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Abstract
Photopolymerization behavior and reaction kinetics for a series of multifunctional acrylate monomer(s) and eutectic liquid crystal blends
were investigated with particular emphasis on determination of the reaction rate coefficients for propagation and termination steps of photopo-
lymerization. Reaction rate coefficients were determined via real-time infrared spectroscopy and compared with those obtained by photo-
differential scanning calorimetry. Effects of various parameters such as LC concentration, light intensity, and monomer functionality on the
kinetics were investigated. Phase transition temperature versus composition phase diagrams were established by means of optical microscopy
and differential scanning calorimetry for mixtures of triacrylate/liquid crystal (LC) before photopolymerization and after exposing to ultra violet
(UV) irradiation under various reaction times. The snapshot phase diagram of the reacting mixtures exhibited isotropic gel, isotropic liquidþ ne-
matic, and narrow pure nematic coexistence regions. These coexistence regions were further confirmed by morphological changes of the
polymer dispersed liquid crystal films as functions of temperature and concentration using polarized optical microscopy.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer dispersed liquid crystals (PDLCs) are composite
materials consisting of randomly distributed micron-sized
liquid crystal droplets in a polymer matrix, formed by phase
separation of the initially homogeneous liquid crystalepoly-
mer mixture. A typical photocurable PDLC formulation
contains at least a multifunctional monomer (e.g., acrylate or
* Corresponding author. Tel.: þ1 330 9726672; fax: þ1 330 2582339.

E-mail address: tkyu@uakron.edu (T. Kyu).
1 Present address: Max Planck Institute for Polymer Research, Mainz

DE-55128, Germany.
2 Present address: Technical Solution Center, Excel Polymers, Burton, OH

44021, United States.

0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.11.039
methacrylate), liquid crystal molecules and a photoinitiator
mixture [1]. In acrylate based PDLC, LC phase separation
occurs via polymerization-induced phase separation (PIPS)
which is strongly dependent on gelation, polymer vitrification,
polymerization kinetics, and system variables such as mono-
mer, initiator, and temperature.

In a previous paper [2], we examined phase equilibria of bi-
nary mixtures of liquid crystal (E7) and multi-arm star acrylate
monomer derivatives as a function of the number of acrylate
arms. In the present study, the morphological development
and phase separation kinetics subjected to photopolymerization
will be investigated. It is well documented that the morphology
exerts profound effects on the electro-optical properties of
PDLC films [3e7]. In general, the emerged morphology is
controlled by the interplay between polymerization rate and
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phase separation dynamics, which depends on a number of
variables such as LC concentration, monomer functionality,
irradiation intensity, exposure time, and reaction temperature
[8]. In addition, the selection of initial conditions (e.g., compo-
sition and temperature relative to the initial phase diagram of
the starting mixture) can affect the final morphology and also
quality of the PDCL film [9]. Using the starting monomer/LC
diagram as a guide for photopolymerization, the effects of
LC concentration, light intensity, and monomer functionality
on the emergence of the domain morphology of the composites
have been examined. Unlike previously reported studies
[6,10,11], we experimentally monitored the LC structure
formation during the photopolymerization in reference to the
starting phase diagrams. In this way, it gives a more compre-
hensive view on the development of complex morphology
when subjected to photopolymerization conditions. Of particu-
lar interest is that the final morphology strongly depends on the
interplay between the rate of polymerization and phase separa-
tion kinetics guided by the starting phase diagram. Real-time
infrared (RT-IR) instrument was used to determine the reaction
rate coefficients, which are compared with those obtained by
photo-differential scanning calorimetry.

2. Experimental section
2.1. Materials and sample preparation procedures
The multifunctional acrylate monomers utilized were
trimethylolpropane triacrylate (TMPTA), pentaerythritol
tetra-acrylate (PETA), and pentaerythritol penta-hexa-acrylate
(DPEPHA) from Aldrich. The photocurable formulations
contained a reactive monomer, a chain extender (N-vinyl
pyrrolidone (NVP)), a eutectic liquid crystal mixture (E7)
(EM Industries), a visible photoinitiator Rose Bengal acetate
ester RBAX (Spectra group), a surfactant octanoic acid (Sig-
maeAldrich), and a co-initiator (N-phenyl glycine (NPG)).
The multifunctional monomer and E7 blends were prepared
by mixing the desired amount of E7 in the monomer matrix
using w17 wt% photoinitiator syrups. RBAX photoinitiator
has two broad absorptions in the regions of 350e440 nm
and 450e560 nm [12,13]. Its molar extinction coefficients at
365 and 532 nm are 1487 and 2441 l mol�1 cm�1, respectively
[14], which allow photopolymerization reactions at either or
both wavelengths. Blends of E7/multifunctional acrylate(s)/
photoinitiator were prepared by weighing and mixing without
requiring any solvent, the appropriate amounts of multifunc-
tional acrylates and E7 in small vials. The blends were then
rigorously stirred with magnetic stirrers. Following mechani-
cal stirring, all samples were further sonicated for
approximately 1 h in a sonic bath (Branson 2200) to ensure
thorough mixing.
2.2. Establishment of experimental phase diagrams

2.2.1. Phase diagram for uncured monomer/LC mixtures
In the optical microscopic experiment, a Nikon Optipot 2-

POL microscope with a filtered Halogen light source (12 V,
100 W) was utilized with various lens magnifications ranging
from 10� to 50�. A sample hot stage (Linkam Scientific
Instruments, Model TS1500), connected to a programmable
temperature controller (Linkam, Model TMS93) and a cooling
system (Model LNP93/2) was used. Samples were sandwiched
between cover glass slides yielding a thickness ranging
between 10 and 15 mm. Samples covered with glass slides
were heated until the materials became optically isotropic,
and then cooled down slowly. Subsequently, the samples
were reheated to their isotropic states and the experiment
was repeated to check for reproducibility. The heating and
cooling rates were 0.5 �C/min unless indicated otherwise. Dur-
ing cooling, the temperature at which birefringent droplets first
appeared was recorded as TNI for each mixture. The disappear-
ance of all birefringent entities was regarded as the isotropic
(I) temperature of each mixture during heating. Once the phase
transition and/or phase separation temperature was observed
approximately, then a temperature ramp experiment was
carried out from slightly above the isotropic temperature of
the mixture to two-phase regions and vice versa in order to
find the phase transition temperature.

Regarding the differential scanning calorimetric (DSC) ex-
periment, TA Instruments (Model Q1000) Thermal Analyzer
equipped with a cooling chamber was used in conjunction
with liquid nitrogen as a purging and cooling medium. The
DSC peak was taken as the nematiceisotropic phase transition
temperature (TNI). Three different rates (2, 3, and 5 �C/min)
were utilized and then the TNI of each mixture was determined
by extrapolating the TNI values to the zero heating rate. This
procedure may yield a closer value to that of the equilibrium,
since both constituents are small molecule systems, but it is by
no means in equilibrium. Samples in the recommended
amount of 5e10 mg were sealed in hermetic pans. DSC exper-
iments were performed in the temperature range of �30 to
70 �C to determine the nematiceisotropic transitions of the
neat E7 and of its blends with multifunctional acrylate
containing no curing agent.

2.2.2. Phase diagram for polymer/LC mixtures
In order to examine the shift of the coexistence line in the

phase diagram driven by photopolymerization, monomer/LC/
initiator mixture was first polymerized in hermetic aluminum
pans via photo-differential calorimetry (P-DSC; see Section
2.3 for detailed explanation) and then subjected to UV illumi-
nation at an intensity of 50 mW/cm2 for various exposure times
(0, 6, 12, 30 and 60 s). Subsequently, the nematiceisotropic
transition temperature, TNI, in the cured films was measured
by DSC similar to the uncured monomer/LC mixtures.
2.3. Photo-differential scanning calorimetry
Reaction rates were determined using a photo-differential
scanning calorimeter (P-DSC Q1000, Thermal analysis)
instrument equipped with a dual beam photo-calorimetric
accessory and a lid specially designed for the photochemical
reaction measurements. Each blend of monomer/E7 weighing
3e5 mg was placed in a hermetic aluminum DSC pan. An
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empty DSC pan was used as reference. The sample weights
and initiator concentrations were adjusted to form a thin film
with a uniform thickness so that the sample can receive uni-
form light intensity and the BeereLambert law is obeyed.
Prior to the UV irradiation, the P-DSC cell was flushed with
nitrogen gas for about 5 min in order to prevent from moisture
absorption and/or oxidation of the sample. The sample temper-
ature was then adjusted to the required temperature for the UV
exposure by a medium-pressure mercury lamp equipped with
a 365 nm band-pass filter. Three different intensities (i.e., 44.5,
70, and 150 mW/cm2) were employed for the investigation of
the effect of the UV intensity on the photopolymerization ki-
netics. Similar experiments were carried out at three different
temperatures (30, 40 and 50 �C) in order to determine the
effect of curing temperature on the photopolymerization
kinetics.

The real-time photo-induced polymerization rate was mea-
sured from the temporal change reaction heat flux as a function
of time, since the rate of polymerization, Rp, is proportional to
the number of monomer units reacted [15], the heat flow may
be expressed as

Rp ¼
dH

dt

½M�
DH0n

�
mol l�1 s�1

�
ð1Þ

where dH/dt is the heat flow in J mol�1 s�1, [M] is the mono-
mer concentration in mol l�1, and n is the number of double
bonds per monomer molecule. DH0 is the standard heat of po-
lymerization, which is ca. 80 kJ mol�1 [16]. The heat released
under complete polymerization of 1 mol of a multifunctional
acrylate, DHideal, was calculated in accordance with the
following relation,

DHideal ¼
nDH0

Mw

ðkJ=gÞ ð2Þ

where Mw is the molecular weight of monomer in g mol�1.
Once the value for the heat of polymerization was determined,
then the percent conversion may be calculated from the ratio
of the theoretical (ideal) heat generated to the measured heat
of polymerization for full conversion of the monomer in
what follows:

a¼ DHp

DHideal

ð3Þ
2.4. Real-time infrared spectroscopy
Fig. 1. Schematic representation of the modified set-up for real-time IR equip-

ped with the UV/laser source.
The fast response of the IR detector facilitates the determi-
nation of the maximum photoreaction rate, which was reached
within 30 ms of UV exposure as compared to 3 s for P-DSC
analysis [17]. More importantly, this spectroscopic technique
permits in situ monitoring of the chemical processes via mim-
icking the disappearance of the characteristic bands of the re-
active monomer subjected to UV exposure [18e21]. A RT-IR
spectrophotometer (Thermo Nicolet model Nexus 870) equip-
ped with an IR detector (model DTGS-TEC) was used. Omnic
series software was utilized for data acquisition, whereas
Engauge Digitizer 2.3 software was used for data analysis.
RT-IR instrument was modified to provide nitrogen environ-
ment in a sealed glass reactor cell equipped with quartz
windows and to control the chamber temperature (Fig. 1).
Samples were exposed to either UV or green laser light
through the quartz windows with the aid of an optical fiber
cable.

Two different light sources were utilized: an UV source
(Linos Photonics, LQ UV1000) with 40 mW/cm2 intensity at
365 nm and a green laser (19 mW/cm2) for photopolymeriza-
tion at 532 nm. Thin films of monomer were prepared by sand-
wiching a very small amount of monomer/LC/initiator mixture
with a uniform thickness of 20 mm between two quartz plates.
The reasons for the need of thin films are first to minimize the
attenuation of light so that the BeereLambert law is obeyed
and to receive a uniform light illumination. Second, the film
thickness must be adjusted to be sufficiently thin so that the
infrared absorbance of the double bonds is quantifiable in
the initial stage. Finally, the polymerization reactions are
highly exothermic, which can lead to a local temperature
rise especially in thick films that further complicates the
kinetic analysis.

The film sample was placed in the aforementioned IR spec-
trometer chamber, and subsequently exposed to the curing
(UV or laser) beam in order to trigger the polymerization. Sub-
sequently, the reduction in the IR absorbance of the acrylate
double bonds at 804 cm�1 (C]C stretching) was monitored
to determine the polymerization rate. The conversion of the
acrylate functional group at a given time was calculated
from the absorbance before (A804)0 and after (A804)t the expo-
sure to UV light according to the following equation,
aðtÞ ¼ ðA804Þt0�ðA804Þt
ðA804Þt0

ð4Þ
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The decline in the acrylate double-bond absorbance can be
directly related to the rate of polymerization (Rp) in accordance
with the following relation:

Rp ¼ ½M�0
ðA804Þt0�ðA804Þt
ðA804Þt0ðDtÞ ð5Þ

where [M]0 is the initial monomer concentration and Dt is the
time increment from the beginning of photopolymerization.
The individual reaction rate coefficients (kt and kp) were mea-
sured as a function of conversion by irradiating for some times
and subsequently stopping the UV irradiation for the dark
reaction to proceed.

3. Calculation of theoretical phase diagram

The total free energy of liquid crystal/reactive monomer mix-
tures can be described in terms of a combined FloryeHuggins
(gFH) and MaiereSaupe (gMS) theory, viz., g¼ gFHþ gMS.
The free energy density of FloryeHuggins for isotropic mixing
with a reactive monomer is expressed as [22,23]

gFH ¼ GFH

nkT
¼ f1

r1

ln f1þ
fm

rm

ln fmþ
fp

rp

ln fpþ caaf1ð1�f1Þ

ð6Þ

where subscripts 1, m, and p refer to liquid crystal, reactive
acrylate monomer, and polymer formed after polymerization
and kT represents thermal energy with k being the Boltzmann
constant. The FH interaction parameter cFH representing
amorphouseamorphous interaction between the pair is gener-
ally assumed to be inversely proportional to the absolute tem-
perature, i.e., cFH¼ AþB/T, where A is related to athermal
entropic correction and B represents enthalpic contribution.
The non-equilibrium snapshots of the phase diagram during
the course of polymerization reaction were calculated using
the instantaneous volume fractions of the monomer and the
polymer formed from it.

a¼ f2�fm

f2

; fp ¼ af2; fm ¼ ð1� aÞf2 ð7Þ

where fmþ fp¼ f2 and f1þ f2¼ 1 because of incompressi-
bility assumption.

The free energy density of nematic ordering can be described
according to MaiereSaupe mean-field theory [24].

gMS ¼ GMS

nkT
¼ f1

r1

�Z
f ðqÞln½4pf ðqÞ�dðcos qÞ � 1

2
nf1s2

�
ð8Þ

where s is the orientational order parameter, and f(q) and n

represent the director distribution function and quadruple
interaction parameter which can be expressed as

f ðqÞ ¼ 1

Z
exp

�
� uðqÞ

kT

�
ð9Þ
n¼ 4:541
TNI

T
ð10Þ

where Z is the partition function as defined below:

Z ¼
Z

exp

�
� uðqÞ

kT
dðcos qÞ

�
ð11Þ

The potential of a director orientation, u(q), can be taken to
be proportional to the second order Legendre polynomials,
viz.,

uðqÞ
kT
¼�1

2
m
�
3 cos2 q� 1

�
ð12Þ

in which m is dimensionless mean-field strength. By minimiz-
ing the free energy with respect to the orientational order
parameter, the mean-field strength (m) can be related to the
order parameter (s) and the anisotropic interaction parameter
(n), i.e., m¼ fns. This relation leads to

gMS ¼ GMS

nkT
¼ f1

r1

�
� ln Zþ 1

2
nf1s2

�
ð13Þ

Once the nematiceisotropic transition has been known, the
coexistence curve may be established via self-consistent solu-
tion by equating the chemical potentials of each phase, viz.
ðvf =vnÞja ¼ ðvf =vnÞjb. The detailed calculation for the phase
diagram can be found in our previous papers [2,25].

4. Results and discussion
4.1. Kinetic effects
In order to establish a relationship between emerged
morphology of the films and the system variables such as tem-
perature, irradiation intensity, monomer functionality and con-
centration, the role of the cure kinetics of photopolymerization
on phase separation dynamics and concomitant morphological
evolution needs to be investigated. Prior to exploring the
kinetic parameters for the photopolymerization of multifunc-
tional monomers and the effect of each competitive experi-
mental parameter on LC domain morphology in relation to
kinetics of phase separation, we investigate the kinetics of
photopolymerization of neat acrylate monomers.

Fig. 2(a) illustrates IR spectra of PETA collected by real-
time IR (RT-IR), subjected to irradiation at 40 �C for 1 min
using the green laser (532 nm). The change in the peak area
at 804 cm�1, which corresponds to the stretching of the acry-
late double bonds, is monitored for the conversion calculation.
Fig. 2(b) shows the disappearance of the acrylate double bonds
with photopolymerization of neat TMPTA and its mixture.
Initial portion of the curve involves a rapid decrease in rate
due to increase in the polymerization rate and then levels off
when the conversion reaches its maximum value.

Based on the double-bond conversion by the RT-IR
technique, the propagation and termination rate coefficients
(kp and kt) of neat TMPTA were determined by irradiating
the green laser (Fig. 3(a)). From 0 to 10% conversion, the



Fig. 3. Kinetic coefficients: (a) propagation rate and termination rate coeffi-

cients and (b) ratio k¼ kp/kt for neat TMPTA as a function of double-bond

concentration explored with RT-IR (intensity 19 mW/cm2 at 40 �C at 532 nm).

Fig. 2. (a) RT-IR spectra of PETA irradiated for 1 min at 40 �C with green la-

ser at 532 nm and (b) influence of LC concentration on the photopolymeriza-

tion of TMPTA with green laser irradiation (19 mW/cm2, 532 nm) at 40 �C.
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termination rate coefficient decreases rapidly as the diffusion
of macroradical chains becomes limited, while propagation
remains unhindered. Subsequently, the trend of termination
rate coefficient versus conversion becomes similar to that of
the propagation rate coefficient, showing an invariant behavior
with conversion. However, beyond 60%, both rate coefficients
drop, which implies the prevalence of the cross-linking reac-
tion. The shape of kp and kt as a function of conversion was
thoroughly analyzed experimentally and theoretically by
Anseth et al. [26e28]. As shown in Fig. 3(b), the ratio kp/kt ini-
tially increases with conversion and then it levels off. It may
be inferred that the lumped rate coefficient k remains constant
with conversion, except for the very early stage of the reaction.
It is well known that the termination rate coefficient (kt) is
characterized by the diffusion-controlled process, but its diffu-
sion mechanisms are different depending on the extent of
the conversion. According to Anseth and coworkers [26e28],
the initial rise at the low conversion region is attributable
to the dominance of the segmental diffusion (i.e., reorientation
of polymer segments bringing radical chain ends in a reaction
zone). Reaction diffusion occurs when relatively immobile
radicals propagate through a matrix of unreacted functional
groups and monomers until encountering a second radical
for termination, and in this region the termination is propor-
tional to the propagation. As a consequence, a plateau region
can be discerned in the lumped reaction coefficient versus
conversion plot. Hence, the plateau region at the higher con-
versions may be interpreted as the signature of the reaction
diffusion dominating in the termination step.

Fig. 4 presents the influence of the acrylate functionality
( f ) on the kinetics of photopolymerization as obtained by
RT-IR. When the functionality rose from 3 to 4, the maximum
polymerization rate increased as expected. However, we were
first puzzled by the fact that the maximum polymerization rate
for DPEPHA ( f¼ 5) was located inbetween those of TMPTA
( f¼ 3) and PETA ( f¼ 4). It turns out that the pure DPEPHA
is a very viscous liquid and it was supplied by adding a small
amount of TMPTA and PETA in order to improve the
flowability, and thus the observed behavior of the polymeriza-
tion rate with respect to the conversion is no longer at odd to
each other.

The termination (kt) and propagation (kp) behaviors for a
series of TMPTA, PETA and DPEPHAwere further determined



Fig. 5. Dependence of (a) propagation rate and (b) termination rate coeffi-

cients, (c) ratio k¼ kp/kt on the double-bond conversion for neat TMPTA,

PETA, and DPEPHA monomers irradiated with an UV light at 44.5 mW/

cm2 and 50 �C.

Fig. 4. P-DSC trace of reaction rate versus time for neat TMPTA, PETA and

DPEPHA monomers during the photopolymerization under the UV irradiation

with 44.5 mW/cm2 and 365 nm at 50 �C.
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by means of the P-DSC technique. Since the conversion was ex-
amined by UV sources with different intensities (44.5 mW/cm2

at 365 nm), the trends are somewhat different from those
obtained from RT-IR (19 mW/cm2 at 532 nm). The termination
rate coefficient (kt) shows a sharp decrease from the very begin-
ning of polymerization for all functionalities (Fig. 5(b)). In
general, as the functionality of the monomer is increased, the
average cross-linked density of the system is increased. This in-
creased cross-linking led to an earlier dominance of the reaction
diffusion, causing a lower value for the termination rate
coefficient for higher functionality monomers. The propagation
rate coefficient (kp), on the other hand, shows a sudden increase
at the initial stage of the irradiation. This may be attributed to
the onset of autoacceleration. After around 2% conversions,
the propagation step is dominated by the diffusion-controlled
(autodeceleration) process, and then kp decreased asymptoti-
cally (Fig. 5(a)). It seems that a large concentration of radicals
is created within a very short time span upon exposure to UV
radiation. This greatly enhances the chain propagation at the be-
ginning and leads to a large propagation rate constant. After the
gel point (maximum kp), propagation is hindered drastically
causing a sharp decline in the rate constants. For all functional-
ities, the gel point may occur near 2% of double-bond conver-
sions although it was hard to precisely identify the composition
of gel point owing to the slow response of P-DSC. As depicted
in Fig. 5(c), the ratio k¼ kp/kt increases at low conversions and
then reaches a plateau regardless of monomer functionality.
This observation is consistent with the RT-IR results of
Fig. 3(b) and also with those of Anseth et al. [26e28] as well
as by Andrzejewska [15]. According to Andrzejewska, the ob-
served trend of k¼ kp/kt with conversion may be explicable in
terms of the mixed monomolecular and bimolecular
terminations. It should be pointed out that the plot of k versus
conversion based on the bimolecular termination assumption,
i.e. (k¼ kp/kt

1/2), turns out to be inadequate to account for the
present multifunctional acrylate monomers.
4.2. Effect of light intensity
The relative contributions of monomolecular and bimolecu-
lar terminations can be estimated based on the light intensity ex-
ponent. The classical kinetic model given by Tryson and Shultz
[29] has been widely used for the kinetic analysis of free radical



Fig. 6. (a) Maximum rate of polymerization, Rp,max, as a function of absorbed

light intensity, Ia, for neat TMPTA at 0.2, 0.7, 5, 18 and 56% conversion and

(b) plots of exponent by which polymerization rate is proportional to the ab-

sorbed light intensity. Incident light intensities: 44.5, 71, 150 mW/cm2 at

365 nm wavelength.
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photopolymerization. With the incorporation of additional
kinetic features, the model has made considerable advances
over the last three decades and it appears adequate for describing
general linear photopolymerization under steady state. Recent
experimental observations indicate that the classical kinetic
model fails to predict reaction kinetics accurately over a range
of multifunctional monomers undergoing monomolecular ter-
mination or radical trapping and cyclization reactions [30e
34]. According to the classical kinetic model, the polymeriza-
tion rate is treated to be proportional to the square root of Ia at
equal monomer conversions as shown in Eq. (14),

�d½M�
dt
¼ k½M�½FIa�m ð14Þ

where m is the reaction exponent and k is lumped rate constant
given as k¼ kp/kt

n. In the classical kinetic model [29], n is
taken as 0.5 because of the inherent assumption of bimolecular
termination reaction between macroradicals. In a previous
paper, we reported that Ia

0.5 was valid only in the initial stage
of the reaction, but at the steady state, where termination by
trapping is competing with termination by combination, k
changes according to Ia, i.e., n¼ 1 [35].

Fig. 6(a) illustrates the dependence of the maximum poly-
merization rate of TMPTA on the absorbed light intensity at
various conversions. Three different intensities, 44.5, 71, and
150 mW/cm2 (at 365 nm wavelength), were used. Experimental
data plotted in logarithmic scale exhibit the exponent value in
the range m¼ 0.82e0.94 over the whole conversion region
(Fig. 6(b)). The exponent values between 0.5 and 1 for the
multifunctional acrylate polymerizations have been proposed
by other groups [21,36]. If the monomolecular termination
were occurring exclusively, the value of unity would be ex-
pected. Decker and Moussa [21] confirmed the linear first-order
relationship dependence between Rp and the intensity of a
multifunctional polyurethaneediacrylate monomer and photo-
initiator (i.e., IC-651). However, in practice most of the multi-
functional monomer systems do not show linear or square
root dependence due to the simultaneous occurrence of mono-
molecular and bimolecular terminations as well as cyclization
reactions. From the observed rate coefficients (kp and kt) and
its ratio k¼ kp/kt as well as the exponent value (m) being in
the range 0.82e0.94, it may be inferred that the combined
monomolecular and bimolecular termination mechanisms
may be more reasonable to account for the termination process
of the present multifunctional monomers. With this acquired
knowledge of the photopolymerization behavior of the multi-
functional acrylate systems, we shall explore the morphological
development in relation to the snapshot phase diagram of the
polymerizing LC/acrylate monomer system.
4.3. Phase diagram before polymerization
The phase diagram of monomer/LC mixture gives thermo-
dynamic stability limits of the starting mixture as a function of
temperature and composition. Depending on the photopoly-
merization conditions (i.e., concentration and reaction
temperature), the emerged morphology can be profoundly
influenced [8,37]. Therefore, it is essential to establish the
phase diagram of the reactive monomer/LC system as a guide
for kinetic pathways.

The theoretical coexistence curve was calculated self-
consistently in accordance with the combined FloryeHuggins
and MaiereSaupe theory. The material parameters utilized in
the calculation were r1¼ 1, r2¼ 1, A¼ 0, and TNI¼ 61 �C.
Fig. 7 demonstrates the effect of RBAX initiator on the nem-
aticeisotropic transition temperature prior to photopolymeri-
zation. The solid lines represent the theoretical phase
diagrams of the TMPTA/E7 system. Note that the liquideliq-
uid phase separation (e.g., upper critical solution temperature,
UCST) is not clearly discernible in the phase diagram, because
it is buried underneath the mesophaseeliquid phase transition
curves (i.e., liquidus lines). It is seen that the addition of
a small amount of photoinitiator suppresses the liquidus line
as compared to those of the LC/monomer blend containing
no RBAX initiator. The depression becomes more pronounced
especially at low LC concentrations (<50% LC). This



Fig. 7. Phase diagram for TMPTA/E7 system with and without containing

Rose Bengal (RBAX) curatives. The points indicate the phase transition tem-

peratures as obtained by differential scanning calorimetry (DSC). The solid

lines are the snapshots obtained via the self-consistent solutions of the coexis-

tence curves. IG represents isotropic gel and IþN stands for the coexistence

region of isotropic liquidþ nematic phase.
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declining trend is expected because a larger amount of initia-
tors were needed for the higher monomer concentrations (or
low LC compositions). Note that the equimolar amount of ini-
tiator was used on the basis of the monomer weight fraction of
the LC/monomer mixture. This TNI depression may be attrib-
uted to the plasticization effect. A similar initiator effect was
found by Kim et al. [38], which was interpreted due to the in-
crease in polymer solubility of LC with increasing photoinitia-
tor concentration.
4.4. Effect of liquid crystal concentrations on
photopolymerization kinetics
Fig. 8. Kinetic coefficients: (a) propagation rate and (b) termination rate coef-

ficients, (c) ratio k¼ kp/kt for TMPTA/E7 mixtures as a function of double-

bond concentration explored with RT-IR (intensity: 19 mW/cm2, at 40 �C at

532 nm). TMPTA with (C) 35%, (;) 50%, and (-) 80% LC concentration.
The propagation and termination coefficients of TMPTA/
E7 blends were determined using the green laser. As shown
in Fig. 8, the rate constants decline rapidly with increasing
LC concentration, but there is no systematic trend in the
variation of the reaction rate coefficients versus conversion
(Fig. 8(a) and (b)). Although increasing LC content enhances
the mobility (or mutual diffusion), while providing more
accessible space for the polymerization of acrylate to occur,
the reaction coefficient value drops drastically and also the
extent of conversion reduces significantly (Fig. 2(b)). Once
phase separation occurs, some unreacted monomers could be
trapped within the LC-rich region and thus the probability of
collision between the growing polymers and the residual
monomers is diminished. Moreover, the acrylate monomer
concentrations in the LC-rich phase would be low leading to
incomplete conversion. As can be noticed in Fig. 8(c), the
lumped rate coefficient, k¼ kp/kt, fluctuates severely, showing
no clear trend, except its value is in the comparable range of
those obtained for the neat multifunctional acrylates. The in-
consistent trends of the kp and kt values versus conversion
and the large fluctuations of k¼ kp/kt with the addition of
LC may be attributed to sample turbidity caused by possible
phase separation and/or LC director fluctuations.

In this study, two complementary techniques, viz., P-DSC
and RT-IR, were employed to evaluate the kinetic coefficients.
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The majority of PDLC films is fabricated by irradiating either
by a green laser or by an UV light or both. P-DSC technique
measures the total heat evolved during photopolymerization.
Although the released heat may be taken to be directly propor-
tional to the number of monomer units reacted (i.e., the num-
ber of C]C bonds), there is another contribution of heat
release due to initiation reactions (light absorption). There-
fore, the reaction enthalpy liberated to the P-DSC thermo-
grams involves the complex contributions of heat release by
various photopolymerization steps. In the case of RT-IR tech-
niques, it affords the direct measurement of the reaction
through the depletion of C]C bonds. However, the turbidity
due to phase segregation (i.e., concentration fluctuation) and
nematic ordering (i.e., director fluctuation) makes the IR ab-
sorption to fall below the BeereLambert limit. Moreover,
RT-IR at 532 nm irradiation gave a slightly lower final conver-
sion than that of P-DSC due to the aforementioned problem of
the blend turbidity.
4.5. Evolution of phase diagram during
photopolymerization
The nematiceisotropic transition temperatures of the poly-
merized blends were determined by DSC as a function of
irradiation time and then compared to theoretical calculation.
In Fig. 9, two regions can be identified in the descending
order of temperature, i.e., isotropic gel (IG) or swollen net-
work, and isotropic liquidþ nematic (IþN) solvent. The
snapshots (non-equilibrium) of the NI transition temperatures
(TNIs) with reaction times reveal the enhanced NI transition at
all blend concentrations with increasing exposure time. It is
noticed that the TNI versus volume fraction curve (i.e.,
liquidus line) appears to bulge asymmetrically to the right
hand side, which may be a consequence of the UCST envelop
Fig. 9. Evolution of the coexistence curves as a function of UV exposure time

after irradiation at the light intensity of 50 mW/cm2. The points indicate the

phase transition temperatures as obtained by differential scanning calorimetry

(DSC). The solid lines are the snapshots obtained via the self-consistent solu-

tions of the coexistence curves.
moving upward. These changes in the phase diagram by pho-
topolymerization imply that the monomer in the LC-rich
phase is gradually separated out and gets polymerized with
increasing UV exposure time. As molecular weight increases
upon photopolymerization, the emerging polymers become
less soluble in the LC-rich phase. When the reduction in mis-
cibility supercedes the plasticization effect, the UCST gap
expands, thereby giving rise to an increase in the liquidus
line (or the depressed TNI line). Note that the observed TNI

line is the consequence of the competition between the
liquideliquid phase separation and the solideliquid phase
transition of the nematic constituent. This effect is less pro-
nounced for high LC mixtures (�80% LC), because the reac-
tive monomer amount is very little to affect the coexistence
points.
4.6. Morphological development
Based on the experimental and theoretical phase diagrams,
morphological evolution was investigated during photopoly-
merization at different temperatures. Fig. 10 shows the optical
micrographs depicting the morphological evolution of
TMPTA/E7 mixtures as a function of LC concentration upon
exposing to UV irradiation at 50 mW/cm2 in the isotropic
phase (50 �C). During the photocuring, the mixture undergoes
phase separation driven by the increase in the molecular
weight of the growing polymer. Subsequently, the polymeric
network forms (polymer-rich region) and the liquid crystals
and the unreacted monomers (LC-rich region) are segregated
within the network. The diffusion of the LC molecules through
the highly viscous network medium is rather slow, thereby
hampering the domain growth. Upon cooling into the two-
phase gap (23 �C), liquid crystal molecules reorganize and
form nematic structures, showing the segregated tiny nematic
LC droplets within the polymer matrix. As the polymerization
progresses, nematic ordering occurs simultaneously with
phase separation and nematic textures develop within the
phase separated domains. With continued photopolymeriza-
tion reaction, vitrification sets in and thus the growth of the
LC domain is practically ceased.

When photopolymerization was performed in the biphasic
region (at 30 �C), which is below phase transition temperature
of the LC/polymer mixtures, the mixture gave rise to inhomo-
geneous films (Fig. 11), revealing birefringent texture charac-
teristics of the nematic liquid crystals. The average length
scale of these LC domains is non-uniform and larger than
those obtained during photopolymerization at 50 �C
(Fig. 10). At 50e80% of LC compositions, the dispersed LC
droplets can be seen clearly. Under the unpolarized geometry,
numerous line and/or point disclinations can be discerned
within these LC domains. It appears that phase separation
dominates over the curing kinetics, leading to the formation
of large and irregularly shaped LC domains having a wide
distribution of domain sizes. At 90% of LC concentration,
the polymer-rich phase clearly exhibits schlieren textures,
indicative of the nematic LC disclination. The aforementioned
POM observations suggest that the selection of initial



Fig. 10. Polarized optical microscopic images of several TMPTA/E7 mixtures following photopolymerization in the single-phase region (50 �C) and then cooling to

23 �C using crossed (left) and uncrossed (right) polarizers.
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Fig. 11. Polarized optical microscopic images of several TMPTA/E7 mixtures following photopolymerization at 30 �C and then cooling to 23 �C using crossed

(left) and uncrossed (right) polarizers, showing the development of nematic domains.

544 H. Duran et al. / Polymer 49 (2008) 534e545



545H. Duran et al. / Polymer 49 (2008) 534e545
composition and reaction temperatures in reference to the LC/
monomer phase diagram are critical for controlling the
emerged LC textures as well as the domain size, which may
adversely affect the electro-optical performance of the
PDLC film.
5. Conclusions

Although the trends of propagation (kp) and termination (kt)
with conversion appear slightly different between RT-IR and
P-DSC techniques utilized, the lumped rate constant (k¼ kp/
kt) shows a consistent trend in neat multifunctional monomers.
Moreover, the observed exponent value (m¼ 0.82e0.94) of Ia

implies that the combined monomolecular and bimolecular
termination mechanisms may be most reasonable for describ-
ing the termination steps of multifunctional monomers. How-
ever, upon addition of LCs, the decaying trends of the kp and kt

values with conversion show some deviations from those of
the pure monomer case, leading to the large fluctuations of
the lumped rate constant, which may be attributed to sample
turbidity caused by possible phase separation of the blends
and the concomitant LC director fluctuations.

The phase diagram thus established experimentally and
theoretically exhibits various coexistence phases including
isotropic gel (IG), isotropic liquidþ nematic (IþN) solvent,
and pure nematic (N). The non-equilibrium evolution of the
NI transition temperatures (TNIs) with the progression of the
reaction reveals the enhanced NI transition at all blend concen-
trations with increasing exposure time. The morphological
development in the single phase showed the development of
uniform LC domains, whereas the blends photopolymerized
in the two-phase region produced larger and irregular LC do-
main shapes, implying that photopolymerization conditions
such as the choice of reaction temperatures and concentrations
profoundly affect the resulting PDLC morphology.
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