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Abstract

Phase behavior and photopolymerization-induced morphology development in mixtures of eutectic nematic liquid crystals (LC) (desig-
nated E44) and photocurative monomers (designated NOA65) have been investigated by means of optical microscopy and light scattering.
The observed phase diagram of the E44/NOA65 system prior to photopolymerization is of an upper critical solution temperature (UCST)
type overlapping with the nematic–isotropic transition of E44. It displayed isotropic liquid, isotropic liquid1 isotropic liquid, isotropic
liquid 1 nematic, and pure nematic coexistence regions that were verified experimentally. Using the phase diagram as a guide, photo-
polymerization-induced phase separation experiments were performed in the isotropic region in order to examine the morphology develop-
ment in multicomponent LC (E44)-based system in comparison with that of a single component LC (K21)-based system. Of particular
interest is that the emerging LC droplets turned out to be unevenly distributed in the E44/NOA65 system as opposed to the K21/NOA65
system where the droplet size was uniform. The non-uniform distribution of the droplets in the E44/NOA65 system may be attributed to
compositional fractionation associated with different affinities of the constituent LC in E44 to the NOA65 networks.q 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Inhomogeneous thin films composed of liquid crystals
(LC) and polymers have been investigated extensively for
applications in various electro-optical control and display
devices such as optical shutters, switchable privacy
windows, and reflective color displays [1,2]. These investi-
gations encompass synthesis of new materials, phase
behavior, morphological characterization, polymerization
kinetics, phase separation dynamics, electro-optical charac-
terization, and optimization of device performance [3–9].
LC/polymer composites are normally prepared via polymer-
ization-induced phase separation (PIPS) of an initially
miscible solution of LC and polymer precursor. The phase
separation process turns out to be one of the most important
steps for controlling LC domain morphology and efficient
fabrication of these films.

In previous papers [10,11], we have investigated the
phase behavior, polymerization kinetics, and emergence of
morphology in mixtures of the single component nematic
LC 4-n-heptyl-40-cyanobiphenyl (commercially known as

K21) and photocurable polymer precursor (NOA65). It
was shown that the morphology development in the K21/
NOA65 system was influenced strongly by photopolymer-
ization environment (e.g. single or two-phase coexistence
regions) as well as polymerization conditions such as irra-
diation time, temperature, etc. K21, being a single com-
ponent LC, is appealing for basic studies involving
establishment of phase diagram and elucidation of phase
separation dynamics in its blends with photocurative
materials. However, it is unsuitable for practical applica-
tions due to a very small nematic window bound by the
nematic–isotropic transition temperature�TNI � 428C� and
the crystal–nematic transition temperature�TKN � 28:58C�:
To widen the nematic temperature range for electro-optical
applications, it is customary to mix two or more LC moieties
[7–9]. Eutectic LC mixtures with wide nematic temperature
range are thus preferred to the single component LC in
industrial applications. Hence, understanding photopoly-
merization-induced morphology development in multicom-
ponent LC/photocurative systems is of paramount interest.

In this paper, we have extended our investigations to a
system composed of eutectic nematic LC (E44) and
NOA65. The aim is to examine the influence of LC type
(single component K21 versus multi-component eutectic
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E44) on the morphology development in LC/polymer
composites prepared via photopolymerization-induced
phase separation. The choice of E44 is two-fold. First it is
a eutectic mixture having a very wide nematic region, which
makes it suitable for use in polymer-dispersed liquid crystal
(PDLC) based electro-optical switches and windows.
Second, the nematic–isotropic temperatureTNI is very
high �TNI � 1088C� relative to other eutectic mixture such
as E7 (618C) [12]. In this paper, we first establish the phase
diagram of the E44/uncured NOA65 followed by kinetics of
photopolymerization. Using the phase diagram as a guide,
the photopolymerization-driven morphology development
in the E44/NOA65 system is examined in comparison
with that of the K21/NOA65 system. Of particular interest
is that the emerging LC droplets in the E44/NOA65 system
showed bimodal droplet sizes with uneven distribution as
opposed to the K21/NOA65 system where droplet distribu-
tion was uniform. A possible cause for the non-uniformity
of LC droplet size and distribution in the E44/NOA65
system is suggested.

2. Experimental

2.1. Material and preparation of mixtures

A eutectic nematic LC (E44) havingTKN � 68C and
TNI � 1088C and a single component nematic LC, 4-n-
heptyl-40-cyanobiphenyl (K21) havingTKI � 28:58C and
TNI � 428C; were purchased from BDH Chemicals. Photo-
curable precursor (NOA65) was purchased from Norland
Products Inc. NOA65, consisting of trimethylol-propane
diallyl ether, trimethylol-propane tris thiol, and isophorone
diisocyanate ester, is reported to be premixed with 5 wt%
benzophenone photoinitiator [14,15]. NOA65 has a maxi-
mum absorption in the 350–380 nm wavelength and the
weight average molecular weight of 400 g/mol.

2.2. Establishment of E44/uncured NOA65 phase diagram

E44/NOA65 mixtures were prepared by weighing
appropriate amounts of NOA65 and E44 in small vials,
which were then mixed thoroughly. The samples were
stored in a refrigerator and handled under dimmed room
light to prevent any unwarranted prepolymerization. For
the optical microscopy experiment, a Nikon Optipot 2-
POL microscope with a filtered Halogen light source
(12 V, 100 W) was used. Pictures were taken using a
Nikon FX-35DX camera connected to a Nikon UFX-DX
exposure controller. A sample hot-stage (Model TS1500,
Linkam Scientific Instruments) interlinked with a pro-
grammable temperature controller (Model TMS93) and a
cooling unit (Model LNP93/2) was used. Samples were
heated until optically clear and any phase change was
observed under the microscope during slow cooling. There-
after, the samples were reheated to the isotropic state. The
heating and cooling rate was 18C/min. Since the phase

transition is thermally reversible, the phase transition
temperatures may be determined by repeating the heating
and cooling cycles in a small temperature gap near the phase
transition temperatures.

For light scattering experiments, a 2 mW randomly polar-
ized 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 (,108) using a photodiode detector (Hamamatsu
Co., Model HC-220-01). A sample hot stage coupled with a
programmable temperature controller (Omega, Model CN-
2012) was utilized for temperature scans at the rate of 18C/
min. A personal computer and an A/D converter were linked
to the light scattering equipment for data acquisition.

2.3. Photopolymerization cure kinetics

Photopolymerization of various E44/NOA65 mixtures
having 70–95% LC was monitored at an isothermal
temperature of 608C using a Perkin–Elmer photo-DSC
instrument equipped with a dual beam photo-calorimetric
accessory (DSC-DPA7) including a xenon light source
(450 W) and a monochromator to select UV radiation of a
specific wavelength (366 nm). Mixtures prepared as
described above were weighed in the recommended amount
(,10 mg) into hermetic aluminum DSC pans. Prior to
exposing samples to UV radiation, the DSC cell was flushed
with nitrogen for about 5 min to prevent oxidation. Samples
were heated to the isotropic region to ensure homogeneity in
film thickness and to afford the same thermal history. Subse-
quently, they were brought back to the intended experi-
mental temperatures. The samples and the reference pans
were left open during photopolymerization. The heat flow
versus time data from the photo-DSC was used to calculate
the experimental conversion rate and the photopolymeriza-
tion rate according to the procedure reported earlier [10].
Since LC is not directly involved in the photoreaction, the
heat flow curved was normalized based on the NOA65
content. For details, interested readers are referred to the
earlier paper [10].

2.4. Preparation of E44/crosslinked NOA65 composites

For the fabrication of E44/crosslinked NOA65 compo-
sites, various starting mixtures were placed on microscope
glass slides covered with circular cover glasses for thickness
uniformity. These samples yielding a thickness range of 10–
20mm were photopolymerized under the optical micro-
scope. The photo-crosslinking was performed on the optical
microscope at 608C using an UV curing unit (Model
ELC403, Electrolite Corporation). The instrument output
was 40 mW/cm2 in the 350–380 nm wavelength range.

The curing unit allowed for both continuous and inter-
mittent irradiation. Samples of small area were used to
ensure uniform radiation and to minimize the effect of thick-
ness on the absorbed radiation and the emerging structures.
The irradiation intensity was maintained at 40 mW for all
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samples having an average area of 1 cm2. The microscopic
pictures showing the emerging morphology were then
examined as a function LC concentration and irradiation
time.

3. Results and discussion

3.1. Phase diagram of E44/uncured NOA65

Fig. 1 shows the observed phase diagram in comparison
with the theoretical curve (solid line). The theoretical phase
diagram of nematic LC/flexible monomer mixture was
calculated based on the combined Flory–Huggins/Maier–
Saupe (FH/MS) theory [16–23]. The phase diagram is typi-
cally of a UCST type intersecting with the nematic–isotro-
pic transition of E44 [16]. The LC/monomer phase diagram
shows strong resemblance to those reported for other
mixtures of nematic LC and flexible monomer or with linear
polymer [10,16,23,25,26], except that the UCST is asym-
metric in the latter case of the LC/linear polymer.

The phase diagram reveals isotropic (I), isotropic
liquid 1 isotropic liquid �I1 1 I2�; isotropic liquid1
nematic�I2 1 N�; and pure nematic (N) coexistence regions.
At the peritectic point (delineated by dotted horizontal line)
these three phases can coexist. These regions were further
identified experimentally by monitoring the emergence of
LC domains under the optical microscope. Upon cooling the
95/05 mixture from an isotropic phase (1008C) to a two-
phase region (around 848C), multiple birefringent droplets
appear as a dispersed phase in the continuum of dark back-
ground suggestive of the isotropic liquid1 nematic�I2 1
N� coexistence region (Fig. 2). With subsequent cooling,
these birefringent droplets grow via coalescence (60 and
508C), while exhibiting complex topologies of LC disclina-
tions. The smaller domains are seemingly annihilated as the
larger ones continue to grow at the expense of the smaller
ones. The textures emerge into bipolar droplets at 408C and
finally the domain boundaries disappear at 258C resulting in
a typical Schlieren texture.

3.2. Photopolymerization behavior

Fig. 3a shows the experimental conversion rate as a func-
tion of time for three E44/NOA65 mixtures. Note that these
mixtures were initially in the isotropic phase at 608C before
photopolymerization. In the neat NOA65, the conversion
arises instantaneously without any induction time, suggest-
ing rapid generation of polymer radicals for chain propaga-
tion (Fig. 3b). The conversion eventually reaches a limiting
value, implying that a full conversion may be not realized
because of the diffusion-limited propagation caused by
network formation. The conversion rate quickly reaches a
maximum value within a few seconds as the chain propaga-
tion occurs. When the termination reaction becomes domi-
nant over the propagation, the conversion rate decays
rapidly and approaches zero asymptotically with time due
to reduced polymer radical mobility, monomer depletion,
and termination. As the initial monomer (NOA65) concen-
tration in the mixtures is reduced, the maximum conversion
rate decreases, and likewise the limiting value of the conver-
sion. This behavior is expected because LC molecules,
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Fig. 1. Phase diagram of uncured mixtures of E44 and NOA65 as obtained
using optical microscopy and light scattering. The solid line denotes the
theoretical curve calculated based on the combined theories of Flory–
Huggins and Maier–Saupe (FH/MS).
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Fig. 2. Morphological pictures showing isotropic liquid (1008C) and
liquid 1 nematic (80, 60, 50, 40, and 258C) coexistence regions observed
during cooling of uncured 95/05 E44/NOA65 mixture. Cooling rate was
18C/min.



which are not directly involved in the reaction, must segre-
gate out from the emerging network. It is interesting to point
out that we have observed the same behavior previously in
the UV-curing of the K21/NOA65 system [10]. Guymon
and Bowman [5,24] also reported a similar rate behavior
for UV-cured smectic Cp/acrylate and smectic Cp/diacrylate
systems, except that they found additional rate enhance-
ment, which has been attributed to monomer segregation
in the smectic Cp layers.

3.3. Morphology development

It has been demonstrated that polymerization initiated in
the two-phase region of the LC/monomer phase diagram
results in non-uniform droplet morphology [10,13], which
is undesirable for electro-optical applications. The major
problem associated with PIPS in the two-phase region is
due to pre-existing structures. As demonstrated in Fig. 3a,

the conversion rate depends on the local concentration of
NOA65, hence any heterogeneity in concentration would
lead to the non-uniform morphology resulting in the forma-
tion of large and small LC droplets. To circumvent the
aforementioned problem, we shall focus only on photopo-
lymerization initiated in the isotropic state where the initial
concentration is uniform everywhere.

Fig. 4 shows the morphology of two E44/cured NOA65
compositions in comparison with two other compositions of
the K21/cured NOA65 system. Both systems were subjected
to the same UV-intensity level and exposure time, except
that the K21/NOA mixture was cured in the isotropic region
at 408C (see Ref. [10]; Fig. 1) as opposed to the E44/NOA65
system that was cured in the isotropic region at 608C (Fig.
1). It should be noted that the unification to either tempera-
ture becomes impractical because the 90/10 or 95/5 E44/
NOA65 mixtures would be in the two-phase at 408C,
whereas the corresponding K21/NOA65 blends would be
in the isotropic state at 608C even after curing. These two
separate temperatures were chosen so that the mixtures are
in the isotropic region before polymerization, but in the
two-phase isotropic1 nematic region after photopoly-
merization.

Fig. 4 shows the comparison of domain morphologies for
the photochemically cured E44/NOA65 and K21/NOA65
blends at two different compositions. In thermal-quench
systems, the average domain size simply depends on the
supercooling. However, the size dependence on concentra-
tion in a polymerizing system is more complex as the UCST
coexistence curve moves up asymmetrically with increasing
molecular weight of the reacting component. The phase
diagram of the LC/crosslinked polymer system is skewed
without exhibiting a critical point [11]. Moreover, the
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Fig. 4. Morphologies of the 70/30 and 90/10 E44/NOA65 mixtures photo-
polymerized in the isotropic phase at 608C in comparison with those of the
85/15 and 95/05 K21/NOA65 mixtures photopolymerized at 408C. UV
intensity was 40 mW/cm2 and irradiation time was 5 min.



coexistence curve near the pure LC axis shows a drastic
increase, thus the supercooling, i.e. the difference in the
reaction temperature and the coexistence point of the LC/
polymer network, would be very sensitive to the LC concen-
tration. Another scenario is that the photopolymerization
rate, as evidenced in Fig. 3, is slower at higher LC concen-
trations, thereby allowing more time for LC molecules to
segregate out which in turn leads to larger domains.

Although both systems exhibit LC droplet morphology,
there are some notable differences in Fig. 4. It is apparent
that the LC droplets in the E44/NOA65 mixtures are
bimodal consisting of large and small domains. The primary
LC domain texture in the larger droplets is of a bipolar type.
In the K21/NOA65 mixtures, the droplet size is more or less
uniform with polygonal topology. The polygonal texture
may be ascribed to the impingement effect of the neighbor-
ing domains. This observation is consistent with the earlier

works of Amundson et al. [4], Serbutoviez et al. [27] and
Carter et al. [28] who found similar morphologies in LC/
photocured diacrylate systems.

The observed uniform morphology in the K21/cured
NOA65 system is therefore not surprising in view of the
fact that K21 is a single component LC. On the other
hand, E44 is a mixture of several LC, thus fractionation
into components could occur during photopolymerization.
The LC moieties present in E44 phase separate presumably
at different rates from the cured NOA65 matrix. That is to
say the individual LC moieties may have different affinities
to NOA65, therefore separating out at different rates.
Another possibility is that the as-received E44 may not be
strictly eutectic; any slight deviation from the azeotropic
point in the E44 mixture could result in phase separation
among the constituent LC. Since photopolymerization is
inherently very fast, any non-uniform structures may be
pinned down by virtue of the rapid network formation.

Since the growth dynamics is non-linear and non-
equilibrium in character, it is of interest to investigate the
time evolution of structures during photopolymerization. In
a previous paper [13], we have demonstrated that the inter-
mittent illumination approach is useful in probing the
dynamics of photopolymerization-induced phase separation
by optical microscopy. In this approach, the samples were
irradiated for desired times, and then the UV light quickly
turned off a few seconds to acquire images and turned on
again. This method was employed to circumvent the diffi-
culty of probing the phase separation dynamics in real time
using the conventional time-resolved light scattering set-up
because of strong interference of the UV intensity with the
scattered laser light. It was found that there is little or no
difference in the emerging patterns between the intermittent
and continuous UV illumination of the K21/NOA65 system.

Fig. 5 depicts the temporal evolution of morphology for
the 90/10 E44/NOA65 mixture in comparison with that of
the 95/05 K21/NOA65 mixture. The comparison for the
emergence of domain morphology in two different compo-
sitions is by no means ideal, but it may be justifiable because
both mixtures are in the isotropic state before photopoly-
merization, but in the same I1 N coexistence region during
and after curing. Upon UV irradiation, phase separation
starts almost instantaneously, typical within a few percent
conversions [10,13,27] due to the fast nature of photopoly-
merization. At 20 s, the emerged LC domain are of spherical
droplets and appear more or less uniform for the K21/
NOA65 system, whereas a bimodal distribution of droplet
sizes can be discerned in the E44/NOA65. With continued
irradiation, the droplets quickly grow in size via coales-
cence. When these droplets impede into each other, the
droplet morphology transforms into the polygonal shape.
The polygonal boundaries are eventually frozen in place
with the progression of the crosslinking reaction in which
LC molecules are trapped in a matrix of crosslinked
NOA65. In the E44/NOA65 system, the droplet morphology
simply ceases to grow when the crosslinking reaction
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Fig. 5. Time evolution of morphology during photopolymerization of the
90/10 E44/NOA65 mixture in the isotropic phase in comparison with that of
the 95/05 K21/NOA65 mixture. Samples were irradiated up to the indicated
times, and then the UV light quickly turned off before taking pictures. UV
intensity was 40 mW/cm2.



advances. One may conclude that although the E44/NOA65
system may be used as PDLC because of its wide nematic
range, it suffers a setback due to the heterogeneity of the
droplet sizes. On the other hand, the uniform morphology
of the K21/NOA65 system may be appealing, however,
the limited nematic region makes the K21-based PDLC
impractical.

4. Conclusions

In this work, we have examined the phase behavior, cure
kinetics, and morphology development in the UV-cured
E44/NOA65 system. The phase diagram of the uncured
E44/NOA65 system is of the UCST type overlapping with
the nematic isotropic transition of E44. It displayed iso-
tropic liquid, isotropic liquid1 isotropic liquid, isotropic
liquid 1 nematic, and pure nematic coexistence regions.
Using the phase diagram as a guide, the cure kinetics was
examined by means of the photo-DSC technique. It was
found that the maximum conversion rate increases with
initial NOA65 concentration consistent with the reported
results for other systems. Full conversion of monomer is
unattainable possibly due to of the diffusion-limited propa-
gation arising from network formation. In regard to
morphology development, it was found that the LC droplets
showed a bimodal distribution in the cured E44/NOA65
system, but appeared monodispersed with a uniform distri-
bution in the cured K21/NOA65 system. Since E44 is a
mixture of several LC, the observed heterogeneity may be
due to compositional fractionation, causing the LC moieties
in the E44 to segregate at different rates from the cured
NOA65 matrix. The time evolution of morphology
confirmed that the LC droplet phase separated into non-
uniform small droplets in the E44/NOA system. These
droplets grew via coalescence until the structures were
fixed by network formation.
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