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It is known that the electro-optical behaviour of polymer-dispersed liquid crystals depends on the separation of the
polymer and liquid crystal phases. The morphology of the liquid crystal domains depends on the nature of the
chemical and physical processes occurring during domain formation. This work discusses the two-phase morphol-
ogy found in an acrylate-based system that develops during polymerisation-induced phase separation. The effect of
the dopant nano-graphite on the polymerisation and electro-optical properties are discussed. UV/VIS and time-
resolved Fourier transform infrared spectroscopy is used for monitoring the polymerisation of the polymer-
dispersed liquid crystals. The electro-optical properties of the polymer-dispersed liquid crystal films are measured
using a polarimeter (PerkinElmer Model 341). The morphology of the liquid crystal droplets in the polymer matrix
is probed by polarising optical microscopy and Fourier transform infrared spectroscopy images. The threshold
voltage of the polymer-dispersed liquid crystals is dramatically decreased because of the increased conductivity of

the polymer matrix on doping by nano-graphite.
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1. Introduction

Polymer-dispersed liquid crystals (PDLCs) are polymer/
liquid crystal (LC) composite materials proposed for
applications in switchable windows and imaging tech-
nology due to their unique electro-optical performance
characteristics [1-25]. Since the original reports of these
materials, researchers have extensively examined PDLC
formation, seeking optimised performance. Much of
this work has focused on correlating PDLC morphol-
ogy to performance parameters such as on-state trans-
mittance, off-state scattering and switching voltage.

PDLCs are often formed through polymerisation-
induced phase separation (PIPS), a one-step fabrication
technique, in which a polymerisation initially occurs in
an isotropic mixture of LCs and monomers. The for-
mation of PDLCs is typically induced by photo-poly-
merisation (UV-curing) [3]. On polymerisation, the LCs
lose solubility in the polymer and separate into a dis-
tinct phase through either liquid-liquid or liquid—gel
demixing. Upon phase separation, PDLCs take one of
two morphologies: droplets (‘Swiss cheese’) or inter-
connected (polymer ball) [26]. PDLCs form droplets
or an interconnected morphology based on LC concen-
tration, polymerisation mechanism, polymerisation
kinetics and polymer composition [26].

The electro-optical performance characteristic is an
important factor in optimising the performance of
PDLCs. To optimise the electro-optical performance
of PDLCs, nano-composites, surfactants and dyes
have been used as dopants in PDLCs [27]. The dielectric

constant and morphology of PDLCs are important
parameters to optimise the electro-optical performance.
On increasing the dielectric constant, the threshold vol-
tage is decreased and the energy consumption is
reduced. In typical PDLC systems, the sizes of the LC
domains are of the order of micrometres. These cause
an intense scattering of light in the visible range and the
values of the switching voltage are of a few tenths of
volts [28]. By increasing the efficiency of the phase
separation process, which depends on the component
concentration and UV-curing parameters, submicro-
metre (nano-sized) droplets can be obtained. As a con-
sequence, the PDLC samples are characterised by low
light scattering and high optical transmission.
However, by applying a suitable voltage, it is possible
to affect the orientation of the LCs, thus changing the
average refractive index of the medium. It has been
demonstrated that phase-only modulation is possible
without any important dependence on the light polar-
isation [28]. This occurs when light impinges at normal
incidence, since in this case the light wave vector has the
direction of the external applied field, i.e. of the optic
axis of the medium. Under this propagation condition,
the light travels into the medium as an ordinary wave
regardless of its polarisation state. For this reason,
nano-size PDLCs are potentially of strong interest for
the development of innovative devices for optical com-
munication technology.

In this article, we report a detailed investigation
performed on micro-size PDLCs obtained by using a
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multifunctional monomer in a pre-polymer mixture
that is suitable for a fast polymerisation process. In
particular, we have investigated nano-graphite doped
materials, paying particular attention to the polymer-
isation kinetics in phase separation and electro-optical
properties. In the following, the electro-optical prop-
erty of PDLC:s film is studied. Finally, we describe the
morphology of LCs in the polymer matrix, which have
been characterised by polarising optical microscopy
(POM) and three dimensional Fourier Transform
Infrared (3D-FTIR) images in detail.

2. Experiments

2.1 Materials

Epoxy acrylate (EA), initiator (1173) and cross-linking
trimethylolpane triacrylate (TMPTA) were purchased
from Tianjin Tianjiao Chemical Company of China.
The LC 76G9700 was supplied by Shijiazhuang
SLICHEM material company. TMPTA is a transpar-
ent liquid whose refractive index is 1.4723. Nematic LC
76G9700 is a eutectic mixture of cyanobiphenyl and
cyanoterphenyl (no = 1.49, An = 0.15, Ty = 122°C).
Nano-graphite was purchased from Qingdao Huatai
Lubricant Sealling S&T. Co. Ltd. of China and the size
is 500 nm.

2.2 The PDLC formulations

All formulations examined contain 1% initiator 1173,
different mass ratios of nano-graphite and 76G9700.
Most PDLC formulations in this report contain
the EA, trifunctional monomer TMPTA and nano-
graphite. The effect of nano-graphite on the electro-
optical property of the LC droplets is investigated.
The compositions of the PDLC formulations studied
here are listed in Table 1.

Table 1. Summary of PDLC mixtures with different
component ratios.

Nano- Initiator

Mixture TMPTA® EA® graphite %° Sample LC® %9
A 2 1 0 Al 40 1

A2 30 1
B 2 1 0.05 Bl 40 1

B2 30 1
C 2 1 0.1 Cl 40 1

C2 30 1
D 2 1 0.2 Dl 40 1

D2 30 1

aThe ratio of TMPTA/EA. ®The ratio of nano-graphite/(TMPTA +
EA + nano-graphite)x 100%. °The ratio of LC/mixture. “The ratio
of initiator/(LC + mixture + initiator) x 100%.

2.3 Methods

FTIR spectroscopy is an easily accessible, direct
and non-invasive method of examining chemical
changes and has been applied to study PDLC for-
mation [29-33]. The FTIR method has been used
as an important method for characterising the
photo-polymerisation kinetics of UV-curable coat-
ings from the very inception of the discovery and
development of photo-induced polymerisations.
The effect of the LC content and of the nano-
graphite dopant on the kinetics of polymerisation
was monitored by real-time FTIR spectroscopy
(PerkinElmer spectrum one). The double bond
conversions of the pre-polymer were monitored in
real-time FTIR under UV-curing. A UV/VIS spec-
trometer was adapted to enable a real-time study
of the speed of the photo-polymerisation and how
it is affected by LC content and by the nano-gra-
phite dopant. Samples were sandwiched between
two indium tin oxide (ITO) glass substrates sepa-
rated by 10 pm spacers. Photo-polymerisation was
initiated by a UV light (10 W). Spectra were col-
lected every 0.2s during the polymerisation process.
The change of transmittance versus time was col-
lected with different samples.

Electro-optical properties of fabricated PDLC films
were measured using a polarimeter (PerkinElmer
Model 341). PDLCs were polymerised between two
ITO glass slides with a spacer of 10 pm. The transmit-
tance of light through the PDLCs was set at 589 nm and
the voltage (sine wave, 50 Hz) was increased stepwise
until the PDLCs became most transparent.

POM and FTIR with mercury cadmium telluride
(MCT) detector were used to directly examine the
polymer/liquid crystal morphology. PDLC formula-
tions were polymerised between glass microscope
slides with 10 pm spacers. The FTIR images were
collected to study the morphology of polymer/LCs
when the films were flayed from the glass microscope
slides. FTIR images were collected at 6.25 pm resolu-
tion during the process of scanning. The MCT was
cooled by liquid nitrogen.

3. Results and discussion

3.1 Effect of the concentration of liquid crystals and
the nano-graphite dopant on kinetics

The trajectory of the samples through phase space
as it undergoes phase separation in PIPS is complex,
as the system may be thrust from metastable to
unstable regions as the polymerisation proceeds
[34]. As the system enters the metastable region,
newer domains may form between the existing
domains due to heterogeneous nucleation, thus the
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inter-domain distance could become smaller with
the progress of the polymerisation process. There
may be a cross-over from nucleation to spinodal
decomposition, as the coexistence line passes
through the metastable region before reaching the
unstable region as the polymerisation proceeds [35].
A further complexity arises from the fact that super-
cooling (the difference of temperature between the
coexistence line and the reaction temperature)
increases as the polymerisation proceeds, which in
turn can make the domains smaller. This process
may compete with the intermediate stage of spino-
dal decomposition which grows the domain size to
create a Cahn-Hilliard linear region that is longer
than expected [36].

Time-resolved light scattering experiments were
performed at 130°C using an instrument based on
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the UV/VIS spectrometer (PerkinElmer Lambda
950). The probe beam, fixed at 623.18 nm, passes
through a pinhole held perpendicular to the sample.
Scattering data for all the experiments are collected
continuously every 0.2 s over 2000 s periods through-
out the process of each experiment. The data were
plotted as transmittance versus the curing time. The
curing beam is produced by an UV light (10 W). In
order to ensure the uniform illumination of the sam-
ple, we employ the UV light at a distance of 10 cm
with an incidence angle of 60°. Representative light
scattering profiles for the process of phase separation
for both 40% and 30% content of LCs samples with
different levels of nano-graphite dopant are given in
Figures 1(a)-1(d). From the scattering data in Figure 1,
we observe features that are shared by both LC com-
positions studied and reveal more details regarding
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Figure 1. The curves of transmittance versus time with different content of nano-graphite dopant, (a) none, (b) 0.05%, (c)

0.1%, (d) 0.2%.
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the phase separation mechanism. One feature com-
mon to both compositions is the delay time between
the start of the experiment and the appearance of a
maximum scattering. This gap, called the induction
period [37-41], corresponds to the delay in phase
separation from the growth of the polymer matrix.
In other words, for the system to favour phase separa-
tion of the blends into LC-rich and gel-rich domains,
the polymerisation must generate matrix material of
sufficiently large molecular weight to induce thermo-
dynamic instability. The second feature common to
both blends has to do with the appearance of a single
maximum in the scattering that not only grows in
intensity but also changes in scattering with time.
Lastly, when the scattering profiles no longer change,
the phase separation process has not been effectively
arrested, an event where the LC droplets grow large
enough to exceed the probe wavelength and do not
scatter.

The sample mixture is heated to the isotropic
phase (150°C) and injected between two ITO glass
substrates separated by 10 um spacers, sealed and
then cured at 130°C. With the temperature gap
between curing and injecting, transmittance is
decreased. The transmittance presents a plateau
initially and scatters with the evolution of curing,
as shown in Figure 1(a). The plateau of the trans-
mittance represents the phase separation in which
LCs droplets grow into spheres or ellipses. The size
of the sphere or ellipse is not large compared with
the wavelength of probe beam and there is no scat-
tering. Scattering takes place when the size of LC
droplets is sufficiently large within the ongoing
polymerisation. The time of scattering is an impor-
tant parameter to account for the speed of polymer-
isation, but does not determine the termination of
polymerisation.

In Figures 1(b)—(d), the nano-graphite dopants
have a dramatic influence on the UV-curing polymer-
isation. The rapid polymerisation results from the
nano-graphite dopant, which accelerates the process
of nucleation. On increasing the content of nano-gra-
phite, the time of scattering is dramatically reduced;
scattering time is reduced from 1100 s to 600 s when
the nano-graphite concentration was increased from
0%, 0.05% and 0.1% to 0.2%. We conclude that the
nano-graphite sharply accelerated the polymerisation
of PDLCs.

Real-time FTIR is an effective method to
monitor the double bond conversion in kinetics
of polymerisation [32, 42-44]. The mixture of the
raw materials for the preparation of the PDLC
film is sonicated until it became a homogeneous
syrup. The mixture is sputtered onto a piece of
potassium bromide disc and covered with further

potassium bromide at 150°C. The spacer is deter-
mined by the polymer film, which is 10 pm. To
avoid the influence of oxygen, the boundary of
sample cell is packed by a polytetrafluoroethylene
film and UV-curing is under a nitrogen atmo-
sphere. The sample cell is equipped at the beam
of FTIR for collecting the spectrum with the pro-
cess of polymerisation.

The double bond conversion is plotted as a func-
tion of curing time in Figures 2(a)-(d). The double
bond conversion at 1635 cm™ is monitored with the
evolving polymerisation. The double bond con-
version 7c — ¢ is calculated as shown [45]:

Ao — A4,
Ao

(1)

Nc=c=

where 4 is the height of initial absorption peak at t =
0 and A4, is the height of absorption peak with the
change of curing time. As remarked for the real-time
FTIR results, the sample showed a faster conversion
at the earlier stage of the reaction. The conversion
became slower with increasing curing time. Firstly,
the higher concentration of free radicals is excited by
UV-curing and the polymerisation is accelerated by
the higher concentration of free radicals. Secondly, the
pre-polymer does not form a network and the mono-
mer can move freely at the initiation of curing. Lastly,
the trifunctional cross-linking TMPTA is polymerised
with increasing curing time and forms a network. The
resulting hyper-cross-linked networks hinder the flow
of monomer and restrict the polymerisation. The
motion of free radicals is restricted and the coupling
probability of free radicals is increased by hyper-cross-
linked networks. Although the motion of monomer
and free radicals is hindered, the polymerisation con-
tinues with the UV-curing.

From Figures 2(a)—(d), it can be seen that the speed
of polymerisation of the 40% LC content is faster than
the 30% LC content, because the solubility of LCs in
the mixture is lower and they easily precipitate, and
the monomer and free radicals can move freely.
Theoretically, the size of nano-graphite is identical to
the wavelength of UV light, therefore scattering and
reflection occurs in the UV light range. In such a case,
the nanometre size of the nano-graphite dopant causes
scattering or reflection of UV light, thereby enhancing
the photoinitiation of UV-curing. The systems doped
using nano-graphite (formulations B-D) exhibit
higher double bond conversions as well as much faster
polymerisation reactivity than the system without
nano-graphite (formulation A). Interestingly, these
results indicate that the presence of nano-graphite
apparently accelerated rather than hindered the cure
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Figure 2. The curves of double bond conversion versus time with different content of nano-graphite dopant, (a) none, (b)

0.05%, (c) 0.1%, (d) 0.2%.

reaction and cure rate of the UV-curable PDLCs sys-
tems. Two factors could be responsible for this phe-
nomenon. One is probably attributable to the nano-
graphite in the formulations behaving as an effective
flow or diffusion-aid agent for the photo-polymerisa-
tion process, thereby improving the mobility of pro-
pagating chains to give rise to a noticeable increase in
the double bond conversion and cure rate of the sys-
tems doped using nano-graphite. The other could be a
contribution to lengthening of the path of UV light by
partial scattering or reflection.

From the comparison of double bond conversions
for different levels of doping by nano-graphite, we con-
clude that the 0.2% level is lower than the 0.05% and
0.1% levels. This result is probably caused by the fact
that, when the content of nano-graphite is increased, the
aggregates grow to larger than nanometre size, hinder-
ing the absorption of the incident radiation by the
photoinitiator and thereby reducing the efficiency of

the photoinitiation of UV-curing. Simultaneously,
with increased concentration of nano-graphite, scatter-
ing and reflection are also increased, which reduces the
transmitted depth of UV light.

Atmospheric conditions have a drastic effect on
the physicochemical and mechanical properties of the
final product. In particular, free-radical UV-induced
photo-polymerisations are usually inhibited by oxy-
gen and often must be performed under an inert atmo-
sphere such as nitrogen. It is well known that the films
formed by UV-curing under an air atmosphere have
rougher surfaces and are less resistant to solvents than
the glassy coatings formed by UV-curing under a
nitrogen atmosphere [33]. Our samples are cured in
nitrogen atmosphere, except sample A2. As shown in
the curve of A2 in Figure 2(a), the atmosphere of the
sample is not injected with nitrogen. The rate of poly-
merisation is fluctuant increased for the influence of
oxygen.



14: 07 25 January 2011

Downl oaded At:

6 J.H. Wang et al.

3.2 The electro-optical property of PDLC films

The optical switching of PDLCs between an opaque and
transparent state in the visible range requires a micro-
composite material with submicrometre or microsize
dispersed LCs droplets. Persistent problems, however,
include the reproducibility and control of materials in
terms of the in situ generated morphologies and under-
standing of the factors or events that influence these
morphologies during the process of the microcomposite
formation. It is generally admitted that the electro-opti-
cal properties of PDLCs, for example, depend primarily
on the type of morphology (size, size distribution, shape,
orientation and number density of LCs droplets), but
also depend on the interactions between the LC
domains and the polymer matrix, both surface proper-
ties (interfacial interactions/strength of anchoring of LC
molecules, existence of an interphase, etc.) and volume
properties (composition and purity of the LC phase,
configuration of the LC molecules, solubility of LCs in
the polymer matrix or swelling of the network if the
polymer matrix is cross-linked) [46]. In the latter case
(cross-linked matrices), the elastic properties may also
influence the optical response.

The PDLC films are electrically driven by sand-
wiching them between conducting electrodes. Each
application has its own electrical constraints on such
things as power consumption, driving voltage, maxi-
mum current and frequency of operation. In spite of the
inherent importance of the conductivity () and dielec-
tric constant (¢) of the composite film in dictating these
parameters, only a little work has been done to under-
stand them [47]. Typically, in the frequency range of
interest for polymer/LC-composed films’ operation, the
strength of an AC electric field is modulated by the
frequency of the imposed AC electric field. Since elec-
tronic and ionic polarisation mechanisms are very far
from their resonances, which occur at or above infrared
frequency region, only permanent dipole resonances
resulting from molecular reorientation are related to
PDLC film operation. These resonances of the inter-
facial polarisation occur in conjunction with changes in
the dielectric constant and conductivity [47]. It has been
reported that the polymer matrix with greater magni-
tude of conductivity leads to enhancement of the elec-
tro-optical response speed [48, 49]. Here, we prepared a
new polymer/LCs composite film employing nano-
graphite as a dopant in polymer matrix TMPTA/EA
substitutes. Polymer matrix exhibits high conductivity
when it contains the nano-graphite. It has a high optical
transparency and high conductivity. In this paper, we
discuss the influence of the conductivity of the polymer
matrix on the electro-optical properties of the PDLC.

The threshold voltage (Vy,) is defined as voltage
when the transmittance reach at 10% of maximum. The

higher field requirement of film with low LCs loading is
consistent with general trends reported by others [49-50]
and is predictable from the polymer-LC series model
[50]. For comparable droplets size bipolar configuration,
which occurs in most cases, Vy, is substantially less than
in alphabet configuration [51-53], as given by

/2
d (bic K2 -1\
Vin = 3a <6p + 2> < g0/\e )

where d, a, 6, K and [ represent film thickness, major
dimension, conductivity, elastic constant and aspect
ratio, respectively.

Figure 3 illustrates the influence of a function of
electric field for various levels nano-graphite dopants
in polymer matrix on transmittance. The electro-opti-
cal properties of PDLC films containing different
nano-graphite concentrations 0%, 0.05% and 0.1%
are shown in Figure 3. The threshold voltage (V) is
28Vum™, 09V um"and 0.5V um™, in PDLC films
A, B and C, respectively. The nano-graphite increases
the conductivity of polymer matrix:

n6p + nmo
6PDLC:ﬁ (3)

where épp1.c, 17, 12, Op and 6y ¢ represent film conduc-
tivity, polymer ratio, LCs ratio, polymer conductivity
and LCs conductivity, respectively. To compare the
three sets of data, the transmittance shifts to the higher
values with the increase of the nano-graphite concen-
tration because the ordinary refractive index of the LC

0.8 -

06 |

04 |

Transmittance /T%

02

0.0 |

0 20 40 60 80 100
Voltage /V

Figure 3. The curves of transmittance as a function of
electric field for various nano-graphite dopant ratios
(A, 0%; B, 0.05%; C, 0.1%) at 20°C and 50 Hz.
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matches more closely with that of the polymer.
Threshold voltage (Vy,) decreases with increasing
nano-graphite ratio. This result is related to the fact
that the increased conductivity of the polymer matrix
leads to decrease of threshold voltage. VY, is remark-
ably reduced with the increasing of conductivity of the
polymer matrix. The magnitude of the electric field in
the LC phase is strongly dependent on the conductiv-
ity of polymer matrix. The distribution of the external
electric field can be imposed effectively to LC phases
when a polymer with large conductivity is used. Thus
the polymer matrix with larger conductivity led to
reduction of Vy,. The electro-optical property of sam-
ple D is not discussed because the aggregation of the
nano-graphite dopant disarranged the dispersion of
LC droplets in a non-homogeneous manner. The
PDLC film D is broken down for the higher nano-
graphite concentration in the polymer matrix under
the applied voltage. The upper and lower ITO sub-
strates were electrically short-circuited by aggregation
of nano-graphite.

3.3.  The morphology of PDLCs

It is widely appreciated that the electro-optical activity
in PDLCs depends on the separation of polymer and
LC phases. Since the phase structure develops in a
non-equilibrium system, the morphology of the LC
domains depends on the details of the chemical and
physical processes active during domain formation.
The nature of the interface between polymer and LC
phases is of particular interest. In most cases, the two-
phase morphology that results falls into one of two
categories: a ‘Swiss cheese’ morphology, where sphe-
rical LC droplets are embedded in polymer matrix, or
a ‘reverse morphology’, where a continuous LC phase
is embedded in polymer bead-like matrix [27, 53]. In
the latter case, the LC phase does not have droplet
character. Controlling LC domain morphology is
important since it modulates the electro-optical prop-
erties of PDLCs [54-55].

The performance of PDLCs strongly depends on
the final morphologies, sizes, distribution and shapes
of phase-separated LC domains. The size can be con-
trolled by adjusting the kinetics of polymerisation and
the phase separation of LCs during the polymerisa-
tion, which depends on experimental conditions (such
as exposure beam intensity and exposure time), con-
centration and physical properties (such as viscosity of
LCs and the chemical structures of reactive diluents)
[56]. Three factors are estimated to determine the
polymerisation-induced phase separation of an LCs
from the system [57]. The first factor is the increase
in the fraction of large molecules during polymerisa-
tion (size-induced phase separation). Second is the
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difference in the interaction parameters between
monomer and polymer. When cross-linking is formed
during polymerisation, the elasticity of the formed
network is the third driving force for phase separation.
This effect becomes strong by the increase of gel frac-
tion and the number of cross-links.

The clearly phase-separated morphologies of peri-
odic polymer-rich domains (bright region) and LC-
rich domains (dark region) could be observed by
POM observation for the PDLCs film. Figure 4
shows optical micrographs of the observed morphol-
ogy after photo-polymerisation of 60/40, 70/30 pre-
polymer/LCs blends in the two-phase region at
130°C. The LCs is etched by methanol for 24h. A
heterogeneous texture with unevenly distributed LCs
droplets can be discerned. If these blends were to be
used for display or control devices, the orientation of
LCs in the smaller domains would obviously respond
differently to an applied electric field from that of the
larger LCs domains. The non-uniformity in the LC
droplet sizes would result in inferior electro-optical
switching performance.

We restricted the phase separation experiment to
photoinitiation in the isotropic phase, as this affords
pre-polymer/LC composites with more uniform mor-
phology. The phase separation process presumably
occurs through spinodal, but it has already advanced
to the intermediate and late through coalescence. The
coarsening process is particularly pronounced in the
60/40 pre-polymer/LC blends because of the high
mobility of LC molecules. When the cross-linking
reaction starts, a polymer network is formed in the
polymer-rich regions. The formation of polymer net-
works presumably impedes the growth of these
droplets, thereby virtually ceasing the growth. As a
consequence, these droplets impinge on each other,
resulting on a change of the domain topology form a
spherical shape. The smaller droplets are obtained in
the 70/30 pre-polymer/LC blends because of the high
mobility of the pre-polymer molecules. The polymer
network is rapidly formed for starts of the trifunc-
tional cross-linking reaction. The LCs do not coalesce
and grow into larger droplets, as shown in
Figures 4(a2), (b2) and (c2).

With the nano-graphite dopant, the polymerisa-
tion is accelerated because of the reflection and scat-
tering by the nano-graphite in curing light. The speed
of phase separation is accelerated by the rapid poly-
merisation of pre-polymer and the LC droplets are not
grown into larger than nano-graphite undoped mix-
ture as shown in Figures 4(b1)—(c2). The dispersion of
the LC droplets is damaged by the aggregation of the
nano-graphite in the polymer matrix, as shown by the
big black domain in Figures 4(d1) and (d2). The elec-
tro-optical property of the PDLC films is influenced
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Figure 4. Optical micrographs under non-polarising light for 60/40, 70/30 prepolymer/LCs mixture showing the dependence
of domain size on liquid crystal (LC) concentration after photopolymerisation x500 (al) 60/40, prepolymer/LC, 0% nano-
graphite dopant; (a2) 70/30 prepolymer/LC, 0% nano-graphite dopant; (bl) 60/40, prepolymer/LC, 0.05% nano-graphite
dopant; (b2) 70/30 prepolymer/LC, 0.05% nano-graphite dopant; (c1) 60/40, prepolymer/LC, 0.1% nano-graphite dopant;
(c2) 70/30 prepolymer/LC, 0.1% nano-graphite dopant; (d1) 60/40, prepolymer/LC, 0.2% nano-graphite dopant; (d2) 70/30

prepolymer/LC, 0.2% nano-graphite dopant.

because the aggregation of the nano-graphite is
embedded in LC droplets, as discussed above.

FTIR spectroscopy presents the most direct route
to characterise spatial chemical variations in a sample
and has been applied to PDLCs [58, 59]. By monitoring
the characteristic bands of a chemical species, its spatial
distribution can be seen by means of a chemical image.
Conventional infrared spectroscopy uses apertures to
limit the examined area and sequentially maps out the
total spatial area. FTIR imaging using a focal plane
array detector has been recently introduced [60] and
successfully used for obtaining chemical images of
PDLCs [61]. We used a focal plane array-equipped
spectrometer to study spatial distribution of liquid crys-
tal in PDLCs. FTIR imaging, having in situ, non-inva-
sive and non-destructive examination capabilities,

appears to be an excellent method to examine solubi-
lity, being constrained only by the incident radiation
wavelength limited resolution.

Phase separation has been reported to occur for
short polymerisation times [62-63] even when the cur-
ing is not complete. However, stable demixing is report-
edly obtained at over 55% cure for the pre-polymer/LC
system as discussed above. The conversion of the dou-
ble bond in these experiments was of the order of over
55%. Much longer curing times would be needed to
achieve a greater conversion. Since it was the intention
of the study to analyse the effect of polymerisation time
for a smaller curing time, this curing time and cure state
achieved are considered satisfactory.

FTIR with MCT was used for directly examining
the morphology of polymer/LCs. PDLCs formulations
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Figure 4. (Continued)

with 10 um were polymerised between glass microscope
slides. Afterwards the films were flayed from glass
microscope slides and the FTIR images were collected
to study the morphology of polymer/LCs. Spectra were
collected at 6.25 pm resolution during the process of
scanning. The MCT is cooled by liquid nitrogen.
Infrared images of representative samples, obtained
at different contents of the nano-graphite dopant for
different ratio of pre-polymer/LCs to polymerise, are
shown in Figure 5. Careful attention must be paid to the
manner in which IR images are plotted. In this paper,
FTIR images are plotted as an area of nitrile group
peak in the LCs. Area values are baseline and offset-
corrected. The area is then thresholded to give the
maximum absorption between regions of the sample
rich and poor in the species of interest. The area repre-
sentation used here not only normalises the absorption
of a band relative to the other but also increases the
thresholding limits, making differences more promi-
nent. All experimental data and subsequent analyses
are based on sample areas away from any spacer

presence. This is done to exclude thickness effects on
phase separation. It is conceivable that this would lead
to an equal thickness for various parts of a sample. The
band absorption introduced above is based on a band
specific to each component that would label intensity of
component. Here, the nitrile band (2238 cm™) is used
as a basis for computation and sketch of the polymer
network. The intensity and dispersion of nitrile group is
depicted in Figure 5.

On the scanning area, the intensity and dispersion of
the nitrile group is depicted by the height of peaks. The
FTIR images were obtained to illustrate the dispersion
of LC domains. The size and dispersion of LC droplets
are illustrated by intensity and dispersion of nitrile
absorption peaks. We discuss the effect of the nano-
graphite on morphology of blends 60/40, 70/30 poly-
mer/LC in Figure 5. As the content of the LC ratio is
decreased from 40 to 30, the heights and dispersion of
peaks become uniform, as shown in Figures 5(a) and
(b). The nano-graphite accelerates the speed of
polymerisation and makes uniform the size and
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Figure 5. Fourier transform infrared spectroscopy images of polymer-dispersed liquid crystals as the area of nitrile group
dispersion and intensity (a) 60/40, prepolymer/liquid crystal (LC), 0% nano-graphite dopant; (b) 70/30 prepolymer/LC, 0% nano-
graphite dopant; (c) 70/30 prepolymer/LC, 0.05% nano-graphite dopant; (d) 70/30 prepolymer/LC, 0.1% nano-graphite dopant.

dispersion of LC droplets. The heights and dispersions
of peaks are uniformed and smoothed as shown in
Figures 5(b)-(d). As shown in Figures 5(a), (b), (c) and
(d), the intensity of peaks is decreased from 0.700 to
0.547. The area of peaks is also minimised. The disper-
sion of peaks is uniformed due to the effect of nano-
graphite. The 0.2% nano-graphite in PDLC film sample
is not discussed due to its poor electric-optical property.
The above analysis shows that the size and dispersion of
LCs are decreased and uniformed due to effect of the
nano-graphite. The same effect of the nano-graphite
dopant on the morphology of blend 60/40 polymer/LC
is not discussed. The solubility of LCs in the polymer
matrix can be detected from the FTIR image and the
phase separation does not occur significantly.

4. Conclusion

The apparent reaction kinetics in double band conver-
sion of photocurable monomers were measured via
FTIR spectra. Good agreement was found between
the apparent reactions kinetics from UV/VIS spectro-
meter and FTIR measurements. Further experiments
in samples of different ratios of pre-polymer/LCs
revealed that apparent kinetics in double band con-
version are not only time dependent but also concen-
tration dependent. The kinetics of double band

conversion were accelerated by the nano-graphite in
the mixture. The sizes and dispersion of LC droplets
were influenced by different ratios of nano-graphite.
The threshold electrical field was measured for differ-
ent nano-graphite concentrations. The PDLC film was
broken down at the ratio 0.2% of nano-graphite for
the aggregation, but the ratios of 0.05% and 0.1%
dramatically reduced the threshold electric field at
0.9 V um™' and 0.5 V um™, respectively. The opti-
mised PDLC film was obtained at 0.1% nano-graphite
in the polymer matrix. The morphology of PDLC film
was studied by POM and FTIR imaging. The effect of
the nano-graphite on the sizes and dispersion of LC
droplets in polymer matrix was depicted. The uniform
sizes and dispersion of LC droplets were obtained
using appropriate nano-graphite dopant levels, but
the upper and lower ITO substrates were electrically
short-circuited by 0.2% nano-graphite. The PDLC
films were fabricated by polymerisation-induced
phase separation via nucleation and growth or spino-
dal decomposition.
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