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Entropically driven ordering in a binary colloidal suspension near a planar wall
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The local ordering of a binary hard-sphere mixture with a size ratio 1:10 near a planar wall is investigated
by means of integral equation theory. We find that when the bulk volume fraction of the smaller particles is
greater than 15%, the larger particles$ a bulk volume fraction of 1% and highdrecome highly localized on
the wall surface, forming a quasi-two-dimensional surface-localized monolayer. Our results are discussed and
compared against computer simulation data with an effective one-component Hamiltonian that is based on
sphere-sphere and sphere-wall depletion potentials.
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For many years, it has been believed that the hard-coréicle structuring near the wall is also a suitable model to
interaction is only a purely theoretical prototype that doesunderstand the mechanism of pollutant removal from solid
not exist in reality. It now appears that this situation issurfaces, the wetting of solids by micellar solutions, etc.
changing. To a good approximation, charge-stabilized poly- The nontrivial statistical mechanics model of the system
styrene spheres with a high degree of screening behave ¢§-Which we are interested can be imagined as a huge vessel
sentially as hard-sphef&lS) colloidal particles. Due to this, ©f volumeV filled by a bidisperse suspension that is a two-
in recent years the HS fluid is a subject that unites computg€omponent mixture of larger and smaller neutral HS balls of
tional and experimental efforts. Well-characterized colloidalthe diameter® andd, respectively. The size rati@:d, is
dispersions have become useful theoretical and Iaborator‘%<Ed to be 10:1. The wallgw) of the vessel are made from
models for the understanding of self-organization and structh® same material as the colloidal particles, i.e., they are an
tural phase transitions of matter in three-dimensic3) mpenetrable and_ a strucfcureless confinement that mterf'ict
and 2D geometrieEL]. with Fhe suspension species thrpugh a hgrd-core potential,

Recently, the phase diagram of mixtures of chargeiw [i=S,L]. I_:ar from the walls, i.e., the middle part_of the
stabilized polystyrene spheres of two different sizes has beeYessel, the fluid is homogeneous and we refer to this as the
investigated by Kaplamet al. [2] and Dinsmore, Yodh, and bulk (b). The number density of the smaller comgonent in
Pine[3]. These authors have observed a bulk phase separfe bulk ispg, which has a volume fractiogps= mpd°/6,
tion that is in qualitative agreement with the theoretical pre-whereas the larger component has a number dep8ignd
dictions [4-6], and found a new phase transition that in-its bulk volume fraction is¢L=TrpED3/6. The behavior of
volves coexistence between the bulk disordered phases atite colloidal suspensions is normally studied at fixed pres-
an ordered phase located on the walls. They suggested theire and temperature by changing the composition, ¢g.,
the surface induced phase separation, similar to bulk separar ¢5. To design such conditions in our study, we used the
tion, is promoted by an entropic “excluded-volume” effect. osmotic equilibrium approacks]. According to this, one of
At present, there is a semiquantitative explanation of thighe walls has been replaced with the osmotic membrane pro-
effect, which is argumented by the increase of the volumesiding the thermodynamic contact between the vessel and
accessible to the smalléB) particles when the large(lL) reservoir. The membrane is permeable to the smaller species
sphere is brought into contact with other larger sphere or iend their number density and volume fraction in the reservoir
adsorbed on the wall. When the smaller spheres sufficientlgrep’ and¢', respectively, with the same chemical potential
outnumber the larger spheres, the gain in entropy of the syshroughout.
tem causes an effective attraction between two larger spheres The bulk part of this model has been intensively studied
and larger spheres and the wall. The predicted estimate of they means of integral equatiordE) and density functional
magnitude of the attraction energy is as much as 10 kT betheories as well as by computer simulatigese Ref[6] and
tween two larger sphergs’] and approximately twice as references cited there)inrHowever, for some reason the rel-
great between a larger sphere and a planar {2l In a  evant studie§9-11] that we have found published in the
separate publication, Dinsmore, Yadh, and PjB¢ have literature for the inhomogeneous part have been limited to
shown how similar effects can be used to position the largerelatively low size asymmetries only, namely, size ratios
particles of a binary mixture on a substrate, or to move thenD:d that do not exceed 3:fusually, 10:1 has been used for
in a predetermined way. The phenomenon of bimodal parthe bulk. Only simple intuitive models to explain experi-

mental data for colloidal bidispersion confined to the plane

substrate have been reported so[f&d.2)].
*Permanent address: Inst. for Condensed Matter Phys., Natl. The main goal of this note is to obtain a microscopically
Acad. Sci. of Ukraine, Lviv 11, Ukraine. motivated treatment of the local ordering in a binary colloi-
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dal suspension near a flat wall. To realize our intention, we 3
used the IE approach that has been derived originally for the
single-component HS fluid near a planar wall by Henderson,
Abraham, and Barker13]. To extend this to the case of a
bidisperse system, the Ornstein-Zernike relation has been
written for the three-component mixture of smaller, larger,
and wall species. The so-called “wall limit(the number
density of the wall species tends to zero whereas their diam-
eter tends to infinityleads to the singlet-level description of
the local density in a binary mixture close to a planar wall.
The question of what is an appropriate approximation for 0 ]
use in an IE approach is both controversial and unresolved distance from the wall, 7D
[14]. However, the evidence indicatgks] that IE using the
Percus-Yevick(PY) closure is reasonably reliable for the FIG. 1. Normalized local density of the small and large particles
task outlined here. By applying the PY closure for theWwith a size ratiad:D=1:10 near a planar wall. Solid lines and open

particle-wall correlations, the equation for the local densitySquares are PY results and MC data, respectively, for pure mono-
suitable for numerical work is written as follows: disperse suspensions of only small and only large particles at bulk
volume fraction=0.20 in each case. The dotted line is the PY

result for the bidisperse suspension at a reservoir volume fraction
¢"=0.20 and a bulk volume fraction of the large particles,

bidisperse suspensions: ¢’ = 0.20
¢, =0.01

PO S T SO T ST ST N WY S

normalized local density

Z+ ok
W(z)=1+2mn E pﬁf I Si(|z1—2]) =0.01; the density distribution of the small particles in this case is
k=Sl 270k unaffected and remains the same as in the monodisperse case.
X[yw(zy)e™ #W Ak T—1]dz, (1)

from the equation of state derived by Lekkerkerker and
Stroobantg 5] within the framework of a free volume ap-

wherez is the separation of the particle center from the Wa”,proach,
yiw(2)=gi(2)e?"WKT with g;(z) = pi(2)/p? being the nor- pB=ap'(1-T1%gIT), )
malized density profile, andrg=d, o =D, og =05
=(d+D)/2. The key element of the entlre scheme is thewhereII? is the osmotic pressure of the pure larger-particle
function S;;(|z|)=[};rci(r)dr, wherecfi(r) is the direct suspension ane is the fraction of the volume in the bidis-
correlatlon function between a pair of suspensmn particles iperse system in which the smaller particles can move. Os-
a bulk[16,17. motic pressuredI? 1", and free volume fractiony, have

We have performed a set of “experiments,” each startingbeen calculated within the PY approximation and the result-
with a monodisperse suspension of smaller particles but ahg Ps has been shown to agree well with the MC dggh
different initial bulk volume fractlons¢>S The latter has Proceeding in this way, new features in the ordering of
been varied from 5% to 30%. At this initial stage, the volumethe mixture of the larger and smaller particles near a planar
fraction in the bulk part of the vessel equals that in the reswall were found. First of all we can see that at reservoir
ervoir, = ¢*= ¢, and the suspension behaves as a purgolume fractiong’ =0.20 the low amount of larger particles
monodisperse adsorbate of the smaller particles. The relevaqip to 5% of the volume fractiorbeing added to the bulk,
monodisperse local densitys(z) at ¢s=0.20 is shown in  forms the thin sublayer structuring near the wall with a well-
Fig. 1. This density distribution reflects the well-known par- defined surface-localized monolay@otted line in Fig. L
ticle layering phenomena in a monodisperse adsorbate arthe number of sublayers decreases if the reservoir volume
the PY approximation(solid lines reproduces this rather fraction becomes smaller; however, the surface monolayer
well, compared with the Monte CarléMC) data (open  still is well defined even at low reservoir volume fraction,
squares The particle layers are well defined though they aresuch as¢'=0.05 (dotted line in Fig. 2) If the reservoir
not perfectly organized, i.e., they are diffuse with the actualolume fraction does not exceefd =0.15, further increasing
thickness extending until around one and a half particle diof the volume fraction of the larger particles in bulk region
ameters. We note that the same is valid for monodispersetarts to destroy their sublayer structuring near the wall and
suspension of only larger particles, which is illustrated infinally turns the local ordering to that we already observed
Fig. 1 as well. for the monodisperse caseompare solid lines for the larger

In order to monitor the effect of bidispersity on the local particles in Figs. 1 and)2However, if the volume fraction
ordering in the vicinity of the wall the larger particles have of the smaller particles is substantial, i.¢/=0.15, the su-
been added step by step to the bulk of monodisperse suspéfitayer structuring of the larger particles near the wall be-
sion of the smaller particles. Equilibrium between the os-comes irreversible and is preserved even if volume fraction
motic pressure of the reservoll,’, and that of the bidisperse of the larger particles is higtsolid line in Fig. 3. Summa-
suspensionil, has been reached in each step at the reservotizing, we have confirmed the conclusions obtained from the
volume fraction¢" maintained at the initial monodispere observationg2,3] that the presence of the smaller particles
value, ¢r—¢s The equilibrium bulk volume fraction of the becomes crucial and has strong impact on the ordering of the
smaller particles used in the solution of Ed)), is calculated larger species near a planar wall. No layering phenomena
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FIG. 2. Normalized local densities for the bidisperse suspension g 4. The bulk(open circles and in-surface monolayésolid
of the small and large particles with a size rafid =1:10 near a |ing) radial distribution functions between the large particles from
planar wall. Reservoir volume fractiof’ =0.05. The dotted and e MC simulations for an effective bidisperse suspension. The left
solid lines are PY results for true bidisperse suspension at a bulf,get showsg,4(r) near contact. The right inset presents the typical

volume fraction of the large particlegy =0.01 and 0.20, respec-  qnfiguration of the large particles within the surface monolayer.
tively. Open circles correspond to MC data for an effective bidis-

perse suspension at the same composition as in the case of the solid
line. tential u®P [18], which arises between a pair of larger
spheres in a background of smaller spheres, Dijkstra, Raij,
near the wall at a low concentration of the larger particles irand Evang6] successfully simulated the phase behavior of
a bulk and no sublayer structuring near the wall are observeguch areffectivebidisperse mixture and claimed remarkably
in monodisperse suspensions. good agreement with the available simulation data for the
Although our main intention was not so much to obtaintrue binary mixture. In the present paper, following the Der-
extremely accurate results for local densities but rather tgaguin approximation, we supplementétf™ by the term
give a theoretical groundwork and interpretation of the bid-2u%P for the larger sphere-wall interaction and employed
ispersity effect on local ordering near the wall, to have somehis in MC simulations of the effective bidisperse suspension
estimate for the accuracy of our conclusions we test our theaear a planar wall. The comparison of the resulting MC data
oretical results against computer simulation data. Since diwith the PY results for the true bidisperse suspension is il-
rect simulations of a highly asymmetric binary mixture arelustrated in Figs. 2 and 3. Up to a 10—15 % reservoir volume
prohibited by slow equilibration when the volume fraction of fraction there is good agreement for the local density of
the smaller species becomes high, we applied a stradgy larger particles obtained from the two approaches; the agree-
which is based on employing an effective one-componenment becomes remarkably good if the concentration of the
HamiltonianH®". Using for H" the so-called depletion po- smaller species is lowFig. 2). As the concentration of
smaller particles becomes substantial, the MC data confirms
3 the PY prediction for the stable surface-localized monolayer
large (L) (Fig. 3); however, the two approaches lead to the different
- small (S} . shapes of the density profiles of the larger particles behind
the surface monolayer. This disagreement between PY re-
sults and MC data should not be attributed to the failure of
the PY approximation. When E¢) is applied for the effec-
tive Hamiltonian as that in MC simulations, both approaches
produce almost identical resul(dotted line in Fig. 3. Our
0000/00989’ preliminary calculations trace the observed difference be-
et tween the PY calculations for true bidisperse suspension and
MC data generated with effective Hamiltonian, to the empiri-
cal form of depletion potentidl6] that neglects the interac-
tions behind the depletion range.
The most striking prediction from the present study is
FIG. 3. Normalized local densities for the bidisperse suspensioff®Ncerned with the existence a surface-localized monolayer

of the small and large particles with a size raid=1:10 near a  Of larger particles. We should perhaps note a very evident
planar wall. Reservoir volume fractiof” =0.20 and bulk volume ~ COITelation between the bulk composition, i.e., bulk volume

fraction of the large particles, =0.20. The solid lines are the Py fractions ¢, and ¢s when the surface monolayer of larger
result for a true bidisperse suspension while the open circles angarticles becomes well defined and stable with the similar
dotted line correspond to MC data and the PY result, respectivelygompositions at which a surface crystalline phase was ob-
for an effective bidisperse suspension at the same composition as #erved[2,3]. As the density of the larger species in the
the case of true suspension. monolayer increases, a question is raised: what is the lateral
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structure of the larger particles on the wall surface? The sinsimulation system does not allow us to see big clusters, those
glet level of the IE theory does not give information aboutwe observed indeed do not show crystalline order. At the
the in-layer correlation functions and, obviously, we cannotsame time, the surface coverage provided by the smaller par-
answer the above question definitely. Nevertheless, we stiticles in the vicinity of the wall is quite higk~ 240 smaller

can evaluate some information by analyzing the calculate@articles per surface area of one larger particle for the same
local density variations for the true binary mixture near thecomposition conditions In conjunction with the strong
wall superimposed with MC data for the effective bidisperseayger-particle-wall attraction, such a density distribution of
suspension. Both approaches estimate the average numhgpaier particles will limit the movement of larger spheres
density of the larger species in a monolayer as 3—4 per sUgy, the wall[20] forming an effective atomically structured or
face area of ten larger particles for the composition condiyqrrgationlike coverage of the adsorbent surface. This al-
tions corresponding to Fig. 3. Thus, it is very unlikely thatq,,q s to speculate that the remaining larger particles that

crystalline order of the larger particles can be formed withing e 54sorbed on such structured substrate will grow into the
the monolaye19]. In Fig. 4 we plot the MC data for the .\ qtajiites in the direction normal to the wall that are ob-

radial distribution functionsg,, (r), between the larger par- gered experimentally. In this case the formation of the sur-
ticles within the surface monolayer and the same in the bulks; o monolayer of the larger particles, revealed by the
The very sharp nearest-neighbor peakr atD gives clear resent calculations, might be the necessary condition and
evidence of the clustering of the larger spheres; the Weakeﬂhysical reason that can explain why surface phase transi-

but still pronounced sharp peak for in-laygr.(r) atr  tions foreshadow the phase transitions in the bulk.
=2D indicates a larger size of clusters in the surface mono-

layer than in the bulk. The right inset of the Fig. 4 shows the A.T. and D.H. were supported in part by the N8Brant
snapshot of the typical monolayer configurations of theNo. CHE98-13728 D.T.W. was supported in part by NSF
larger particles during MC simulations. Although the size ofand U.S. DOE Grant No. DE-FG07-97ER-14828.
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