PHYSICAL REVIEW E 71, 041402(2009

Depletion interaction in a quasi-two-dimensional colloid assembly
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We address several aspects of the character of the depletion interaction in a quasi-two-diméQgbhal
colloid system. First, we consider how, given information concerning the pair and triplet correlation functions,
the depletion interaction can be efficiently and accurately determined. For this purpose we introduce a method
based on the Born-Green equation using the assumption that for the Q2D binary mixtures of interest to us the
depletion interaction is accurately represented as a sum of pair potentials. We then verify, by direct calculation,
that three-particle contributions to the depletion interaction are negligibly small in the region of thermody-
namic state space of interest to us. Second, we develop a representation of the dependence of the depletion
interaction in a Q2D colloid system on the thickness of the confining parallel plates. Third, we report the
results of extensive simulations of Q2D binary hard-sphere mixtures for a range of cell thickness, large and
small particle number densities, and a ratio of sphere diamegteds3.
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I. INTRODUCTION depletion interaction in a strictly two-dimensional binary
mixture of hard disks. We note that the difference between

It has been known for many years that the pair correlatiorfluasi-two-dimensionalQ2D) and 2D confinement can play
function of a dense one-component hard-sphere fluid exhibitg role in determining system properties. Depending on the
a pronounced peak at a center-to-center separation of orféze ratio of the species in a binary mixture and the ratio of
sphere diameter, thereby implying that the potential of mea#/all spacing to small-particle diameter, one can easily gen-
force is attractive at that distance. The origin of this attrac8rate systems in which the large particles move in a Q2D
tive potential of mean force between particles that have ndomain, but the small particles, which are the source of
attractive component in their direct interaction potential hasdepletlon interaction, move in three dimensions. In this paper

Cioar tudy the depletion interaction and how it changes con-
also been understood for many years; it arises from the e Ve S

. _ . inuously as the system geometry changes from the 3D to
clusion of third-body hard spheres from the region betwee onfined Q2D geometry. We accomplish this by changing the

two hgrd spheres when the separation of the centers .Of t nfining plate separation from a value equal to the large-
latter is Iess than .tWO sphere_ diameters. The pqtentlal ~particle diameter to a value where the depletion interaction
mean f(_)rce is, in this case, entirely of entropic origin, and it longer changes with an increasing separation.
is density dependent. o _ The influence of a wall on the depletion interaction can
The existence of an attractive interaction between, sasonveniently be thought of as generated by the three-body
large hard-sphere colloid particles in a binary mixture withjnteraction between two large spheres and a veallanother
small hard-sphere colloid particles, commonly called thesphere with an infinitely large radiusThis analogy allows
depletion interaction, can be traced to the same ofijinin  us to make a number of assertions, based on what is already
a binary mixture the full depletion potential is a many-bodyknown about the three-body contribution to the depletion
interaction with a dominant two-body term. Indeed, repre-interaction, concerning the influence of a wall on the two-
senting the depletion interaction as a sum of pair potentialbody depletion interaction between large spheres. First, the
has been found to give predictions that are in excellent agreavall contribution to the interaction should be much weaker
ment with the results of simulations of hard-sphere binarythan the depletion interaction between two large spheres.
mixtures[2]. Specifically, eacm-body term of the multibody Second, the direct wall-particle contribution to the interac-
expansion of the depletion interaction embodies both direcion should come into play when the diameter ratjo
and indirect contributions. The three-body term is found to>0.25. Finally, the range of the wall contribution to the
be significantly weaker than the two-body term even with thedepletion interaction should be no larger than that for the
direct contribution present, and its range is similar to that ofdepletion interaction between two large spheres. As the four-
the two-body ternf3-5]. A direct three-body contribution to body contribution to the depletion interaction is even less
the depletion potential arises when the diameter of the smaflignificant than the three-body contribution, we postulate
particle is too large to fit into the cavity formed when threethat the presence of the second wall in the Q2D geometry
large particles are in contact, which occurs when the diamwill generate no extra four-body effect.
eter ratio isq< 2/y3-1=0.1547. Here a comment is in order. The three-body contribution
To date, almost all theoretical studies of the depletion into liquid properties is dependent on density. This density
teraction have dealt with three-dimensional systems. Howdependence arises because the chance that three particles col-
ever, there is also considerable interest in systems in coride simultaneously increases with increasing density. On the
fined spaces with various geometries. Castafieda-Priegother hand, the wall contributiofthought of as the third-
Rodriguez-Lépez, and Méndez-Alcarf@ have studied the body contribution is independent of colloid density but in-
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stead depends on the wall separation. When the wall separien function of specieg. It has been shown that the deple-
tion is small enough, the wall contribution is a constanttion potential between two large hard sphei@sd between a
factor. In this respect the wall contribution to the depletionhard sphere and a smooth waltlas both attractive and re-
interaction can be expected to be more significant than thpulsive parts as well as oscillatory behavior that can be
three-body contribution. traced to correlation effects associated with the small hard
This paper addresses several aspects of the character ggheres.

the depletion interaction in a Q2D colloid system. First we We now develop a convenient and accurate method for
consider how, given information concerning the pair andcalculating the depletion interaction in a binary hard-sphere
triplet correlation functions, the depletion interaction can becolloid mixture from knowledge of the pair and triplet cor-
efficiently and accurately determined. For this purpose weelation functions obtained from simulations or from video
introduce a method based on the Born-Gré®®) equation  microscopy. We are interested in determining if the Yvon-
using the assumption that for the Q2D binary mixtures ofBorn-Green(YBG) integro-differential equation can be used
interest to us the depletion interaction is accurately repreto calculate the depletion potential accurately. This equation
sented as a sum of pair potentials. We then verify, by directelates the pair and triplet correlation functioggr) and
calculation, that three-particle contributions to the depletiorg,(rq,r,,r3), respectively, to the pair potentiak(r) when
interaction are negligibly small in the region of thermody- more than two-body interactions are absent. The YBG equa-
namic state space of interest to us. Second, we develop tin for a homogeneous liquid is
representation of the dependence of the depletion interaction
in a Q2D colloid system on the separation of the confining p
parallel plates. Third, we report the results of extensive simu¥, [Wy(r15) = Ux(rp)] = —f dr3 Ve Up(rig)gs(rura.rs),
lations of Q2D binary hard-sphere mixtures for a range of 92112 Jv
cell thickness, large- and small-particle number densities, (2
and the ratio of sphere diametays 0.3.

in whichrj; is the distance between particleand], r; is the

[l. EXTRACTING THE DEPLETION POTENTIAL FROM position of particlei, andw,(r) is the potential of the mean
THE PAIR AND TRIPLET CORRELATION force defined by

FUNCTIONS: BORN-GREEN EQUATION APPROACH

We start our analysis with a few generalizations concern- 92(r) = exp = Bwy(r)]. 3
ing the character of the depletion interaction. We restrict our
attention to the case of a binary mixture, but formal generEquation(2) can be simplified to read
alization to the case of multicomponent mixtures is straight-
forward. As first shown by McMillan and Maydi7], it is d p [~ Aux(S)
possible to describe a binary mixture of, sayand 3 spe- Q[WZ(” ~Up(N]= gz(r)fo dss— fr,s). (4)
cies, as if it were an effective one-componenrspecies sys-
tem with the directeer, 88, anda interactions replaced by
an aa free energy of interaction; the latter is obtained by
integrating over the positions of all the particles of speges
After the degrees of freedom @ are integrated out, the .
resulting effective one-component fluid can be described by _
an effective Hamiltonian containing a volume term, to which f(r.s)= Zf dbis CO0rs)Gs(r S, Ors) ®)
only the B particles contribute, a one-body term in which a
single « particle in a fluid ofg particles contributes, a two- \;nere 6. is the angle between the vectarands. We now
body term, a three-body term, and so on. In the threeg,nnose that the depletion interactiapis the effective pair
dimensional case, for mixtures in which the ratio of particle;yieraction in the fluid and we make the replacemestuy.
diametersg, is small, the most important contributions are 4o ug is generally dependent on the density of small par-
found to come from the one-body and two-body terms in thg;jes and temperaturdug=ugq 3, 7.]), where for hard
effective Hamiltonian. The three-body and higher-orderspheres the temperature dependence is linear. Equéation

terms never vanish L.mde.” all cond|t|ons,_ bu'_[ are fo_und Qan be further modified by observing that for the hard-core
make negligible contributions to the effective interaction forinteractionﬁ Ug(r)1 3r|,oy=—8(r — ), SO that
r=0c— L]

a wide range of conditions. Specifically, if two particles of
speciesx are separated by a distancand are embedded in 1 "
a fluid of speciess with chemical potentiak, the effective ug(r) _ wo(r)  Bp of(r,0) _J ds S&ud_(s)f(r,s)>.
potential acting between the particles has the forri8,9] or or g2(r) - s

Vietr = Ugalr) = ke TLC(r, s 5, T) = (o0, g s T, (6)

(1) The functionf(r,s) needed to solve Ed6) will be obtained
in which u,, is the direct interaction potential between two from simulation of binary systems. Specificafly ,s) will be
particles of speciea and CS) is the one-body direct correla- calculated for the set of grid poin{s,,,s,}:

Herer=|r,—r,|, s=|r;—r3|, and the functiorf(r,s) depends
on the system. For a two-dimensional liquid we have

0
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In Eq. (7), r,=A(m+0.5 ands,=A(n+0.5 wherem andn
are integers and is the bin size. The functiod®(x-a) is
defined as

ﬁu—mz{

The resulting function f(r.,,s, is stored in a two-
dimensional array,,, The bin sizeA was set to 0.0&. The
calculation off ,, requires the identification of all triplet con-

0, a-Al2>x=a+A/2,
1/A, a-Al2<sx<a+A/2.

figurations for a single-particle configuration. This is a time-

PHYSICAL REVIEW E 71, 041402(20095

. q=03, 1,=0.10
- q=0.6, 1 =0.13

-02

0.002

— q=03, =010
- q=06, =013 | |

0.6

/G

FIG. 1. Pair potentials as calculated from the YBG relation de-

consuming step since for each configuration a triple 100p igcribed in Sec. Il and compared with the exact pair potentials in Eq.

executed. However, we expagfto be short ranged. Accord-
ingly, we chose a cutoff distance 0&%0 all the triplets that
contribute tof,,, wherer,s> 20 need not be identified. This

procedure reduces the computer time needed to a time that
comparable to that used when calculating a pair correlatio

function.
In order to test how well the doublet and triplet distribu-

tion functions can reproduce the pair potential based on th

relation in Eq.(2), we carried out simulations for systems
with one type of particle interacting via a known pair inter-
action. The pair interaction we chose for this test is

Bugr) = - 12—;“[@;)3% + (9% + 120)

+(7)%36x+30x%)] for —1<x<0, (8)

wherex=(r/o—1-q)/q. This is the expression for the deple-

tion potential in 3D for hard spheres in a binary mixture up

to third order in %} within the Derjaguin framework10].

However, any other pair interaction would be as good for test

purposes.

Two pair interactions, corresponding to the parameters

(9=0.3, 7,=0.1) and (q=0.6, 7;=0.13 were used. Once
go(r) and f(r,s) were obtained from the simulation, we
solved Eq.(4) iteratively takingw,(r) as an initial estimate
for ugy(r). The calculated form fouy(r), together withuy(r)

(8). The calculations were done at densiy”=0.85.

acts in the system of interest. The complete depletion inter-
Retion is a many-body free energy with a dominant two-body

term. However, the three-body contribution to the depletion

interaction is not negligible for all values gfor everywhere

in the thermodynamic state space. If the three-body contri-
ution is not negligible, it can influence the pair potential

calculated from the BG equation, so that the calculated pair

potential will incorporate some averaged contribution from

three-body interactions.

The BG equation is not valid when the three-body contri-
bution to the particle interaction is nonzero. By differentiat-
ing g,(r) with respect to particle separation and assuming
three-body interactions to be present, we get the following
expression:

Vi [é(r1p) —ua(rip)] = J dra Vi Ux(r19)ga(r 1,2, r3)
v

p
Oa(r12)

p
Oa(r12)

+ f dr3V, Us(ria 13,123
v

p
X +——
03(ry,rars) 205(1 1)

from Eq.(8) and the discrepancy between the two, are shown
in Fig. 1. Our procedure is seen to give very good results.
The spike in the error plot results from a nonsmooth singular
point in uy(r) atr=q. X a(r 1,231 4). (9
The method of calculating the pair interaction based o . . .

the Born-Green equation that we have suggested offers ;\Nhen CE_iSt in the form of Eq4) an additional functiorR(r)
alternative route to the inversion methods generally used fopPpears:

this purposg11,12. In definition our depletion potential is

Xf drgj dr4Vr1u3(r12,r13,r23)
v v

equivalent to the depletion potential calculated by the au- i[¢(r) —Uuy(r)]= LJ ds s&uz—(s)f(r,s) +R(r),
thors of Ref[6] who also define the depletion potential as an o (1) Jo ds

effective pair potential due to the second-particle component.

These authors used the integral equation theory method.
The method just described for the calculatioruginakes ~ whereR(r) incorporates the contribution from the three-body

no provision for the possibility that a three-body interactionpotential. In order to get the exact two-body part of the

(10
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depletion potential when there are three-body interactions we
must knowR(r). This however is, in general, impossible. I
When, instead, we neglect the teR(r) and use Eq(4), the sk
potential that we arrive at is an effective interaction. Strictly
speaking, this effective interaction cannot reproduce any gl
property of the actual system exactly; nor is it designed to
yield any one particular property of the physical system ex- 14}
actly. By use of suitable constraints, the effective pair inter- .5
action can be modeled to yield any one, but not all, of the 12}
fluid pressure, energy, or pair distribution functigi8-16
correctly. The accuracy of our results depends on the strengtl 1
of the three-body interaction; if the three-body contributions
to the fluid properties are insignificant, our effective potential %8
should be in very good agreement with the true two-body 07 01 He . |
part of the depletion potential. The best test of this influence . . . “"0‘3’,"5‘2;31’378‘2"
is to compare the results of simulation of the one-componeni 1 2 3 4
system interacting via the effective pair depletion potential rle
W'_th the reSl_JltS for' the binary system. We Show beI.OW that FIG. 2. The pair correlation functions of a binary hard-sphere
this comparison y'e",’S Qxcellent agreemgnt, .|mply|n'g th_"’%ixture and the corresponding effective one-component system for
the three-body contribution to the depletion interaction isy,q plate separatiod = o, densitypa?=0.85, and.=0.3. The inset
negligible even for diameter ratias>0.1547. contains a close-up of the pair correlation functions near the contact
value.

0.6~

I1l. SIMULATIONS
=moNg/ (6HA), where Ng and o5 denote the number and

We have carried out two sets of simulations of Q2D bi-" i .
giameter of small particles, respectively.

nary hard-sphere mixtures. The first set of simulations use
the (N, z;,A,H) ensembleN is the number of large particles,
Zis the f_ugacity of the smqll particles_, aAdis the area and IV. RESULTS OF SIMULATIONS

H the height of the containing cell. This ensemble represents

large particles in a space of heigtitbetween two hard walls ~ All of the simulations in thegN, z;,A,H) ensemble were
immersed in a reservoir of small particles with densify ~ carried out with the density of large particlps?=0.85 and
For hard spheres there is no dependence of the thermodifie diameter ratig=0.3. The high liquid density was chosen
namic properties on temperature. The number of large paito facilitate calculations since at high density fewer small
ticles is fixed alN=400 and the hard plates arezatH/2 and  particles are required for a giveg The size ratia@j=0.3 was
z=-H/2; hence, the sphere centers are restricted (fd — selected to include the direct contribution to the three-body
-0)/2<z<(H-0)/2. The simulation algorithm directly depletion interaction as well as to facilitate calculations. It is
controlsz, but in order to be able to contrpf, we use the within the range commonly used _in the_experimental_ st.udies.
relation pf exp(Bus) =z, where u* is the excess chemical To ensure Fhat the coIIected conflg'uratlons are not Ilmlt'ed to
potential of the small spheres. We have used the Carnaha@-local minimum, a potential ergodicity problem when simu-

Starling equation of state to calculai€”, since that equation ating asymmetric binary mixtures, each system was equili-

The Born-Green relation which was used to obtain thdriangular lattice crystals, one distributed throughout the
depletion interaction is for a homogeneous 2D liquid. Thewhole cell with the lattice constan=+2/(pv3) where
Q2D system allows out-of-plane motion of the large par-p0'2=0.85 and the other confined to one part of the cell with
ticles, which may obscure our results with contributions fromthe lattice constan < \/2/(p,v3) wherep,,0?~0.91 is ap-
slightly out-of-plane positions of large particles in theli- proximately the melting density of a hard disk and Q2D
rection. To avoid this problem we constrain the large-particlehard-sphere solifiL7]. For all cases covered in this work we
centers to a strictly two-dimensional plane regardless of théind that the two initial conditions evolve to the same final
plate separation. No constraints are imposed on the smalstate. Furthermore, a number of calculations performed at
sphere motion. This procedure allows us to calculate théower density(see later produce the same depletion interac-
depletion potential between large spheres at fixed distand#&on, providing further assurance that the system is not frozen
from the walls rather than for particles at different distancesn a metastable region.
from the walls. Given that the three- and higher-body terms
of the depletion potential are negligible, our scenario is
equivalent to that of calculating the depletion interaction be-
tween two large spheres immersed in the sea of small spheres In this section we examine the three- and higher-body
at fixed distance from the walls. contributions to the depletion interaction. We first compare

The density of the large particles is definecpaN/A and  the pair correlation functions of a binary hard-sphere mixture
the packing fraction of the small particles ags  and the corresponding effective one-component syskem

A. Three- and higher-body terms of the depletion interaction
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FIG. 3. The density dependence of the effective depletion pair
potentials for the plate separatiot=o and 5,=0.3. For a strictly
two-body depletion interaction, there should be no density depen-
dence in the effective depletion pair interaction.

2) for .=0.3 atH=0 and densitypo?=0.85. The two pair
correlation functions compare very well. The biggest mis-
match occurs at contact separationo whereg, of the ef-
fective one-component system slightly underestimgjefor
the binary system.

Next, we investigate the density dependence of the deple

Lrr0)

tion pair potentialuy(r), calculated from the Born-Green re- po=0.85 [— ]
lation[Eq. (6)]. As the density increases, the three-body con- =03, 7203, H=o |-—- " |{
tribution becomes more important because there is a greate 3 ‘ p)

probability for particle triplets to come within the range of 1/c
the three-body interaction. Figure 3 shougr) for 7;=0.3 .
FIG. 4. T3 [Eq. (11)] for the two- and the effective one-

at plate heightH=o for densitiespo?=0.8 andpo?=0.85. . .
Evgn for thig high density of smeﬁl particles V\i)e find only acomponem systems for the densjty“=0.85, the plate separation
' H=0, and 7;=0.3.

very small change due to the density increase, indicating that
the three- and higher-body contributions to the depletion in- _ ) )
teraction are very small and do not affect our results. bution functions for equilaterdt,r,r) and isoscele§,r, o)

As follows from a uniqueness theorem for the pair Corre_triplet Configurations normalized to the KirkWOOd Supel’posi-
lation function[18], a pair potential can be designed to re- tion product of pair correlation functions:

produce the pair correlation function of the system with 9s(r,s,1)
three- and higher-body terms, but it cannot be designed to Is(r,s,t) = N (DD (11)
reproduce the triplet and higher-order correlation functions. 92()92(S)92(1)

This fact can easily be demonstrated if we consider the lowfor 7{=0.19 and,.=0.25 the agreement betweEg for the
density limit for a system with only two-body interactions, effective one-component and binary system is very good. For
lim,_o0s(r,s,t) =exp{—=Blux(r) + ux(s) +ux(t)]}, and for a sys-  7/=0.3 the difference between the two is more significant
tem with three-body interactions, ljmqgs(r,s,t)=exp  especially at smalt. Figure 4 showd'; for the two- and
{=Blux(r) +uy(s) +uy(t) l}exd —Bus(r,s,t)]. In this simplified effective one-component systems for dengity=0.85 and
limit it can be seen that no two-body term can substitute irplate separatiorH=¢, for different values of the small-
an exact manner for the explicit three-body contribution inparticle packing fraction. The functidriy for the binary sys-
gs. Though our effective pair potential was not designed tatem displays modulations which are absent in the pair repre-
specifically reproduce a pair distribution function exactly, sentation of the binary system.
nonetheless it does well in this respgétig. 2. Conse- It is useful to make a few comments regarding the perfor-
quently, the discrepancy between tlig's of the two- mance of the Kirkwood superposition approximation. This
component and the effective one-component system is approximation fails on account of the formation of local or-
good measure of the three-body contribution to the particlaler. As the density increases, the liquid develops a local an-
interactions. gular order which anticipates the solid structure. For
To compare the structure of a binary system and an effedFs(r,r,r) the superposition approximation underestimates
tive single-component system, we measure the triplet distrithe presence of equilateral triangles big enough to enclose a
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FIG. 5. The pair correlation contact valugéH, ) as a func- FIG. 6. Depletion potentials for different plate separations and

tion of the plate separatior. Herey(H, ) for the case where the packing fractions of small particles. The potentials have been
large spheres are at the wall contact is scaled according to thghifted for better presentation.

formula 2y(2H-o, 7)) — y(o, 75). ) _ _
4 ) instead has a modulating character; it can reduce or enhance

single particle. On the other hand, the presence of equilater.%lrl]e depletion interaction, depending on the distance of large

. S ) articles from a wall.
triangles too small to enclose a patrticle is overestimated b

the superposition approximation. FB(r o) the superpo- Figure 6 shows the depletion interaction calculated from
Perp pp - FO8ILT L0 herp the Born-Green relatiofEq. (6)] as an effective pair poten-

si_tion approximation overestimates tlhe presence of isosc_:elc?%l For eachs. we plot the depletion potentials for plate
triangles large enough to host a particle internally, a configu-._ - S

. . . separations that are of most interdst: o, H corresponding
ration that is unfavorable for the local triangular symmetry.to the minimum of the plot in Fig. 5, and large where the

;I;]hee Suurger:g?;_lgOﬂeigirost!}nrﬁﬁﬁgnp% r:?rr]rgzisr:ghtxiﬁﬁsees 1:[?: epletion interaction is close to the homogeneous 3D limit.
P P y y he depletion potential most strongly influenced by the pres-

we have studied, since the latter are more disordered aethce of the wall is that foH=¢. Its repulsive barrier and

po?=0.85. range are reduced. As the plate separation increasés to
~1.20, the barrier and range of the depletion potential in-
creases. At large plate separation both the range and barrier
are slightly reduced and the depletion potential stops chang-
To be able to gauge the manner and extent of the influencgg with the changing plate separation as the 3D homoge-
that the slit geometry walls produce on the depletion interneous limit is approached. Faf=0.19 the influence of the
action between large spheres at givgnwe show in Fig. 5 wall on the depletion interaction is very small as little change
how the contact value of the pair distribution function be-is produced by increasing. At 7.=0.30, on the other hand,
tween large sphereg,(o), whose centers are constrained tothe repulsive barrier ati=c almost completely disappears.
the 2D plane, changes with the plate separation for different |In Fig. 7 we plot the difference between the two-body
7. We use the symbo}(H, 7)) to denoteg,(o) at givenH  depletion potentials foH=¢ and largeH corresponding to
and 7. For the system with large particles in wall contact wethe 3D homogeneous limitAus(r)=uy(r;H=0)-uy(r;H
scale y(H,7) according to the formula A2H-o, 7)) =largg. This will allow us to extract a pure wall contribution
-¥(a, 7y. If the influence of both cell walls on the depletion to the pair depletion potential wheti=o. The resulting walll
interaction is a sum of the individual wall contributions, the contribution is very similar, qualitatively and quantitatively,
two plots should overlap. It can be seen in Fig. 5 that theo the three-body contribution to the depletion interaction
resulting data points indeed overldihe visible discrepan- calculated in Ref[5]; as in Ref.[5], Aug(r) is highly modu-
cies lie within the statistical errgirthus, the contribution of lated, reflecting correlations between the small particles. It is
two walls is an additive effect and the presence of the seconphuch smaller than the two-body depletion potential, and its
wall does not produce a four-body effect between tworange is similar to that of the pair depletion interaction.
spheres and two walls. The results presented above suggest that the wall contri-
The range of the wall influence on the depletion interac-bution to the depletion interaction is visible but not very
tion is of order a small particle diameter; fét>1.60, @  strong. For a low density of small particlég.=0.19 the
small particle can fit between a large particle and a wall andlepletion potential hardly changes with distance to the wall.
¥(H, 79 begins approaching the homogeneous liquid limit. The depletion interaction, as may be expected, is most
The wall influence on the depletion interaction does not afstrongly affected by the wall contribution at the limit of con-
fect a monotonic trend with increasing plate separation, bufinement(when the plate separation equals a large particle

B. Influence of the walls on the depletion interaction
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‘ ‘ ' ' ' ' ' In the following we provide a detailed description of the

] calculations. Two parallel hard plates placed inside a hard-
sphere liquid(we assume the spheres are small for the sake
] of clarity) feel an outside and an inside pressure. The outside
: pressure is that for a homogeneous hard-sphere liquid,

02 / -
/

BPout= pL+ Bopt®+ Bapl + -+, (12

where B, are the usual virial coefficient20]. The inside
pressure, unlike the pressure outside, depends on the plate
separation. When written in the form of a virial expansion

_ _ . we have
03+ H — nz0.19 || Bpin(h) = P; + BZ(h)sz + Bs(h)Pgs LR (13
B q=<0.3, H=0 | --- n=0.25
2=0 (center)| .. a0 We reserve the small lettérfor the plate separation, instead
V04— — e 1o of the capital letteH, because as we transform E(k2) and
/G (13) to describe the depletion interaction between two large

_ _ _ _ spheresh will refer to the shortest distance between two
FIG. 7. The difference between the effective pair potentials atlarge sphere surfaces and not the wall separation.3qtie
H=c and at largeH, Auy(r)=uq(r;H=0)~uy(r;H=large, for the  yonote theh-dependent virial coefficients. Fdr<og, Py,
system of the large spheres constrained toxghelane at the center. =0 since no particle can enter the slit cell. In the lirhit
_ _ ) - —», By(h)=B,, and P;;=P,,. For h=<os the salvation
diameteJ. At this plate separation the range and repulsivesforce” f, defined as the net pressure felt by a wall, is
barrier of the depletion interaction are reduced. Another con-

clusion of our study is that the wall contribution is not a Bfs==Poy=~pi—Byp —Bapy =+ (14)
monotonic function of distance to the wall, but instead is and. forh> o
modulating function ofH. This is in agreement with our ' s
conjecture which claims that the wall contribution is in es- Bfg(h) =Py, (h) = Py
sence similar to a three-body contribution to the depletion _ _ 2 _ 3
interaction[5]. If the large particles were released from the =1B5(h) — Ba}pg™ + {Bs(h) ~ Balps™ + - (19

requirement of lying in a plane and allowed to have an out-The depletion force between two plates with separation
of-plane motion as is the case in experimental studies, thgxpressed in terms of the solvation forcefjgh)=Afg(h)
wall contribution would be even less significant since paryhereA is the area of a plate.

ticles would occupy different positions relative to the walls. T4 calculate the depletion force between two large hard
spheres(instead of the large hard plajem the heteroge-
neously distributed small-particle liquid, we use two ap-
proximations. First, we use the Derjaguin approximation to
deal with the sphere curvatuf2l]. Second, to deal with the

In this section we derive an expression for the depletio heterogeneous small-particle distribution we use a local ap-
P P rEroximation where we assume that for an infinitesimal sur-

;orcel bg_tV\t/e_ke)nt t\(/jvo Iargef sphe”res |:_nr|nersled In thf gor:hm ace element the small-particle distribution is locally homo-
ormly distributed sea ol small particies. n our study egeneous and all the contributions are additive. The results

d|s|t|ort|(;nthof th‘ﬁ svl;r;all—parttlﬁleldenlsgy |s_taffected .by tt.heare, forh> o, where herdn is the smallest distance between
walls of the cell. We use the local density approximationy, .’/ .t~ o of two large spheres,

where density of small particles at each volume element is

V. VIRIAL EXPANSION FOR THE DEPLETION
POTENTIAL IN CONFINED GEOMETRY

treated locally, ignoring the influence of density variations of 5 2 ] )

a neighboring region. This model, by considering the small- fy(h) = 2md f dé sin 6 cos &{b,(6, h)[pg(6)]
particle density variation “literally,” represents a limiting 0

case where effect of the walls on the depletion interaction is +bs(0,h PO+ -} (16)

maximal. The comparison between the model and simulation _
results will allow us to gauge the extent of the nonlocalnd: forh=<os

effects present in the real system. The density distribution of 2
the small particles along theaxis used in our expression for fa(h) = 27Td2f dé sin 6 cos &{b,(6,h)[px(6)]°
the depletion force is calculated from the simulation at given 05(h)
H, 7, andq where no large particles are present. +by(0, PO P+ -

To carry out this investigation we use a virial expansion.
We carry the expansion up to and including the third virial — o Hf(h)de in 6 cos6(B,[p(6)]2
coefficient, as calculated by Mast al. [19] for hard plates 77 0 Sin 6 cos B, ps(6)

immersed in a hard-sphere liquid bath. We then use the Der- 5
jaguin approximation to apply those results to hard spheres. +Blpl(O) P+ -} (17)
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In Egs. (16) and (17), b,(0,h)={B,(h+o-2d cos)—-B}, 10F
6q(h)=arccof(h+o)/2d], andpy(6) is defined as :

Virial expansion

2 2 /__?;‘_‘ L s ]
p6) = —f d¢ py(d sinfcose). (18 SES E
™o -0F

0 and ¢ are the angular degrees of freedom of the spherical 5 B

coordinates where is the azimuthal angle. The origin coin- 5 -2

cides with the center of one of the particlesis measured ~— &.-Bf LN

from the direction(R;—-R,) whereR,; andR, are the loca- 0SS N\ e T

tions of the centers of the two large particles. -35F / 4
If we terminate the virial expansion at first order, we get 40/

an equivalent of the Asakura-Oosawa approximation. In rect-  -45" 7

Simulation

=030, g=0.3, z=0 3

angular coordinates this approximation reduces to -SOF - E?iyéiﬁ
v e S5 13 6 To
o =-4] " dzp@Z0 -2 a9 o
0

- [ (224 . . FIG. 8. The depletion force calculated using our model de-
wherez(h)=yd*~(o+h)?/4 denotes the point on theaxis scribed in Sec. V compared to the exact depletion force calculated

where two spherical shells of radiasseparated by a dis- from the simulation for different plate separations. The depletion
tances+h and located at the center of the cell cross. Wheny, e for the simulation result has been shifted down for presenta-
the density of small spheres is made independentve# get  tjon purposes.
p(2)=pg and Eq.(19) retrieves the Asakura-Oosawa deple-
tion force for a homogeneous liquj@2,10, cause when a low-density region is embedded in a high-
density region, it gains some order, otherwise absent in a
_ r 2t 2 2 _ r uniform system. On the other hand, a high-density region
fac(h) == 4p; 0 dzvz(h) -2 = = mpzi(h). (20) surrounded by a low-density region loses some of its order.
In this context one may loosely speak of a “conservation of
We have a few comments concerning the nature of th@rder” being responsible for resisting deviations from a uni-
Derjaguin approximation. The Derjaguin approximation be-form structure. The calculations performed#t0.19 and
comes exact in the limig— 0. As q increases, its perfor- 7.=0.25 indicate that the discrepancy between the virial ex-
mance is expected to worsen. However, it turns out that apansion and the simulation results decreases with decreasing
additional source of error from truncating a virial expansiondensity.
at third order cancels out the shortcomings of the Derjaguin The qualitative agreement between the simulation and the
approximation[10]. Thus the apparent success of the Der-virial expression results for the depletion force permits us to
jaguin approximation within the third-order theory reported determine the connection between the small-particle density
in Ref. [19] does not testify to good performance of this distribution and the depletion force between two large
approximation, but is rather accidental, and inclusion of thespheres. In Fig. 9 we show the small-particle density profiles
fourth- and higher-order terms produces poorer results. Thalong thez axis generated from simulations of the small
model described above was found to produce very good reparticles in the slit geometry when no large particles are
sults for the uniform density of small particles in agreementpresent. For the largest plate separation, the two outermost
with results reported in Ref19]. For the case of nonuniform peaks are too far from the center of the cell to influence the
density distribution of small particles, deviation from the depletion force between two large spheres located in the cen-
simulation results is attributed to the local density approxi-tral plane. The effects of the secondary peaks are almost
mation. invisible. For plate separatioH =0, the depletion force is
In Fig. 8 we plot the resulting depletion force calculatedenhanced and shifted to smaller particle separation compared
using our model for different plate separationsygt 0.3. For  to that for the homogeneous case. The shift and enlargement
large plate separation, when the density of small particles igs caused by the outermost peaks whose influence becomes
uniform or close to uniform, the resulting depletion force important at smaller particle separation. The shift of the re-
compares very well with the simulation results regardless opulsive barrier to lower particle separation produces the re-
the density of small particles. This suggests a good perforduction of the attractive range of the depletion force. For
mance of the Derjaguin approximation. The depletion forcentermediate plate separation the repulsive barrier and the
at other plate separations, where the small-particle density isttractive part of the depletion force are reduced. This indi-
not uniform, develops the same trends as the depletion foraeates that the outermost peaks are already beyond the range
of the simulated system, but with a degree of exaggeratiorwhere they can influence the depletion interaction between
In the real system, therefore, the effect of the nonuniformwo large spheres. The reduction effect comes from the val-
distribution of the small particles is alleviated. Gotzelmannleys following the outermost peaks. We conclude that for the
and Dietrich[23] observed that in the slit geometry the lay- density of small particles covered in this work, the effects of
ers parallel to thexy plane exhibit stronger correlations at confinement on the depletion interaction between two large
lower density than those at higher density. This happens bespheres comes from the outermost region where the density
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| ' ' nil=o,30',q=o.3 oyt Not surprisingly, the largest changes in the depletion poten-

1 — [ tial occur whenH=¢, when the confinement is greatest. At
: --- H=l.15¢ ;i
~ H=1.650

this plate separation, both the range and repulsive barrier of
the depletion potential are reduced. The range of the wall
influence on the depletion interaction is equivalent to the
diameter of a small sphere. Another important feature of our
i results is that the confinement does not produce a monotoni-
cally changing influence on the depletion interaction with
increasing plate separation, but instead produces a modulat
. ing contribution. Both the depletion potential range and the
repulsive barrier oscillate as the plate separation increases.
We have also studied the depletion interaction by compar-
ing the simulation results with an idealized model that treats
the density of small particles, into which two large particles
e b e are immersed, locally without reference to the neighboring
8 region. For large plate separation when the density distribu-
tion of small particles is nearly uniform, the resulting deple-
FIG. 9. The small-particle density profiles along thaxis gen-  tion force compares very well with that of the simulated
erated from simulations of the small particles in the slit geometrysystem. For smaller plate separation the depletion force cal-
when no large particles are preseni(z)=mo3p4(2)/6. culated from the model develops the same features as that of
the simulated system, indicating that the changes in the

distribution is mostly distorted. For size ratios less thgan depletion force are connected with the density distribution of
=0.3 and the same packing fractiof, the influence of the small particles. How_eve_r, the model gives an exa_gg_erated
confining walls on the depletion interaction is expected to beccount of the contributions due to the spatial variation of

smaller since the outermost peaks are more narrow and fathe smal]—particle densi.ty. This'indicates that in a real system
ther removed from the central plane. there exists a mechanism which counters the effects of the

spatial variations of the small-particle density. By investigat-

ing the connection between the small-particle density profile

and the resulting depletion force, we determined thatrfor
We have studied the depletion interaction and how thisvalues covered in this paper it is the outermost peaks to-

interaction changes with changing the degree of confinemergether with the adjacent valleys that affect the depletion in-

in a Q2D binary hard-sphere mixture with size raiie0.3.  teraction in any significant waj24].

By going to large plate separation we were able to compare
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