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Effect of Geometrical Confinement on Depletion Interactions in Colloidal

Suspensions
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The depletion effect between two big hard spheres in a sea of small spheres under a geometrical confinement is

studied by Monte Carlo simulations. The numerical results show that both the depletion potential and depletion

force are sensitive to the geometrical confinements.
PACS: 82.70.Dd

It is well known that depletion effects arise at the
positions where two big hard spheres are immersed in
a sea of small spheres. The mechanism of depletion
force was first described by Asakura and Oosawa,!!]
and now it has attracted great attention because of
the practical importance for understanding the prop-
erties of sphere mixtures and the significance in fun-
damental statistical mechanics. In recent years, many
studies on depletion effects have been obtained by
computer simulations,2=4 approximate theories,®-¢!
density functional theoryl7=% and experiments.[10:11]
These studies have significantly improved our under-
standing of the structure and equilibrium behaviour
of hard sphere fluids, especially in the case without
geometrical confinements. However, there is recent
experimental evidence that effective interaction be-
tween charged-like colloidal particles is sensitively af-
fected by a geometrical confinement between two par-
allel charged plates.['2716] This reminds us that the
depletion interactions in hard sphere suspensions may
also be affected by the geometry confinements. In this
Letter, we analyse the effects of the geometrical con-
finements on depletion interactions.

It is known that the main actors of depletion ef-
fects are the depletion potential and depletion force.
Among small spheres of radius r, the depletion force
on a large sphere of radius R is usually determined by
the density integral method,*7 i.e.

f=—kpT /S pndA, (1)

where kp is Boltzmann’s constant, the integration is
taken over the surface S of a sphere of radius R + r
spanned from the centre of the large sphere, n is the
unit normal vector starting from the large sphere.
However, the depletion force can also be calculated
by the differential of depletion potential which can be
conveniently obtained by the acceptance ratio method
(ARM) introduced by Bennett,['”! details of the ARM

and its implementation can be found in Ref. [4]. For
the ARM, different values of the distance between the
two large spheres are taken as different systems, if the
potential and the partition function of two systems are
Vo, Qo and Vi, @y respectively, the free energy differ-
ence between the two systems is given by!4

_ n& - (fIB(Vi = Vo) + Cl)o
PAE ==t = " s — v — O
Ny
— _1nN—0(1), (2)

where 8 = kgT; T is temperature, Nip is the num-
ber of samples drawn out from N simulated samples,
which are generated from the potential V{y, where V; is
not infinite; Ny is the number of samples drawn out
from N simulated samples, which are generated from
the potential V; where Vj is not infinite.

The model considered here is a rectangular box of
size Ly x Ly x L , with two boundless hard walls rep-

1 1
resented by z; = _ELI and o = =L,. In the box,

two big hard spheres are placed in the middle of the
box along the z direction and small hard spheres are
randomly distributed in the box to form a hard sphere
fluids, the size ratio R/r is take to be 5, the number
of small spheres N is determined by the given vol-
ume fraction 7, defined as n = NV, /(V — 2V,), where

V = Ly XLy x L, is the total volume, Vs = §7r7‘3 is the

4
volume of a small sphere, V}, = §7TR3 is the volume

of a large sphere. The effects of geometrical confine-
ments can be investigated by changing the width of
the box by moving the two boundless hard walls. The
width of the boxes studied are L, = 207, 167, and 137
respectively. We perform the simulation with volume
fractions n = 0.116, 0.229 and 0.341 respectively, for
each 7, we set Lz = 36r, L, = 18r. When the param-
eters , Ly, Ly, and L, and the initial configuration of
the spheres are given, the configurations of the small
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Fig.1l. Depletion potentials between the two large-

spheres with different geometrical confinements in differ-
ent volume fractions (a) n = 0.116, (b) n = 0.229, (c)
n = 0.341.

spheres are sampled according to the Metropolis
algorithm '8! with the two big spheres fixed at separa-
tion h. Each small sphere is orderly chosen involving
a trial displacement and the new position is accepted
as long as it does not result in an overlap with the big
hard spheres, the other small spheres and the walls.
To take the geometrical confinements into account,
the mirror boundary condition is used in the z direc-
tion, but the periodic boundary conditions in the y
and z directions. These denote that, except for the
two parallel plates placed in the x direction, there are
no plates placed in the y and z directions. Therefore,
when an attempted moving bring one small sphere out
of the box in the z direction, it is brought back to the
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Fig. 2. Depletion forces between the two large-spheres
with different geometrical confinements in different vol-
ume fractions (a) n = 0.116, (b) n = 0.229, (c) n = 0.341.

box by the mirror reflection on the surface of z; =
—%Lz and z; = %Lz.
odic boundary condition is used in all the three direc-
tions, it is just the case without geometrical confine-
ments. Meanwhile, the magnitude of the maximum
random displacement is adjusted so that the overall
acceptance ratio is about 0.3-0.5. In our simulation,
1.0 x 10° Monte Carlo steps (MCS) are used for equi-
librium of the system and other 3.0 x 10°> MCS to col-
lect data. In the calculation of depletion potential
between the two big spheres, the separation between
them is changed and the free energy difference between
different distances is obtained by fixing the potential
zero to a reference point. In the present study, the
contact of the two big spheres is chosen to be the zero

Obviously, when the peri-
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point of energy, this choice will not affect the depletion
force because it is the differentiation of the depletion
potential. To demonstrate the effects of geometrical
confinement on depletion interactions clearly, all the
depletion potentials corresponding to the cases men-
tioned above are shown in Fig.1. The depletion po-
tential F' in units of kgT is plotted as a function of h,
the length is measured in units of ». Corresponding to
the depletion potentials shown in Fig. 1, the depletion
forces are plotted in Fig. 2: the unit of depletion force
is TRpkpT, where p is the number density of small
spheres. In Figs.1 and 2, the solid lines describe the
depletion potentials or depletion forces without geo-
metrical confinements, whereas the other lines are for
the geometrical confinements case: the dashed lines
for the width between the two plates L, = 20r, the
dot-dot-dashed lines for L, = 16r, the dotted lines
for L, = 13r. From Figs.1 and 2, it is evident that,
no matter whether the volume fraction is high or low,
both the depletion potentials and depletion forces are
affected by geometrical confinements from the two
parallel plates or by L,. Furthermore, we also note
that, for the same volume fraction, the nearer the two
plates are placed, the larger the depletion potential
and depletion force will be. Obviously, the nearer the
two plates are placed, the larger the geometrical con-
finement effects will be.

In summary, we have studied the depletion poten-
tial and depletion force in the hard sphere mixtures
with or without geometrical confinements through

Monte Carlo simulation. From the above discussion,
we have shown that the depletion interacts are affected
by the geometrical confinements, the nearer the two
plates are placed, the larger the effects from the geo-
metrical confinements will be.
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