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Potential of mean force between a spherical particle suspended in a nematic liquid crystal
and a substrate: Sphere size effects

Evelina B. Kim and Juan J. de Pablo
Department of Chemical and Biological Engineering, University of Wisconsin, Madison, Wisconsin 53706, USA
(Received 30 May 2003; published 2 June 2004

The expanded ensemble density of states me(BaEDOS is used to investigate the effective interaction
of a spherical colloidal particle suspended in a confined liquid crykta) with a substrate. The potential of
mean forcg PMF) is determined as a function of the normal distance between the particle and the substrate's
surface. The presence of the substrate induces a layered structure of the LC, which in turn greatly influences
the PMF. We analyze the structure of the Saturn ring defect that accompanies the colloidal sphere, and find that
the ring is displaced slightly towards the surface when the sphere is within the first LC surface layer. A
transition occurs from an overall attraction of the colloid to the substrate to a global repulsion when the
sphere's radius is roughly twice the length of the LC molecules.
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[. INTRODUCTION resources. A reasonable compromise between molecular-
level resolution and computational feasibility can be
Suspensions of colloidal particles in nematic liquid crys-achieved by resorting to a coarse-grained model. In this work
tals (LCs), bulk or confined, exhibit a number of interesting we model liquid crystal molecules as Gay-Berne ellipsoids,
characteristics; these include the formation of topological deand we examine how spherical particles of different sizes
fects and the occurrence of anisotropic interactions betweeinteract with a substrate through the liquid crystal. By adopt-
colloidal particles. Several studies have considered thes@g such a model, we are able to examine the effects of the
phenomena from both the experimer(tt-3] and theoretical shape, size, and anchoring properties of the colloids and their
points of view[4-8]. While these studies have focused oninteractions with surfaces at a molecular level. Molecular
micrometer length scales, a number of more recent publicasimulations provide unique insights regarding phenomena at
tions has appeared that probed the nanometer scale aspectité nanometer scale and they do not require any assumptions
the problem through the use of molecular dynamics simula¢other than those implicit in the choice of a model or force
tions[9-12. field), thereby providing an ideal complement to studies in-
The alignment of liquid crystallingLC) films on a sub-  volving continuum and field theoriggnd thus strictly valid
strate is remarkably sensitive to surface chemistry and napnly at macro- or mesoscopic length scales
nometer scale topography. Self-assembled monolayers
(SAM) of alkanethiols chemisorbed on obliquely deposited
gold films exhibit well-defined surface chemistry and topog- Il. SIMULATION METHODS
raphy and are uniquely suited to investigate the response of
LCs to surface characteristifd3]. These surfaces can be  The system under consideration consist&ldiquid crys-
used to induce a uniform alignment of the LC extending oveital particles confined by two soft repulsive wallsza0 and
tens of microns. The specific binding of proteins or viruses toz=Z,,. A Soft repulsive sphere of radidis separated from
bio-receptors embedded in SAMs distorts the local nematithe lower surface by a distaneg,, [see Fig. 1a)]; z,n plays
order; this perturbation is further amplified into the bulk andthe role of a reaction coordinate A recently proposed ex-
results in the formation of multidomains that can be detectegpanded ensemble density of states metttodEDOS is used
with an optical microscope. This ability of LCs to optically in this work to perform the free energy or potential of mean
amplify and transduce binding events at surfaces has bedarce (PMF) calculations. This method offers advantages in
employed to design LC-based bio-sengdr4,15. that it facilitates good sampling of phase space without prior
In a bio-sensor, a binding of a protein is detected througtknowledge of the energy landscape of the system.
the formation of topological defects triggered by distortion In accordance with the expanded ensemble technique, the
of local nematic field at the binding site. The size of thereaction coordinate is discretized or expanded; an expanded
proteins in these experimental sensors ranges from 3 to 5 nsiatem [see Fig. 1b)] is defined as
[14,15 (compare that to the length of a typical LC former,
e.g. pentylcyanobiphenyl 5CB at 1.8 iirthe shapéor con-
formation) of these proteins is largely globular. A better un-
derstanding of the perturbation of the nematic field by a pro-
tein could lead to effective designs for such sensors. Whilavhere the reference value ﬂf;h defines the lower boundary
we would benefit considerably from atomistic-level simula-for the reaction coordinate. M such states are introduced,
tions of proteins suspended in liquid crystals, calculations othe partition function for the entire system at constant num-
that magnitude would require extraordinary computationaber of particlesN, volumeV, and temperatur& is given by

m" state= (M- 1) A z+ Zop < zgpn< MA z+ 25, (1)
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FIG. 1. (a) Schematic view of the systerfb) Definition of the expanded state&s) Various interactions between the LC particles and the
colloid and the substrate.

M M old value. In traditional DOS simulations, threshold values
Q=> Q(N,V,T,m)g,,= > QnOm: (2 of 1077 to 10°® are enforced to achieve an acceptable accu-

m=1 m=1 racy for the density of states. In this application much less
stringent value$1072 to 10°3) are sufficient. In particular, the
initial value of Inf was set at 0.1all In g,, were initialized
to the same value of 0.1 at the beginning of a simulafidgn
was halved four times to a final value of 0.00625.

The PMF can also be obtained independently by measur-

whereQ,, andg,, designate a partition function and a weight-
ing factor for a staten, respectively. The partition function is
related to the free energy or PMR(&,), of the system
through the following expression:

Bw(&y) =—1n Qp,. (3) ing and integrating the mean forég,, as a function oty
If the weight factors are equal to @/, the probability of . . Zsphm
visiting a statem becomes uniform and proportional to€2/ WO (Zgpnm) = WO Zgpn ) = f Fspi2dz.  (7)
In that case, the PMF can be obtained from the knowgy,1/ Zsph,1

By designing an algorithm that ensures equally probable vis: . .
its to all states, one can ensure that the weighting faogays, The mean force is a simple average of the resultant force due

provide a faithful estimate of the inverse density of states,tO the interactions between the colloidal sphere and the LC

- : molecules within the cutoff radius of the sphere. The two
Qm The PMF s then obtained from independent estimates of the PM#" [Eq. (4)] and wf'®
o . Qm [Eq. (7)], must agree, and the agreement, in addition to the
BIW" (Zsphm) = W"(Zsph, 0] =—In N =[In gn—1Ing,]. predetermined threshold value fyfcan be used as a criterion
! for convergence of the weightg,.
(4) Since the two final PMF curves™ andw®° are in close

; : : - t, we present only the latter as the results for the
Only a brief outline of the algorithm employed to achieve agreemen > :
uniform state sampling is provided here. Details can béDM'.: in Sec. V. The reason for our choice is that the inte-
found in[16,17. Every time a staten is visited(i.e., when- gration of the forC(_a ylelds a smoother curve than that ob-
ever thez coordinate of the sphere chanpése weightg,, is tained from the weightg,
modified by an arbitrary convergence facfoaccording to

Im — G/ f 5
The system under study comprises at least 11(48(00

and the histogram of visits to that state is updated. The aGy the |argest sphejdiquid crystal particles confined be-
ceptance criteria for changing from afd state to anewstate  yeen two soft repulsive walls @=0 andz=2Z,,. The LC

Ill. SIMULATION DETAILS

are given by particles are represented by soft repulsive ellipsoids of revo-
o lution having length to widthoy) ratio « of 3. Each mol-
P,.dol new) = min{1, exg- - . ) 0 -
acd0ld — new ML, exp= AlUnew= Vo) eculei is characterized by a center of mass position vegtor
+(IN Gnew= IN Qo0 I} and an orientation unit vectar,. Mesogend andj interact

—min{1, exg- AU+ A Ingl}. (6) along an intermolecular vector;=r;-r;(|f;|=1) via a
shifted and truncated Gay-Berg@&B) potential,
Once a global histogram for a given valuefds sufficiently
flat (the minimum histogram entry being at least 85% of the ~ {480(9512— ;%) +e0, 0 <2
ij =

average f is decreased according to a monotonically de- 0 08 >2 (8)
creasing function(the square root is commonly usedhe ’ !y

random walk cycle then resumes with a smaller valud.of

The simulation proceeds unfilfalls below a certain thresh- eij = (|rij| = o3 + o)/ 09, (9
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AR BN (o 2| ]2
0y = 7% 1-X (Fij - G +Arij 'AUj) + (Fij - G _Arij ;Uj) ,
2 1+)(ui-u]- 1_)(Ui'Uj 156 |
(10)
2 I [
k=1 " 1]
=T 11 0 "
X K2 +1 ( ) n_“‘ 1':| l:'
whereo;; describes a contact distance between a pair of el- = M\/\/_ ‘/\/\/\ﬂ
lipsoidsi andj, andog andeg are length and energy param- : N M
eters. ol noal
In addition, the LCs interact with all interfaces according 0! S NN '
to the same potential as in E), with o;; defined differ- . AR RV NN '
ently for a sphere and a surface: AR RN
‘tl ‘l'
Qij = (|I’i - rspd_ R+ 0'0/2)/0'0, (12) 00 1I0 2IO 3I0
z
@ij = (2| + 0o/2)/ . (13) FIG. 2. Density(dashed ling and P, (solid line) profiles for a

In this case gy, and |z| denote the position vector for the confined system.
center of mass of the sphere of radiRsand the normal
distance of a mesogenfrom a surface, respectively. These molecular-level structure of the colloidal-liquid crystal sys-
potentials result in homeotropiperpendicularanchoring of  tem; we expect strong features to arise in the immediate vi-
LC molecules at all interfaces. The force on a sphere due toinity of the surface and much weaker, bulklike structure in
a given mesogen is calculated as the derivative of the intethe midsection of the system, i.e., a relatively flat PMF pro-
action potential between the liquid crystal and the spheréile. It is therefore reasonable to set the rangesgfbetween
with respect toz; due to symmetry in théx,y) plane, only  a lower boundary equal to the radius of the sphere and an
the z component of the force contributes to the total force.upper boundary of 13—15. From a computational point of
The surface and sphere interact as hard bodies: the minimumew this range is rather large, particularly considering that
distance possible between a surface and the center of masstbé separation between the statég, must be small for ac-
the sphere is the radius of the sphere. In this work the radiusurate integration of the mean force. For our choicApbf
of the sphere was varied fronugto 60y, while the separa- 0.01, the entire range of the reaction coordinate was divided
tion between the walls was set &f,,;=340,. into fully overlapping windows of width 2, i.e., each window

Simulations were conducted at a reduced temperdture consists ofM=200 states in a segmefusyn 1, Zspn 1+ 2]. A
=kT/eo=1.0 anddensity p*=No3/V=0.335. All variables move to a new state, i.e., a move of a sphere inzthec-
henceforth are reduced with respect to the length and energion (its x andy coordinates are kept at zero throughout the
parametersr, and g, and the superscripts are dropped for entire simulatioip, is attempted every Monte Carlo cycle; a
brevity. The simulation box is rectangular with side lengthscycle consists of a trial move for all liquid crystal molecules.
equal in thex andy directions. Periodic boundary conditions
are used in the andy directions. IV. RESULTS AND DISCUSSION

Before proceeding with this system, we emphasize the .
importance of the structure of the LC in a confined system in Figure 3 shows results for the mean force, and Fig. 4
the absence of a colloid: as was pointed out eafliét, itis ~ Shows the corresponding potential of mean force for spheres
this structure that largely determines the nature of the interOf different sizes. The key variable for characterization of the
actions between the colloid and a substrate. Figure 2 show8teractions between a sphere and the substrate is the dis-
the density and second rank order paraméRgy profiles for ~ tance between the surfa}ce of the sgbstrate anq the surfa_lce of
a confined system obtained from an independent simulatioih® spheres=z,,—R. With this choice of reaction coordi-
HereP, is the largest eigenvalue of the order parameter tenfate, the PMF and mean force profiles collapse nicely in

sorQ calculated from the orientatioris of Ny, particles ina  t€ms of the local minima and maxima. Moreover, when a
sample volume as density profilep(z) for a confined systerin the absence of

a colloid) is superimposed on the PMF profiles, the peaks of

1 N 3.. 1 p(2) coincide with the spheres minima in the PMF curves,
Q= N_El SUith _§| ' (14) indicating that the preferential separation between the sub-
vI=

strate and the spheres’ surfaces is such that the latter coincide
wherel denotes the identity tensor. The eigenvectasso-  with the middle of dense surface LC layers; this interpreta-
ciated withP, is the director or the average orientation of thetion differs from one adopted in a previous publicatjdh
Ny particles. For the separation between walls considered h&fg,

From Fig. 2 one can see that several layers are formed at34, in the absence of the colloid one can identify a bulk
the surface. In the midsection the density &dprofiles are  region, where the LC does not exhibit any structuramely,
relatively flat. In this work we are mostly concerned with the the P,(z) and p(2) profiles are flat, as in Fig.)2This bulk
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400 ' : : ' : * : repulsive in the immediate vicinity of the surface, and it
reaches a maximum &t=0.8. The force then decreases rap-
idly, dropping to zero at 1 and eventually reaching its mini-

300r - S:i mum value as=1.3. Henceforth the force exhibits a damped

— R=5 oscillatory behavior with a low frequency wavelength of
5 R=6 2.5—2.6, coinciding with the thickness of the LC layers
200 formed at the surface. Force oscillations die out within 2—3

wavelengths, at which point the force becomes effectively
zero. Correspondingly, the PMF calculated as the negative
100y, 1 integral ofFgpyis shifted to equal zero at largeand displays
peaks and wells with the same frequency as the force profile;
the maxima and minima in these oscillations coincide with
zeroes of the force.

Quantitatively, the largest difference between the curves
for various sphere sizes is observed over the range of
~160 1 > 3 4 5 6 7 8 se(0,1), i.e., the first surface layer of the LC. Clearly, the
-R repulsion at the substrate dominates and dictates the overall

character of the interactions between the colloid and the sur-

FIG. 3. Mean force acting on colloidal spheres of radii in the face. Note that the repulsive force at the substrate increases
range 3—6. The arrow indicates an increasing radius. at a hlgher rate than that at which the attractive force at
=1.3 decreases with the size of the sphere. Since further
undulations are virtually indistinguishable in frequency and

Mean Force F

o

region spans the interval ¥z=21. To avoid or minimize . - o
finite-size effects in the computation of the PMF between hmp"t#d? itis the g"’}[wi%f tthe nggatl\t/ﬁ mtggraF?[;,Flov:ar |
colloid and a wall, the bulk region must be large enough to IS short range of that determines the sign of the loca

accommodate an entire colloid, so that its surface is suffil"nimain the PMF profiles. Eventually, &increases, these

ciently removed from the LC structure-rich region of the minima adop_t positive values compareq to the_PMF_of ZEro
second wall. Otherwise, the sphere starts to interact with the! larges or, in other words, the averall interaction with _the
second substrate, and the PMF is no longer flat in the middi ubstrate becomes repulsive. In fact, we are able to discern

of the film. This condition is satisfied only for the two small- is trend in the range of radii considered in this work:
est radii considered in this work, nameRz=3 and 4. FoR spheres of radii of 5 and 6 are clearly repelled by the sub-

=5and 6, however, this is no longer the case: nonethelesé?rate‘ We anticipate that for much larger spheres the inter-

the PMF can still be calculated for sufficiently small valuesaCtionS. with th_e substratg will be?‘“.“e prevalently repulsive.
of s Conceivably, in the continuum limit one would expect to

It is apparent from Figs. 3 and 4 that the general shape gybserve global repulsive forces — this is indeed the case
the mean forcé,,,and PMF is not affected by the size of a reported in[4,8], where the interactions between a colloidal

sphere; rather, the extent of repulsion or attraction intensifie§phere and a substrate in the continuum description exhibit a

with increasing size. For all sizes the mean force is strongI)Pu[%yJﬁgglrz't\;enghﬁ]ﬁtiréuses the change in sign for the

250 . . . . . . mean force and, consequently, the character of the PMF pro-
file for s=1, we analyze the LC density profiles at the values
of s corresponding to the first minimufs=sy, ;=1), first
maximum (S=Syax1=2), and second minimun(s=sy;,
=3.3 in the PMF. To obtain the necessary data, we ran a
series of separat®lVT ensemble simulations with a sphere
fixed at the indicated values ef These simulations were run
for 5X10° Monte Carlo cycles and trajectories were re-
corded every 2000 cycles; the initial configurations were ex-
tracted from the EXEDOS simulations when flrequaled
0.00625. For the analysis of these trajectories we employed
the cylindrical symmetry of the system around the axis going
through the center of mass of the sphere and perpendicular to
the substrate. For each configuration, the LC molecules were
rigidly rotated around the axis of symmetry until their center
of mass coordinates coincided with thx plane. A two-
dimensional histogram was constructed on a rectangular grid
in X andz, and the average number density was calculated for
FIG. 4. The potential of mean force between the surface and théach bin. The resulting density contour maps at the selected
spheres of radii 3—6. The density of the confined system withoupositions of the largest sphere are presented in Fig. 5.
the sphergsolid line) superimposed on the PMF profiles was scaled ~ As is immediately apparent from the density profiiesse
and shifted along thg axis by an arbitrary amount. Fig. 5), liquid crystals form a highly dense first lay@rorre-
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FIG. 6. (Color onling P, contour maps in th&z plane afleft to
right) the first minimum(s=1), first maximum(s=2), and second

FIG. 5. (Color onling Density contour maps in thez plane at  minimum (s=3.3 seen in PMF foiR=6. (See text for details.
(left to right) the first minimum(s=1), first maximum(s=2), and
second minimum(s=3.3 seen in PMF forR=6. (See text for s caused by a variation in the liquid crystal density and is
details) entropic in nature. Together, these two contributions result in

the observed oscillatory character of the PMF profile.

sponding to the red color on the plaind less dense second  We next determine how the proximity to the substrate
layer (light blue) at the surfaces of both the sphere and themodifies the structure of the Saturn ring defect that is formed
substrate. The space between these layers appears dark bireund a sphere. For this purpose, we conduct the same
— a density of nearly zero, which translates into virtually noanalysis as for the density data. This time, however,@he
molecular centers of mass present in the corresponding bintensor defined in Eq14) is collected for each bin. The order
Note that a cavity can be observed in the space where thearameteP, and the directon were computed as the largest
sphere breaks contact with the substrate and curves awaygenvalue of the order parameter tensor and the eigenvector
from it. In fact, the first LC layer shared by the sphere andassociated with it, respectively. The resultipbgcontour map
the substrate ad=1 is rarified(from the density value of 1.8 as well as the director profile at the selected positions of the
to 0.8) where the surfaces break away from each oth60°  largest sphere are presented in Fig. 6 and 7. Dispersion of
clockwise from positive vertical axisThis is caused by the spherical particles in the liquid crystal is accompanied by the
molecules’ tendency to satisfy anchoring conditions on bottformation of topological defects, such as the Saturn ring dis-
surfaces simultaneously — therefore, it is the sphere’s curelination line defect and the hedgehog point defect. The sta-
vature that is responsible for breaking the shared dense layeility of these defects depends on the size of the droplets and
in two. A close inspection shows that the rarified or diffusethe confinement conditiongsee Ref.[8] and references
region is occupied by the molecules that oscillate betweerherein. In our simulated system, we observe the formation
the two surfaces but are still able to satisfy anchoring condief Saturn ring defects in the bulk and under confinement.
tions on both of them; the cavity, however, contains essenthe Saturn ring disclination line is described by a circumfer-
tially no molecular centers of mass, but, rather, the ends oénce in the equatorial plane of a spherical particle and rep-
the molecules from the sphere and substrate surface layergsents the points in space where the director field is discon-
The “break’-point(along with the cavity propagates and tinuous. For example, the director profile on the utmost right
expands even further as the sphere moves upward. This higpanel in Fig. 7 illustrates the location of the disclination line
est degree of diffusion of the first dense layer corresponds to
the maximum in the free energy and a highly unstable state w
(s=2). Moving further along the vertical direction stabilizes |,
the system; the spacing between the substrate and the sphe o
allows both interfaces to satisfy anchoring conditions by
forming exactly two layergs=3.3. Note, however, that at "
the second minimum, the second, dense surface layer in ¢
duced by the presence of the substrate is now disturbed b
the sphere in the same manner as the first layer was disturbe
for s=1. This situation repeats itself with each new surface
layer until the density profile and the PMF profile become ,
featureless. o B S R B B

The discrepancy between the directions of the molecules
dictated by the two interfaces translates into elastic bend en- FIG. 7. Director profiles in thaz plane at(left to right) the first
ergy that is higher in the structured region in the vicinity of minimum (s=1), first maximum(s=2), and second minimunts
the substrate than in the bulk. Therefore, the elastic energy3.3 seen in PMF folR=6. Drawn circles indicate the Saturn ring
contribution to the PMF is repulsive in character. On thedefect cores; the arrows indicate deviations from the equatorial
other hand, the attraction between the substrate and a sphealane.

[ w0 2 4 3 [ 10
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FIG. 8. (Color onling Left to right: density,P,, and biaxiality maps with the superimposed director profile inxthplane for the sphere
of R=3 at the separatios=1.

in the middle of a drawn circle. The director discontinuity is that the “sliced-off’ area of lowP, displays values as low as
caused by the abrupt change in preferred molecular orientdhose seen in the Saturn ring defect core. Still, as in the case
tions at the surface of the spheterizonta) and in the bulk  of the largest sphere, the equatorial I®region is associ-
(vertical). Consequently, the defect is characterized by lowated with the Saturn ring defect, while the lower one corre-
molecular coalignmen®, and high biaxiality. sponds to a cavity observed in the corresponding density

The order parameter maps shown in Fig. 6 indicate a layprofile. Higher degree of disordering, i.e., low& and
ered structure of the LC near the substr®g;varies from higher biaxiality in this latter region, is due to the higher
0.95 in the middle of the layer to 0.65 in between the layerscurvature of small spheres. LC molecules have little space to
The blue color seen around the equatorial plane of the sphetendergo the orientational change caused by a difference in
indicates the presence of the Saturn ring disclination lineanchoring. This is illustrated by the snapshots of the system
The earlobe-shaped region of loR, associated with the in Fig. 9 for the cases dR=3 andR=6. In the former case,
defect is stretched towards the substrate as the sphere dps molecules change their orientation almost in a discrete
proaches its surfacgsee also Fig. ) Also note that highly manner from vertical at the substrate to horizontal at the
oriented substrate surface layers of LC moleculesl or  sphere surface, whereas in the latter, the orientational change
orange cut into the defectblue) region, thereby slicing off is comparatively smooth.
areas with anomalously low, (cyan blue color correspond- Another feature that distinguishes largR=5,6) and
ing to P,=0.4). This process is enabled by the presence okmall (R=3,4) spheres is that the Saturn ring defect is dis-
highly dense and highly oriented first and second substratelaced slightly towards the surface for the former, but not for
induced surface layers, whose vertical orientation conflictshe latter. Deviations of the defect from the equatorial plane
with the tilted orientation of the sphere-induced surfaceare shown by the arrows in the case of the largest sphere in
layer. As discussed above, these regions are characterized Bly. 7. The smectic layers formed at the substrate have a
low molecular centers of mass occupancy as molecules prefiigher resistance to bending, i.e., a higher elastic energy,
erentially reside in a surface layer rather than in between thghan the unstructured bulk nematic fluid. This change in the
layers. It must be pointed out that the third and fourthelastic properties of the LC occurs over a short distance and
substrate-induced surface layers are significantly weakened a likely cause of the Saturn ring being pulled towards the
(much lower density an@, variation), and do not affect the substrate from the equatorial plane of the particle to mini-
shape of the defect region.

For the larger spheres considered here, Re5,6, the
equatorial plane around which the Saturn ring resides is
above the first two strongly expressed layers. For smaller@
spheres, the equatorial plane is roughly at the same level aj
these two first layers and, hence, the distortion of the defec
region is enhanced, especially when the sphere is close to th . ‘
substrate. For comparison with the largest sphere, we plotte
the density, order parameter, and biaxiality mapsRes3 at
s=1 in Fig. 8. Here biaxiality is defined as a third of the  FIG. 9. (Color onling Formation of the Saturn ring defect
difference between the middle-valued and the smallest eigemround the smallesR=3, left) and largestR=6, right) spheres at
values of theQ tensor{see Eq(14)]. The location of a defect s=1. The LC molecules are color-coded according to their orienta-
is taken as a minimum P, and a maximum in biaxiality. tion with the blue coinciding with the vertical axis; white dotted
What distinguishes the order parameter map in this case ige indicates the wall az=0.
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mize the bending energy. This effect is observed only for thef-phase undulations in the PMF profiles, and reveal the
large spheres whose equatorial plane is in proximity of thesphere’s preference to reside in the middle of the layers. The
structured LC region. For small spheres, this effect is muclenergy is lower when the spacing between the substrate and
less pronounced due to the smaller spherical surface as wdhe surface of the sphere is such that an integer number of
as the length of the disclination line. LC layers of characteristic thickness can be accommodated.
The lower elastic(repulsive energy contributions for Once the solvent density loses structure, approximately four
small spheres are consistent with the PMF profiles: while thédyers away from the surface, the PMF and mean force
PMF curves forR=3 and 4 differ mainly in the repulsive CUrves become featureless_. From the free_energy proflle_s we
energy at the substrafev(s,, )-w(0)], in both cases the are able to discern a qualitative change in the mtgractlons
first two minima are below zero. In contrast, the PMF curvesbetweer.‘ a sphere ar_1d the substrate Wh‘?“ _the radius of the
for larger radii “lift off” with their positive local minima and sphere is roughly twice the length of a liquid crystal mol-

give an overall repulsive character to the sphere-substraf%CUIe (R:5__6)' Most notably, the_ slight _at_tractior? to the.
interactions. Therefore, it is plausible to conclude that thissubstrate switches to global repulsion. This is consistent with

change from repulsive to slightly attractive or neutral behav1€ observation of purely repulsive forces between a colloi-

ior takes place when LC molecules are of the order of thél@l Sphere and a substrate in a continuum descrifts).

radius of a sphere. We find that two layers away from thdn addition, when the separation between the interfaces is
=1, the Saturn ring defect that accompanies larger spheres

surface the disclination line is not attracted to the substratt(a Do .
for all four sphere sizes examined in this work. R=5,6) is displaced slightly towards the substrate. In the .
case of the two smallest spheres considered here, an addi-
tional anomaly may be observed. The abruptness with which
the molecules change their orientations in their tendency to
We have applied the recently developed EXEDOS Montesatisfy anchoring homeotropic conditions on both interfaces
Carlo simulation method to study the behavior of sphericaln the region where sphere and substrate meet is responsible
colloidal particles dispersed in confined liquid crystal. In thisfor this anomaly.
work we examined in detail the effect of colloid size on its
effective, LC-mediated interaction with the substrate. In par- ACKNOWLEDGMENTS
ticular, free energy profiles were obtained by integrating the This work has been supported by the University of Wis-
mean force as a function of the sphere separation from theonsin Materials Research Science and Engineering Center
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