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ABSTRACT: A small-angle light-scattering (SALS) technique is performed to investigate the phase
separation in the films of flexible polymer (polystyrene, PS) mixed with low molecular weight thermotropic
liquid crystal LC (4-cyano-4′-n-octylbiphenyl, 8CB). The growth of isotropic (polymer) domains is studied
in both isotropic and anisotropic (nematic or smectic phase) LC matrices, as a function of time, film
thickness, and film composition. The size of the domains, L(t), grows algebraically with time as L(t) ∼ tâ.
For 70/30 wt % of 8CB/PS, we found the diffusion growth in isotropic (â ) 0.25) and smectic (â ) 0.28)
matrices, independent of the film thickness. In the nematic matrix, â changes from 0.33 to 0.47 as we
change the thickness of the sample from 120 to 10 µm. We think that the change of â is due to the
attractive forces between the polymer domains which follow from the elastic deformations of the nematic
matrix caused by the glass surfaces and polymer domains. In every matrix and for different thicknesses
of a sample, scaling is observed in this growth regime. At longer times, there is a crossover from the
diffusion growth to the hydrodynamic fast-mode growth, characteristic for systems in which one of the
components wets the confining walls. In this regime, we do not observe the scaling; i.e., there is more
than one characteristic length scale in the system, and â ranges from 1 to 3/2. Considering extremely
viscous systems (50/50 wt % of 8CB/PS), we also find the diffusion growth but with smaller exponent â
< 0.2. In this case, we observe two peaks in the scattering intensity S(q,t). One of them is the surface
and one the bulk peak. For systems with small amount of a polymer (90/10 wt % of 8CB/PS), the process
of growth is very fast, and â ) 0.4. In this case, the bulk peak is very quickly covered by the peak coming
from the growth of the domains at the surface. To perform the measurements in anisotropic LC systems,
we had to eliminate the multiple scattering of light coming from the large difference in ordinary and
extraordinary refractive indexes of LC.

I. Introduction
1. Liquid Crystal/Polymer Mixture. Inhomoge-

neous composite materials consisting of liquid crystals
and polymers are of considerable current interest for
fundamental scientific reasons and because of their very
great potential for use in flat displays. Polymer-
stabilized liquid crystals (PSLC’s) consist of a small
amount of polymer dispersed throughout a continuous
liquid-crystal phase,1 while polymer-dispersed liquid
crystals (PDLC’s) consist of liquid-crystal droplets dis-
persed in a polymer matrix.2,3 Both of these materials
can be switched between states with different optical
properties by modest applied fields, and this property
makes them candidate materials for display applica-
tions, infrared shutters, angular-discriminating filters,
thermo-electrooptic switches, memories, gas flow sen-
sors, optical sensors, and optical gratings etc.4 The
simplest way of preparing such materials might be the
thermally induced phase separation obtained by cooling
the homogeneous mixture of LCs and thermoplastic
polymers below their consolute point.5,6 The electroop-
tical performance of those materials depends strongly
on the morphology of the phase-separated structure, and
this morphology is mainly determined by both the
thermodynamics and the kinetics of phase separation
during the preparation process. Thus, the understand-
ing of the phase equilibrium and phase separation
dynamics of a mixture of liquid crystal (LC) and polymer
(P) is of central importance for optimizing the perfor-
mance of PDLC and PSLC materials.

2. Phase Separation in Isotropic Systems. The
process of phase separation is usually studied in the
binary mixtures (AB) which is quenched below the
consolute (critical) temperature into the thermodynam-
ically unstable region (spinodal region) of the phase
diagram. In this case, spinodal decomposition (SD) takes
place, which manifests in the spontaneous growth of the
concentration fluctuations that leads the system from
the homogeneous to the two-phase state. Shortly after
the phase separation starts, the domains of A and B
components are formed, and the interface between the
two phases can be specified. There are actually a few
different regimes of the separation processes (at least
early, intermediate, and late) studied and described in
details by Bates7 and Hashimoto8 for homopolymer
blends.

Early stages of the spinodal decomposition process are
described by the linearized Cahn-Hilliard theory.9-11

After the temperature quench below the spinodal tem-
perature, the system becomes unstable with respect to
small fluctuations of wavevector q smaller than some
value q0. The key prediction of the theory is the
exponential growth of the scattering intensity S(q,t) in
time with a well-defined maximum at qmax ) q0/x2.
Interpenetrating A-rich and B-rich domains of the size
of 1/qmax form a bicontinuous structure. At this point
the domains mainly saturate; i.e., the scattering is
mainly due to the increase in the composition difference
between A-rich and B-rich domains. Once the composi-
tion inside A-rich and B-rich domains gets saturated,
the further coarsening process (growth of the average
domain size, L(t) in time t) is driven by the interface
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curvature.11 The system at long times finally gets into
the late stage growth regime. In the late regime, one
finds the power law growth of L(t) and scaling; i.e., a
morphological pattern of the domains at earlier times
looks statistically similar to a pattern at later times
apart from the global change of scale implied by the
growth of L(t)sthe domain size. Quantitatively, it
means for example that the correlation function of the
A component concentration has the following functional
form:

where

the characteristic length scale in the system, scales
algebraically with time t with the exponent â depending
on the particular dynamic process (i.e., diffusion, hy-
drodynamic flow, etc.), which governs coarsening.11 The
Fourier transform of the correlation function gives the
scattering intensity:

where d is the dimension of the system (d ) 3 for a
growth in a bulk 3-dimensional system, d ) 2 for a
growth in 2-dimensional system). This transform can
be represented in the following scaling form:

where q is the scattering wavevector and Y is the scaling
function. In general, one uses relation 4 to check the
scaling. In practice,8,12 one determines the location of
the maximum of S(q,t), qmax ∼ 1/L(t), and the value of
S(q,t) at the maximum, Smax, to have a quick check of
scaling since according to (4)

If Smax ∼ tR and qmax ∼ (t)-â, then scaling implies that
R ) dâ. In general, when the domains are still not
saturated, we expect that approximately

where 〈φ(t)2〉 denotes the composition fluctuations in the
domains. Therefore, in principle, one can determine the
time scale for the saturation of the domains in the
separation process from this formula.

If both phases are isotropic and the growth in a
3-dimensional system (d ) 3) is induced by simple
diffusion, then typically 0.25 < â < 0.3313,14 while for
the growth governed by hydrodynamic flows 1 < â <
3/2.14-16 In simple liquids, the crossover between the
diffusion and hydrodynamic regime is gradual and
occurs at L(t) ≈ xλ0η, where λ0 is the transport coef-
ficient and η is the viscosity.11

3. Phase Separation in Anisotropic Systems:
Theoretical Prediction for a Two-Dimensional
System (2D). While the dynamics of phase separation
has been extensively studied in isotropic liquids, little
work has been done on equivalent problem in anisotro-
pic liquid systems. Recently researchers started a
theoretical study of the growth of isotropic domains in

the nematic solvent (or nematic domains in isotropic
matrix) for 2d17,18 and 3d systems.19

The phase diagram for the mixtures of flexible
polymer (P) and thermotropic low molecular weight
liquid crystal (LC) was proposed17 (Figure 1). It is highly
asymmetric and exhibits various coexistence regions
such as isotropic-isotropic (I + I), isotropic-nematic (I
+ N), and pure nematic (N) at the high composition of
LC.

Under a deep quench (I + N region), the P-LC
mixture is separated into an isotropic phase of a polymer
and a nematic phase of LC. The demixing region can
be further divided into two parts by a phase-ordering
spinodal curve. On the left side of this curve, the
isotropic phase of LCs is metastable while on the right
side it is unstable. According to the assumption of the
mean-field theory that ordering is much faster than
phase separation, whether the initial homogeneous
phase immediately following a sudden quench is in the
metastable region of isotropic phase of LC or in the
unstable region, is completely determined by the posi-
tion of the quenched state. There are two spinodal
curves, termed as the spinodal curve for phase separa-
tion and spinodal curve for phase ordering, which
constitute an important characteristic of the P-LC
mixture. Therefore, the SD behaviors are different for
different concentrations of the system. There is also a
big difference in the time scales of separation and
ordering. Nucleation of the nematic phase in the meta-
stable isotropic phase can be orders of magnitude faster
than the nucleation of polymer domains in the meta-
stable or unstable isotropic solvent.

It has been found17 that ordering dramatically affects
morphology, giving rise, for example, to interconnected
networks or elongated domains depending on whether
ordering or phase separation is the initially dominant
process. The emergence of domains morphology in
nematic/polymer composite films can be investigated by
means of the optical microscopy, following several
thermal quenches from a single phase to various regions
of the phase diagram.

(a) Temperature Quench into the Unstable Liq-
uid-Nematic Region (Quench A). The point after
quench lies below the spinodal for the phase separation
and above the one for the ordering. Initially, this quench
leads to circular droplets rich in the rods of liquid crystal
in a matrix rich in the coils of polymer. When the
concentration of rods in the droplets is comparable to
the concentration at the phase-ordering spinodal, the

g(r,t) ) g(r/L(t)) (1)

L(t) ∼ tâ (2)

S(q,t) ) ∫ddr g(r,t)eiqr (3)

S(q,t) ) Ld(t)Y[qL(t)] ∼ qmax
-d(t)Y(q/qmax(t)) (4)

Smax (t) ∼ qmax (t)-d (5)

Smax (t) ∼ 〈φ(t)2〉qmax (t)-d (6)

Figure 1. Hypothetical phase diagram of two-dimensional
rod/coil blend (polymer/nematic liquid crystal mixture) pro-
posed by Lapena et al.17 T is the temperature in arbitrary
units, and φ is the local area concentration of rods. The heavy
solid line is the coexistence curve. The spinodals are the limits
of metastability of the isotropic phase. At low temperatures,
an isotropic phase rich in polymer coils coexists with a nematic
phase of LC rich in rods. “I” and “N” denote an isotropic phase
and a nematic phase. Regions A-C indicate various temper-
ature quenches performed at different compositions.
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rods in droplets begin to order. At this time, the droplets
abruptly expel more coils because the coils are less
soluble when the rods are ordered. In addition, the
droplets must develop defects because the rods want to
be parallel to each other and parallel to the droplet
interface. As the rods order, a pair of defects forms
inside each droplet and separates, with the two defects
moving along the director in opposite directions toward
the edge of the droplet. The magnitude of orientational
order is lower at the edges than in the center; thus the
defects migrate toward the edges to lower their energy.
Since the overall system is isotropic, the long axis of
each droplet is randomly oriented.

(b) Temperature Quench into the Metastable
Liquid-Unstable Nematic Region (Quench B). In
this region, the system is initially metastable with
respect to phase separation, but it is unstable with
respect to ordering. The instability toward orientational
ordering eventually drives the system to phase separate
because the two order parameters are coupled. This
makes physical sense; once the rods are strongly aligned,
they expel the coils into isolated droplets. Although
there is no orientational order within the coil-rich
droplets, the droplets are anisotropic because of the
nematic elasticity in the surrounding rod-rich matrix.

(c) Temperature Quench into the Unstable Liq-
uid-Unstable Nematic Region (Quench C). The
system is initially unstable both to phase separation and
to ordering, but we can observe a further two cases.

(i) System More Unstable with Respect to the
Phase Separation. The system forms the bicontinuous
network that rapidly breaks up into droplets rich in long
coils. However, defects in the surrounding rod-rich
domains give rise to droplets that are noncircular.
Furthermore, the coupling of phase separation and
ordering leads to a faster onset of phase separation
because the rod-rich regions tend to expel coils as the
rods order.

(ii) System More Unstable with Respect to Or-
dering. Once the degree of order is significant, then
phase separation begins. Because of ordering, phase
separation begins very early. Small highly ordered rod-
rich droplets initially are formed in a coil-rich matrix.
As these rod-rich droplets grow, the surrounding coil-
rich region shrinks into a network of interconnected
domains that are strikingly fibrillar, despite the fact
that the coil-rich phase is the minority phase. This is
in contrast to system with only a compositional order
parameter, where only the majority phase can form
networks. Eventually, this network breaks up to form
coil-rich droplets; again, these are noncircular because
of defects in the surrounding rod-rich regions. In some
cases, the cross-linking of the polymer network may
arrest the phase separation at the fibrillar network
stage.

All these aforementioned predictions concerning mor-
phology are found for the small two-dimensional (2d)
systems of size 128 × 128 lattice points18 or three-
dimensional (3d) systemss(64 × 64 × 64) or (32 × 32
× 32) cubic lattices.19 However, it has been shown
recently, for some simple models of growth dynamics
in a system of a nonconserved order parameter, that in
order to reach the late-stage scaling, the system’s size
must be much larger than 100 × 100 × 100.20 The
exponents determined in a smaller system are not the
late-stage scaling exponents.

There are no theoretical predictions for the growth
of isotropic domains in the positionally ordered (smectic)
matrix.

We are aware of only few experimental measure-
ments,21-23 complementary to our studies, of the growth
exponents in anisotropic media. Casagrande et al.21

observed an anisotropic diffusion growth in the nemat-
ic-nematic phase separation under the microscope for
the mixture of liquid crystalline polymer and low
molecular weight liquid crystal. The determined expo-
nent was 0.33 ( 0.03. Roux and Knobler studied22 the
isotropic-lamellar phase separation in the mixture of
surfactant, cosurfactant, water, and oil. The authors
found for the system size h ) 400 µm and â ) 0.33 (
0.06, but the close inspection of their Figure 4 indicates
that they also see (although they do not interpret) the
crossover to the hydrodynamic regime. There were also
studies of the phase separation in the system of polymer
and liquid crystal in the nematic phase, e.g. ref 23. Here,
the time evolution of structure factor reveals a crossover
of a kinetic exponent â from 0.33 to 0.6 or larger. We
note however that the study of separation in nematics
is plagued by the multiple scattering of light, which
precludes the interpretation of data in terms of two-
body correlation function. To interpret the data, the
multiple scattering has to be eliminated.

It is the purpose of this paper to determine experimen-
tally the phase separation in the system in which one of
the phases is anisotropic, with or without positional
ordering and determine the growth exponents. We take
as a paradigm of such a system a mixture of polymer
and liquid crystal which exhibits phase separation both

Figure 2. Equilibrium phase diagram of PS (Mw ) 65 000
g/mol)/8CB: temperature vs the concentration of 8CB. The
symbols in this diagram represent experimental data obtained
by optical microscopy. Squares represent the transition tem-
perature from isotropic 8CB + isotropic PS (I + I) to homo-
geneous, isotropic mixture (I), triangles represent the transi-
tion temperature from nematic 8CB + isotropic PS (N + I) to
isotropic 8CB + isotropic PS (I + I), circles represent the
transition temperature from smectic 8CB + isotropic PS (Sm
+ I) to nematic 8CB + isotropic PS (N + I). To observe the
growth of the polymer-rich domains in the ordered (nematic
or smectic) matrix, we use the following temperature se-
quence: quench (0.5 or 1 h) to the ordered phase from the one-
phase region f jump to the isotropic phase (1 min) f quench
back (see also text for explanation of the multiple scattering
of light). The samples were annealed at T ) 60 °C and
quenched into the nematic (39 °C) or smectic phase (32 °C) of
LC. The jump was made to T ) 41 °C for both cases. Most of
the measurements were performed for 70/30% of 8CB/PS by
weight. Some of them were performed for concentrations 50/
50% and 90/10% of 8CB/PS.
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in the nematic and smectic phases and study it by the
small-angle light scattering (SALS).

The recent study of suspensions of small oil or water
droplets in anisotropic solvent revealed strong attractive
forces between the droplets induced by the elastic

deformation of the anisotropic medium.24-26 We would
also like to see how the elastic forces affect the growth
process of isotropic phase in the anisotropic matrix.

4. Interactions between Isotropic Inclusions in
the Anisotropic Matrixes. If we distort the nematic
or smectic medium, it responds elastically due to the
orientational and/or positional order, respectively. The
important role in the formations of these distortions are
the conflicting boundary conditions. For example, if we
put a spherical inclusion,27 in the planar nematic, with
the homeotropic (perpendicular) boundary conditions at
the surface of the sphere, we get characteristic deforma-
tions with disclination ring in the proximity of the
surface. Two such spheres will attract each other at
large distances because grouping them together reduces
the total distortion in the nematics medium. At short
distances, the spheres would strongly repel each other,
because of the defects.

Recently, some very careful measurements have been
done for the elastic forces in the well aligned nematic
liquid crystal (with the orientation of molecules parallel
to the glass plates).28 The authors mixed their liquid
crystal with the water droplets and obtained an emul-
sion of water droplets suspended in the nematic matrix.
The orientation of the LC molecules on the surface of
the droplets could be either planar (for water with a
special surfactant) or perpendicular (homeotropic). In
all cases the anchoring was strong enough to induce the
distortions in the nematic matrix. A very simple esti-
mate of the total energy of such distortions can be made
on the basis of the Franck elastic energy for nematics.28

The energy associated with the deformation is given by
E ) KR, where K is the nematic elastic constant and R
is the radius of the droplet. Typically K ) 10-11 N and
R ) 1 µm, which gives E on the order of 1000kâT. It
means that in the free energy the entropic part is
negligible in comparison to the elastic interactions. In
the case of homeotropic alignment of LC molecules at
the surface of the droplets, the water spheres attract
each other at large distance with the dipolar forces given
by AR4/r4 and repel each other at short distances (on
the order of 2.5R). As a result, water droplets form
linear chains, with the distance between droplets roughly
equal to 2.5R. In such geometry, the droplets do not
touch one another. The careful observation of the
nematic structure close to the surface of the droplets
revealed the formation of topological defects called
hyperbolic hedgehog defects. They are responsible for
the repulsive interaction at short distances between
droplets. A different situation is observed with the
planar anchoring at the surface of water droplets. In
this case, the droplets attract each other and come into
close contact forming large aggregates. The aggregates
last for few minutes and then undergo a quick coales-
cence. It indicates that there are no repulsive interac-
tions at short distances.

In our experiment, we put the LC sample between
the glass plates. The plates prefer planar orientation;
however, no special treatment of the plates is done
(rubbing, coating with surfactants, etc.). Therefore, we
have planar random orientation on the plates. We have
observed the characteristic Schlieren texture, which
indicates planar imperfect ordering.29 Moreover, during
the phase separation the polystyrene (PS) domains start
to grown in the nematic matrix. The orientation of the
LC molecules on the PS surface is almost planar with
the tilt angle from the normal to the surface of 72°.30

Figure 3. Scattering intensity S(q,t) after a quench from a
high temperature (60 °C) to the I + I region (41 °C) as a
function of the wavevector q for different times. The measure-
ment was taken for concentration 70/30% of 8CB/PS by weight.
It shows the known behavior during the spinodal decomposi-
tion. The peak grows and its location shifts toward smaller
wavevectors, indicating the growth of the average size of the
PS-rich and 8CB-rich domains (coarsening process).

Figure 4. Scattering intensity S(q,t) vs the scattering wavevec-
tor for different times during the growth process in the N + I
region, for the thickness of the sample h ) 120 µm, showing
the effect of the multiple scattering of light. The concentration
was 70/30% of the 8CB/PS by weight. (a) Flat curves are the
scattering data taken directly in the nematic phase (39 °C).
In this region the peak is hidden under multiple scattering
background. (b) The curves with a large peak are the data
taken after jump to the isotropic phase (41 °C). The change of
contrast after the jump between 8CB/PS revealed the structure
of the polymer domains in the system.
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Therefore, our situation is close to the one described by
Poulin and Weitz,28 although we do not have a global
planar alignment in the sample, but instead we have
many planar domains of different orientations and
defects. It suggests that we can expect the attractive
interactions between the PS domains and their further
coalescence induce by these forces. A priori, we cannot
tell what is the interaction potential between the PS
spheres in the nematic or smectic matrix, because it
depends in a complicated way on the orientations of LC
domains.

There have been some studies of the large inclusions
in smectic films.31 The authors found experimentally
that the interaction between spherical inclusions in the
smectic layers (smectic C*) is attractive at large dis-
tances and repulsive at short distances preventing the
inclusions to coalesce.

Summarizing: the elastic interactions between the
inclusions in the anisotropic matrices can have a long-
range attractive part and a short-range repulsive part.
In some special orientations of the nematics matrix
(planar orientation), the repulsive part is absent and
the attractive part can induce coalescence of inclusions.

This paper is organized as follows: First, in section
II, the samples, experimental methods, and phase-
separation conditions are described. In this section, we
present also the phase diagram of PS/8CB. In section
III, the multiple scattering is characterized and we show
here the method of its elimination. Experimental results
of the growth of the polymer domains in isotropic,
nematic and smectic matrices of liquid crystalline
material will be presented in section IV. A test of the
scaling postulate will also be discussed here for different
compositions of a mixture. The whole results of our
experiment are summarized in section V.

II. Experimental Section

(a) Sample Description. We have used a mixture of
polystyrene (PS) from Fluka Chemical Co. characterized by,
Mw ) 65 000 and Mw/MN ) 1.02 and a liquid crystal 4-cyano-
4′-n-octylbiphenyl (8CB). The index of refraction (n) of PS we
have from Fluka tables, nPS ) 1.589, and n of 8CB was
measured by us in a refractometer. In the isotropic phase n8CB

) 1.566, so ∆n ) 0.023. Most of the measurements were done
for 30/70 wt % for PS/8CB. Additionally we have done some
measurements in the isotropic phase for 10/90% and 50/50%
composition.

(b) Sample Preparation. 8CB and PS were dissolved in
toluene. The resulting mixture was stirred mechanically
overnight. Thin films were prepared by casting from 20%
toluene solution on a glass of size 1 cm in diameter. The films
were dried at high temperature (60 °C) for 2 days and next
were covered by the second glass plate. For microscopic
measurements, we did not control the thickness, and for light
scattering measurements, the distance between the plates was
set by the spacer of known thickness h ) 10, 50, 120 µm.

(c) Optical Microscope Measurements. The thermomi-
croscopy studies were performed to obtain the phase diagram
of PS/8CB on an optical polarizing microscope Nikon ECLIPSE
E 400, equipped with a heating/cooling stage LINKAM THMS
600. Samples were first annealed at high temperature (60 °C)
in the homogeneous state for about 2 h. Second, by cooling
the sample, we studied the textures of the system. Some
measurements for the large fraction of polymer took two or 3
days to determine the I + I regions. The appearance of N order
or Sm order was immediate. The measurements were done
for six compositions of 8CB/PS (42/58, 46/54, 50/50, 60/40, 70/
30, and 90/10 wt %) and for pure 8CB.

Figure 2 presents the equilibrium phase diagram of the PS/
8CB mixture. The diagram indicates upper critical solution

temperature shape, and it is asymmetric. There are three
phase transition lines separating four different regions that
are clearly identified on the diagram. One observes a region
containing a single homogeneous isotropic phase (I) and three
regions where two phases are at equilibrium: isotropic-
isotropic (I + I), nematic-isotropic (N + I) and smectic-
isotropic (Sm + I). The phase diagram exhibits a large I + I
miscibility gap for the investigated molecular weight of PS.
The temperatures ranges of N + I and Sm + I are mainly
restricted by the phase transition temperatures, isotropic-
nematic and nematic-smectic in pure liquid crystal, respec-
tively.

(d) Light Scattering Measurements. The scattering of
light is monitored on a linear array of 512 photodiodes, and
the scattering intensity S(q,t) is determined as a function of
the scattering wavevector q and time t. The scattering angles,
θ, which are accessible in this experiment are 0.5-42°, and
the corresponding wavevectors (q ) 4πn/λ sin θ/2) are 0.2-11
(1/µm). It means that in the real space we can observe the
domains of size L ) 2π/q between 0.5 and 30 µm (in principle).
In practice, the first few photodiodes are too close to the main
beam to give reliable results, and therefore in practice the
range of L that can be observed in our apparatus is between
0.5 and 5 µm. We use the standard laser (He-Ne, 5 mW) of λ
) 632.8 nm and a parabolic mirror to reflect the scattered
intensity toward the array of photodiodes. The temperature
was controlled up to 0.01° and the typical time for the
stabilization of the temperature after a sudden change (even
by 10-20°) was 50 s. The parameters of phase separation,
intensity of scattered light S, scattering wavevector q, time t,
and temperature T, were simultaneously registered every 5 s
during the heating, and this interval time was adjusted
between 5 and 60 s, depending on how fast was the process
during cooling.

The samples were first annealed at high temperature (about
60 °C) in the homogeneous state for several hours and then
quenched to the one of the regions of the phase diagram (I +
I, N + I, or Sm + I), where they were allowed to demix until
the peak did not leave the region of wavevectors accessible in
our experiment. In the case of N + I or Sm + I, the data for
analysis were taken every 0.5 h (after a temperature jump to
I + I region for 1 min) because of the multiple scattering (see
section III).

III. Method of Elimination of Multiple
Scattering

The study of phase separation in liquid crystal (LC)
matrices by SALS has been hampered by the strong
anisotropy of the refractive index for ordinary and
extraordinary rays passing through the sample. The
domains in LC of different orientation, which form in
the unoriented samples, lead to very strong multiple
light scattering32-35 because the typical difference in the
refractive index for parallel and perpendicular orienta-
tion is ∆n ≈ 0.2. The mean free path of light in the
sample is la ) 1/(σF), where σ ∼ (∆n)2 is the scattering
cross-section and F is the number density of scattering
objects (domains). In the simplest case of Rayleigh
scattering, with domains of size 0.1 µm, the wavelength
of red light 0.6 µm, and 50/50 volume fraction, one finds
la ∼ 10 µm. For the sample size h g la, the multiple
scattering effects preclude the simple analysis of the
scattering intensity based on a single scattering event
(see eq 3). In our experiments, we have used the samples
of thickness ranging from 10 to 120 µm, and therefore
in order to observe the coarsening process in SALS, we
had to eliminate the multiple light scattering.

As we have mentioned earlier the difference of index
of refraction for PS and 8CB in the isotropic phase is
∆n ) 0.023, and a very simple estimate36 gives us the
mean free path of light li ∼ 103 µm. We have li . h )
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10-120 µm g la. Thus, we do not have the multiple
scattering in the isotropic matrix, but we do have it in
the anisotropic matrix. The idea of the elimination of
the multiple scattering of light is based on the observa-
tion that the formation of the smectic or nematic order
between polymer-rich domains is immediate (on the
order of micro- or milliseconds) while the growth of
polymer domains occurs on the time scale of minutes
or even hours. Our method consists of the following
steps (Figure 2): the well-annealed system is quenched
to the nematic or smectic phase. It evolves for 0.5 or 1
h, and then we make a temperature jump to the
isotropic phase for 1 min, take the measurements of
S(q,t), and quench it back to the original temperature
in the anisotropic phase. The steps are repeated until
the peak of S(q,t) moves outside the available range of
q (11 µm-1 > q > 0.2 µm-1). We study the phase
separation for composition 70/30 wt % of 8CB/PS in the
I + I (at temperature T ) 41 °C), N + I (T ) 39 °C),
and Sm + I (T ) 32 °C) regions of the phase diagram.

In Figure 3, we show the standard and well-known
result for the I + I region of increase of the scattering
intensity, signaling the phase separation, and the shift
of the peak position toward smaller wavevector, signal-
ing the process of coarsening. So we see an evident peak,
which demonstrates that there is no multiple scattering
when the isotropic domains of polymer grow in time in
the isotropic matrix of liquid crystal. On the contrary,
Figures 4a and 5a show S(q,t) in the nematic and
smectic phase, respectively, before the temperature
jump to the isotropic phase for thickness 120 µm. We
see that S(q,t) in the nematic and smectic phase is
isotropic (flat curve), indicating that multiple scattering
on nematic or smectic domains of different orientation
(large contrast) is dominant. After the jump, the aniso-
tropic domains turn into isotropic domains, multiple
scattering disappears and a peak coming from the weak
8CB/PS contrast emerges (Figures 4b and 5b). Because
the dynamics of the polymer growth is slow, the short
jump (1 min) does not change the polymer domains but
still allows taking the measurement (taken every 5 s).
The peak in S(q,t) coming from a weak contrast between
8CB/PS domains is significant, but in the N + I or Sm
+ I region, this peak is hidden under the multiple
scattering background. We have checked this hidden
peak on three different thicknesses of the sample, h )
10, 50, and 120 µm. We found that when the thickness
increases, the covering of the peak is bigger. We have
carefully checked that after the second quench the
scattering intensity comes back to its original value
observed before the jump and to its original shape and
size. These results of light scattering were confirmed
by the direct optical microscopic observation. We carried
out the experiment using the method presented in
Figure 2. Optical micrographs of morphology of 8CB/
PS blend with composition 70/30 wt % after several cycle
of cooling/heating process are shown in Figure 6. The
micrographs (Figure 6a-c and Figure 6d-f) for nematic
and smectic matrix, respectively, are taken from the
same area. The micrographs in Figure 6a (nematic) and
Figure 6d (smectic) show isotropic domains dispersed
in anisotropic matrix after quench to 39 or 32 °C and
after 6 or 379 h, respectively, for nematic and smectic
matrices. Then we make temperature jump to 41 °C for
1 min. At this temperature, the liquid crystal turns from
the nematic (or smectic) to the isotropic phase, and we
observe the isotropic domains dispersed in the isotropic

matrix (micrographs in Figure 6, parts b and e). In the
next step we make reentry quench to original tem-
perature in the anisotropic phase, 39 (nematic) or
32 °C (smectic). The morphology is shown in micro-
graphs in Figure 6, parts c and f, for nematic and
smectic matrices, respectively. As we can see the mor-
phologies before and after the temperature jump are
identical, micrographs in parts a and c of Figure 6 for
the nematic matrix and parts d and f of Figure 6 for
the smectic matrix, respectively. These micrographs
confirm that temperature jump to I + I region for 1 min
does not influence the morphology of system during the
phase separation process in the N + I or Sm + I region.
As we have already mentioned, it is due to the separa-
tion of time scales: a time scale for ordering (microsec-
onds) and a time scale for growth of polymer domains
(hours).

We have also verified that the same growth laws are
obtained if we let the system evolve for 2, 1, or 0.5 h
between the temperature jumps or if we do a one-point
run.

IV. Results and Discussion

Growth Laws. Concentration of the Sample 70/
30 wt % 8CB/PS. The average size of the polymer
domains in the I + I region is given by the peak position
L(t) ∼ 1/qmax (t) ∼ tâ. In Figure 7a we show the change
of the peak position qmax as a function of time for three
thicknesses of the sample (10, 50, 120 µm). In the first
stage of the growth of the domains, the exponent in all
three cases is 0.25 ( 0.02 indicating the growth gov-
erned by diffusion. Then we observe a crossover to the

Figure 5. S(q,t) in the Sm + I region for the h ) 120 µm for
70/30% (8CB/PS) by weight. (a) Data taken in the smectic
phase (32 °C). (b) Data taken after jump to the isotropic phase
(41 °C).
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hydrodynamic regime15 with exponent â ) 1.5 ( 0.3.
The exponent 3/2 suggests the strong wetting condi-
tions16 for the LC. The sharp crossover between the
diffusion and hydrodynamic limited growth is consistent
with the computer simulation of binary mixture in a
confined geometry under the condition that one of the
phases wets the confining walls.37 In Figure 7b, we show
the change of the height of the peak (the average
scattering intensity) Smax as a function of time for three
thicknesses of the sample. We found that the growth of
the peak is algebraic with exponent R ) 0.70 ( 0.05 in
all three cases, in the diffusion regime. Therefore, the
scaling R ) 3â is obeyed in this case (see eqs 1-6).
Moreover, in Figure 8 we have plotted S(q,t) qmax

3 vs
q/qmax, which shows a perfect scaling for all q (not only
the qmax and Smax) apart from the very small wavevec-
tors. This lack of scaling for small q can also be
explained37 by the fact that after a quench the wetting
layer, which forms at the walls, does not follow the bulk
scaling. So we can say that the scaling is satisfied in
the diffusion growth process but fails completely in the
fast hydrodynamic growth regime.

In the smectic phase shown in Figure 9, the two
regimes with exponent 0.28 ( 0.02 and â ) 0.9 ( 0.2
are clearly visible. The latter exponent is characteristic
for the fast mode hydrodynamic regime15 and suggests
that the smectic weakly wets the glass.16 Please note

that the crossover to the hydrodynamic regime occurs
for the same size of domains in the smectic (inset in
Figure 9) and isotropic (Figure 7a) matrices despite the
fact that the average shear viscosity of the smectic
matrix (10 P) is 1000 times larger than the viscosity in
the isotropic matrix (10-2 P). In the simplest version of
the diffusion growth, the crossover occurs at L(t) ≈
xλ0η, where λ0 is the transport coefficient proportional
to the diffusion coefficient D ∼ 1/η, i.e., consistent with
our observations. Moreover, the time scale of the

Figure 6. Optical micrographs showing the phase separation
of the 8CB/PS blend (70/30 wt %) during the quench/jump
process. The micrographs show the morphology after (a)
quench from the I region (60 °C) to the N + I region at
temperature 39 °C after 6 h of phase separation, (b) temper-
ature jump to the I + I region, T ) 41 °C, for 1 min, (c) reentry
quench to the N + I region (39 °C), (d) quench from the I region
(60 °C) to the Sm + I region at T ) 32 °C after 379 h, (e)
temperature jump to the I + I region, T ) 41 °C, for 1 min,
and (f) reentry quench to the Sm + I region (32 °C). As we
can see the morphologies before and after temperature jump,
micrographs a and c for the nematic matrix and d and e for
the smectic matrix are identical, respectively. One can observe
the same shape of domains dispersed in nematic and smectic
matrix, respectively. The size bar of 10 µm is the same for all
micrographs and is shown in micrograph c. Micrographs a-c
and d-f, respectively, are obtained from the same area.

Figure 7. (a) Change of the location of the maximum of the
scattering intensity, qmax as a function of time t on a log-log
plot, after quench to the I + I region (41 °C) for three different
thicknesses of the sample, for 70/30% of the 8CB/PS by weight.
It is shown the crossover from the diffusive to the hydrody-
namic growth regime. (b) Change of the maximum of the
scattering intensity Smax as a function of time t on a log-log
plot, for the same conditions as in part a.

Figure 8. Scaling function Y(q/qmax) ) qmax
3S(q,t) for the

growth process in the I + I region for h ) 50 µm (the same
quality of the scaling function is obtained for all h) for 70/30%
(8CB/PS) by weight. The scaling is obeyed for the first growth
regime, i.e., the diffusion regime with the exponent â ) 0.25
( 0.02.
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crossover11 seems to scale as (η)1/3, and for the smectic,
it occurs at times 1 order of magnitude longer than that
for the isotropic matrix (Figure 7a and inset of Figure
9). The scaling is satisfied in the diffusion growth
process (Figures 8 and 10) but fails completely in the
fast hydrodynamic growth regime both in the isotropic
and smectic phases. The scaling phenomena is also
obeyed for another thicknesses of the samples10 and
120 µm for the smectic phase.

The nematic does not conform to the diffusion-limited
growth (Figure 11). Moreover, the growth exponent
depends on the thickness of the sample. It changes from
â ) 0.33 ( 0.03 to â ) 0.47 ( 0.03 as we change h from
120 to 10 µm. Despite the fact that the exponent in the
early regime changes with the thickness of the sample,
the scaling is obeyed. We believe that the elastic forces
especially for thin samples govern the growth in the
nematic matrix. Let us make the simple estimate of the
growth exponent in the case of elastic forces acting on
polymer domains in the spirit of the article by Siggia,14

i.e., for the droplets. Two droplets of size L(t), separated
by the distance r, attract each other with the force F(r,
L(t)); i.e., the force depends on the size of the droplets.25

Under the influence of the force F, the distance between
two droplets r changes according to the well-known
Stokes equation

where η is the viscosity of the medium.
If we average this equation, we find the evolution for

the average distance between droplets. Assuming 〈F(r-
,L(t))〉 ≈ F(〈r〉,L(t)), we have

Because our system exhibits scaling, it means that there
is only one length scale in the system L(t), and thus 〈r〉
must be also proportional to it; i.e.

where b is a constant.
Moreover, from Poulin and Weitz28 and according to

scaling eq 1, we assume

Putting (9) and (10) into (8), we find

Solving this equation, we find

from which it follows the exponent â ) 0.5 and L(t) ∼
t0.5.

The exponent 0.47 for h ) 10 µm is consistent with
our prediction. From the measurement of the growth
exponent, we conclude that there is a crossover in
nematics from the diffusion growth for large thickness
of the sample to the growth governed probably by the
elastic forces for small size of the system. It means that
the strength of the attractive force between the polymer
domains induced by the deformation of the nematic
matrix increases with the decreasing thickness of the
sample. In thin samples, the deformations of the director
are very large in comparison to thick samples (distances
are smaller and thereby the gradients are larger). That
is why the elastic forces are more important in very thin
samples.

Figure 9. Change of the location of the maximum of the
scattering intensity qmax as a function of time t on a log-log
plot, obtained by the method described in Figure 2, for the
Sm + I region for three different thicknesses of the sample
for 70/30% of the 8CB/PS by weight. In the inset, the crossover
to the hydrodynamic growth regime is shown for 10 µm.

Figure 10. Scaling function Y(q/qmax) ) qmax
3S(q,t) for the

growth process in the Sm + I region for h ) 50 µm for 70/30%
(8CB/PS) by weight. The scaling is obeyed for the first growth
regime, i.e., the diffusive regime with the exponent â ) 0.28
( 0.02

Figure 11. Change of the location of the maximum of the
scattering intensity, qmax, as a function of time t on a log-log
plot, for the N + I region for 70/30% of the 8CB/PS by weight.
Here the exponent â depends on the film thickness.
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To verify that there are some attractive forces be-
tween the polymer domains in the nematic matrix, we
have made the following experiment using optical
microscope. In Figure 12, we show the micrographs,
which were taken during the phase separation of 8CB/
PS blend (70/30 wt %). In direct optical microscopic
observation the system is first allowed to decompose
spinodally at 41 °C in the isotropic region (I + I) for 18
h (micrograph in Figure 12a). We have not observed any
rapid coalescence of droplets in the isotropic phase. In
this micrograph, we see large, well-developed isotropic
circular droplets dispersed in the isotropic matrix. Then
we make the second quench to 39 °C to the N + I region.
Time evolution of the phase separation process after the
second quench is shown in micrographs in Figure 12b-
f. We can see the rapid process of joining isotropic
droplets into larger domains surrounded by the nematic
phase. The nearest droplets connect each other (micro-
graph in Figure 12b) and the isotropic domains became
more elongated (micrographs in Figure 12c-e) with
lapse of time. After 20 min, the shape of domains change
from elongated to more circular (micrograph in Figure
12f), and after 40 min (not shown here), they become
much larger, some of them with a diameter greater than
20 µm. Such a rapid coalescence of droplets in the
nematic phase can only be possible if the droplets are
pulled together after the appearance of the nematic
order.

It is interesting to note that the growth exponent in
the hydrodynamic regime for very thin films is larger
than 3/2, although we note that there is nothing univer-
sal (no scaling) in this regime. We cannot explain such
a large exponent by the existing theories. The fast mode
hydrodynamic crossover originates from the wetting
layer. The scaling is obeyed only for the dynamic regime
(Figure 13).

We have verified that one can discern two peaks in
S(q,t) in the isotropic, nematic, and smectic matrices,
one at short wavevectors and one at large wavevectors.
The peak at short wavevectors is due to the large
domains forming at the surface (wetting layer). The
peaks are much better visible for very thin samples (10
µm). Such behavior seems to be universal for mixtures
in which one of the components wets the wall.15

Concentration of the Sample 50/50 wt % 8CB/PS.
For 50/50 wt % samples, we have observed a different
behavior in the isotropic phase. From the beginning of
the process, we can observe two distinct peaks on the
plot S(q,t) vs q, both at short wavevectors (Figure 14).
It means that the process of phase separation starts
both at the surface of the sample (2d) and in the bulk
(3d); moreover, the large domains appear very fast (few
minutes). Domains grow very slowly without being
saturated for a long time. So the samples are very
transparent with weakly saturated large domains. After
saturation (about 13 h) the process of growth is alge-

Figure 12. Optical micrographs of the phase separation of
the 8CB/PS blend (70/30 wt %). (a) Morphology after quench
from the I region (60 °C) to the I + I region (temperature 41
°C) after 18 h. (b-f) Time evolution of the phase separation
process after second quench to the N + I region (39 °C) in the
(b) t ) 2 min, (c) t ) 3 min, (d) t ) 6 min, (e) t ) 9 min, and
(f) t ) 20 min, t is the time spent after the second quench.
These micrographs are obtained from the same area. Micro-
graphs b-f show how fast the isotropic domains surrounded
by the anisotropic phase (nematic) merge. The size bar of 10
µm is the same for all micrographs and it is shown in
micrograph c. In the isotropic phase, the domains stayed close
together for hours without coalescence, while in the nematic
phase the same domains merge in a short time of minutes.
Therefore, we suppose that there must be an attractive force
in the nematic which pulls the domains together.

Figure 13. Scaling function Y(q/qmax) ) qmax
3S(q,t) for the

growth process in the N + I region for h ) 50 µm for 70/30%
(8CB/PS) by weight. The scaling is obeyed for the first growth
regime irrespective of the thickness of the sample.

Figure 14. Scattering intensity S(q,t) vs the scattering
wavevector q for different times during the growth process for
the mixture 50/50 wt % of the 8CB/PS, in the I + I region, for
the thickness of the sample h ) 50 µm. Two distinct peaks
are clearly visible.
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braic. Characteristic exponent of growth for smaller
domains (larger wavevectors) â ) 0.10, and for larger
domains (smaller wavevectors) â ) 0.18 (Figure 15) and
the scaling is not obeyed. In both cases, the exponent is
much smaller than a typical growth exponent governed
by diffusion (typically 0.25 < â < 0.33). Our results
suggest that for extremely viscous system the growth
exponent governed by diffusion can be smaller than
0.25.

In the nematic phase shown in Figure 16, the growth
is also algebraic, and still the system does not exhibit
scaling phenomena. We analyzed only the first peak (at
larger wavevector) because the measurements lasted too
short (15 h) to obtained clearly visible second peak.
Furthermore, we noticed that after the quench the
scattering intensity at first increases and then slowly
decreases to the value that was registered before the
jump. Most likely, it is caused by the viscoelastic forces.
The viscosity of a smectic matrix is too large to perform
measurements in a reasonable time.

We see that the process of growth of the domains in
the system of concentration 50/50 wt % is not similar
to that one for 70/30 wt %. Most likely, different
behavior is caused by the different morphology of the
system and the large disparity in the viscosity of both
components.

Concentration of the Sample 90/10 wt % 8CB/PS.
For the 90/10 wt % mixture on the other hand, the
growth processes are very fast in the isotropic phase
(45 min), and therefore, we could not determine the
exponents in the nematic or smectic matrices. For this
composition, we also see two peaks in S(q,t), which grow
algebraically in time with different characteristic ex-
ponents (Figure 17). For larger wavevectors â ) 0.13,
and for smaller â ) 0.40. We also observe that the peak
at larger wavevectors merges in a time of 8 min with
the peak at smaller wavevectors. We have checked that
for such a short time there is no scaling and eq 4 is not
obeyed suggesting that there is more than one length
scale in the system and that the domains still saturate.

V. Concluding Remarks

We have proposed a new method of elimination of the
multiple scattering of light in the scattering measure-
ments in anisotropic matrices, made during the phase
separation of polystyrene (PS) and 8CB liquid crystal
in the nematic or smectic phase of 8CB. The multiple
scattering effects are due to the different orientations
of the LC domains, and they are sufficiently strong to
bury the peak coming from the scattering at the
interface of PS-rich domains and 8CB-rich domains. In
all previous studies, the multiple scattering effects were
completely ignored.

Thanks to elimination of the effects of multiple
scattering, we could determine the growth laws for
polymer domains in the nematic and smectic phase of
liquid crystal.

For the phase separation of PS/8CB mixture in the
isotropic and smectic phase of 8CB, we have observed
two growth regimes: diffusive, characterized by 0.25 <
â < 0.33, and the following hydrodynamic growth,
characterized by 1 < â < 3/2.

A different exponent â in the hydrodynamic regime
is caused by the differences in the wetting of properties
of phases. Under strong wettability of the glass plates
by the isotropic phase of LC, the growth of wetting
domains is likely two-dimensional (2d), since the expo-
nent â ≈ 3/2.16 Under weak wettability of the glass plates
by the smectic phase of LC, the wetting domains become

Figure 15. Change of the location of the maximum of the
scattering intensity qmax as a function of time t on a log-log
plot, for the I + I region (41 °C) for thickness of the sample h
) 50 µm for 50/50 wt % of the 8CB/PS. The process of growth
is concerned here separately for each of the peaks. Inset:
change of the maximum scattering intensity Smax in time t on
a log-log plot, for those two peaks.

Figure 16. Change of the location of the maximum of the
scattering intensity qmax as a function of time t on a log-log
plot, for the N + I region (39 °C) for the thickness of the sample
h ) 50 µm for 50/50 wt % of the 8CB/PS. The results are shown
only for larger wavevectors (small domains). Inset: the change
of the maximum scattering intensity Smax in time t on a log-
log plot indicates the algebraic growth.

Figure 17. Change of the location of the maximum of the
scattering intensity qmax as a function of time t on a log-log
plot, for the I + I region (41 °C) for the thickness of the sample
h ) 50 µm for 90/10% of the 8CB/PS by weight. There is the
crossover from the diffusion growth regime with exponent â
) 0.13 to the hydrodynamic growth regime with the exponent
â ) 0.40. In the inset - the change of the maximum of the
scattering intensity Smax as a function of time t on a log-log
plot. The growth exponent is R ) 0.56, indicating that there
is no scaling for both regimes.
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more hemispherical (3d), so we obtain â ≈ 1 (charac-
teristic also for the bulk system14,16).

The growth laws do not depend on the film thickness
in the isotropic and smectic phase, but they change with
the thickness of a film in the nematic phase of a liquid
crystal. Here, the exponent â increases (from 0.33 to
0.47) with the decreasing of the film thickness (from 120
to 10 µm).

We suppose, that for small thickness of the samples
(10 µm) the growth of polystyrene domains in the
nematic matrix is governed by the elastic forces between
the PS domains, arising from the deformations of the
director field in orientation of the nematic and leading
to â ) 0.5.

We find it surprising that the elastic forces do not
seem to affect the growth of PS domains in the smectic
matrix. Most probably, the deformation of the smectic
matrix lead to the interactions which are repulsive at
short distances, thus preventing the domains from
coalescence.

In all cases (isotropic, nematic or smectic phase) the
scaling rule is obeyed in the first growth regime,
governed by diffusion or presumably by elastic forces
in the case of thin nematic films.

All these results are obtained for the composition 70/
30 wt % of 8CB/PS. The growth laws change with the
concentration of the system, probably because of differ-
ent morphology of studied patterns.
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