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ABSTRACT: The phase separation kinetics of polymer dispersed liquid crystals (PDLC) confined between two
parallel, smooth walls are numerically studied for the first time. Only the two-dimensional (2D) system is considered
for simplicity. The time evolutions of two order parameters (i.e., composition order parameter and orientational
order parameter) are calculated by solving coupled time-dependent Ginzburg-Landau (TDGL) model C equations.
The wall surface effect is weaker when the thermal quench is deeper. The ordering of LC is found to be accelerated
as the external confinement is enhanced (i.e., reduced separation distance between two walls). The results presented
in the study will provide insights into the experiments on the control of LC domain morphologies in the mixture
of polymer/LC under nanoscopic confinement.

I. Introduction

The mixtures of polymer and low-molecular-weight liquid
crystal (LC) are of immense interest scientifically and techno-
logically due to their potential applications in the area of
electrooptical devices and flat panel displays, etc.1 Polymer/
LC mixtures can be divided into several categories, including
polymer stabilized liquid crystals (PSLC)2-7 and polymer
dispersed liquid crystals (PDLC).8-16 A new class of PDLC is
the holographically formed PDLC (i.e., H-PDLC) produced by
pattern photopolymerization using UV irradiation.17-24 The
simplest way of preparing PDLC materials is through the
thermal quench of a homogeneous mixture of LC and polymer.
The performance of PDLC strongly depends on the final
morphology of the dispersed LC domain in polymer matrix.
The size, shape, and distribution of LC domains are generally
not only dictated by thermodynamic phase equilibria but also
strongly dependent on phase separation kinetics and anisotropic
ordering of LC as most polymer systems hardly reach a
thermodynamic equilibrium state.25 Thus, the fundamental
understanding of the phase equilibrium and phase separation
kinetics of mixtures of polymer/LC is of crucial importance for
optimizing the performance of PDLC materials. On the other
hand, the dynamics of spinodal decomposition in a mixture
containing anisotropic moieties (e.g., LC) is also an interesting
theme for the study of complex fluids or soft matters.

Both experimental8-16 and theoretical8,9,12,14,26,27studies on
the phase equilibrium of PDLC systems have been reported in
recent years. The Flory-Huggins lattice theory of polymer
mixture28 and the Maier-Saupe29,30or the Lebwohl-Lasher31,32

models of nematogens were combined to predict the phase
diagram of polymer/nematic LC mixtures that consists of
isotropic, liquid-liquid, isotropic-nematic, and pure nematic
regions.8-13,15,16,33,34The theoretical calculations agreed well
with experimental observations in various polymer/LC mixture
systems.1,8-13 The time-dependent Ginzburg-Landau (TDGL)
equations (model C)35 that couple the local composition order
parameter,φ, with the nematic order parameter of LC, either

scalar25,33,36or tensor,14,34,37-41 have been employed to simulate
the morphological evolutions. The morphologies depend on the
region in which the mixture is quenched8-13,15,16,33,34(i.e., in
the isotropic spinodal region or anisotropic spinodal region
(Figure 1)). For example, an interesting pattern constituting
concentric domains was obtained when the mixture was
quenched into a shallow spinodal region which was close to
the nematic-isotropic (NI) transition line.14 The polymer-rich
phase was found to form an interconnected domain due to
viscoelastic effects, even when the polymer component was
minority.39 It has been demonstrated that the nematohydrody-
namic effects not only accelerated the LC domain growth but
also led to the breakdown of the morphological symmetry of
the two phases.34

Despite the technical importance, the comprehensive under-
standing of the phase separation kinetics in LC/polymer
mixtures, both experimentally13,14,25,42and theoretically,14,25,27,33,38

is still far from complete. In particular, to the best of our
knowledge, no theoretical and experimental efforts concerned
on the surface and finite size effects on the phase separation
kinetics of a PDLC system in confined geometries have been
made. This contrasts significantly with the intensive studies that
have been devoted to investigate LC solely confined by smooth
walls,43 in nanopores,44-48 and in a prefabricated polymer
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Figure 1. Phase diagram of polymer/LC binary mixture withR )
1.0,TNI ) 2.0, andø0 ) 2.8. The solid line refers to the binodal curve.
The dash line is the spinodal curve. The dotted line represents the
isotropic to anisotropic (i.e., nematic in the present study) transition.
The solid circles indicate the volume fraction and the corresponding
temperature at which the mixture is quenched from homogeneous
isotropic state.

2247Macromolecules2006,39, 2247-2253

10.1021/ma0527045 CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/15/2006

CDV



template,49 in which surface and finite size effects have been
shown to exert profound influences on the kinetics of LC.

In this paper, we employ the coupled time-dependent Gin-
zburg-Landau (TDGL) equations (model C)35 for the local
volume fraction (i.e., composition order parameter),φ, with the
nematic tensor order parameter,Q, to explore, for the first time,
the emergence of nematic ordering of LCs and the phase
separation kinetics during thermally induced phase separation
in a PDLC system confined between two parallel, smooth, and
impenetrable walls. We show that the surface effect becomes
weaker when the thermal quench is deeper. The isotropic to
nematic transition of LC is enhanced as the distance between
two walls reduced. The paper is organized as follows. In section
II we describe the model and simulation method. We then
present and discuss the interesting features of the phase
separation kinetics of PDLC and orientational order parameter
of LC under external confinement in section III, followed by
conclusions in section IV.

II. Model and Simulation Method

II.1. Free Energy of Polymer/LC Mixture. A mixture of
flexible polymer and LCs is confined between two parallel,
smooth, and impenetrable walls that locate at theY direction in
the coordinate illustrated in Figure 2. Only the two-dimensional
(2D) system is considered for simplicity. The mixture can be
described by a conserved order parameter, volume fraction of
liquid crystal,φ, and a nonconserved traceless symmetric tensor
orientational order parameter of LC,Qij, defined as14,36,37,47

where i, j ) X, Y, Z represent the components along three
orthogonal coordinate axes.40 TheZ direction is parallel to the
wall surfaces (Figure 2).S(r) is the scalar orientational order
parameter, andn(r) is a local director field.40 QZZ, QXZ, and
QYZ are chosen to be independent variables in the simulation.39

for QZZ(r) * 0. Otherwise39

The free energy of the system contains two parts, i.e., the bulk
free energy and surface free energy resulting from the external
confinement effect

The bulk free energy,Fbulk, is given by the integration of the
local free energy density14,39

whereFbulk and the bulk free energy density,f, are dimensionless
quantities divided bykBT. c1 is phenomenological coefficient
arising from the elastic energy of LCs;c2 is also a phenom-
enological coefficient specifying the orientation of LC at the
interface between polymer-rich phase and LC-rich phase.f is
given as14

where the constantR is defined asR ) nL/nP, wherenL andnP

are the molecular weights of LC and polymer, respectively.øLP

is the Flory interaction parameter between polymer and LCs
and assumed to be inversely proportional to the temperatureT

whereø0 is a positive constant.TNI is the nematic-isotropic
transition temperature in the absence of polymer.c3 andC are
positive constants. Since a uniaxial LC is considered for
simplicity, the higher-order term of Landau-de Gennes expan-
sion of orientational order parameter inf is neglected.14

The surface energy,Fsur, has two contributions: the first
origins from the affinities of the surface for polymer or LC,
which can be expressed as a long-range surface potential50

It depends solely on the distance from the interacting wall and
is given by50

whered is the distance away from the wall. The values ofσ )
0.4 andp ) 2 are taken in the simulation.51,52The second results
from the surface anchoring effect on orientation of LCs53

where fs[Qij,r] is the local density of interaction energy.
However, this term is ignored in the simulation because the

Figure 2. Snapshots of the morphologies of PDLC confined between
two solid surfaces after quenched toT ) 1.0. The black and white
correspond the LC-rich phase and the polymer-rich phase, respectively.
The wall surfaces adsorb LCs. The initial volume fraction of LC,φini

) 0.4. The simulation is carried out in 256× 256 lattice sites.
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values ofnX andnY cannot be determined uniquely when LC
locates in theX-Y plane (i.e., atnZ ) 0).39 Moreover, we are
interested in the situation in which no anchoring effect on the
LCs is imposed by the wall surfaces47 (i.e., zero anchoring
instead of homogeneous and/or homeotropic anchoring).

The typical phase diagram of polymer/LC binary mixture in
bulk, that is, in the absence of the external confinement,
calculated by combining the Flory-Huggins model28 for an
isotropic polymer mixture and the Lebwohl-Lasher model31,32

for the nematogens is presented in Figure 1. For details of
calculation, one can refer to our previous papers.15,16,33,42It is
seen that the phase diagram is highly asymmetric, and there
exists a narrow nematic phase region when the volume fraction
of LC, φ, is high. There are two spinodal regions, i.e., an
isotropic spinodal region and an anisotropic (i.e., nematic)
spinodal region, which are separated by an anisotropic-isotropic
(N-I) transition line.

II.2. Kinetic Model. The time evolutions of composition
order parameter of LC,φ, and orientational order parameter,
Q, can be described by the coupled time-dependent Ginzburg-
Landau (TDGL) equations (model C).

whereMφ andMS are the mobility coefficients that depend on
the molecular weights of polymer and LC as well as the local
composition order parameter,φ, and orientational order param-
eter,Q. For simplicity, they are assumed to be constants in the
simulation as employed by Motoyama et al.14 Equation 11 is a
conserved diffusion equation where the thermodynamic force
driven flux is given by the chemical potentialµ ) δF/δφ.
Equation 12 is a nonconserved orientational order parameter
equation. The Lagrange multiplierλ is chosen to ensure the
traceless tensor condition TrQ ) 0. It should be noted thatnX

2

+ nY
2 + nZ

2 ) 1 has been confirmed in the simulation. In other
words, TrQ ) 0 is satisfied. The last terms in eqs 11 and 12
are the thermal random noises which can be described by the
fluctuation dissipation relations14

Substituting eqs 4-6, 8, and 9 into eqs 11 and 12, the kinetics
equations forφ andQ can be obtained

Equations 15 and 16 are solved numerically in two-dimensional
square lattice (X × Y ) N × N). The periodic boundary

condition is applied in theX direction (Figure 2). To ensure
that there is no mass transport at the two wall surfaces since
PDLC cannot penetrate the hard walls (the position of two wall
surfaces are set asY ) 0 andY ) N + 1),50 the following
boundary condition is employed for the conserved composition
order parameter,φ

For nonconserved orientational order parameter,Q, the Neu-
mann boundary condition is used, assuming that the wall
surfaces impose no effect on the orientation of LC (i.e., zero
anchoring assumption).47

The following parameters are set in the simulation:c1 ) 1.0,
c2 ) -1.0, c3 ) 2.0, T ) 1.0, TNI ) 2.0, ø0 ) 2.8, C ) 1.0,
and R ) 1.0.14 The initial local LC volume fraction and the
initial scalar order parameter are assumed to distribute uniformly
around their average values (i.e.,〈φini〉 ) 0.4 (or 0.6) and〈S〉 )
0.01). The directorn(r) takes a random configuration. An
explicit method for temporal steps and a central difference
scheme for spatial steps with a periodic boundary condition in
the X direction are used. The discretized space and time are
∆X(Y) ) 1.0 and∆t ) 0.001, respectively. The thermal random
noises were neglected in the calculations since they have no
significant effect on the last stage phase separation kinetics.14,54,55

III. Results and Discussion

1. Surface Effects on the Ordering of Liquid Crystals.
Figure 2 shows the spatial-temporal evolutions of morphologies
of PDLC confined between two solid walls atφini ) 0.4 after
quenched toT ) 1.0, i.e., in isotropic spinodal region (Figure
1). The black and the white represent the LC-rich phase and
the polymer-rich phase, respectively. The LC domains are
dispersed in the polymer matrix. Although interfacial interactions
between the LCs and walls are expected to play an important
role in the alignment and orientational ordering of LCs, the wall
surfaces are only considered to selectively adsorb LCs. The zero
anchoring at the walls is assumed in the simulation. A LC-rich
layer forming at two wall surfaces is clearly evident (Figure
2). Similar phenomena have been observed in the thin film of
a polymer blend56 as well as the diblock copolymer50 when they
were confined between two slabs. A strong surface-induced
segregation was obtained in the diblock copolymer.50 It has been
demonstrated that when small molecular weight LC 5CB was
restricted in a silica aerogel of continuous pore structure, a layer
of 5CB was found to form at the nontreated silica internal wall
surface as probed by NMR.45

The time evolution of the corresponding LC director con-
figuration in 64× 64 lattice sites is illustrated in Figure 3. At
the very early stage of the phase separation, the polymer and
LC are still miscible. No ordered LC att ) 100 is seen except
the regions at the wall surfaces.55 It can be seen that LC
molecules align to some angles to the walls and the directors
gradually turn away from the plane (i.e., the rods become shorter
as LC molecules are gradually away from the walls). The
ordering of LC at the walls is caused by surface-induced phase
separation that drives the LC to enrich at the walls at the
temperature belowTNI. The director of LCs would tend to adopt
an optimal state to balance all elastic energies (i.e., splay, twist,
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∂t

) Mφ∇2
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+ η (11)
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∂t
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〈η(r,t),η(r′,t′)〉 ) -2Mφ∇2δ(r - r′)δ(t - t′) (13)

〈ηij(r,t),ηkl(r′,t′)〉 ) -2MSδikδjlδ(r - r′)δ(t - t′) (14)

∂φ(r,t)
∂t

) ∇2[R(ln[1 - φ(r)] + 1) - (ln[φ(r)] + 1) +

øLP(1 - 2φ(r)) - ∇2
φ(r) - c2∇i{(∇jφ(r))Qij(r)} +

c3 Tr Q2 + V(r)] + η (15)

∂Qij(r,t)

∂t
) c1∇2Qij(r) -

c2

2
(∇iφ(r))(∇jφ(r)) +

c2

6
(∇φ(r))2δij - {2[T - (TNI - c3(1 - φ(r)))] +

4C(Tr Q2)}Qij(r) + λδij + ηij (16)

∂µ
∂Y

) 0 (17)

Q(x, 0, t) ) Q(x, 1, t)

Q(x, N + 1, t) ) Q(x, N, t) (18)
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and bend).53 A spatial variation of the director is, thus, inevitably
expected near the wall surfaces. This causes a nonzero tilt
angle.53

The director configurations inside a LC-rich domain dictate
its shape. As time progresses, rather than the circular shape,
the LCs domains are observed to be elongated due to a negative
constantc2 ) -1.0 employed in the simulation.14 The individual
LC molecule is seen to align preferentially perpendicular to the
polymer/LC interface, especially att ) 2500, as a direct
consequence of the reduction of the interfacial interaction
between polymer and LC through increasing the interface area
of the perpendicular orientation.14

In the simulation, the relevant variables are the local volume
fraction of LC and the order parameter of LC. The distribution
of volume fraction of LC,φ in X-Y plane att ) 100 (Figure
3) is depicted in Figure 4a. Theφ at the walls is∼0.8, greater
than 0.5. The nematic to isotropic transition of LC takes place
at T ) 1.0 andφ ) 0.5 (Figure 1). Therefore, it is clear that the
polymer/LC mixture has phase separated at the walls. However,
the averageφ in away-from-wall regions is∼0.4, signifying
surface-induced ordering of LC occurs earlier than those in the
regions away from the walls. This is manifested in a larger value
of the scalar orientational order parameterSat the walls att )
100 (S ) ∼0.05) as shown in the inset in Figure 4b. As time
progresses, a thicker layer of LC-rich domain at the wall surface
is formed as is evidenced in Figure 2 (i.e., thicker black stripes
at both top and bottom walls). In other words, more LC
molecules are seen to adsorb at the walls. Accordingly, the
surface ordering of LC becomes significant and reaches a
constant value∼0.55 aftert ) 500 (Figure 4b). However, the
ordering away from wall surfaces is observed to increase
gradually from 0.1 atY ) 8, t ) 500 to 0.4 atY ) 9, t ) 1000
to 0.45 atY) 10, t ) 2500. It is interesting to observe a surface-
induced ordering of LC for a confined PDLC film. This is
analogous to the surface-induced segregations in diblock
copolymer thin films.50

2. Quenching Depth Effects: Shallow vs Deep Quench.
Figures 5 and 6 illustrate the spatial-temporal evolutions of

morphologies of confined PDLC with initial volume fraction
of LC, φini ) 0.6 after quenched to anisotropic spinodal region

Figure 3. Snapshots of the director configurations of LC (φini ) 0.4)
for PDLC confined between two solid walls after quenched toT )
1.0. The wall surfaces adsorb LCs. The lattice size is 64× 64.

Figure 4. (a) Spatial distribution ofφ in 2D space (i.e.,X-Y plane)
at t ) 100. (b) Spatial distribution of average scalar orientational order
parameter inY direction at different time. The distribution of the first
12 lattice sites is shown in the inset. The wall surfaces adsorb LCs.
The initial volume fraction of LC,φini ) 0.4. T ) 1.0.

Figure 5. Snapshots of the morphologies of PDLC confined between
two solid surfaces after quenched toT ) 1.0 (deep quench). The black
and white correspond the LC-rich phase and the polymer-rich phase,
respectively. The wall surfaces adsorb LCs. The initial volume fraction
of LC, φini ) 0.6. The simulation is carried out in 256× 256 lattice
sites.
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(Figure 1). The nematic to isotropic transition line is given by
T/TNI ) φ.57 The quench depth in Figure 5 (i.e.,T ) 1.0; deep
quench) is larger than that in Figure 6 (i.e.,T ) 1.2; shallow
quench). At the same initial volume fraction the deeper quench
yields smaller domain size as is evidenced in Figure 5.58 The
polymer domains dispersed in LC matrix are clearly evident at
t ) 1000 under deep quench (Figure 5). This contrasts
dramatically with the one undergoing shallow quench at the
same time, where the mixture is still at the early stage of
spinodal decomposition (Figure 6). The surface-induced spinodal
wavelength undergoing deep quench (Figure 5) is smaller than
that via shallow quench (Figure 6), which agrees well with the
surface-directed spinodal decomposition of mixtures of PEP/
d-PEP studied using forward-recoil spectrometry by Kramer
et al.59 It is noteworthy that the phase separation and nematic
ordering of LC occur simultaneously under deep quench, while
the phase separation is seen to proceed (t ) 2000) prior to the
ordering of LC becoming significant under shallow quench (t
) 4000, represented as brighter dark domains (i.e., LC) in the
hazy background in Figure 6).

Of particular interest is that two distinct alternative layers of
LC and polymer are seen to propagate from the wall surfaces
(Figure 6). However, only one layer of LC and polymer is
detected under deep quench (Figure 5). This can be rationalized
as follows. The driving force for the spinodal decomposition is
low for T ) 1.2 (i.e., shallow quench) so that the phase
separation cannot exert an enough force to overcome the surface
effect to destabilize the adsorption layers. Thus, more layers
are formed at the wall surfaces. However, forT ) 1.0 (i.e.,
deep quench) the larger force resulting from larger temperature
difference drives a stronger phase separation, which, in turn,
enables the disruption of the second to the last layers of LC
and polymer. As a result, only a monolayer of LC is adsorbed
on the walls, followed by a layer of polymer.

3. Finite Size Effects on the Ordering of LC.Finite size
effects have been shown to exert pronounced influences on the

kinetics of LC,44-48 the phase separation of polymer mixtures,56

and the ordering of block copolymers.50,60Figures 7 and 8 show
the morphologies of confined PDLC after reaching static state
(see the plateaus ofφ andS in Figure 9). The mixture atφini )
0.6 is thermally quenched toT ) 1.0. The wall surface plays
an important role in determining the final static morphologies
as the separation distance between two walls reduces. A salient
difference between morphologies undergoing deep and shallow
quench is that, when the characteristic wavelengthλ ) 2π/q of
spinodal decomposition and the size of external confinement
become comparable, only a layer of LC and polymer results in
when the driving force for the phase separation is stronger under
deep quench (the image of 256× 32 in Figure 7), while periodic
structures are achieved when the surface effect is so significant
that it dominates over the phase separation kinetics (the image
of 256 × 32 in Figure 8). The latter observation may offer a
strategy to produce patterned ultrathin PDLC films with
enhanced optical performance and devices61 based upon them
without the use of UV irradiation for pattern photopolymeri-
zation as in the fabrication of H-PDLC.17-21

The average order parameters, both the scalar nematic order
parameterSand the compositional order parameters,φP andφ,
in LC-rich domains, as a function of time are shown in Figure
9. For PDLC confined between two walls that are separated by
256 lattice sites, theS gradually increases as time progresses
and reaches a plateau att ) ∼1000 (squares in Figure 9a). In

Figure 6. Snapshots of the morphologies of PDLC confined between
two solid surfaces after quenched toT ) 1.2 (shallow quench). The
black and white correspond the LC-rich phase and the polymer-rich
phase, respectively. The wall surfaces adsorb LCs. The initial volume
fraction of LC,φini ) 0.6. The simulation is carried out in 256× 256
lattice sites.

Figure 7. Finite size effects on the final static morphologies of PDLC.
The initial volume fraction of LC,φini ) 0.6. The simulations are
performed using the same parameters as those in Figure 5, except the
changes of the lattice size inY axis.T ) 1.0.

Figure 8. Confinement effects on the final static morphologies of
PDLC. The initial volume fraction of LC,φini ) 0.6. The simulations
are performed using the same parameters as those in Figure 6, except
the changes of the lattice size inY axis.T ) 1.2.
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the meantimeφ follows the same trend and yields a constant
value of 0.84 aftert ) 1000. The converse is observed forφP

(the volume fraction of the polymer) as a result that the polymers
are repelled from the LC-rich domains with time as the isotropic
to nematic transition of LC takes place. It is clear that the phase
separation of PDLC confined between two walls that are
separated by 32 lattice sites (triangles in Figure 9a) proceeds
more aggressively than that confined between 256-lattice-site
walls. To explore the finite size effects, theS for PDLC phase-
separating at the different wall distance as well as in bulk (i.e.,
no confinement) are calculated while keeping the other param-
eters fixed (Figure 9b,c). Under deep quench (T ) 1.0),S levels
off at a greater value (∼0.5) under confinement than that in
bulk (∼0.43) (Figure 9b). Although the plateau values ofSdo
not differ much under different confinements, the isotropic to
nematic ordering transition time,ttran, defined as the peak
observed in the first derivative of theS∼ t curve, is shorter as
the external confinement is intensified (i.e., decreased surface
separation of the walls). For example,ttran in the case of a surface
distance of 32 lattice sites is∼590, while ttran is ∼730 for a
surface distance of 256 lattice sites. The finite size effect
accelerates the phase separation (Figure 9a), which, in turn, leads
to a faster isotropic to nematic ordering transition in the PDLC.
A similar trend is observed for the PDLC undergoing shallow
quench (T ) 1.2) (Figure 9c). In contrast to the case of deep
quench, the larger difference inttran can be seen as the imposed
confinement is strengthened, e.g.,ttran ∼1610 (32 lattices) vs
ttran ∼4000 (256 lattices), nearly 2.5 times faster in the case of

32 lattices. These results point to a simple route by which the
faster switch speed of LC in PDLC can be easily and rapidly
implemented by reducing the separation distance of two walls.

IV. Conclusion

The phase separation kinetics of polymer dispersed liquid
crystals (PDLC) confined between two parallel hard walls are
numerically studied.The spatial-temporal evolution of both
conserved compositional order parameter and nonconserved
orientational order parameter during the spinodal decomposition
are calculated. The tensorial nature of orientational order
parameter is considered. A surface-induced ordering transition
of LC at the walls is observed, and it is faster than that in the
away-from-surface regions due to the fact that the walls adsorb
LCs. Periodic structures are achieved when the surface effect
dominates over the phase separation kinetics. The phase
separation kinetics of PDLC as well as the nematic odering
transition are accelerated as the external confinement is intensi-
fied. The present results may provide insights into producing
patterned ultrathin PDLC films with enhanced optical perfor-
mance (e.g., faster switching speed) and devices based upon
them. The simulations are performed in two dimensions. We
envision that the three-dimensional calculations may carry more
interesting features because of the presence of long-range
orientational correlations in neighboring LC domains.
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