-dependent screening in the

guishable.(b) x(0.2)H vs z plot for k* =4.4. (c) p(z) vs z plot presence of the exte_rnal potential. The onset of precrystallization in

with «*=15.0 for the hard-wall casésolid line), the space- (@) and its absence itb) and(c) are noteworthy.

independent screeningdashed ling and the space-dependent

screeningdotted ling. H/d= 20 in all the cases. from the snapshots depicted in FiggbRand 2c). We have
explicitly verified that our results do not change under longer

To identify the generic effect of the confinement due tohuns for the same system size and for a larger system size

the charged plates, we compare our resutts= 15.0) with (N=768).

a situation of screened Coulomb particles with inverse

screening lengthx.¢¢, confined by two hard walls, namely, MEAN-FIELD THEORY
) . . ; i

2(2;1 /If:'}'e.r'rllﬁltapgéirs]?t?ys;scgfzile,l_;/r?g)v\\:\gtihn\fioig.(d),lr;rs]}j?s:tg The inh_ibitipn to the precrysta_llization can bg understqod
an extremely sharp and strong layer close to the hard wall 'y con3|d/er|,ng the rr)ealn-ﬂeld energetic  coupling
in contrast to relatively broader and weaker side Iayers?,fv(f\\_’z’rl\’z )p(r)|,2)p(r),2") between the layers. For
formed in the presence of the external potential for both the!MPliCity we treat the system with three layers and ignore
space-dependent and the space-independent screenings. tRR in-layer structure apd their widths. In this tremendously
immense qualitative difference is immediately apparent fronsimplified picture, p(r),2)=psd(z—20) + p6(2) + psd(2

the snapshots in Fig. 2. The snapshots of three configurationsZo), Wherep, is the area density at the central layer agd
(5000 MC steps apart after equilibratjdn the layer close to is the area density of the two side layers situatedz-at

the hard walls, shown in Fig.(8), clearly indicate an onset *Zg, satisfying the constraint®+ p.=pyH. The resulting

of precrystallizatiorf6], which is further supported by a high mean-field energy per unit area, including the external poten-
value of| 5|2 (=0.44). To the contrary, the precrystalliza- tial contribution, can be written a&=A(zy)p3+ B(2o)ps.

tion is completely absent in the other cases, as is apparemthere
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k.=k(z=02'=0), ks=k(z=2y,2'=2y), and ky=«k(z 1L
=0,2'=2z,). Note that a one-layer structure is given py
=0. The transition to the three-layer structure, with 0,
will involve the change in sign of(z) in the (k*,zy) plane 0.001 " pr
for a given set of system parametef3,H/d,ekgT). Once, Hid

however, the three-layer structure emerges, the outward mi-

gration of the side layers, involving no further change of sign  FIG. 3. Mean-field phase diagram in th&/d-«* plane. The
of A(zo), will be governed by the competition between dif- slid lines are guides to the eye.

ferent terms ofB(z,). The z, dependence oB(z;) comes

from the repulsion on the side layers by the central layer that CONCLUSION

pushes the side layers outward, given by We conclude the paper by stressing the fact that a colloi-
exp— (Zoky) dal syspension confined in a pair of charged plates is char-
0™d acterized by the marked absence of {recrystallization
Kd ’ tendency. Careful experiments will be needed to verify this

) ) _ interesting consequence of the confinement. Since we ignore
and the external potential that pushes them inward. Withhe impurity ions here, we expect our prediction to hold in
increasing«™, the repulsion due to the central layer in- the cases of strongly deionized colloids. Our analysis ignores
creases, pUShing the side |ayerS closer to the walls, but trtﬂe effect due to the image Charges] which amounts to as-
external potential repels them strongly, preventing their outsuming that there is no discontinuity of the dielectric con-
ward movement, as well as restricting their populationsstant across the plates, which is present though across the
which in turn would disfavor the possibility of the in-layer charged glass plates in the experimgdjt However, the im-
symmetry breaking, namely, from liquid order to crystal or- age charges do not produce essentially different effects in the
der. Note that the essence of the argument does not Changmear theory[]_Z] More importanﬂy’ however, the nonlin-
even if the screening does not dependzon earities due to the bilayers formed in the vicinity of the

To make this qualitative picture more apparent, we mini-charged walls, neglected in our work, coupled with the effect
mize the free energy per unit ar€a=2pgIn ps+pn p+E  of the image charges, lead to the experimentally observed
and the area densitigg andp. at the minimum are mapped crossover from interparticle repulsion to attraction, as has
to an effective two-dimensional hard-disk system through thgyeen shown very recentlyl3]. This crossover takes place
Barker-HendersoriBH) perturbation theory9] to identify  over a region sufficiently close to the walls, typically not
the phases in different layers. So far the effective hard-diskexplored by the particles in the system in our work, which
area fraction does not exceed the random close-packed limifives a posteriori justification to the linear theory in the
(=0.9; we identify a layer to have crystal ordeB)(if it  regime that we have considered here. Nevertheless, it will be
exceeds 0.7, otherwise the order is taken to be fl)d[(0].  worth carrying out first-principles simulations in the direc-
The numerical calculations are performed for the same paion of Ref.[14] for confined colloids to verify the important
rameters as in the simulations. We find a sequence of ordenonlinear effects along with that due to the image charges.
ing (Fig. 3 1L—1S—LLL—LSL with increasing«*,  More theoretical calculations on our model, especially the
where the middle letter indicates the phase at the centrahclusion of the width of the layers and the in-layer order
layer and the outer ones those in the side lay&ig. This  parameters rather than the BH mapping, would certainly be
sequence clearly indicates a situation opposite to precrystaimportant. We hope to report some of these studies in the
lization, which qualitatively supports our simulation obser-fyture.
vations. However, we do not findSL ordering in our simu-
lations. The simulations show that beyond ®rder the
system becomes unstable to the formation of more than three ACKNOWLEDGMENTS
layers, which is obviously not accounted for in our theory. We thank Daan Frenkel, Matthias Schmidt, and Anne
The presence of theSllayer in our theory rather than thé.2 Denton for helpful discussions. J.C. thanks OSPT for finan-
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