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Polymerization induced phase separation (PIPS) in a
polymer dispersed liquid crystal (PDLC) system:
A Monte-Carlo simulation approach

by JIAN-MIN JIN, K. PARBHAKAR* and L. H. DAO*

Laboratoire de recherche sur les matériaux avancés, INRS-Energie et Matériaux,
1650 Montée Sainte-Julie, Varennes, Québec, Canada J3X 182

(Received 30 December 1994; in final form 16 May 1995; accepted 20 May 1995)

The polymerization induced phase separation (PIPS) process in a polymer dispersed liquid
crystal (PDLC) system was studied by using Monte-Carlo (MC) simulation methods. In
particular, the dependence of the phase separation between liquid crystal and polymer on the
parameters, such as temperature y = &/k7, polymerization reactivity p and curing time z., was
examined. It was found that the pair correlation function G(a, f) decreases with the decrease of
temperature when the polymerization reactivity p is fixed. Our results also revealed that at a
constant temperature, the final value of G(a) first increases with the increasing of p, and finally
approaches a constant value. This observation provides us an effective way of controlling the
size of liquid crystal droplets as well as their distributions. It was observed that the equilibrium
value of G(a) increases as the curing time increases when both temperature and p are kept
constant. This is another way of controlling the size of liquid crystal droplets.

1. Imtroduction

Polymer dispersed liquid crystal (PDLC) materials
have potential for a wide range of applications, such as,
information displays, switchable windows, optical shut-
ters, etc. [1,2]. PDLC devices usually consist of a thin film
of polymer binder in which microdroplets of liquid crystal
are dispersed, sandwiched between two glass slides
containing a transparent conductive substrate such as
indium~tin oxide (ITO) [1]. A common way of preparing
PDLC films is to employ phase separation techniques.
There are two basic approaches for phase separation: one
is the thermally-induced phase separation (TIPS), another
is polymerization induced phase separation (PIPS).
Having studied the TIPS process before [3], we consider
the PIPS process in this work. In the PIPS process, liquid
crystal and polymer are first uniformly mixed, then a
polymerization reaction is introduced and the system is
allowed to evolve. The liquid crystal becomes immiscible
upon polymerization and nucleates to form microdroplets.
The qualities of the PDLC materials, for example, optical
and mechanical properties, are strongly dependent on the
liquid crystal droplet size, shape and distributions. It was
reported that the steepness of the slope of a PDLC film’s
electro-optical response curve increases with the increas-
ing of distribution uniformity [4] and the light scattering

* Authors for correspondence.

performance of a PDLC film can be optimized by
controlling the size distribution of the liquid crystal in the
film [5]. In practical applications, it is therefore desirable
to obtain PDLC films with uniform size and uniform
distribution of liquid crystal droplets in polymer binder.

To understand how the liquid crystal droplets are
formed and separated from polymer matrix in the PIPS
process and how the size and distribution of liquid crystal
droplets are affected by various parameters, such as,
viscosity, concentration, curing temperature, curing time,
polymerization reactivity and film thickness, etc. [6-12],
we employ the Monte-Carlo (MC) simulation technique
which has proven to be a good substitute for, and in some
cases, even superior to experimental and theoretical
methods in the studies of phase separation processes.
Moreover, the MC method is particularly useful when the
nucleus size is very small or the system is at its initial stage
of phase separation. Much computer simulation work has
been reported on the phase separation of binary liquids
[13] and binary polymers [14—17]. However, less attention
has been paid to the phase separation between liquid
crystal and polymer [3]. Our work is aimed at studying the
basic mechanisms involved in the PIPS process and
providing some guidance for the experiments.

This article is organized as follows: § 2 describes some
details of the simulation model: the results and discussion
are presented in § 3, and finally some concluding remarks
are summarized in § 4.

0267-8292/95 510-00 © 1995 Taylor & Francis Lid.
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2. Simulation model

The mixture of liquid crystal and polymer is simulated
on a 60 X 60 square lattice (a 100 X 100 square lattice
produces only minor modifications) using periodic
boundary conditions. The model is described in detail in
(3], so we will simply give the essentials here. Each liquid
crystal molecule occupies a single lattice site, where as
each polymer molecule occupies (m + 1) lattice sites, with
m being the number of segments (of the same length as the
lattice constant). The polymer molecules are flexibie and
this is accomplished in our model by assuming that the
interaction energy between the segment ends (each
segment has two ends) of the same polymer molecule is
zero. Because of this flexibility, the polymer molecules are
free to assume any shape, from a straight line to a coil.
Furthermore, the interaction energy (¢) between the liquid
crystal molecules and the polymer segment ends is
considered positive (this favours the separation between
liquid crystal and polymer molecules), while all the other
interactions are assumed zero. The steric interactions are
taken into account as usual: double occupancy of any
lattice sites is excluded. The reptation technique
(15,16, 18] is used to move the polymer molecules in
simulation. The process of polymerization is simulated by
polymerization reactivity parameter p(0 << p < 1) which is
assumed to be independent of temperature. At each MC
step, the polymerization reaction occurs if two polymer
molecules have at least one nearest neighbour and the
following condition is satisfied:

p=< (hH

where ¢ is a uniformly distributed random number

between zero and unity. If the polymerization reaction
takes place the two polymer molecules involved in the
reaction are linked together to form a polymer network.
Since we are assuming that all the segment ends are active
sites, the polymerization reaction can take place at any
segment end of a polymer molecule producing polyfunc-
tional polymerization. The standard Metropolis algorithm
[19] is employed to sample the states with the correct
thermodynamic distribution proportional to exp [ — E/kT],
where E is the total energy of each configuration, T the
temperature of the system and & the Boltzmann constant,
After an attempted move satisfies the steric restrictions, it
is accepted if the following condition is satisfied:

MIN{exp[ — AE/KT], 1} =( (2)

where MIN stands for taking the minimum of the two
quantities, AE = Ey— E; is the change in energy between
two configurations after and before the attempted move,
and ¢ is arandom number between zero and unity. Starting
from some initial configurations, the system is allowed to
evolve according to the above probability until a thermo-
dynamic equilibrium state is reached. The intermediate

configurations, as well as other properties are monitored
and recorded at certain intervals of Monte-Carlo steps
(MCS). One MCS is defined as one attempted reptation
move for the polymer molecules, and the number of MCS
is a measure of the evolution time of the system. The
system is first homogenized at a very high temperature, i.e.
T— o, which corresponds to y = &/kT=0. Then it is
cooled down to some lower temperatures (but still higher
than the critical point) and allowed to evolve to equilib-
rium state.

3. Results and discussion
In this section, we present and discuss the simulation
results for systems with different polymerization reac-
tivity p, at different temperature 7 and with different
curing time f.. The concentration of liquid crystal is chosen
to be ¢ = 0-50, close to the experimental value [2].

3.1. Temperature dependence

We first study the temperature dependence of phase
separation between liquid crystal and polymer in PIPS
process. The polymerization reactivity is chosen to be
p = 0:002, and the concentration of liquid crystal is fixed,
ie. ¢=0-50. Initially, there are totally 225 polymer
molecules of chain length m=7 which occupy
225 X (7 4+ 1) = 1800 sites on the 60 X 60 square lattice;
while the liquid crystal occupies the rest sites of the lattice.
Upon polymerization, the number of polymer molecules
decreases and eventually a polymer network forms.
To study the phase sparation process quantitatively, we
introduce, as in our previous work [3], the pair correlation
function G(r,t) which measures the distribution of
concentration fluctuations in the mixture, as suggested by
Cifra et al. [14]:

G(r,1) = (Un) 2 n(rs ON(r; + 1,1, (3)

where the summation is over all sites in the mixture. The
occupation variable # for any site is not unique; and can
have either of the two values, zero or unity. For the case
where the two sites at »; and (r; + ) are occupied by a
heteropair, the product of the occupation variables is unity
and zero otherwise. Here we choose r = a (a is the lattice
constant), i.e. we consider only the pair correlation
function G(a, 1), since the small-scale fluctuations are
dominant at the very early stage of phase scparation
process. Figure | shows the time dependence of G(a, 1)
after the system is cooled to different low temperatures.
We choose the temperatures to be higher than the critical
value of our model [3], i.e. p. = &/kT. = 1.5, in order to
study the PIPS process. We point oui that the critical value
of our model is different from the value of y. = 0-441 for
the Ising Model in zero field [20], simply because of the
difference in the model itself. In figure 1, curves A, B and
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Figure 1. Time dependence of the pair correlation function
G(a,n for ¢ =0-50. The polymerization reactivity p is
0-002. Curves A, B and C are for the temperature
y = &/kT=0-1, 0-5 and 1-0, respectively.

C are, respectively, for the system at temperatures
y=¢&/kT=0-1, 0-5 and 1-0. It is observed that the pair
correlation function G(a,t) decreases with simulation
time, and eventually approaches a constant. At the very
beginning of time evolution, since the polymer network
has not yet formed, the thermal effect plays a dominant
role in the evolution of configuration. Because the thermal
fluctuation decreases with the decreasing of temperature,
the probability of forming clusters of liquid crystal (as well
as clusters of polymer) is larger at low temperature than
at high temperature. Therefore, the pair correlation
function G(a, 1) is larger (i.e. the cluster size 1s smaller) at
high temperature than that at low temperature, as expected.
As the time goes on, the fluctuation in G(a, t) diminishes
and finally goes to zero (G(a, t) becomes a constant). This
indicates that the mobility of both polymer and liquid
crystal molecules decreases due to the polymerization
reaction, and finally approaches zero when a completely
rigid polymer network is formed.

3.2. Polymerization reaction effect

We next consider the effect of polymerization reactivity
p on phase separation in the PIPS process. For this
purpose, the system is kept at a constant temperature
y=&/kT = 1-0 (below the critical value of 1.5 as said
before), and allowed to evolve after the polymerization
reaction is switched on at 7 = 0. The final value of the pair
correlation function G(a) is measured when a complete
polymer network forms. Figure 2 shows the variation of

the final value of the pair correlation function G(a) with
polymerization reactivity p. Each experimental point in
figure 2 represents an average over 20 separate computer
runs with the same value of p but different set of random
numbers. The short vertical line at the experimental points
sets the error bar for the calculations. From figure 2, it is
observed that the final value of pair correlation function
G(a) first increases very rapidly with the increasing of the
polymerization reactivity p, and finally reaches a constant.
As p increases, the mobility of the molecules of both liquid
crystal and polymer decreases due to the formation of
polymer network, the average size of clusters decreases
accordingly. Therefore, G(a) increases with the increasing
of 7. However, as p increases much further, a complete
polymer network forms within a short time (we will
discuss this point later) that the molecules (and clusters of
molecules) of liquid crystal are confined instantly by the
polymer network. Since the mixture of liquid crystal and
polymer is homogenized before the polymerization reac-
tion is introduced, the droplet sizes of liquid crystal will
take their initial values, i.e. the wvalues before the
polymerization reaction takes place. Hence, the value of
G(a) finally approaches a constant. This observation
suggests that the increasing of polymerization reactivity p
could decrease the size of liquid crystal droplets, and
increase their dispersion in the polymer matrix. To see
how the polymerization reaction affects the size of liquid
crystal droplets, we show in figure 3 (@) and (b) respect-
ively, the final configurations for p = 0-04 and 0-002. It is
evident that the average size of liquid crystal droplets is
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Figure 2. Variation of the final value of the pair correlation
function G(a) with polymerization reactivity p. The
temperature of the system is y = &/kT= 1-0.
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lation function G(a) with curing time ¢.. The

experimental points are obtained in the same way as in

allowed to evolve until it reaches the equilibrium state.
pair corre

at r= 0, then switched off at r =1¢. And the system is
Figure S shows the variation of the equilibrium value of
figure 2. It is seen from figure 5 that G(a) first increases
very rapidly with the increasing of 7. and eventually
reaches a constant. It can be understood that when the
curing time ¢z, increases, the mobility of the polymer (as
well as the liquid crystal) decreases, so that the chance of
forming large clusters decreases. Therefore, adjusting of
the curing time provides us another effective way to

0-002, in line with

(b)

The final configurations of the 60X 60 liquid
0-04 than that for p

0-04 (@) and 0-002 (b), respectively. The temperature is

=¢/kT = 1-0. The molecules of liquid crystal are repre-
sented by small open circles, while those of polymer by

white background.

crystal-polymer system at the polymerization reactivity

P
7

the above observation, In order to examine how fast it is
to form a complete polymer network at different values of
p, we depict, in figure 4, the variation of the time 7, which

Figure 3.
smaller for p



09: 37 26 January 2011

Downl oaded At:

Monte-Carlo simulation of phase separation 795

L . - » A
0.380r vt ot o o [ 9
0.372F .® i
| I |
s | ]
U 0.3641 e i
L e J
L B
0.356F 4
B 1
0348 1 | | t J (—— 1
0 2 4 8 8

t, /10* MCS

Figure 5. Variation of the equilibrium value of the pair
correlation function G(a) with curing time #.. The tempera-
ture and polymerization reactivity are chosen to be
y = &/kT = 1-0 and p = 0-04, respectively.

control the size and distribution of the liquid crystal
droplets in polymer binder.

4. Conclusions

We have employed Monte-Carlo simulation techniques
in the study of PIPS process in the PDLC system. We
examine how the temperature of the system, the polymer-
ization teactivity and curing time affect the phase
separation between liquid crystal and polymer. We find
that the size and distribution of the liquid crystal droplets
can be affected either by the polymerization reactivity p
or by the curing time 7. This observation provides us two
different ways in the quality control of the PDLC films.

This work was supported by the Natural Science and
Engineering Research Council (NSERC) of Canada.
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