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ABSTRACT: Dynamics of photopolymerization-induced phase separation (PIPS) and morphology develop-
ment in mixtures of low molar mass nematic liquid crystal (LC) 4-n-heptyl-4′-cyanobiphenyl (designated
K21) and photocuratives (designated NOA65) have been investigated by means of optical microscopy,
light scattering, and differential scanning calorimetry. The equilibrium phase diagram of the LC/monomer
(uncured NOA65) system was first established theoretically on the basis of the Flory-Huggins/Maier-
Saupe theory. The calculated phase diagram displayed isotropic, liquid + liquid, liquid + nematic, and
pure nematic coexistence regions in conformity with experiment. The effect of photopolymerization on
the phase diagram was examined through comparison of the calculated phase diagrams of LC/linear
polymer with LC/cross-linked polymer mixtures. Photopolymerization of the LC/monomer mixtures
resulted in phase separation due to instability caused by an increase in molecular weight and subsequent
network formation. Photopolymerization initiated in the isotropic phase gave uniformly distributed
polygonal-shaped LC droplets in contrast to photopolymerization initiated in the two-phase region. Of
particular interest is that the size of the phase-separated LC droplet increases with LC concentration.
The network morphology is reminiscent of an interconnected thread seemingly running through the
interstices of the polygonal droplets. Temporal evolution of structure factors was analyzed in the context
of dynamical scaling law.

Introduction

Inhomogeneous thin films composed of low molar
mass liquid crystal (LC) and polymer are potential
materials for various electrooptical devices such as
optical switches (light shutters), variable transmittance
(transparency) windows, and reflective displays. Typical
examples include polymer-dispersed liquid crystals
(PDLC)1-3 containing a substantial amount of polymer
and polymer-stabilized liquid crystals (PSLC)4 contain-
ing very little polymer in the form of a network. The
polymer matrix basically provides thermal and mechan-
ical stability, while the LC affords needed electrooptical
properties. The anisotropic optical properties of these
composites may be exploited by electrically switching
them between a strong scattering “off” state and an
optically transparent “on” state. PSLC are preferred to
PDLC since the former possesses fast electrooptical
responses close to those of the neat LC. Furthermore,
incorporation of a chiral agent or cholesteric LC in PSLC
would be useful for reflective color displays.4 PDLC
composites hitherto reported typically involve flexible
chain polymers and liquid crystals. The liquid crystal
may be nematic,5-8,13 cholesteric,9-12 or a fast switching
smectic C* (ferroelectrics).14-23 Recently composites
containing liquid crystalline polymers as the matrix
have been studied.24-26

Photopolymerization-induced phase separation is a
preferred way of making LC/polymer network compos-
ites because the fabrication process is simple, fast, clean,
and solvent-free. Polymerization at a low temperature
minimizes degradation and/or loss of LC, monomer, or
photoinitiator via evaporation. A proper choice of tem-

perature and polymerization rate further allows for
better control of morphology.8,10,11,13 In addition, the use
of laser photopolymerization enables the production of
modulated or target structures. Photopolymerization
has thus found applications not only in the making of
LC/polymer composites but also in diverse applications
such as polymer/polymer composites, coatings, adhe-
sives, photolithography, and dental restorative materi-
als.

It is well established that the morphology strongly
affects the electrooptical properties of LC/polymer
composites.2,4,5,8,11,19,25,27-29 In general, the morphology
is controlled by the relative rates of reaction and of
phase separation, which depends on a number of factors
such as type of LC and monomer, LC concentration,
monomer functionality, irradiation intensity and time,
and polymerization temperature. Another important,
but often neglected, factor is the polymerization envi-
ronment. Photopolymerization initiated in the isotropic
or the two-phase coexistence region can exert a profound
influence on the emergence of morphology.30 Thus, it is
essential to establish the phase diagram of the LC/
monomer system before attempting any study on the
dynamics of polymerization-induced phase separation
(PIPS).

In previous studies,30,31 we have examined the influ-
ence of the LC/monomer phase behavior on the photo-
polymerization kinetics of a mixture of nematic LC, 4-n-
heptyl-4′-cyanobiphenyl (designated K21), and photo-
curable multifunctional thiolene-based optical adhesive
(designated NOA65). In the present study, we investi-
gate the morphology development and phase separation
dynamics during photopolymerization. Using the start-
ing LC/monomer phase diagram as a guide for photo-
polymerization, the effects of temperature and LC
concentration on the emergence of the domain morphol-
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ogy of the composites (LC + polymer network) have been
examined. The morphology of the polymer network is
also investigated by means of scanning electron micros-
copy (SEM) after removal of the LC using appropriate
solvent. Finally, the mechanism of photopolymerization-
induced phase separation and structure formation is
elucidated on the basis of the temporal evolution of
morphology and structure factors.

Experimental Section
Materials and Procedures. The photopolymerizable thi-

olene-based optical adhesive (NOA65) was purchased from
Norland Products Inc. NOA65 is premixed with 5 wt %
benzophenone photoinitiator.32 It has an optical absorption in
the 350-380 nm range with a density33 of 1.12 g/cm3 and an
weight-average molecular weight32 of 400 g/mol. The liquid
crystal used was a single-component nematic, i.e., 4-n-heptyl-
4′-cyanobiphenyl (K21) purchased from BDH Chemicals. K21
exhibits a crystal to nematic transition temperature (TKN) at
28.5 °C and a nematic to isotropic transition temperature (TNI)
at 42 °C. NOA65 and K21 were used as received.

Regarding the establishment of the phase diagram and the
investigation of morphology development and phase separation
dynamics, several LC/monomer mixtures were prepared by
weighing desired amounts of NOA65 and K21 in small vials
and then mixed by stirring vigorously using a magnetic stirrer.
The liquid mixtures were stored in a refrigerator and handled
under dimmed light to minimize photopolymerization.

Phase Diagram of Starting LC/Monomer Mixtures. For
the optical microscopy experiment, a Nikon Optipot 2-POL
microscope with a filtered halogen light source (12 V, 100 W)
was used with a magnification of 400×. A sample hot stage
(Linkam Scientific Instruments, model TS1500) interlinked to
a programmable temperature controller (Linkam, model TMS93)
and a cooling system (model LNP93/2) was used. Samples were
covered with glass slides, then heated until they were optically
isotropic, and then cooled slowly. The temperature of phase
change was monitored under the optical microscope. There-
after, the samples were reheated to their isotropic states. The
experiment was repeated to ensure reproducibility. The heat-
ing and cooling rate was 1 °C/min.

In the light scattering experiment, a 2 mW randomly
polarized He-Ne laser light source (Aerotech, model LSR2R)
with a wavelength of 632.8 nm was utilized. Cloud points were
measured by monitoring the scattered intensity at a fixed
angle (∼10°) using a photodiode detector (Hamamatsu Co.,
model HC-220-01). A sample hot stage coupled with a pro-
grammable temperature controller (Omega, model CN-2012)
having a resolution of (0.1 °C was utilized for temperature
scans at the rate of 1 °C/min. A personal computer and an
A/D converter were linked to the light scattering equipment
for data acquisition and analysis.

For the differential scanning calorimetry (DSC) experiment,
a Du Pont thermal analyzer (model 9900) equipped with a
heating module (model 910) was used under nitrogen circula-
tion. Liquid nitrogen was used as a purging and cooling
medium. The heating rate was 5 °C/min. Samples in the
recommended amount of 10-15 mg by weight were sealed in
hermetic pans. DSC scans were undertaken in the temperature
range 0-50 °C to determine the nematic-isotropic transitions
of the neat K21 and of its mixtures.

Preparation of LC/Photo-Cross-Linked Polymer Com-
posites. K21/uncured NOA65 mixtures of various composi-
tions were sandwiched between two microscope glass slides
with spacers to yield a thickness range of 10-20 µm. These
samples were photopolymerized isothermally under the optical
microscope at 20 and 40 °C corresponding to the two-phase
and the isotropic single phase of these blends, respectively.

The photo-cross-linking was done under either continuous
or intermittent irradiation using a curing unit (Electrolite
Corp., model ELC403) equipped with a UV guide tip capable
of swiveling 360°. The UV intensity output of the lamp was
40 mW in the 340-380 nm range. The distance between the

UV guide tip and the sample was about 30 mm, and the
illuminated area was 1 cm2. Thin samples were used to
minimize the effect of thickness on the absorbed radiation and
the emerging structures. Also, the sample area exposed to the
radiation was kept sufficiently small to ensure uniform radia-
tion over the entire sample. Prior to photopolymerization at a
desired temperature, the samples were preheated to the
isotropic region to ensure uniformity in thickness and thermal
history.

Examination of Morphology of LC/Polymer Network
Composites. Morphological pictures were acquired under
polarized and unpolarized light by means of a Nikon optical
microscope equipped with a Nikon FX-35DX camera and a
Nikon UFX-DX exposure controller. The emerging morphology
was examined as a function of temperature, LC concentration,
and irradiation time.

To examine the polymer network morphology, the glass slide
containing the LC/polymer composite was immersed in n-
heptane for 2 days and washed several times to extract the
LC while leaving the polymer network domains intact, as the
polymer network can no longer be dissolved in n-heptane. The
glass slide containing the network was cut to an appropriate
size to fit the geometry of the scanning electron microscope
(SEM) sample holder. The specimen was then sputtered with
silver under argon gas using a sputter-coating device (Polaron,
model ISI-5400). The morphology of the network was then
examined using Hitachi Corp. SEM (model S-2150).

Investigation of Time Evolution of Morphology and
Phase Separation Dynamics. To mimic the dynamics of
phase separation and structure development, optical images
of the phase-separated structures were captured at different
irradiation or exposure times using a Snappy digital image
acquisition board (Connectivity Inc.). Structural analysis was
then performed on the acquired images by taking a two-
dimensional fast Fourier transform (2D-FFT). It should be
noted that 2D-FFT of phase-separated structures was taken
since the phase separation dynamics could not be followed in
real time using the conventional time-resolved light scattering
equipment due to interference from the UV radiation with He-
Ne laser light and the charge coupled detector (CCD). 2D-FFT
provided the scattering patterns and structure factors, S, as
functions of irradiation time, t, and wavenumber, q. The
change of qmax with t was analyzed in the context of the
familiar power law relationship of the form qmax ) t-R, where
R is the scaling exponent.

Results and Discussion

Phase Diagram of LC/Monomer System before
Photopolymerization. Figure 1 shows the experimen-
tal phase diagram as obtained by light scattering,
optical microscopy, and DSC in comparison to theory
(solid line). The theoretical calculation for the coexist-
ence line was carried out on the basis of the combined
Flory-Huggins36,37 (FH)/Maier-Saupe38 (MS) theory
and was plotted against the volume fraction of the liquid
crystal, æL. The LC/monomer phase diagram is of the
upper critical solution temperature (UCST) type over-
lapping with the nematic-isotropic transition of the LC.
This phase diagram is thermally reversible and similar
to that of nematic/linear polymer mixtures.34,39-47 The
predicted LC/monomer phase diagram displays various
coexistence regions such as liquid + liquid (I + I),
nematic + liquid (N + I), and pure nematic phases (N).
Below the peritectic line (dotted horizontal line), liquid
and nematic phases coexist. By monitoring the phase
separation (emerging LC domains) and concomitant
nematic ordering using optical microscopy, the coexist-
ence regions may be identified.

Upon cooling the 90/10 mixture from an isotropic
phase (35 °C) to a two-phase region, birefringent
droplets appear around 24 °C, suggestive of nematic (N)
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+ isotropic liquid (I) phase separation (Figure 2a). It is
apparent from the LC/monomer phase diagram that
there is no liquid + liquid coexistence region in the
mixtures of high LC content mixtures (see Figure 1).
The LC droplets grow in time via coalescence, while
exhibiting a Schlieren texture (under crossed polariz-
ers), which is a typical feature of nematics. Similarly,
isotropic liquid + isotropic liquid (I + I) phase separa-
tion first occurs in the 60/40 mixture around 24 °C
(Figure 2b). The existence of the I + I region at the 60/
40 composition is consistent with the LC/monomer
phase diagram (see Figure 1). The droplets are isotropic
initially. With the progression of time, the average size
increases as the LC fraction increases. Nematic textures
develop subsequently around 14 °C. It is apparent from
Figure 2a,b that the emerged morphology such as
texture, size, and distribution of LC droplets depends
on the composition and the coexistence regions.

Effect of Polymerization (Linear versus Cross-
Linking) on Phase Diagram. When the LC/monomer
mixture is polymerized in the isotropic phase, the
mixture becomes unstable and undergoes phase separa-
tion due to thermodynamic instabilities induced by the
increase in molecular weight of the growing polymer.
Subsequently, the LC/polymer coexistence curve moves
upward to a higher temperature, while shifting toward
the LC-rich region in a manner dependent on the extent
of reaction (or conversion). Since the polymerizable
material (NOA65) is multifunctional, it is likely that the
growing polymer undergoes cross-linking. The molecular
weight between the cross-linked points decreases, which
further drives the instability of the system. In this
regard, the free energy arising from the network elastic-
ity becomes important in the description of thermody-
namic phase equilibria.

Figure 3 depicts the calculated phase diagrams of
blends of LC/linear polymer and LC/cross-linked net-
works. Also included in Figure 3 is the phase diagram
of the starting LC/monomer mixture as a reference.
Note that the labeled coexistence regions for the LC/
linear polymer and LC/cross-linked systems have been

italicized to distinguish them from those of the LC/
monomer system. For the purpose of comparison, the
statistical segment length (rp) of the linear polymer, and
that between cross-links (rc) of the cross-linked polymer,
were simply taken as 100. The detailed calculations on
the effect of molecular weight, network functionality,
etc., on the phase diagram topology may be found in our
earlier paper.31 As depicted in Figure 3, the coexistence
curve moves upward to a higher temperature and
asymmetrically to a higher LC side during photopolym-
erization.

As polymerization advances the segment length of
linear polymer, rP increases, which drives the binodal
curve to move upward. When the coexistence curve
surpasses the reaction temperature (indicated by the
point x in Figure 3), phase separation occurs. The LC/
linear polymer blends segregate eventually into the LC-
rich and LC-poor phases. However, the moment the
cross-linking reaction commences, the segment length

Figure 1. Phase diagram of K21/NOA65 monomer system
before photopolymerization as obtained using optical micros-
copy, light scattering, and DSC. The solid line denotes the
theoretical curve calculated based on the combined Flory-
Huggins (F-H)/Maier-Saupe (M-S) theory. The symbol æL
represents the volume fraction of the liquid crystal.

Figure 2. Morphological changes observed during cooling
(without photopolymerization) of (a) the 90/10 K21/NOA65
mixture showing isotropic liquid (35 °C) to liquid + nematic
coexistence regions (<24 °C) and (b) the 60/40 mixture showing
isotropic liquid (30 °C), isotropic liquid + isotropic liquid (24-
21 °C), and isotropic liquid + nematic coexistence phases (14
°C). The cooling rate was 1 °C/min.
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between the cross-linked points, rc, decreases. In both
events, the emerging polymer becomes less soluble in
the LC solvent. The binodal curve shifts asymptotically
toward the high LC volume fraction axis with the
progression of the cross-linking reaction. Unlike the LC/
linear polymer system, there is no identifiable critical
point in the LC/cross-linked polymer phase diagram.
Instead, the coexistence curve makes an upward turn
asymptotically near the pure LC axis. The observed
difference in the phase diagram topologies, particularly
the I + I coexistence regions, may be attributed to the
network formation. Below the NI transition tempera-
tures of the LC, nematic is formed in the LC-rich phase,
giving rise to the coexistence of isotropic liquid (I) +
nematic (N) region. The I + N coexistence envelope
widens with the progression of both linear and cross-
linking polymerization.31

Morphology of LC/Network Composites after
Photopolymerization. Effect of Temperature and
Concentration. To examine the emerging morphology
as a function of temperature, photopolymerization was
performed on three different mixtures of high LC
concentrations (85%, 90%, and 95%). Figure 4a shows
optical micrographs of the morphology observed under
crossed and uncrossed polarizers after photopolymeri-
zation of 85/15, 90/10, and 95/5 K21/NOA65 blends in
the two-phase (I +N) region at 20 °C. A heterogeneous
texture with unevenly distributed LC droplets can be
discerned. If these blends were to be used for display
or control devices, the LC orientation in the smaller
domains would obviously respond differently to an
applied electric field from that of the larger LC domains.
The nonuniformity in the LC droplet sizes would thus
result in inferior electrooptical switching performance.

Figures 4b, on the other hand, shows the optical
micrographs of morphology of the 85/15, 90/10, and 95/5
K21/NOA65 mixtures subjected to photopolymerization

Figure 3. Calculated phase diagrams for LC/linear polymer
(dotted line) and LC/cross-linked polymer systems (solid line)
along with that of the LC/starting monomer mixture (dashed
line) as a reference. Note that the labeled coexistence regions
for the LC/linear polymer and LC/cross-linked polymer systems
have been italicized to distinguish them from those of the LC/
monomer system. As in Figure 1, the symbol æL represents
the volume fraction of the liquid crystal.

Figure 4. Optical micrographs under crossed polarizers and
unpolarized light for the 85/15, 90/10, and 95/5 K21/NOA65
mixtures showing the dependence of domain size on LC
concentration after photopolymerization (a) in the two-phase
region (20 °C) and (b) in the isotropic phase (40 °C) for 300 s,
with UV intensity of the lamp of 40 mW and the illumination
area of 1 cm2.
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in the isotropic region at 40 °C, showing a uniformly
distributed LC droplet morphology having a polygonal
shape in the 85/15 composition. It should be noted that
the observed morphology is a 2-dimensional representa-
tion of 3-dimensional droplets. Serbutoviez et al.13 made
a similar observation in nematic LC/photocross-linked
diacrylate systems. Using confocal microscopy, Amund-
son and co-workers48 observed a similar “polyhedral
foam texture” and claimed that it is quite distinct from
the “Swiss cheese” morphology where the LC droplets
are well separated by the polymer matrix and are more
spherical in shape. In view of the uniformity of the
droplets in the latter case, we shall focus on the
emergence of the evenly distributed nonspherical drop-
let morphology.

The observed morphology of photopolymerized 90/10
and 95/5 mixtures, also depicted in Figures 4b, is
apparently similar to that of the 85/15 mixture. A closer
examination of the morphology of 90/10 and 95/5
mixtures reveals that as the LC fraction in the initial
mixture increases so does the size of the phase-
separated LC droplets, which is consistent with the
experimental observation of Amundson et al.48 This
observation is not surprising in view of the fact that with
increasing LC concentration more LC molecules are
expected to segregate out from the polymer network.
The observed influence of the LC concentration on the
droplet size and its distribution may be important for
the improvement of electrooptical properties.

Polymer Network Morphology. It is of interest to
examine the morphology of the polymer network after
the extraction of the LC from the composite. Figure 5
shows the optical microscopy (top image) and the SEM
(lower image) observations of the network morphology
observed for the 95/5 K21/NOA65 mixture. The polymer
network seemingly runs through the interstices of the
polygonal domains. The threadlike morphology can be
discerned more clearly in the SEM micrograph. In the
literature, network morphologies such as beadlike,
fiberlike, platelike, and helicoidal have all been ob-
served4,10,11,49 in LC/polymer network mixtures. These
LC materials were either nematic or cholesteric, while
the networks were made of rigid mesogens or flexible
multifunctional reactive monomers.

Rajaram et al.10,11 found that the morphology of
nonmesogenic BAB diacrylate network after photopo-
lymerization in nematic liquid crystal 5CB and eutectic
nematic liquid crystal (E48) was beadlike in both
nematic and isotropic states of these two liquid crystals.
In the case of nonmesogenic BAB-6 diacrylate, photo-
polymerization in 5CB resulted in a fiberlike morphol-
ogy if 5CB were in the nematic state,10 but it resulted
in beadlike when 5CB was in the isotropic state.10

However, the photopolymerization of BAB-6 in E48 gave
a fiberlike appearance if E48 was in either the nematic
or the isotropic state.11 Furthermore, Rajaram et al.11

further reported that the morphology of mesogenic
BABB-6 diacrylate network after photopolymerization
in E48 appeared fiberlike if E48 was in the nematic
state and platelike if E48 was in the isotropic state. In
the work of Rajaram et al.,10,11 the polymerization took
place in either homogeneous or homeotropic states of
the LC. On the other hand, Yang et al.4 and Chien et
al.49 found a helicoidal morphology for the BABB-6
network after photopolymerization in the planar texture
of the cholesteric LC (E48 + chiral dopant 15CB).

As reported earlier,4,10,11,49 the network morphology
obtained depends on many factors such as structure,
concentration, and functionality of reactive monomers
and LC, as well as photopolymerization conditions such
as temperature, UV intensity, irradiation time, and
homogeneous or homeotropic preorientated states. Judg-
ing from the observed domain morphologies, it seems
as though there is no unique criterion in obtaining a
given network morphology. It should be emphasized
that these emerging morphologies are nonequilibrium
in nature, and thus it is necessary to understand the
dynamics of photopolymerization-induced phase separa-
tion.

Dynamics of Photopolymerization-Induced
Phase Separation. Experimental studies on phase
separation dynamics in thermal-quenched40,41,46,50-52

and in thermal-initiated polymerizing53,54 mixtures
containing liquid crystals are well documented. Such
studies usually involve the combination of morphology
evolution and radiation scattering to elucidate the
mechanism of phase separation. Regarding photopo-
lymerization-induced phase separation, very few real
time studies exist for LC/polymer systems.13,55 According
to Serbutoviez et al.,13 photopolymerization-induced
liquid-gel phase separation occurs in a LC/photo-cross-
linked network mixtures via the nucleation and growth
mechanism. However, Srinivasarao et al.55 found that

Figure 5. Optical (upper) and SEM (lower) micrographs
showing the interconnected morphology observed after pho-
topolymerization of the 95/5 K21/NOA65 mixture at 40 °C for
300 s and with UV intensity of 40 mW/cm2. The LC/monomer
mixture before polymerization was initially in the isotropic
phase at 40 °C. The scale bar of the SEM micrograph is 100
µm.
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spinodal decomposition is the mechanism that is re-
sponsible for PIPS. Although the two studies are
encouraging, the opposing views have yet to be recon-
ciled.

In general, it is difficult to probe the dynamics of
photopolymerization-induced phase separation in real
time using the conventional time-resolved light scat-
tering because of the strong interference of the UV
radiation with the scattered light. To circumvent this
interference problem, the UV light may be turned off
intermittently during acquisition of CCD images of the
emerging patterns during the optical microscopic in-
vestigation. There is a natural concern that intermittent
illumination of the UV radiation might affect the
domain growth in PIPS. To alleviate the aforementioned
problem, photopolymerization was carried out in two
different ways. In the first approach, UV light was
illuminated intermittently on a single specimen; that
is, the UV light was turned off during image acquisition
and then immediately switched on again. The time for
capturing one CCD image frame was less than 1 s. In
the second method, a fresh specimen was utilized each
time and continuously exposed to UV light for a chosen
time, after which the morphology was examined. As
depicted in Figure 6, visual inspection of the morphology
obtained from the two methods revealed that the
domain size and its distribution appear comparable.
This gives us some optimism, although it is by no means
ideal, to use the intermittent illumination approach in
the examination of the dynamics of phase separation
and morphology development subjected to photopolym-
erization.

We restricted our phase separation dynamics experi-
ment to photoinitiation in the isotropic phase as it
affords LC/polymer composites with more uniform mor-
phology. In addition, 2-dimensional Fourier transforma-
tion was performed on the observed structures to obtain
the scattering patterns and to analyze the mechanism
of structure formation and growth dynamics based on
the temporal evolution of the structure factors. Figure
7 depicts the time evolution of morphology (first column)
and the corresponding scattering patterns (second col-
umn) obtained during photopolymerization at 40 °C for
the 95/5 K21/NOA65 blend. As shown in Figure 7, phase
separation was detected under the microscope within
15 s of UV exposure. The 95/5 mixture being in the
nematic-rich region, the droplet morphology emerges
and appears uniform. It is difficult to assign any
particular mechanism (e.g., nucleation and growth or
spinodal) on the basis of the optical microscopic images
alone. The corresponding scattering halo from the 2D-
FFT suggests that the phase separation process pre-
sumably occurs through spinodal, but it has already
advanced to the intermediate and late stages where
these droplets grow quickly with time through coales-
cence. The coarsening process is particularly pronounced
in the 95/5 K21/NOA65 blend because of the high
mobility of the LC molecules. When the cross-linking
reaction starts, a polymer network is formed in the
polymer-rich region (interstices of LC droplets). The
formation of polymer networks presumably impedes the
growth of these droplets, thereby virtually ceasing the
growth. As a consequence, these droplets impinge on
each other, resulting in a change of the domain topology
from a spherical to a polygonal shape.

The 50/50 mixture seemingly corresponds to the
critical composition of the UCST before the photopo-

lymerization (Figure 1). However, with the progression
of reaction, the UCST maximum not only moves to a
higher temperature but also shifts asymmetrically to
the higher LC volume fraction (Figure 3). When the
coexistence curve surpasses the reaction temperature,
phase separation occurs and the 50/50 blend is no longer
the critical point. Hence, the reaction temperature must
cross the metastable region where the nucleation and
growth are prevalent. As depicted in Figure 8 (column
A), the domains appear interconnected. However, they
are too small to be distinguished from the droplets (as
droplet morphology could appear interconnected in the
2-D projection of 3-D objects on the optical plane). The
corresponding scattering halo (not shown) suggestive of

Figure 6. Comparison of temporal evolution of morphology
of the 95/5 K21/NOA65 mixture photopolymerized under two
conditions. Column A depicts the emergence of morphology of
a single specimen subjected to photopolymerization, while
column B shows the emergence of morphology of the fresh
specimens subjected to photopolymerization at indicated times.
Photoinitiation was undertaken in the single phase at 40 °C.
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spinodal decomposition was found to shift to a lower
angle while becoming more diffuse. The movement of
the scattering peak is due to the domain growth. Since
the 50/50 blend contains more monomer (NOA65), it is
therefore more reactive than the 95/5 blend. Photopo-
lymerization-induced phase separation is expected to
occur faster in a mixture with a higher NOA65 concen-
tration.

In the case of the 30/70 K15/NOA65 as depicted in
Figure 8 (column B), the reaction is even much faster,
thereby arresting the growth of the domains quickly and
resulting in a finer morphology. Although the 30/70
blend corresponds to the off-critical mixture, the do-
mains are seemingly interconnected, suggesting that the

process of PIPS has probably advanced well into the
unstable region where spinodal decomposition is domi-
nant. With continued irradiation of the mixtures up to
300 s, the morphology does not change significantly as
it is fixed by virtue of the formation of polymer network.

To quantify the growth dynamics, we examined the
structure factors obtained from the 2D-FFT of the
phase-separated structures acquired at different expo-
sure times. Figure 9 shows the change of scattering
curves as a function of irradiation time for the 95/5 K21/
NOA65 mixture. It is seen that scattering peaks ap-
peared within few seconds of photoinitiation. The scat-
tering maximum shifts to a smaller wavenumber as
time elapses, indicative of growth through coalescence
in which larger domains grow at the expense of smaller
ones. It is apparent that there is no linear regime
corresponding to the early stage of phase separation
(TIPS). The early stage of SD is generally characterized
by the invariance of the scattering maximum with time
for a brief period typically observed in some thermal
quenched systems. On the other hand, the crossover
from nucleation and growth to the spinodal decomposi-
tion characterizes the early stage of reaction-induced
phase separation because of the asymmetric movement

Figure 7. Temporal evolution of the domain morphology and
the corresponding scattering patterns for the 95/5 K21/NOA65
mixture acquired during photopolymerization in the isotropic
phase at 40 °C.

Figure 8. Time evolution of the domain morphology for (a)
the 50/50 and (b) the 70/30 K21/NOA65 mixture. Photopolym-
erization was initiated in the isotropic phase at 40 °C. UV
intensity was 40 mW/cm2.

1422 Nwabunma et al. Macromolecules, Vol. 33, No. 4, 2000



of the coexistence curve with reaction. This makes the
system to fall into the metastable region before entering
into the unstable region. The progressive movement of
the coexistence curve makes the supercooling larger;
therefore the domains tend to become smaller. The
tendency of affording a small domain size is one of the
unique characteristics of PIPS, but it is usually in
competition with the domain growth associated with
thermal relaxation. In the present case of photopolym-
erization-induced phase separation, the latter process
prevails such that the coarsening takes place. It should
be emphasized that the PIPS reaction is so fast that the
coarsening process is seemingly completed within a
short time interval, progressing rapidly into the un-
stable region where coarsening associated with thermal
relaxation is expected to dominate.

We further analyze the growth dynamics in the
context of the familiar power law scaling of the form
qmax ) t-R. Figure 10 shows the maximum wavenumber
qmax versus irradiation time for the cured 30/70, 50/50,
and 95/5 K21/NOA65 mixtures. The growth occurs
rather rapidly in all compositions for some periods, and
then the domains cease to grow when cross-linking

takes place. It can be noticed that the cessation of
growth occurs faster in the compositions high in reactive
monomers in the sequence of 30/70, 50/50, and 95/5.
This observation is not surprising in view of the fact
that the mixtures with a higher NOA65 content would
be more reactive, thereby arresting the domain growth
earlier. This is exactly what one observes in the present
study. It was found that the values of the kinetic
exponent R range from approximately 0.32 for the 30/
70 and 50/50 blends to 0.44 for the 95/5 K21/NOA65
blend. In view of the short time interval of growth, the
observed exponents of 0.32 to 0.44 should not be overly
interpreted, although these values are certainly within
the range reported for the intermediate to late stages
of spinodal decomposition in thermal quenched sys-
tems41,46,50,51 and also in thermally initiated PIPS.54 It
should be pointed out that there is little or no difference
of the growth exponent for the 30/70 blend (off-critical)
and the 50/50 blend (critical for the starting K21/NOA65
monomer mixture). The observed similarity in the
growth behavior in these two blends may be attributed
to the movements of the critical point to a higher LC
volume fraction during photopolymerization. This makes
the 50/50 mixture to be off-critical, and thus it appear
no different than the 30/70 mixture. A slightly larger
growth exponent for the 95/5 K21/NOA65 mixture may
be attributed to the high mobility of the LC molecules
and the low viscosity associated with nematic ordering.

Concluding Remarks

In this work, we have demonstrated that the phase
diagram of mixtures of nematic LC and reactive mono-
mer is of the UCST type overlapping with the nematic-
isotropic transition of the LC. It displayed isotropic
liquid, isotropic liquid + isotropic liquid, isotropic liquid
+ nematic, and pure nematic coexistence regions. Both
cross-linking polymerization and linear polymerization
lead to a widening of the two-phase isotropic liquid +
nematic (I + N) envelope of the phase diagram. There
is no critical temperature associated with the LC/cross-
linked polymer network phase diagram in comparison
with that LC/linear polymer. Instead, the LC/cross-
linked polymer phase diagram showed an upward turn
in curvature as LC volume fraction approaches unity.
The reason for this observed behavior is due to the
domination of the elastic free energy of the cross-linked
polymer network. Photopolymerization initiated in the
isotropic phase resulted in uniformly distributed po-
lygonal-shaped LC droplets in contrast to photopolym-
erization initiated in the two-phase region. Of particular
interest is that the size of phase-separated LC droplets
increases with increasing LC concentration. The net-
work morphology is reminiscent of interconnected threads
seemingly running through the interstices of the po-
lygonal droplets. Despite the short time interval for the
domain growth due to the fast curing, the growth
exponent of approximately 1/3 was observed in the PIPS
dynamics studies. The growth is seemingly expedited
in the high LC (95%) blend due to the slower curing of
the NOA65 in such a high LC concentration such that
the structural growth due to thermal relaxation would
prevail as the mobility of LC molecules would be high,
and the viscosity is expected to reduce because of the
nematic ordering.
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Figure 9. Temporal evolution of scattering profiles for various
irradiation times, t, for the 95/5 K21/NOA65 mixture. Photo-
polymerization was initiated in the isotropic phase at 40 °C.

Figure 10. log-log plots of wavenumber maximum, qmax,
versus irradiation time, t, for various blends subjected to
photopolymerization in the single phase at 40 °C.
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