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Recent experiments indicate that liquid crystals can be used to optically report the presence of
biomolecules adsorbed at solid surfaces. In this work, numerical simulations are used to investigate
the effects of biological molecules, modeled as spherical particles, on the structure and dynamics of
nematic ordering. In the absence of adsorbed particles, a nematic in contact with a substrate adopts
a uniform orientational order, imposed by the boundary conditions at this surface. It is found that the
relaxation to this uniform state is slowed down by the presence of a small number of adsorbed
particles. However, beyond a critical concentration of adsorbed particles, the liquid crystal ceases to
exhibit uniform orientational order at long times. At this concentration, the domain growth is
characterized by a first regime where the average nematic domain sizeLD obeys the scaling law
LD(t);t1/2; at long times, a slow dynamics regime is attained for whichLD tends to a finite value
corresponding to a metastable state with a disordered texture. The results of simulations are
consistent with experimental observations. ©2005 American Institute of Physics.
@DOI: 10.1063/1.1831253#

I. INTRODUCTION

Recent experiments have shown that liquid crystals~LC!
can be used to report ligand-receptor binding at solid
surfaces.1–4 Proteins or viruses bound to solid surfaces can
create elastic deformations of a thin nematic liquid-crystal
film giving rise to macroscopic optical signatures that can be
easily detected with crossed polarizers.1–4 These experiments
constitute the basis for liquid-crystal based biosensors.

The occurrence of an optical signature relies on a non-
equilibrium process where the binding of biomolecules to a
solid surface influences the relaxation of the liquid crystal.
Understanding the effects of adsorbed particles on the struc-
ture and dynamics of a nematic LC would facilitate consid-
erably the development of such sensors. One of the questions
raised by these experiments is how can events that occur on
a nanometer scale influence the mesoscopic optical response
of the liquid crystal.

In a series of papers,5–7 a multiscale approach was used
to investigate systems of a few nanoscopic colloids im-
mersed in a nematic host. This approach combines molecular
simulation and a dynamic field theory~DyFT! for the tensor
order parameter. The coarse-grained description offered by
the DyFT was seen to describe correctly the mean force be-
tween colloids, and the topological defect structures around
them~provided that the size and separation of the nanoscopic
particles are at least on the order of a few molecular sizes!.6,7

A fully molecular simulation of a biosensor is beyond our
current computational power. Therefore, in this work we turn
to a dynamic field theory description of a model biosensor in
order to address the effects of nanometer size, adsorbed par-

ticles on the structure, and ordering dynamics of nematic
films.

When a system is quenched from a disordered equilib-
rium state into an ordered phase, the ensuing nonequilibrium
state slowly evolves in the form of domains of ordered phase
that grow as a function of time. Coarsening dynamics in
nematic LCs have been the subject of numerous experimen-
tal observations8,9 and numerical simulations;10–15 consider-
able controversy has emerged as to whether the ordering vio-
lates dynamical scaling and whether at late stages the system
enters a regime characterized by a single length scaleL(t).
As pointed out in previous studies based on cell-dynamics
simulations,10,11 numerical determination of growth expo-
nents may be affected by transient effects or by the freezing
of the system into a metastable configuration caused by nu-
merical pinning of topological defects.

This work studies the ordering dynamics of a two-
dimensional macroscopic nematic film, confined between
two substrates in the presence of nanoscopic particles ad-
sorbed at these substrates~see Fig. 1!. In the absence of
particles, at late stages, the confining surfaces promote a uni-
form nematic order; we investigate the effects of the ad-
sorbed particles on the equilibrium structure and dynamics.
The characteristic dimensions of the film are large compared
to the nematic coherence length (j'20 nm),16,17 while the
size of the nanoparticles is on the order of a few coherence
lengths: the biological particles that are the targets of the
experimental sensors have a size on the order of tens or
hundreds of nanometers, hence in the model sensor that we
present the adsorbed particles have a radiusR52.4j, which
is large compared to the coherence length of the bulk nem-
atic. The relaxation of the nematic is described by a time
evolution equation for the tensor order parameter17 Q ~also
called alignment tensor! that includes both short-range anda!Electronic mail: depablo@engr.wisc.edu
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long-range order elastic effects.18 The tensor order parameter
formulation has been successfully applied to study the defect
structure around an individual particle,19,20 or a group of
particles.6,7,21

The system is first equilibrated in the isotropic phase;
after a sudden quench into the nematic phase, its evolution is
analyzed through the correlation function of the tensor order
parameter for different concentrations of particles. Simula-
tions are performed with sufficiently high accuracy to avoid
artificial numerical pinning of the topological defects.

II. DESCRIPTION OF THE MODEL

We compute the evolution of the liquid crystal with a
dynamic field theory for the tensor order parameterQ(r ,t).
This theory corresponds to a particular case of the Beris-
Edwards formulation of the thermodynamics of fluids with
internal microstructure.18 In this theory, the functional de-
rivative of the free energyF with respect to the order param-
eter drives the evolution ofQ:

]Q

]t
52GF dF

dQ
2

1

3
TrS dF

dQD IG . ~1!

The coefficientG56D/@123Tr(Q2)/2#2, whereD is the ro-
tational diffusion for the nematic, andI is the identity tensor.
Note thatdF/dQ must be symmetrized.

The free energyF of the liquid crystal includes two
contributions. One corresponds to the short-range bulk inter-
actions responsible for the I-N transition; the other one arises
from the elasticity of the liquid crystal,

F5E
V
~Fs1Fe! dr . ~2!

In the experiments with the LC sensor,1–4 the orientation
of the liquid crystal at the substrates~referred to as planar or
homeotropic anchoring! as well as the strength of anchoring
are controlled through specific treatments based on chemi-
sorption of alkanethiols on gold surfaces.22

This work only considers the case of strong anchoring at
all surfaces; surface free energy contributions need not be
included, provided that the initial configurations satisfy the
anchoring at every confining surface.

The short-range free energy density is represented with a
Landau-de Gennes expansion. In particular, we use the Doi
theory expression23

Fs5E A

2 S 12
U

3 D tr~Q2!2
AU

3
tr~Q3!1

AU

4
tr~Q2!2dr ,

~3!

because this will allow future comparisons with previous
work on phase ordering that also use this model.15,24 It con-
tains only two phenomenological coefficients (A andU) that
depend on the liquid crystal of interest;A controls the energy
scale of the model, whileU controls the value of the scalar
order parameter in the bulk,18
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In this model, the system is isotropic for 0,U,UIN52.7,
and nematic forU.UIN . Since the coefficient of the quartic
term is not independent fromA andU, the jump in the scalar
order parameter at the transition is fixed. The limits of
metastability for the isotropic and nematic phases areU*
53 andU** 58/3, respectively.

The elastic contribution introduces a free energy cost for
gradients in the tensor order parameter field. Using the nota-
tion Qi j ,k5]kQi j , this contribution is given by25
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The coefficientsLi are related to the splay (K1), twist (K2),
and bend (K3) elastic constants through
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In this work, we use the one-elastic-constant
approximation,17,26 where the splay, twist, and bend elastic
constants have a common valueK. In this approximation,
the elastic free energy density reduces to

Fe5E L1

2
Qi j ,kQi j ,k dr , ~9!

while the elastic constant depends quadratically on the scalar
order parameter,27

K52S2L1 . ~10!

When the functional derivatives in Eq.~1! are evaluated,
one obtains a partial differential equation forQ,

]Q

]t
52G$A~12U/3!Q2AU@Q22Tr~Q2!~Q1I/3!#

2L1¹2Q%. ~11!

FIG. 1. A schematic view of the model sensor: a film of nematic is confined
by two plane surfaces~dashed lines!. A quasi-2D geometry is obtained by
taking the fluid as invariant along thez direction. We compute the evolution
of the LC on a rectangle of sizeLx3Ly , periodic boundary conditions are
assumed in thex direction.
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We introduce the nematic coherence lengthj defined by
j5A18L1 /AU; j provides a characteristic length scale for
changes of the order parameter. At the isotropic-nematic
first-order transition,j is finite and amounts to several mo-
lecular lengths, withj;20 nm.16 In the nematic phase,j
also amounts to several molecular lengths and corresponds to
the characteristic spatial extension of the core defects.28,20

We also introducet05u6DA(12U/3)u21, corresponding to
the characteristic time scale for changes of the order param-
eter. For the parameter values used in this work,29 the relax-
ation time t is on the order of 100 ns. In the following,
lengths are given in units ofj evaluated in the nematic phase
at U56 and time is given in units oft0 .

The numerical study presented in this work is restricted
to the case of strong, planar anchoring along thex direction
at the top and bottom solid surfaces~see Fig. 1!. At all
bounding surfaces, we assumeQ to be uniaxial and of the
form

Q5Sbulk~nn2I/3!, ~12!

where n is the average orientation of the molecules at the
surfaces. Equation~12! indicates that the substrate is treated
as a rigid surface with well defined anchoring properties.
This is a simplification over the more realistic situation
where the surface anchoring is explicitly modeled over dis-
tances that are small compared to the surface correlation
length,30 but since the focus of this work is to analyze the
behavior of the liquid crystal in the central regions of the
sensor, we believe this simplification is adequate.

Past studies have documented how an assembly of phos-
pholipids at the interface of a liquid crystal can induce planar
or homeotropic anchoring depending on the organization and
tilt of the phospholipids comprising the assembly.31,32 More
recently, it has been found that enveloped viruses~such as
the vesicular stomatitis virus! can induce homeotropic an-
choring of liquid crystals when deposited on gold films
treated with poly-L-lysine~cationic surfaces! that normally
induce planar anchoring.33,34 ~We note that, even if the com-
position of the virion’s envelope is relatively well character-
ized, the detailed mechanism by which homeotropic anchor-
ing is obtained is not well understood.! Since viral particles
are important targets for a biosensor, in this work we con-
sider the case where the liquid crystal director is oriented
perpendicularly to the surface of the nanoparticles~strong
homeotropic anchoring!.

The geometry of the simulation cell corresponds to a
two-dimensional thin film, with lengthsLx5290j and a ratio
Ly /Lx51/6 ~see Fig. 1!. Periodic boundary conditions are
imposed in thex direction. In order to avoid artificial nu-
merical pinning of the defects, we use a grid of 10243171
points. This mesh allows us to observe a uniform orientation
texture, free of topological defects, when the liquid crystal
relaxes between the two surfaces in the absence of particles.

The biological molecules adsorbed at the substrates are
modeled by spherical particles fixed at the confining walls.
The radius of the particles isR52.4j; this radius is repre-
sentative of large proteins or small viruses. In the following,
we usef52RN/Lx to denote the dimensionless concentra-
tion of N particles adsorbed on each surface. To solve Eq.

~11! for specific boundary conditions in the presence of par-
ticles, we use a numerical algorithm described in recent
work.5,20 The initial configuration corresponds to a random
orientation of the director. The system is equilibrated in the
isotropic phase at the nematic potentialU52 for a time t
520t0 . The system is quenched deep into the nematic phase
at the nematic potentialU56, and its time evolution is quan-
tified along thex direction and in the middle of the cell
through the scalar correlation function defined by

C~x,t !5
^Tr@Q~x,t !Q~0,t !#&

^Tr@Q~0,t !Q~0,t !#&
, ~13!

where^¯& denotes an average over positions. The correla-
tion function is normalized so thatC(0,t)51; we compute
the average domain size11 LD(t) at time t as the solution to
the equation

C~LD ,t !51/2. ~14!

III. EFFECTS OF THE ADSORBED PARTICLES

Figure 2 shows the evolution of the correlation function
C(x,t) for different values of the concentration of adsorbed
particles. For each concentration,C(x,t) is plotted at a se-
quence of time steps (t/t050, 1.4, 4.2, 5.6, 7, 17.5, 35, 70,
105, 175, 280, 350, 525, and 630!. In all the cases, a first
regime is observed fromt50 to t.105t0 . In this regime,
the correlation function decays to zero within a fewj. The
size of the domains in the middle of the cell is small and
grows as a result of the liquid crystal’s propensity to align in
a given orientation, but this direction is not yet dictated by
the confining surfaces.

Only at later times (t.105t0) does the preferred orien-
tation imparted by the surfaces get transmitted to the middle
of the cell. In this stage, the correlation function no longer
decays to zero at long distances, but tends to a ‘‘background’’
value, independent of position, that increases monotonically
over time. In the absence of adsorbed particles@Fig. 2~a!# by
the timet5650t0 the correlation function approaches unity
over the entire cell, indicating the existence of a uniform
texture driven by the substrates’ anchoring properties.

However, the presence of particles slows down the dy-
namics at late stages, as shown in Figs. 2~b!–2~d!. The rate
at which the background value approaches unity decreases
with increasingf. In particular, forf>0.33 @see Figs. 2~c!
and 2~d!#, the background value of the correlation function at
large separations never becomes higher than 1/2, even at late
stages; and the domain sizeLD @defined in Eq.~14!# remains
finite.

Two snapshots of the simulation cell with particles at the
substrates are shown in Fig. 3 for the concentrationf
50.33. The system is visualized as in between crossed po-
lars: the intensity of light is proportional to sin2(2u), whereu
is the angle between the local director and thex axis; thus,
regions with vertical or horizontal directors appear as black.
For this particle configuration, the structure of the nematic at
late stages is characterized by the presence of isolated topo-
logical defects that move slowly through the cell, and topo-
logical defects attached to the particles. More importantly, as
indicated by the occurrence of alternating white and black
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‘‘bridges’’ between the two substrates~see the optical picture
at t5315t0), the presence of bound particles induces con-
siderable disorder in the liquid crystal after relaxation. It is
interesting to compare these banded structures with the tex-
tures observed by Rey and Tsuji in their simulations of liquid
crystal films after cessation of flow.24 In those simulations, a
simple rectilinear shear flow gives rise to banded textures,

which are ultimately associated with an out-of-plane director
orientation; after cessation of the flow, the banded texture
relaxes towards a uniform in-plane orientation texture. In our
calculations, the concentration of adsorbed particles plays a
role similar to the flow: it is an agent that can perturb the
uniform texture. However, there are differences: first, the
shear introduces a preferred direction along the whole sys-
tem, while the anchoring induced by the adsorbed particles is
more local; in second place, the bright and dark bands ob-
served in our system correspond to an in-plane variation of
the orientation of the liquid crystal and no out-of-plane com-
ponent of the director is observed.

Figure 4 shows the correlation lengthLD(t) as a func-
tion of time, for different concentrations of particles~Table I
reports a small set of the data, including results at very long
times for the concentrationf50.33). A small number of
particles~see the data forf50.08 andf50.17) can slow
down the relaxation process considerably. In these cases, the
surfaces impose a late stage, quasiuniform texture that is
slightly perturbed by the presence of a few topological de-
fects attached to the particles. The growth of the correlation

FIG. 2. The correlation functionC(x,t) at a sequence of time steps (t/t0

50, 1.4, 4.2, 5.6, 7, 17.5, 35, 70, 105, 175, 280, 350, 525, and 630! for four
concentrations of particles:~a! f50, ~b! f50.17, ~c! f50.33, and~d! f
50.41. The arrow indicates the order of increasing time.

FIG. 3. Nematic ordering in the presence of particles adsorbed at the sub-
strates: optical pictures att55.6t0 ~top! and t5315t0 ~bottom!.

FIG. 4. Growth of domain sizeLD(t) without particles~circles!, with f
50.08 ~squares!, with f50.17 ~triangles!, and withf50.33 ~star!. Statis-
tical averages are performed over five different realizations of the particles’
positions. For each realization, averages are performed over 30 initial con-
figurations of the liquid crystal. The dashed lines representLD(t) for the five
different realizations withf50.17.

TABLE I. Average domain sizeLD as a function of time, for the bulk LC,
and five confined systems with increasingly higher particle concentrationf.
@Ellipsis indicate that, at the corresponding time, the system has relaxed to a
monodomain state whereC(x,t) never decays below 1/2.#

t(t0) Bulk f50 f50.08 f50.17 f50.33 f50.41

1.4 4.0 4.0 4.0 4.0 4.0 4.0
5.6 4.7 4.7 4.7 4.7 4.7 4.7

17.5 8.4 7.7 7.7 7.7 7.7 7.7
70 14.6 14.2 14.2 14.2 14.2 14.2

105 17.9 17.5 17.2 17.2 17.2 17.2
175 23.7 24.5 23.0 22.3 20.5 23.1
280 29.6 57.7 35.8 30.7 30.3 31.0
350 32.7 ¯ 55.9 38.7 31.4 35.1
525 ¯ ¯ 41.3 42.4
735 49.3

1 540 63.9
2 345 69.8
4 900 75.2
6 300 80.0
7 700 80.0

10 500 80.0

024703-4 Grollau et al. J. Chem. Phys. 122, 024703 (2005)

Downloaded 19 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



length LD(t) is similar to the case without bound particles,
with a departure from the scaling lawLD(t);t1/2 setting in
at long times, as shown in Figs. 4 and 5.

At a critical concentration of particles~see Fig. 4 forf
50.33), perturbations created by the bound particles are
such that the substrate properties are no longer able to induce
a uniform nematic texture. The dynamics of the system is
governed byLD(t);t1/2 over a wide range of time, reflecting
that no preferred orientation is promoted by the surfaces. We
have investigated dynamics at very long times at this critical
concentration. Results are reported in Fig. 5 on a logarithmic
scale. Even at late stages, the correlation functionC(x,t) is
never uniform.C(x,t) is frozen and exhibits a shape similar
to that observed in Fig. 2~b! for t5630t0 . The correlation
lengthLD(t) grows until it saturates at a finite value~80j!, as
indicated in Fig. 5. At this concentration of particles, the final
structure corresponds to a disordered state devoid of uniform
orientational order: As one traverses the cell along thex
direction, the director oscillates, giving rise to alternating
white and black bridges between the two substrates~see
Fig. 3!.

Experimentally, the optical signatures for low protein
coverages1–4 indicate a uniform texture slightly perturbed by
topological defects attached to the proteins. At higher protein
densities, the optical signatures are those of a nematic texture
characterized by a multidomain structure. These observations
are consistent with the results of our simulations, which re-
veal a multidomain structure characterized by slow dynam-
ics. For a high particle concentration (f50.66), we observe
final states having again uniform orientational order in the
cell, but with a director that is perpendicular to the sub-
strates. The occurrence of these equilibrium structures results
from the assumption of homeotropic anchoring at the surface
of the particles. Similar equilibrium structures have been ob-
served for viruses captured by surfaces.4 This comparison
between simulations and experiments suggests that, in these
experiments, the liquid crystal may be oriented perpendicu-
larly to the surface of the viruses; at high densities, the vi-
ruses impose a global orientation perpendicular to the sub-
strates.

IV. CONCLUSION

The results presented in this paper indicate that as long
as the surface properties are not transmitted towards the
middle of the cell, the dynamical correlation function is char-
acterized by an average domain sizeLD that grows as
LD(t);tf, with f'0.5060.02. This t1/2 behavior is in
agreement with experimental observations8,9 and with recent
numerical investigations that include back-flow effects.15

In the absence of adsorbed particles, the surfaces induce
a long-range orientational order throughout the entire cell.
For a small number of particles adsorbed at the solid sur-
faces, a similar behavior is observed but the relaxation to-
wards a long-range uniform orientation order is delayed. As
the concentration of particles increases, these effects become
increasingly pronounced until, at a critical concentration, no
monodomain orientational order is observed. At this concen-
tration (f50.33), the dynamics obey a scaling law of the
form LD(t);t1/2 until the growth of domains is retarded at
late stages. At these late stages, the system becomes trapped
in a metastable state where configurations are characterized
by a disordered texture with finite domain sizes.

Several questions are now open for further investiga-
tions: first, for a given geometryLx3Ly of the nematic film,
what determines the critical concentrationf that prevents the
establishment of a uniform texture dictated by the anchoring
of the confining substrates? Second, would it be possible to
enhance the sensitivity of LC biosensors by choosing spe-
cific configurations of the binding sites that enhance the con-
trast between the presence and absence of the adsorbed par-
ticles? The coarse-grained theory used in this work seems to
be well suited to answer these questions.
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