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Interactions between spherical colloids mediated by a liquid crystal:
A molecular simulation and mesoscale study
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Monte Carlo simulations and dynamic field thedyFT) are used to study the interactions
between dilute spherical particles, dispersed in nematic and isotropic phases of a liquid crystal. A
recently developed simulation meth@kpanded ensemble density of staigas used to determine

the potential of mean ford@®MF) between the two spheres as a function of their separation and size.
The PMF was also calculated by a dynamic field theory that describes the evolution of the local
tensor order parameter. Both methods reveal an overall attraction between the colloids in the
nematic phase; in the isotropic phase, the overall attraction between the colloids is much weaker,
whereas the repulsion at short range is stronger. In addition, both methods predict a new topology
of the disclination lines, which arises when the particles approach each other. The theory is found
to describe the results of simulations remarkably well, down to length scales comparable to the size
of the molecules. At separations corresponding to the width of individual molecular layers on the
particles’ surface, the two methods yield different defect structures. We attribute this difference to
the neglect of density inhomogeneities in the DyFT. We also investigate the effects of the size of
spherical colloids on their interactions. 2004 American Institute of Physics.

[DOI: 10.1063/1.17610534

I. INTRODUCTION cell (mesoscopig and the relaxation of the defect structures
over relatively long time scales.

Besides their traditional use in diSplayS and thermogra- As our |ong-term goa| is to model accurate|y the biosen-
phy, liquid crystals(LCs) are also finding applications in sor system, we have adopted a multiscale approach to this
biomolecular sensors’ This type of biosensor is essentially problem. We use molecular simulatiodSs) to explore the
a thin cell containing a nematic fluid. The cell's walls have g\ stem at the shorter scalem), while a dynamic field
receptors for specific biomolecules and, in the absence Qﬁ,eory (DyFT) is employed to study the system at longer

binding, the wall chemistry and topography impose & uni-geajeg(,m). In a model of a real sensor, the problem will

form orientation of the LC throughout the cell. The sensor 'Srequire that many nanoscopic colloids be distributed over

able tot:eteptdthe bt'nd'TQ 9f Ib'gn;micutfst Zt tr}[e w?rl]ls behwacroscopic distances; molecular simulations would not be
cause they induce topological detects that destroy the UNige ive and we will have to resort to a coarse-grained
form orientation texture. A nematic exhibits characterlstlcmOolel (that is, DyFT. We have found it advantageous to
defects known as disclination lines. They can be identified as » DY) g

extended discontinuities in the director field, that is, "nesanalyze a sequence of systems of increasing complexity:

where the average molecular orientation changes abruptlstartmg from systems with a few colloidal particles and then

(over a few molecular lengthd Since nematics possess X]ovlmght_o systems with lmany colImdi. id bedded
long-range orientational order, the defects associated to bind- n this paper we analyze a tWO'C_O ol _system embedde
ing events at the nanoscopic level are *amplified” to the N @ LC-host using both molecular simulations and dynamic

millimeter length scale: a pair of crossed polarizers and (,;ield theory. Our purpose is twofold: Fhe.first is to test corre-
microscope are sufficient to pick up the optical signature ofPondence between MS and DyFT, finding length and energy
the disclination lines. scale mappings between them, and establishing the range of
A fundamental and detailed understanding of the Opera\_/alidity of the theory. The second is to investigate the two-
tion of the sensor is important for the design of new, Opti_particle system’s effective interactions, its defect structures
mized versions. However, the processes at work involvéind density and orientational profiles. In this regard, we also
multiple length scales and this represents a challenge if on@xplore the effects of varying the colloids size, and of replac-
expects to obtain an accurate representation of the systelfig the nematic host with an isotropic liquid.
directly from the smallest scales. As an example of the dif- We note that here the particles are suspended in the in-
ferent processes that need to be modeled, we can mention ttesior of a LC cell, whereas in a sensor they are adsorbed on
anchoring of the LC to the sensor wallsperating at nano- a substrate. Our choice is driven by simplicijurely two-
scopic scalg the propagation of the uniform orientation in- body colloidal interactions, where the walls provide a speci-
duced by a given anchoring condition into the bulk of thefied bulk director fieldl and relevance to the controlled ex-
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periments with colloidal particles suspended in LC discusseadnalytical treatment of the problem and finite-element
below. The investigation of this system is also relevant tocalculations® They concluded that at small separations the
design of sensors where the particles to be detected would likefects associated with each cylinder may change their posi-
adsorbed from the bulk LC. Studies of a biosensor systertions, leading to an unexpected reorganization of the interac-
employing DyFT with particles adsorbed on the walls aretion energies. In this paper we present evidence that, in three
currently in progress and will be published elsewhere. dimensions, the disclination lines that arise around spherical
Systems of LCs and one or two colloids have been studeolloids do not only change their positions, but also are able
ied by experimentdl® simulation?'* and theoretical to reorganize their topology when the particles are very close
method$>~?*in connection with their associated defect struc-to each other. An abbreviated version of our findings has
tures and effective interactions. The simplest case corrébeen presented in the literatufeln this work we provide a
sponds to a single spherical colloid embedded in a nematigore extensive and detailed discussion of such systems.
fluid, with strong homeotropi¢perpendiculgranchoring at The paper is organized as follows. In Sec. Il we describe
the colloid surface. For this system, the defect structures thahe models and procedures used to simulate the system under
have been identified by the above methods are the hyperbolgudy. In particular, we describe briefly the expanded en-
point defect(also known as hedgehpghe equatorial Saturn semble density of stateEXEDOS Monte Carlo method
ring line defect, and intermediate off-equator rings. For largeused in this and previous wotk:'* The EXEDOS method
(micron-sized particles in bulk nematics, only the hedgehog €nables one to simulate the system efficiently. To the best of
defect is stable. Conversely, for small, nanoscopic particlegur knowledge, no results for this type of systems have been
the situation is reversed and the Saturn ring becomes stablegported by any other molecular simulation method. Next, a
The Saturn ring configuration can also be stabilized fordescription of the dynamic field theory approach is provided
micron-sized particles by confineméft In a previous in Sec. lll. Section IV is devoted to the resulsf MS and
paper® we have presented our results from simulation andPYFT) and its discussion. It is divided in three parts: Sec.
field theory for a one-colloid system confined between par!V A, presenting the PMF for the colloids in the nematic
allel walls, including density and orientational profiles, struc-Phase, as well as an analysis of the defect structures associ-

ture of the Saturn ring defect, and the potential of mean forc@ted with the spheres; Sec. IV B, comparing the PMF ob-
(PMF) between the colloid and the cell's walls. tained in the nematic to those obtained in the isotropic phase;

Systems of two colloids immersed in solutions of rodsand Sec. IV C, discussing the effects of the colloids’ size on
have been studied experimentally by Veretaal” and Lin f[heir effective interaction. We finish with concluding remarks
et al® They measured the potential of mean force betweef S€c. V.
colloids in solutions of DNA or fd-virus, using optical twee-
zers methods. The anisotropic particles used by them have an
aspect ratidthat is, the ratio of a rod’s length to its diaméter || MONTE CARLO SIMULATIONS
on the order of one hundred; in order to operate the tweezers, .
the concentration of the solutions must be in the isotropic®: Expanded ensemble density of states method
regime. An alternative approach to the optical tweezers We utilize a recently proposed ExEDOS simulation
method was used by Pouliet al. for less elongated mol- method??°to simulate the system’s behavior as a function of
ecules in order to measure the effective forces between cothe colloid’s separation. In general terms, the method com-
loids in the anisotropic environment of the nematic ptase.bines the expanded ensemble technique with the powerful
They prepared droplets of ferromagnetic fluid inside a nemdensity of states formalism. The latter is advantageous for
atic sample, used a small magnetic field to drive the dropletapdating on the fly the set of weights required by the former,
apart, and then track their position as a function of timeinstead of having to compute them iteratively at the end of
from this information the effective force acting on the drop- many regular expanded ensemble runs. This set of weights is
lets was inferred. directly related to the PMF of the system. In this sense,

From the theoretical standpoint, Galatola andExEDOS offers efficient sampling of the PMF as opposed to
co-workeré!?%24 have performed analytical calculations the alternative method of simulating a system at a series of
within the framework of dynamic field theory of the tensor fixed separations.
order parameté? Q. Compared to the continuum theory for The PMF is definedin general as the free energy of the
the director the DyFT forQ is free of divergences and the system as a function of one or several degrees of freedom,
equations of motion for the tensor components are simplexhich are often referred to as “reaction coordinate’In the
For a two-colloid system in the nematic phase, the DyFTpresent case of two spheres suspended at the middle of the
calculations must be performed numerically. Stark and coeell, there is only one degree of freedom that corresponds to
workers have used this approach to study pairs of dropletthe separation between the spheres. When the spheres are
immersed in a spherically confined nematidJsing finite  embedded in a nematic phase, there is an additional degree
element methods, they computed the potential of mean forcef freedom corresponding to the angle between the line con-
and director profiles associated with different sphere connecting spheres’ centers of mass and the bulk director; in this
figurations with cylindrical symmetry. More recently, paper this angle is set to 90°.

Tasinkevychet al. have used this same theory in the case = The PMF can be interpreted as the amount of work re-
of bidimensional systems with two infinitely long cylinders quired to bring two spheres from infinity to a specified dis-
dispersed in a nematic, performing both an approximatéanced and is equal to the difference in the free energy of the
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a) L o o b) while achieving a flat histogram of visits to each state; this
N procedure is iterated for decreasing values df. |t is im-
< . .
y | Anm portant to note that the histogram has to be normalized by the
Zyall 7
A

areaA,,=2m(2R+ ) A{ associated with the statein the
planez=2Z,,,/2 as indicated in Fig. (b). This accounts for
the fact that there are more conformations of two spheres at
larger separations. In ordinary density of states simulations,
where a random walk in energy is performed, the threshold
o o convergence factor is set tofls 10”7 or Inf=10"2 in order
:tlftesl (@) Schematic view of the systentb) Definition of the expanded {4 achigve gcceptgblg accuracy for th.e density of energy
states; in this application much less stringent thresholds are
sufficient for obtaining acceptable estimates of the weights
for the separation states. In particular, in this work we use
threshold values ranging betweenf5x10 ° and Inf=4
X104, which correspond to 9-12 successive updates of the
w(d)=F(d)—=F(). (1) convergence factor.
We have successfully applied the EXEDOS method in the ~One of the benefits of using the EXEDOS method is that,
calculations of the PMF between a Sing|e colloid and a p|aJn addition to the PMF estimated from the Welghts, another
nar wall. The EXEDOS algorithm remains unchanged andéStimate can be obtained by measuring and subsequently in-
therefore, we refer the reader to Ref. 12 for a detailed delegrating the mean force on each sphere at each state,
scription of the method. Here, instead, we define relevant sp{m):
variables and the expanded states; we also highlight differ- Iy
ences in the application of the method for the present appli-  wW(Zy,) —W({y)= —J’ Fsp O)d{. (6)
cation and the sphere/substrate case. fm

The system under consideration contaMsSmesogens  The forceF (¢, is a simple canonical average of the total
confined by two soft repulsive walls placed a0 andz  force on either sphere along the interparticle vector, due to its
=Zyay- Two soft repulsive spheres of raditsare free t0  jnteractions with the LC molecules. The forces on two
move with their centers of mass restricted to the plane spheres must be, on average, of equal magnitude and oppo-
=Zyal2. The centers of mass of the spheres are separated Ryt sign; we use the average of the magnitude for the two
a distanced; the closest approach ifR2and so we introduce spheres.
as reaction coordinate The two independent estimates of the PMFg,,] [Eq.

{=d—2R, 2 (O] andw[Fs{{m)] [Eq. (6)] must agree when the set of

o ) weights has converged; therefore, in addition to the condition
which is the separation between the spheres’ surf@@ss ¢<f the agreement between these two estimates should
indicated in Fig. 18)]. ~ be another requirement in the criterion for convergence of

In accordance with the expanded ensemble techniquene simulation. After the agreement has been found, either
we discretize or expand in the reaction coordinatey de-  ggtimate of the PMF can be used. In this work, we report the

P4

y

system with the two spheres at distargteand at infinite
separation,

fining a set ofM intervals of lengthAZ: PMF obtained by integration of the mean force as these
[(m—1)A{,mA{), m=1M. 3 curves have a smoother appearance than those obtained from

The system is said to be in a stateif (m—1)<{/A{<m the weights.

[see Fig. 1b)]. For sufficiently short intervals, we can asso-

ciate with each state the midpoidgt,=(m—1/2)A{ as the

representative value of the state. B. Simulation details
The _partition function for the entire_ system of spheres  Tp¢ system under study comprises 11 469718 for the

and LC(in a volumeV at temperaturd) is larger sphereliquid crystal particles confined between two

M M soft repulsive walls at=0 andz=2Z,,,,. The LC molecules
0= 21 Q(N,V, T,m)gn= 21 QmIm. (4)  are represented by soft repulsive ellipsoids of revolution hav-
m= m=

ing a length-to-width §) ratio « of 3. Each moleculer is
where Q,, and g,, designate a canonical partition function characterized by a center of mass position vecfoand an
and a weighting factor for a staie, respectively. The former orientation unit vectoru,. Mesogens interact with them-
is the quantity of interest, since we can obtain the PMF fronselves, the walls, and the spheres via a shifted and truncated

it as Gay—Berne potentidf while spheres interact with each
other as hard bodies. In this work, the separation between the
AWm(§)=~InQm+C, ®) walls was set aZ 5= 340 for spheres of radius of&, and
where3=1/KkT andC is a constant independent i Z 1= 395, for spheres of radius ofd,. The choice oZ,4,

The core of the EXEDOS method is to update the estiwas dictated by the width of the bulk region of the film, i.e.,
mate of the weighting factorg,, by an amount If every the region where the layered structure of LC induced by the
time a state is visitedf is called the convergence factor walls was absent.
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The interaction potentials described above result in ho4ll. DYNAMIC FIELD THEORY FOR THE TENSOR
meotropic(perpendiculdranchoring of LC molecules at all ORDER PARAMETER
interfaces. Homeotropic and planar anchoring of varying
strengthW could be introduced into the simulations by in-
corporating interactions that depend on the orientation of th
mesogens relative to the confining surfatd%or a typical
valueK of the elastic constants, one expects weak anchorin8

behaviot® if W/KR<1. A description of possible defect . i _ ) )
structures for arbitrary anchoring conditions is beyond thefnisotropic fluid can be described by the orientational prob-

scope of this paper, and we limit our attention to the stron bility distribution function,f(r,0), where is an orienta-
anchoring case We’ note that the anchoring of a typical L ion of the molecular axis. The detailed information con-

: : G tained inf(r,0) can be coarse grained to a mesoscopic field,
[such as pentylcyanobipheng®CB)] on viruses with lipid
envelopes is generally strong and homeotrdpic. represented by the tensor of second moments of

For the estimation of the mean force acting on colloids, f (
U; UJ‘ -

This approach is based on coarse graining the distribu-
l;}ion of molecular orientations into a second-rank tensor order
parameterQ(r) and applying the bracket formalism devel-
ped by Beris and Edwartfsto the fieldQ(r).

Within the assumption of a spatially uniform density, an

the total force on a sphere is calculated as the sum of the Qjj=

forces between the mesogens and the spligggis defined

as the projection of the total force on the line connecting theHerei andj refer to the components of an orientation unit

CMs of the two spheres. vector (; the customary summation over repeated indices is
Simulations were conducted at a constant reduced tenassumed. This definition is equivalent to E@) where the

peratureT* =kT/e,=1.0 and an average reduced numberorder parameter tensor is written in terms of molecular ori-

density of p* =N03/V=0.335 in the nematic phase and entationsi® contained in a sample volume. Either definition

p*=0.300 in the isotropic phase;, and €, are length and rendersQ(r) a symmetric traceless second-rank tensor. In

energy parameters. The simulation box is rectangular witlgeneral, it can be diagonalized and written in the form

the side lengths equal xandy directions. Periodic bound-

1 A
§5ij)f(r,u)du. (8

ary conditions apply in the andy directions. @ 0 0
The EXEDOS simulations were conducted for spheres of 3
R=30y in the isotropic and nematic phases. The range of n—P,
the reaction coordinate varied from the lower boundary of Q= © 3 0 : 9
2R (spheres at contgcto d= 150, (no interaction. This
range is rather large if the separation between the states, 0 0 _nt P2
is to be small for accurate integration of the mean force. For 3

our choice ofAZ of 0.01oy we divided the entire range of the
reaction coordinate into fully overlapping windows of width
20y i.e., each window hostdl =200 states. A move to a new
state, i.e., displacement of a sphere within ¥eplane is

attempted once per sphere every Monte Carlo cycle; a cycclfI

consists of all liquid crystal particles having been attempte hort-range F,, and long-range,, contributions, respec-

to e:ther dbe S'Splfwe? c:rtrotated oPce. fh ‘ h tively. The short-range part is represented by a Landau—de
n order to extract static properties of the system, such ag.  \1as power series expansion,

number density and second-rank order paramBtelalso
denoted byS), we performed a series of separd®/'T en- A U AU

semble simulations with spheres fixed at selected valués of Fs= J [5 ( 1- §) QijQij— ?QijQikai
These simulations were run for<i10° MC cycles and tra-
jectories were recorded every 2000 cycles. In the analysis of
thus collected trajectories, LC molecules were binned ac-
;g;dg]lgi]nttzg;{] \:veeered gﬁ:rzjsl:;gzlf(r)e;cetgzgu%. \?vg(i gkderﬁ) Z)Sperand reflects the excluded volume effects that are responsible

3/2 of largest eigenvalue of the order parameter tei@or for the flrst-ord_er |sotrop|f:—nemat|c transitioA.and U are _
calculated from the orientatioris, of Ny particles in a bin phenomenological coefficients that nevertheless can be given

volumedr as a microscopic interpretatioft.In general, the nematic poten-
tial U can be assigned dependence on either concentration or
temperature depending on the lyotropic or thermotropic na-
1 N 1 ture of a liquid crystal. In the model used here, the fluid is
Q=—, (gaaa_ _|), (7)  isotropic forU<2.7 and it is nematic otherwise.
Ny a=1 3 For an adequate free energy description of inhomogene-
ities in theQ field, one must account for the gradientsQ@f
That is done in the long range elastic contributionfto

whereP, denotes the nematic scalar order parameterzand
denotes the biaxiality. The eigenvector associated with the
highest eigenvalue ,/3 corresponds to the directar

The free energy densitf[Q(r)] can now be expressed
terms of Q and its derivatives or, in other words, the

AU
+T(QijQij)2]dr! (10

wherel denotes an identity tensor. The eigenvectasso-
ciated withP, is the director or the average orientationN\yf
particles.

L
Fe= f dr 5 (5:Qi) (3,Qy), (11
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where L, is a material specific elastic coefficient. In one stitutive equation is performed by applying an explicit Euler
constant approximatioh; is related to the splai(;;, bend  scheme. The initial configuration is that of a randomly ori-
K,,, and twistKs; constants b§ 2L,;=K;;/S’=K,,/S*  ented sample. We solve E(l2) for six components of the
=K33/S?. In the above equationg, U, andL, constitute a order parameter tensa@, Qyy:» Qzz: Qxys Qxz, andQy,
set of phenomenological parameters that naturally arise iover the entire spatial domain, ensuring tRastays trace-
the theory. From the dimensional analysis one can deduceless.

characteristic length scale of the model, namely, a coherence

lengthf® £¢=18L,/AU, defined as a distance over which IV. RESULTS AND DISCUSSION

the order parameter changes or a thickness of a domain wall. . . .
In the absence of microscopic experimental data, we

Both, £ andL; can be obtained experimentally—in this work . . -
. h?ve to rely on molecular simulatioiMS) to obtain “ex-
we chose these parameters to correspond to the physica

. . . . . act” numerical results—exact for a given interaction poten-
properties of 5CB? The choice of the nematic potential will 9 P

. tial with a provision of adequate phase space sampling.
dictate the bulk value of the scalar order parameter. Param|=herefore itpis our purpose tg compF;re the IF\)/IS resultspwitgr]\

eterA, which is a common factor in all the terms comprisingthose obtained from the field theory, highlighting those

the short range free enerdgy, and whose units are those of _ . .
; . points where the two agree and those where the coarse grain-
the free energy density, serves as the parameter controlli . ; : L
IRg fails. Such comparison will provide insight into how the

the relative contributions ofs and 7, to the total free en- theory could be improved and, at the same time, it will es-

ergy, 7= ].:5+ Fe: €., F can be T”eas‘.”eo' in units At tablish the range of validity for this particular field theory. In
The time evolution of the field is governed by the his vi for each feature of the system that we analyze, we
functional derivative of the free energy with respecQo this VIEW, -~ y . yz€,
provide first a description from a molecular point of view
9Q SF | oOF and then compare the situation with the theoretical picture.
i (— %Jr 3 r%) (12 In molecular simulations, a natural length scale is the
molecular widthay while in the theory, lengths may be mea-
with | being the identity operator. The last term in E2) sured in the units of the coherence lengthin order to
guarantees that the order parameter teigas traceless at obtain a mapping between these two scales, we need to iden-
the minimum free energy. The proportionality coefficieris  tify some spatial feature of the system that is easy to com-
related to the rotational diffusivitp* throughI'’=6D*/(1  pare in both the simulation and field-theoretical models. For
—3/2QnQmn 2. Upon substitution of this expression fbr  this purpose we can use the radasf a Saturn ring accom-
into Eq.(12), one obtains the equation of motion of the field panying a sphere of radiuR fixed at the midplane between
Q that can be solved numerically using, for example, a finitethe two walls. The idea is to match the curves of the ratio
difference methodas we do here Boundary conditions are a/R vs R obtained by MS and DyFT, using a single propor-
determined by the LC anchoring on all interfaces present inionality constank"= ¢/o,. This same method was used in
the system of interest. In this study, we restrict ourselves t@ previous publicatioh® but in that instance using bidimen-
the case of strong homeotropic anchoring exhibited by alkional DyFT data instead of three-dimensio(&D) calcula-
bounding surfaces, i.e., walls and spheres. At the boundarig®ns. In 3D, the defect forms closer to the sphere surface,
we may assume th& is uniaxial and has the form of E()  thus increasing the proportionality constant betweeand

with the biaxiality » set to zero: oo. With the updated mapping=70,. In accordance with
the new scaling, we performed 3D DyFT calculations and

Q=P%4 nn— 1 I ) i (13)  MS's for sphere sizes that correspondRof 3 and 5 units of
3 oo. To investigate the effect of the size of colloids on their

interactions, we computed additional PMFs by DyFT for col-

wheren is the director at the surface aR§%is the equilib- ) .
loid pairs of R of up to 17.4r,.

rium nematic order parameter givenBy

1 3 3 A. Colloidal interactions in the nematic phase
qu:ZJFZ Vi-30 (14 We begin by discussing the effective interactions be-
tween the spheres, that is, their PMF. The MS results for the

In order to make a direct comparison with the results ofmean force and the PMF are summarized in Figs. 2 and 3,
molecular simulations, we sét=4.8 (U=1.0), which cor- respectively, for spheres of radiug@in the nematic phase;
responds tdP5% of 0.8 (0.1) in the nematic(isotropig bulk  the corresponding results for the PMF calculated by the
LC.3! The three-dimensional physical system is the same aByFT are shown in Fig. 4. Both forces and energies are
in the molecular simulationgsee Fig. 1 with periodic  plotted against the reaction coordindte d— 2R.
boundary conditions in th& andy directions. The spatial First, we consider the MS results. As is apparent from
domain is discretized on a regular Cartesian grid which igshe mean force and PMF plots, the overall interaction be-
defined everywhere except in the region inside the sphereswveen two colloids is attractive. For very short distandgs,
We verified the stability of the solution by employing various <1a(, spheres are strongly repeled, which is indicated by a
spatial mesh sizes and time steps; the present parameters pasitive mean force. Oscillations in the PMF as well as in the
a 100x100x100 mesh and 0.064At<0.004 time step mean force in the attractive part of the potential can be at-
range. The derivatives of th® tensor are evaluated using tributed to the variation in density or, in other words, layer-
the finite difference method while the integration of the con-ing of liquid crystal molecules. In order to illustrate this and
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02 . , ; , . ‘ . ,
L € nematic
. @--@ isotropic

Potential of Mean Force, a.u.

43

FIG. 2. Simulated mean force acting on the colloidal spheres of raglius FIG. 4. Potential of mean force between two spheres in the isotropic and

=30y, in the nematic and isotropic phases.

nematic phases fdR=0.62: =30 by DyFT; the solid line corresponds to a
polynomial fit of the PMF in the nematic phasey+a,/d+az/d®
+ag/d°.

to understand the origin of the repulsive force, we examine

the snapshots of the system at various separations shown
Fig. 5. At contact, the LC molecules found in the space be-
tween the spherical surfaces do not orient in the directions
dictated by these surfaces due to lack of space. Instead, th

fgee Fig. Bc)]. At this point, the force ceases to be repulsive

and the system reaches a global minimum in the free energy.
Further separation of the spheres causes diffusion of the

olecular layer, thereby resulting in @eak attractive

arrange themselves in a flower-petals fashion orthogonally0
with respect to the vectat connecting the spheres’ centers.
This is illustrated in Fig. &), where we show the director
map superimposed on the density map.

As spheres move away from each other, more space

rce. Consequently, the free energy increases, reaching a

local maximum at{=2.20,. The next energy minimum is
reached when the space between the spheres accommodates
exactly two layers of LCs—this takes placeéat 30y. The

freed between them. The only way in which the LC mol-
ecules can satisfy approximately the anchoring conditions on
both spherical surfaces is by being aligned with the vedtor

Hence, when the gap between the spheres is sufficientl

large, the LC molecules indeed assume this preferred orie

tation and “push in” toward the line connecting the sphere
centers. Thus a tube of horizontally aligned molecules i
formed at{~0.50 [see Fig. B)]. As the molecules cannot
penetrate all the way in the intersphere space, the tube
hollow; at{= 10, a one-layer-long tube is completely filled

Potential of Mean Force, kT/g

FIG. 3. Simulated potential of mean force between two spheres of radiu
R=30 in the isotropic and nematic phases. Vertical dashed lines indicate the
approximate location of the regions corresponding to a specified defect to-
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pology in the nematic phase.

I3\ensity contour maps for the separations corresponding to
the three PMF extrema are shown in Fig. 6.

At this point it is instructive to make two remarks related
to results that will be addressed later in this paper: first, note
r?ﬁat, combined, two spheres Bf= 30 can support a maxi-
mum of two layers with each layer corresponding to a local
Sminimum in the PMF profile. Conceivably, the larger the
Spheres, the more layers they can support and, hence, the
more minima will be apparent in the PMF. This is exactly the
Bffect that we are able to observe when we increase the ra-
dius of the sphere tody, in Sec. IV C. Second, the horizon-

tal molecular orientation in the tube is in conflict with the
vertical bulk orientation. This orientation discrepancy causes
the formation of an additional disclination line not seen for a
single sphere; we will analyze the defect structure later in
this section.

It is also instructive to draw an analogy and to compare
present results with those for a similar system explored in
previous publication$®**? there we studied the interactions
mediated by LCs between a colloidal sphere and a wall. The
similarity can be seen in that, in both cases, we have two
homeotropically aligning interfaces and we seek to deter-
mine the interactions mediated by the LC molecules between
these interfaces. The differences are that in the present situ-
ation, both interfaces are finite and spherical in shape, and,
second, the bulk orientation of the LC is perpendicular to the
line of interaction between the spheres. Despite the differ-
ences, many insights of the previous studies can be applied
fo the two-sphere system.

As in the sphere/substrate system, the force and the PMF
curves shown in Fig. Zand Fig. 3 display an oscillatory
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FIG. 5. (Color) Snapshots of the molecules in the vicinity of the spheres separatédddi/to right: {=0.1, 0.78, Ir,) and the corresponding density/director
profiles in the midplane perpendicular to the axis connecting the spheres’ centers of mass.

character caused by the layered structure of the liquid crystal In the present case, a maximum of two layers can be
confined by two homeotropic interfacEsSince the aligning  supported by spheres of si&&=3c¢,. The layers have a
surfaces of the spheres are firiteving a size comparable to tubular shape bridging the space between the spheres. The
the molecular dimensiojisthey only induce a small number long dimension of the tube is in the direction of the inter-
of (weak density oscillations. Hence, the amplitude andsphere vector, which is also the local director orientation.
number of the force and PMF oscillations are smaller COMiNhen the spheres move apart, the outermost molecules that
pared to the sphere/substrate system. belong to the bridging layers are disengaged from the bridg-
ing tube by the influence of vertically oriented molecules in
the bulk; thus the horizontally aligned tube shrinks in diam-
eter.

Now we turn to the field-theoretic results: the PMF in
the nematic phase obtained by DyFT is displayed in Fig. 4;
note that distances are plotted in units of the coherence
length & Each point was calculated solving the evolution
equation for fixed colloid separations. The points were fitted
to an empirical function of the formt?_,a;d~ 1), which
resembles a multipolar expansibhAs is apparent from the
graph, colloids are monotonically attracted down to a sepa-
ration of {~0.05=0.240, where the fitted PMF curve
turns up slightly, indicating repulsion between the colloids.

In comparing the previous result to the PMF from mo-
lecular simulations, two differences stand out. First, DyFT
curves do not display the undulations seen in the correspond-
ing curves from the Monte Carlo simulations—this is not
surprising, since density variations are not accounted for in
that theory(we have observed a similar effect in the sphere/
substrate systemSecond, the short range repulsion in Fig. 4
is much weaker than the one computed by the simulations.
One reason for not being able to discern this very short range
repulsion is the resolution of the spatial grid in the DyFT
computations that can be attained while using the explicit
method to solve the evolution equation in a reasonable
amount of computational time. In our previous calculatidns
FIG. 6. (Color Density contour maps dteft to right) the minimum(one of the interactions b?tween two ?’phencal CO”OId_S n 2'_3’ we
layer, {=107), maximum ¢=2.20,), and second minimunttwo layers, ~ could afford much higher resolution due to the dimensional-
{=3.30,) seen in the PMF in the nematic phase. ity of the grid and, indeed, were able to observe a weak
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repulsion between the colloids. Nonetheless, even in these
calculations, the value of the PMF at zero separation is still
negative unlike in the simulation results. As discussed below
in this section, the nature of the topological defect predicted
by the latter at very shod differs from the one described by
the theory and, therefore, we may not expect the same inter-
action energies in this range. Returning to the previous work
on the sphere/substrate system, it may seem interesting that
in that instance, strong repulsion was predicted by both
methods; however, the substrate can be pictured as an infinite
sphere and hence, both DyFT and MS would be obtaining
similar results for binary interactions where at least one of
the objects is Iarg(acompared to the molecular sze FIG. 7. Cont'our map oP,=0.25 for{= 10, by DyFT and the correspond-
. . . . ing schematic of the defect.

Next, we investigate how the interactions between the
colloids affect the structure of the topological defects arising
in the LC. From previous studies we know that a single
sphere in this system would be accompanied by a stable Segchematic of the defect. The three-ring structure persists
urn ring defect® If the spheres are very far apart, eachthroughout region Il as indicated on the PMF plot.
should be surrounded by an identical Saturn ring of charac- When the separation between two spheres becomes
teristic radiusa; we have already discussed how this characsmaller than a single-layer thickness, the molecules involved
teristic of isolated rings can be used to establish a corresporia the layer are gradually displaced out of the tube. Eventu-
dence between the length scalesrgfand & We now pose a ally, these molecules reorient radially in directions orthogo-
question of how do these rings interact at close range. nal to the intersphere axis, as has been explained above. In

With molecular simulations, we were able to identify this case, the director is discontinuous only in the equatorial
three distinct defect topologies: one, as mentioned above, ¢flane; the third ring in thg z plane disappears and hence, we
two separate rings at long range; second, a three-ring stru@bserve in effect two Saturn rings fused in oneshaped
ture at intermediate distances; and, finally, the two Saturdfigure.
rings melted in the contact area. These structures and the TO compare the theoretical predictions to the molecular
approximate values q at which the topology Changes are piCture, we refer to F|g 8 where pI’Ofi|eS of the scalar order
indicated in Fig. 3; we designate regions with distinct topol-Parameter along the axis are plotted for selected values of
ogy as |(tW0 melted ring% Ml (three ring$’ and I (Separate L. (lnSide the Spheres, théz prOfile is arbitrarily shown as
Saturn rings In the rest of this section, we examine eachzero) For the sake of comparison, distances are in units
defect structure in detail, relating it to the molecular picture.Of 0p-

For concreteness, we place the spheres’ centers along the In Fig. 8, the disclinations can be located as the points
x axis, symmetrically with respect to the origin. Let the whereP,(x) has a minimum and its derivative is discontinu-
spherical poles facing each other be designdtethdB for ~ OUS. The topmost curve show’s when the two spheres are
negative and positive, respectively(refer to Fig. 1. Then sufficiently close for the Saturn rings to interact, and so we
the distance between polésandB is { and the vector join-
ing their centers isl. As can be seen from the mean force or
PMF profiles(see Fig. 3, the effective interaction between 3
the colloids sets in af~6.50;. Below this value, molecular
layers anchored near polésand B are roughly co-aligned
with the spheres’ center-to-center direction and start “com-
municating” with each other through the bulk, orienting the
intermediate molecules along the intersphere direction
axi9). Note, however, that the original bulk orientatiog,
is that of thez axis; therefore, there is a competition between
these two preferred orientations.

This competition proceeds in two stages. Initially, the
bulk LC confined byA andB melts into a disordered phase:
P, decreases from the bulk value of 0.8 to 0.4 by
=3.60, while the director changes from,, to a poorly
defined vectofisotropic phase Then, at sufficiently smalf,
the bulk molecules between polés and B are realigned
alongd and arranged into LC layers characterizedRyyof
0.9. As a result, a new disclination ring in tlyg plane is

. P . . IG. 8. A series ofP, curves along the intersphere axis by DyFT for
formed. This new defect structure is shown in Fig. 7. On thezelecteol values of (top to bottom: {—6.200, 4275, 3.20. 1.87,,

left, we present a 3D visualiz_ation of the_ surface Rf  (.44,): spheres are fixed at==¢/2. Each curve is shifted by 0.5 for
=0.26 computed by DyFT, while on the right we show a clarity.
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FIG. 9. (Color) P, contour maps with the superimposed director fields=al o, by molecular simulatiorileft) and DyFT(right) in thexy, xz, andyz planes.

observe a region between the inner disclinations wher@ations mark places where conflicting regions meet. By
P2(x)<P2””‘. In the absence of interaction, that region bringing the spheres so close that their influence regions
would appear as a plateau wiiy(x) = P*;“'k. Note also that overlap, there is no more incompatibility of orientation along
the low value ofP,(x=0)=0.4 signals the isotropization of the x axis: there will be a tube of director-field lines going
the liquid crystal, just as is the case in the molecular simufrom one sphere to the other, and a third disclination ring is
lation. As the spheres continue their approach, the portion diormed in the plane orthogonal to tkxeaxis, encircling this
the profiles between each pole and “its” disclination remainstube.
unchanged, but the region between the disclinations becomes For a direct comparison between simulations and field
progressively narrower and disordered. Eventually,fat theory, we plot contour maps &, with superimposed di-
=40y, P,(0) reaches a minimum of 0.2. Simultaneously, rector fields in three orthogonal planes intersecting at the
the inner disclinations coalesce into a single minimum with aorigin (see Fig. 9. One can see that the results are in excel-
continuous derivative. For still smallef, the value ofP,  lent agreement overall: both methods predict the same defect
between the poles increases as the spheres get closer, untitadpology. The main discrepancy between the two types of
reaches values as high as those at the surface near the polesmps is that in the MS map®,, in the molecular bridge is

We can interpret thesB,(x) profiles in the following higher than the bulk, whereas in theory, the intersphere value
way: we may consider each sphere surrounded by a regioof P, just reaches the bulk value. The latter, however, is a
where the local orientation is dictated mainly by the anchor+esult of the imposed boundary conditions where we set the
ing conditions. When the spheres are apart, there is a gutirder parameter at the spheres’ surface to equal that of the
where the orientation is dictated by the bulk director. Discli-bulk.
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L S methods used in this work; finally, we make a connection
I between present work and recent experimental and theoreti-
I 1 cal work on similar systems.
) § We begin by examining the mean forct’éph and the
i B PMF in the isotropic phase foR=30, by MS shown in
E O bR Figs. 2 and 3, respectiveIF'Sph has the same shape as the
% T mean force in a nematiEQph, i.e., the same positions of
i local maxima and minima; their magnitude, however, is
051 E 7 smaller. In particularF'Sph reaches its maximum at approxi-
mately same/=0.704 as FSNph, but the maximum value is
reduced by a third. This reduction can be attributed to the
absence of the bulk director field in the isotropic phase and,
T ) S hence, no competition between the spheres’ aligning field
o, and that of the bulk. Similarly, the attractive force éat
' ' " =1.30y is reduced compared with thé phase. As a conse-
guence, upon integratioﬁ'Sph yields a PMF curve that is
characterized by a much weaker attractive well than in\the
phase(—2.5T in the | versus—15kT in the N); in addition,
% § § T the minimum in free energy at=oy is preced_ed by an
% % o R energy barrier of~2.5KT. Therefore, the overall interaction

o
o

(Ring Radius)/R

e
s gl
He+

= AL

between colloids predicted by the MS is weakly attractive
% and significantly weaker than that in tiNephase.

¢ ] The oscillatory character of the mean force as well as the
% PMF is still apparent in thé phase—this is due to the mol-

] ecules between the spheres packing in a way similar tdlthe

phase. That is, the molecules between pdkeand B as-
o 1 2 3 4 5 s semble into layers, thus causing density oscillations; in turn,
0 density oscillations result into an alternating sign of the mean
FIG. 10. Dependence of the three principle radii of the three-ring defect orforce and in t_he undulations in the PMF profile. Aga_m’ at
the separation between the spheres by molecular simukatipnand DyFT ~ Small separations {(<0.50)) the molecules pack radially
(bottom. The lines are a guide to the eye; the error bars reflect the size ofvith respect to the intersphere axis; at intermediate distances
the grid. (0.500=<¢<30,) a molecular bridge co-aligned witt is
formed; at longer separations each sphere is covered by a

To further quantify the defect structure, we prepare ahomeotroplcally anchored layer of LC molecules. Snapshots

plot of the ratios of the three principal radii of the defect to of the §yst§m cor_responding ‘9 the first two regir_nes are
the radius of the sphere/R, b/R, andc/R (refer to Fig. 7 _shown in Fig. 5. Since spheres induce layer formgtlon even
for definition9 as a function of the spheres’ separation; the'” th€ ! phase, we may conclude that the chosen interaction
data are shown in Fig. 10. The ratidR describes the radius POtentials (soft repulsive Gay-Berne potentiafesult in

of the equatorial Saturn rings whether they are fudrt strong homeotr_op|c anchoring. Second, because of the same
range or separatélong range. It stays constant at-1.3: in molecular packing we may expect the same defgct strugture
fact, this is the only radius that is well defined throughout allaS Seen in th&l phase. We must, however, caution against
the £ domain.b andc characterize the size of the third ring in th€ interpretation of observing a topological defect in the
the yz plane; they are defined only in region Il for MS, phase. A topological defect is (_:iefmeq as a reglon.character-
0.50y=< < 3.60,, whereas the third ring is always present in ized by an abrupt change or discontinuity in the director. In
DyFT for <3a,. The third ring appears elongated alongthe case of the nemanc_ph.asel explored in Sec. IVA, the
they axis—this is due to the asymmetry of the system in thedefects are two or three disclination rings surrounded by bulk
yz plane: the bulk director field co-aligned with tleaxis ~ nematic; in thel phase, the bulklike liquid has an order pa-
reduces the extent of the spheres’ aligning field in zte- rameter of zero, and thus, no meaningful preferred orienta-

rection. The ring shrinks monotonically as the spheres mov&0n- Therefore, the definition of a topological defect does
away from each other. not apply to the structures that we observe in thghase.

Instead, we observe a dumbbell-shaped manifold defined by

the order parameter dropping from a nematic nonzero value

to an isotropic zero bulk value. A cross section of the dumb-
In this section, we present our results for two sphericabell in theyz plane has an appearance of the third ring seen

colloids dispersed in the isotropic phase obtained by molecuor the nematic. As an illustration, consider Fig. 11, showing

lar simulations and DyFT. First, we look at the differences ofa P, map (with the director field superimposgdor two

the colloidal interactions between the isotroficand nem-  spheres in the isotropic LC separated §%0.78r,. The

atic (N) phases; at the same time, we make comparison bespheres are surrounded by nematic-like coronas due to the

tween the PMF's and defect structures predicted by twgresence of well-aligned layers; the nematic tube, aligned

(Ring Radius)/R

B. Colloidal interactions in the isotropic phase
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case. In addition, they identified a typical ring structure aris-
ing between two particles at short separations. The size of
the ring in the plane perpendicular to the axis connecting the
spheres’ centers of magsr midsection of the®?,=0 mani-

fold) increases linearly with separation—again, we have ob-
served the same effect in the DyFT calculations. The agree-
ment between these two sets of results is not necessarily
trivial. As we have seen, in the case of strong homeotropic
anchoring, nematic-like regions are created between the par-
ticles at close range even in the isotropic phase. Therefore,
truncation of the Landau—de Gennes free energy to quadratic
terms(i.e., linearization of the evolution equatiopmay not

be a good approximation—we have reported nonlinear field
rearrangement in the nematic at similar separatisas Sec.

IV A). Expansion to higher powers @f in this case does not
change the results. This may be due to much lower energies
involved in creating the “defect” manifold: one side of the
manifold is characterized by the isotropic phase with zero
order parameter.

Among the recent experimental studies of colloidal in-
teractions in the isotropic phase of LCs, a particularly rel-
evant example is that by Liat al® They performed experi-
ments where optical tweezers were used to control the
colloidal spheres in suspensions of rodlike fd bacteriophage
FIG. 11. (Colon Top: Order parameter map with the superimposed directorvirus. The PMFs were measured as a function of rod concen-
field for _two spheres in the isotropic. LC at the separation corresponding tqration and the ratio of sphere radius to rod length; the rod
the maximum mean force/ & 0.7807) in thexz plane. Bottom: Snapshot of . .
the system at the same separation; note that, similar to the nematic phas%(,)ncentratlons Were well bel_ow the IN trans'_tlon' Th_ey have
the LC layer between the spheres is incomplete. observed monotonic attraction of the colloids, which was
well described by a depletion potential derived by Yaman
and co-workers?® It must be pointed out that the mesogen
geometry is dramatically different from that of a Gay—Berne
SeIIipsoid: the fd virus is truly a thin rod with a length-to-
diameter ratio of 880 nm/6.6 nm. Because of this condition
&s well as the rods’ low concentration, we may not expect
similar results. It is, therefore, interesting that a short range
repulsion is observed between the colloids at high salt

by DyFT3* is shown in Fig. 4. In this case, we clearly see theconcentration—the latter makes the rods “sticky” at the
overall attraction with the minimum of free energy located atends, V\Ilh'Ch results in brldgmghof Fhe spﬂgrrtlas. Br'dglﬂg may
{=1.5¢; at short range we observe strong repulsion, i.e., thé’e analogous to a strong anchoring, which, as we have re-

PMF at contact is positive and has a value of more tharported, results in strong repulsion for separations smaller

twice the attractive well depth. It must be pointed out that thethan alength of a LC particle. It could be interesting to see if

coherence lengtl§ in the | phase is larger than in the, the same expgrimenta} methods can be extend.ed to higher
Therefore, high resolution required by calculations in the rod concentrations or, in other words, the nematic phase.
phase is not an issue in this case and we are able to clearly . o )
identify repulsion at short range. More importantly, the map-C- Size effects on the colloidal interactions

ping of the length scales between DyFT and MS no Iongefn the nematic phase

applies. Hence, we are not in a position to make a direct In this section, we discuss the effects of the colloid size
comparison between the results from two methods. Insteadn the interactions between the spheres in the nematic phase.
we turn to recent work by Galatola and FourAtarho have  We also discuss the length and energy scale mapping be-
reported on the interactions between two spherical colloid$ween the MS and DyFT methods.

suspended in the isotropic phase of a nematogenic fluid. As the EXEDOS calculations are computationally inten-
Their computations involved analytical solution of a qua-sive, we have relied on our detailed results for spheres of
dratic Landau—de Gennes expansion of the bulk free energ= 30, in the N phase to estimate the interactions between
density using spherical harmonics. They were able to maghe colloids ofR=50,. For that purpose, we ran 20V T

out the phase diagram depending on the size of the colloidsnsemble simulations with the spheres fixed at strategically
and the anchoring strength. According to their predictions, athosen separations, i.e., corresponding to the extrema in the
high anchoring strength@s is the case presently examiped mean force and PMF profiles for the smaller sphere, to cal-
the spherical colloids will repel each other at short rangeculate the mean force. We then used piecewise cubic inter-
We, in fact, observe this type of behavior in the isotropicpolation to obtain a continuous force curve which was sub-

with the x axis, is already formed and is hollow in the
middle. P, is around 0.8 in these areas and the director i
well defined; outside of these areas, howewerdrops to a
low bulk value of 0.25 and the director appears chaotic an
poorly defined

The interaction between colloids in thehase computed

Downloaded 18 Dec 2006 to 128.104.198.71. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1960 J. Chem. Phys., Vol. 121, No. 4, 22 July 2004 Kim et al.

\ I 0 S=ioa © ©
40 _\‘ ° 10017 — LA R=240,
£ \ S i *—* R=3q,
& ! 2 sob ] 3 | +—+ R5q,
> \‘ g cv“ -1 —x R=73d,
& |t 3 L I G—O R-1040,
g 201 = b & & = gaaromx g G—8 R-1210,
ot |I k3 [+ s O—©6 R=1140,
) . -2
g \ g 5
S o 2 3
S ——— 5 5
= =7 52k .
S — = >
% . —j"’ o—e DyFT (R=36)) E =4
2 208 L - » - DyFT (R-50,) g -
- N — MS(R-30,) & 4 < 1
 anT ——. MS R=50,) f % 10 2
40 . ! . ! . ! . ! N | | | Rioy
4 i . . . .
0 2 Yo 6 8 10 50 10 20 30 40
0 C/Go

FIG. 12. The PMF for spheres of radius af@and 50, by DyFT (symbols .
and MS(lines). The DyFT free energies are scaled to match the PMFs byFIG' 13. The PMFs for spheres of radius of 2,40 17.47, by DyFT. The

MS at {=10( (one LC layer formation The inset: mean force foR Inset: the attractive force dependence on sphere size.
=50, by MS.

tered in the experimental setting by Poulin and co-worRers.

sequently integrated to produce the PMF. The results aréwo colloids were connected by two birefringent strings in a
plotted in Fig. 12 with corresponding results for smallerso-called bubble-gum defect. In this case, the force indepen-
spheres for reference. The main effects of the larger size adent of the separation is a consequence of the free energy
a much higher repulsive force at short range and the inbeing proportional to the length of the disclination lines
creased amplitude and the number density-driven oscillationghich, in turn, is set by the colloids’ separation. In our cal-
in the mean force and the PMF. The increased force andulations, the defect topology is different and more complex.
amplitude are to be expected as the size of spherical surfac@fe length of the disclination rings depends on the separa-
surrounding pole# andB is larger and more molecules pack tion d in a nontrivial way; the same holds for the principal
into the layers between them. The strength of the aligningadii of the third ring,b andc, as shown in Fig. 10. There-
effect of the spheres increases, thus aligning the LC molfore, additional contributions to the free energy, other than
ecules over larger distances and, as a result, forming moré&e energy per unit length of the disclination lines, must be
LC layers. (Note that, collectively, several spheres inducesignificant in the system considered here. These contribu-
more layers per sphere than an individual sphere would; fotions possibly due to molecular rearrangements would have
radii of up to 70y, a single layer is anchored by a single more weight for small nanoscopic particles attracted along
sphere). The overall effects of a larger size are higher repul-the line perpendicular to the bulk director than for microme-
sion at the distances comparable to a molecular length artér size colloids interacting along the bulk alignment direc-
greater attractive well depth &t 0. Returning to the anal- tion studied by the experiments.
ogy with the sphere/substrate system, the effect of stronger Finally, in order to provide a semiquantitative link be-
attraction with the increasing size for two spheres is the optween the results of the molecular simulations and field
posite to the ‘“liftoff” of the PMF above the neutral zero theory we map the energy scales from the two methods. To
value and transition to a purely repulsive interaction. evaluate the energy scaling coefficid’=A/e,, we match

Using DyFT we ran a series of calculations for spheregshe PMF forR=30 at a separatiord= oy=0.14¢ which
ranging from radius of 24, to 17.4r; the resulting PMFs corresponds to the global minimum for the MS cur¢at
are plotted in Fig. 13. Qualitatively, we observe the same athat point, the defect structures from both methods agree
in the MS size effect: increased well depth and range of thavith each othey. From this, one obtains the estimaké
interactions. No significant short range repulsion is observee 35. We then plot the scaled PMF data obtained by the
for all sphere sizes for the same reasons as discussed in S#reory for R=50( against the corresponding data obtained
[l A. In addition, for the largest size sphere long range repul-by simulations in Fig. 12. Taking into account the roughness
sion develops fof>140,. This is consistent with previous of the MS estimate of the PMF foR=50,, the overall
studies of an analogous system using the directoagreement is satisfactory.
descriptiont® A common feature of the PMF curves dis-
played in Fig. 13 is that the slope appears to be nearly con-
stant in the attractive region for a given sphere size; i.e., coNCLUSIONS
within certain range, the mean force is independent of sepa-
ration. At the same time, as shown in the inset, the attractive We have investigated the behavior of a system consisting
force in the specified region varies linearly with the spheresbf a confined liquid crystal and two spherical colloids by
radius. Monte Carlo simulations and dynamic field theory. We ob-

A similar situation where spherical colloids in an aniso- serve a qualitative agreement between the two approaches in
tropic solvent were attracted by a constant force was encourthe results for the free energy as a function of the spheres’

Downloaded 18 Dec 2006 to 128.104.198.71. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 4, 22 July 2004 Interactions between spherical colloids 1961

separation and the resulting topological defects. We haveéPp. G. de Gennes and J. Pro$he Physics of Liquid Crystal2nd ed.

identified a new three-ring defect structure that arises for this (Clarendon, Oxford, 1993
system 4Y. Gu and N. L. Abbott, Phys. Rev. Let5, 4719(2000.

. . 5P. Poulin, V. Cabuil, and D. A. Weitz, Phys. Rev. Lét, 4862(1997).
In molecular simulations we see that the layered struc-sp pgoyiin and D. A. Weitz, Phys. Rev. &, 626 (1998.

ture of the LC near surfaces profoundly influences the mearfRr. Verma, J. C. Crocker, T. C. Lubensky, and A. G. Yodh, Phys. Rev. Lett.
force and the potential of mean force between the spheres g1 4004(1998. _
a short rangda few molecular lengths The PMF minima gé-:éog?z'(fd])c' Crocker, A. C. Zeri, and A. G. Yodh, Phys. Rev. L8,
occur when the spacing between the_spherical surfaces i$; | gilleter and R. A. Pelcovits, Phys. Rev.6, 711 (2000.
such that an integer numbéup to two in the case of the °D. Andrienko, G. Germano, and M. P. Allen, Phys. Rev6E 041701
smallest sphejeof LC layers of characteristic thickness can (200D _
be hosted. Once the spheres cannot support the layers share&é%%rggggg’ M. P. Allen, G. Skacej, and S. Zumer, Phys. Re6S
by their closest surfaces, the interaction between them ceaseg g im. R.'Fa"er, Q. Yan, N. L. Abbott, and J. J. de Pablo, J. Chem.
and the PMF and mean force curves become featurelessphys.117, 7781(2002.
Both methods indicate the presence of short-range repulsioﬁg‘;gtho'Eﬁy Eilg'zgﬂ(gdoguzma N. L. Abbott, and J. J. de Pablo, J.
: ; em. Phys .

however, the extent of repulsion predicted by moleculan,d o - "c"5 ‘kim . Grollau, N. L. Abbott, and J. J. de Pablo, Phys.
simulations is higher than that computed by the theory. MS gey. L ett.91, 235507(2003.
results indicate that significant molecular rearrangements ate. M. Terentjev, Phys. Rev. B1, 1330(1995.
separations comparable to the molecular size alter the defeicﬁﬁ- \éV Rkugwgndll and Ed '\é- Eeren;jeg PEhyS-P?e\Bﬁoﬁii((ll%%g

: . B . Stark, J. Stelzer, an . bernnhard, eur. yS. .
topology from three rings to twq fused Saturn rings. In con 187 Borstnik, H. Stark, and S. Zumer, Phys. Rev6@ 4210(1999,
trast, the defect topology remains .UnChanged in the _theory9B. I. Lev, S. B. Chernyshuk, P. M. Tomchuk, and H. Yokoyama, Phys.
One should not expect agreement in the short-range interac-Rev. E65, 021709(2002.
tions from the two approaches' In Order to Observe the |ay§0|\/|. Tasinkevych, N. M. Sylvestre, P. Patricio, and M. M. Telo da Gama,

. . .~ Eur. Phys. J. B9, 341(2002.
ering of the LC molecules, one must incorporate densnyﬂp_ Galatola and J.-B. Fournier, Phys. Rev. L8, 3915(2001.

variations and packing into the dynamic field theory.  2p galatola, 3.-B. Fournier, and H. Stark, Phys. Re67E031404(2003.

In addition, we investigated the effect of the colloids’ 2S. Grollau, N. L. Abbott, and J. J. de Pablo, Phys. Re\67E 011702
size on the interactions. We find that the depth of the attrac;,(2003.
tion increases with the size of the spheres. Moreover, thg> 5 Fournier and P. Galatola, Phys. Re6%; 032702(2002.

. . . . ~A. N. Beris and B. J. EdwardsThermodynamics of Flowing Systems
spheres experience a force independent of t_he|r separation iNoxford University Press, Oxford, 1984
the attractive region of the PMF. The magnitude of this at-?F. Calvo, Mol. Phys100 3421(2002.
tractive force increases linearly with the particle’s radius. For”kbﬁ- T. LIESDIHO;aéOK-Z ;;gclgzann, Y. Y. Luk, B. A. Israel, and N. L.
: : : ott, Langmuir20, .

the Iafgest spheres considered in this v_vork, a Iong rangg, Schopohl and T, J. Sluckin, Phys. Rev. L&, 2582 (1987,
repulsion prewoqsly .reporte'd by the continuum studies prezosjmyjations were performed with=1, L, =0.55,D* =0.35. For a nem-
cedes the attractive interactions. atic potentialu =3, these values impl$9=0.5, £&=1.81, andl'=0.622.

Finally, the observation of a new three-ring defect attests Given suitable pressure, length, and time scales, these parameters can be

.. . . . . . — — 511 H
to a nontrivial reorganization of an anisotropic medium at the mapped ta.,=8.73pN and'=6.22 Pa"s". The corresponding Frank
molecular as well as the mesoscopic level. Therefore, for thef'a,Stl'C CO”Sti”ts alre then given Kh?fzf*?%zégl_p'\!a Thestelma‘
e . . . . . . erial parameter values are representative or a lquia crystal.

_condmo_ns conS|_dered in this work, i.e., nanoscopic particlesoy;, Hoiand s. F. EdwardsThe Theory of Polymer Dynami¢Slarendon,
interacting at distances on the order of a few molecular oxford, 1989.
lengths, a linear superposition of director or tensor order pa¥Simulations were performed with=1, L,=0.55,D* =0.35. For the iso-
rameter fields produced by each particle is insufficient. Non- tropic and nematic phases we udge-1.0 andU =4.8, respectively.
linear terms, such as in the dynamic field theoryQofmust ~ ,E- B- Kim and J. J. de Pablo, Phys. Re\6& 061703(2004.

b I df D it tain limitati in the th fi |33For the isotropic phase?, should be zero; however, in a simulation of
€ allowed for. Despite certain imitations in the theoretica finite number of particles and over a finite time, this value is virtually

results observed at very short rangeJ(o,), DyFT provides unattainable from purely statistical point of vieffor a large number of
a powerful tool to study this type of systems, particularly for samplesN of random orientation, the asymptotic value of the order pa-

modeling the mesoscopic behavior of a multiparticle sensor. rameter will be proportional tdl~¥?). Therefore, thé>, value obtained in

- a bin on a rectangular grid from only 500 configurations will depend on
In general, we find good agreement between DyFT and MS the bin size, i.e., although the local averdgin a bin far away from the

over the large-separation range and also as the size of thespheres will be representative of any such bin, this value will drop as the

colloids increases. bin size increases. For example, if we calcul&g averaged over all
configurations and the entire system exclusive of the spheres and the ad-
ACKNOWLEDGMENTS jacent regions, the resulting value is 0.03; for a bin size ofx@4

) ) ) ><0.5¢rg (the resultingP, map is shown in Fig. 11 the average is 0.25.
This work has been supported by the University of clearly, the latter value is too high; however, our motivation for such fine
Wisconsin Materials Research Science and Engineering Cen-grid was to reproduce the, map close to the spheres surface where the

ter on Nanostructured Materials and Interfa¢@sant No. 34'??swr:)ndgeIczte;gggsaﬁi;yoﬂzlg;:kcl())lnvélitt?oahseir? Ifﬁ:qgiiropic phase we used the
NSF-DMR-007998% same boundary conditions as in the nematic phase, i.e., a uniaxial order
parameter tensor wit = 4.8 (S°%=0.8). In the bulk the nematic potential
V. K. Gupta, J. J. Skaife, T. B. Dubrovsky, and N. L. Abbott, Sciepzg, U was set to 1.0, which corresponds to the scalar order parameter of zero.
2077(1998. 35K. Yaman, C. Jeppensen, and C. M. Marques, Europhys. #8{t221
2J.A.Van Nelson, S.-R. Kim, and N. L. Abbott, Langm@#, 5031(2002. (1998.

Downloaded 18 Dec 2006 to 128.104.198.71. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



