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Effects of the preparing condition of a polymer-stabilised liquid crystal with a smectic-A—chiral
nematic phase transition on its properties
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A homeotropically-oriented polymer network stabilised liquid crystal (PSLC) film with a smectic-A (SmA)—chiral
nematic (N*) phase transition was prepared. In the temperature range of the SmA phase, the liquid crystal (LC)
molecules were homeotropically oriented and the film showed a transparent state. However, in the temperature
range of the N* phase, the film showed a strong light scattering state due to the LC molecules adopting a focal conic
alignment affected by the homeotropically-oriented polymer network. Moreover, the strong light scattering state of
the N* phase could return to the transparent state when an electric field is applied on it. The focus of this study is on
the effects of the preparing conditions of the PSLC film, including the curing temperature and the intensity of the
ultraviolet (UV) irradiation on its thermo-optical and electro-optical properties.

Keywords: smectic-A phase; chiral nematic phase; homeotropic polymer network; electro-optical property; thermo-

optical property

1. Introduction

The PSLCs are composites with a small amount of a
crosslinked polymer dispersed in the anisotropic fluid.
The general idea of PSLC is the stabilisation of the
alignment of a low-molecular-mass liquid crystal (LC)
by elastic interactions between the network and the LC
(7). The polymer network is an important factor deter-
mining the thermo-electro-optical properties of the com-
posites by stabilising the molecular orientation of LCs
(I-4). PSLC films have provided a new field of LC
science and technology (5—19), in which a desired macro-
scopic orientation of LC directors can be stabilised
(5-11) or frozen (12, 13) by the crosslinked network
dispersed within the LC. For example, the three-dimen-
sional cubic structure with lattice periods of several
hundred nanometres in a blue phase, of which the tem-
perature range is usually less than a few Kelvin, can be
stabilised over a temperature range of more than 60 K
(9). The planar molecular alignment of a N* phase can
also be stabilised in a smectic-A (SmA) phase at a
macroscopic level, and then the SmA phase has both
the optical characteristics similar to those of a N* phase
and the mechanical properties of a SmA phase (/0).
Moreover, the PSLC films with gradient pitch distribu-
tion and non-uniform pitch distribution as the bright-
ness enhancement film of LC displays have also been
prepared (/7-13). Besides these, the PSLC films have
many other potential applications, such as light shutters
(5-9), E-papers (10), wide-band polarisers (//-16) and
reflective LC displays (/7-19).

The LC/polymer network system based on the
phase transition of SmA-N* have been studied in
recent years. This composite system is a promising
candidate of LC display, E-paper and smart windows
controlled by temperature. For example, the ther-
mally-addressed and electrically-erasable LC display
(TAEELCD) materials have been prepared and stu-
died based on the composite system with the transition
of SmA-N#*; the light scattering state of SmA in the
helical network formed in N* in the presence of the
electrical field is used. Some regions are thermally
addressed in the N* phase, and, on cooling, the
addressed region in the SmA with the direction of
LC molecules parallel to the substrate is transparent,
the moment electric field is applied again, and the cell
exhibits light scattering (20). The PSLC film with the
property of transparency at lower temperatures and
light scattering at higher temperatures is an excellent
candidate for smart widows. The thermo-optical prop-
erties of PSLC film with a SmA—-N* phase transition
have been studied by Yang et al. (21). The PSLC film
was prepared by ultraviolet (UV) radiation induced
crosslinking between the molecules of a photo-poly-
merisable monomer in the homeotropically oriented
SmA phase of the photo-polymerisable monomer/LC/
photoinitiator mixture with a SmA-N* phase transi-
tion. When heating the PSLC film from the SmA to
the N* phase, a sharp change occurs from a transpar-
ent to a light scattering state. On cooling from the N*
to the SmA phase, the PSLC film can change from the
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light scattering to the transparent state reversibly.
However, the effects of the preparing conditions of
the PSLC film on its properties have not been studied.
In this study, we examined the effects of the preparing
conditions of the PSLC film on its thermo-optical
properties, as well as on the electro-optical properties
of the N* phase of the PSLC film.

2. Experiments
2.1 Materials

The nematic LC, SLC-1717 (Shijiazhuang Yongsheng
Huatsing Liquid Crystal Co., Ltd., Shijiazhuang City,
Hebei Province, China), the chiral dopant, S811
(Merck Co., Ltd.) and the photo-initiator, 2, 2-
dimethopxy-1, 2-diphenyl-ethanone (IRG651, TCI
Co., Ltd.) were used. The SmA LC was prepared
from cyanobiphenyls (8CB and nOCBs). The 8CB,
the nOCBs and the photo-polymerisable LC diacry-
late monomer, C6M, were synthesised according to
the methods suggested by Gray et al. (22) and by
Broer et al. (23), respectively. In Figure 1, we present

the chemical structure and some physical parameters
of these materials (the temperatures in Figure 1 are in
Kelvin).

2.2 Preparation of samples

In order to induce a homeotropic orientation of LC
molecules, the inner surfaces of indium tin oxide
coated (ITO) glass cells were treated by N, N-
dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl
chloride (DMOAP) solution (0.1% by volume in
water) (24) and 20 um-thick poly (ethylene terephtha-
late) (PET) films were used as the cell spacers. To
prepare the PSLC film, the samples of C6M/LCs/
S811/photoinitiator mixtures (SmA 310.4 K, N*
335.8 K I) were filled into the cells by capillary action
in their N* phases on 318.2 K. Then, the homeotro-
pically oriented SmA phase of the samples cooled
from the N* phase on 0.5 K min~' were irradiated
by the UV light (365.0 nm) for half an hour to induce
crosslinking between the molecules of C6M in the
samples.

(1) Photo-polymerizable LC monomer: C6M

Cr356.4 N 3888 I

CH;3

1§ 7 § i 0
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(2)  Smectic-A LC: 8CB+nOCB

Mixture of LCs with positive dielectric anisotropy
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Figure 1. The chemical structures and some physical parameters of the materials used.
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2.3  Measurements

The phase transition temperatures and the aggrega-
tion structure of the samples used were studied by
differential scanning calorimetric (DSC) (Perkin-
Elmer DSC 6) at a heating rate of 10.0 K min™' and
polarising optical microscopic (POM) (Olympus BX-
51) at a heating rate of 1.0 K min~'. The thermo-
optical and electro-optical performances were
investigated with a LC display parameters tester
(LCT-5016C, Changchun Lianchen Instrument Co,
Ltd., China). The polymer network for scanning elec-
tron microscopic (SEM) (Cambridge S360) observa-
tions were prepared in the following way. After UV
irradiation of the cell for photo-polymerisation, the
sealant material of the cell was removed to allow diffu-
sion of hexane into the cell. After extracting the LC
with hexane, the cell was dried in vacuo for a few hours.
Then, the cell was opened with caution and the sub-
strate, plus the polymer network, were coated with a
thin gold layer to eliminate any electric charge pro-
blem for SEM study.

3. Results and discussion

Figure 2 shows the schematic representation of the
preparation process of the expected PSLC film. At
first, the C6M/LCs/S811/photoinitiator mixture was
filled into the cell in the N* phase of the mixture as
shown in Figure 2(a). On cooling the mixture to the
SmA phase, this phase was homeotropically oriented
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as it was affected by the surface orientation agent.
After the SmA phase was irradiated by UV light, the
homeotropically-oriented polymer network from the
crosslinking between the molecules of C6M was
formed in the SmA phase, so the PSLC film was pre-
pared as shown in Figure 2(b), exhibiting a transpar-
ent state. The film could return to the strong light
scattering state (Figure 2(c)), accompanied by the tex-
ture changing from the homeotropic texture of SmA,
to the focal conic state of N* when being heated above
the SmA—-N* phase transition temperature, due to
both the anchoring effect of the polymer network
and the orientation effect of the surface orientation
agent. Strictly speaking, the long axes of LC molecules
in the vicinity of the homeotropic polymer tended to
remain perpendicular to the cell surfaces while the
remaining LC molecules relaxed back to the spiral
structure, that is, a focal conic texture was formed as
the result of the competition between the intrinsic
spiral structure and the constraining effect of the poly-
mer network (7). The light scattering effect was attrib-
uted to the refractive indices mismatching between the
small focal conic domains (25, 26). On being cooled
from the N* to the SmA phase, the film went back to
the transparent state (Figure 2(b)). On the application
of an electric field, the strong light scattering state was
changed into the transparent state due to the LC
molecules with positive anisotropy being homeotropi-
cally aligned by the applied electric field (Figure 2(d)).

The preparation conditions of different samples
are listed in Table 1. All of the samples were prepared

Heating | | Cooling

on

Figure 2. A schematic of the preparation scheme for the film.
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Table 1. Preparation conditions for different samples.

Curing Intensity of UV
Samples temperature (K) irradiation (mW cm™>)
Al 303.2 0.9
A2 303.2 1.2
A3 303.2 2.0
A4 303.2 2.9
A5 303.2 4.2
Bl 281.2 1.2
B2 287.2 1.2
B3 297.2 1.2
B4 303.2 1.2

from the composition (C6M/LC (SmA LC/SLC1717)
S811/wt% = 4.0/89.3 (69.7/19.6)/6.7). The effect of the
intensity of UV irradiation on thermo-optical and
electro-optical properties of the PSLC film is studied
from sample Al to AS. The influence of the curing
temperature on the thermo-optical and electro-optical
properties is investigated from sample B1 to B4.
SEM photographs of the morphology of the home-
otropically-oriented polymer network are shown in
Figure 3. The monomer used was listed in Figure 1,
the constituents of which included a mesogenic core,
reactive endgroups and flexible alkyl spacer chains
between the core and the endgroups (7, 27). The acry-
late functional groups are attached to both sides of the
mesogenic core by a flexible alkyl chain, the mesogenic
core is aligned with the individual monomer molecules
with the local liquid crystalline order, while the flexible
alkyl chains allowed adjacent cores to align themselves
parallel to one another during polymerisation (28). As
mentioned above, the monomer was polymerised in
homeotropic SmA; during photo-polymerisation, the
order of the SmA phase was templated by the formed
polymer network, so it was reasonable to say that the
polymer network should be oriented homeotropically
in the cell. Figure 3 shows the morphology of the

Homeotropically
oriented polymer
network

Substrate

@

polymer network from which the fibrous polymer net-
work perpendicular to the substrate was observed.
The SEM photographs were taken while the angle
between the observing direction and the normal cell
substrate was about 90.0° and 0.0°, respectively. The
polymer network was composed of polymer strands
oriented along the direction of the director. The
smooth fibrous morphology of the polymer network
was attributed to the good solubility of the monomer
in the LCs. Generally, below the solubility limit,
undergoing a radical chain polymerisation leads to a
smooth polymer network. The behaviour may be
understood in the context of the Flory-Huggins
model of polymer solubility, which is the primary
factor determining the network morphology (29, 30).

Figure 4 shows SEM photographs of the home-
otropically-oriented polymer network for samples
A1-AS. It can be seen from Figure 4 that the size of
the meshes of the polymer network decreased in
sequence. Since the mechanism of the photo-polymer-
isation of the LC monomer is radical polymerisation,
it is easy to understand that increasing the intensity of
UV irradiation, from which more free radicals are
created, leads to denser polymer networks with smal-
ler voids.

Figure 5 shows the temperature dependence of the
transmittances for different intensity of UV irradia-
tion prepared from samples AI1-AS5. It can be seen
from Figure 5 that samples A1-AS5 all exhibited a
quick switch between the transparent state and the
strong light scattering state, which was because the
SmA-N* phase transition is a very weak first order
or second order transition (37, 32). The transmittance
of the transparent state in the range of 80.0-90.0%
showed an excellent light transmitting property,
while the transmittance of the light scattering state of
the samples was less than 1.0%, showing a good light
blocking property. The loss of light intensity in the
transparent state was mainly due to the reflections

(b)

Figure 3. SEM photographs of the homeotropically-oriented polymer network observed with angles between the observing
direction and the normal substrate surface being about (a) 90.0°, (b) 0.0°.
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Figure 4. SEM photographs of the homeotropically oriented polymer network for samples A1-AS.
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Figure 5. Plot of the temperature dependence of
transmittance for samples A1-AS.

from the glass-air interfaces (7). However, the speed of
transition from the transparent state to the light scat-
tering state decreased with increased intensity of the
UV irradiation, because the homeotropically-oriented
polymer network became more and more dense as the
intensity of the UV irradiation increased. Hence,
the switching process from the transparent state
to the light scattering state was affected by the
homeotropically-oriented polymer network.

The intensity of the UV irradiation dependence of
the electro-optical properties for the composites pre-
pared from samples A1-A5 is shown in Figure 6. A
change from the focal conic texture (Figure 2(c)) to the
homeotropic texture (Figure 2(d)) was realised when
the electric field was applied to the N* phase. This
change was realised when the LC molecules had a
positive dielectric anisotropy and an electric field

find Ky
po '\ coAe

higher than the critical value EC = was

applied (33, 34). Here, the measured electro-optical
parameters included the threshold voltage (V,,), the
saturation voltage (V,,), the field-on response time
(T,,) and the field-off response time (7). The thresh-
old voltage (V) and the saturation voltage (Vy,,) are
defined as the voltage required for the transmittance
reaching 10% and 90%, respectively. The T, and T,
are defined as the time for the transmittance to go
from 10% to 90% (or 90% to 10%) of the total change
between the on and off states. The contrast ratio is
defined as the larger of the two transmittance values
divided by the smaller of the two values. The intensity
of the UV irradiation dependence of the V/,;, and the
Via: 1s shown in Figure 6(a). It can be found that both
the V', and the V,; decreased with increased intensity
of UV irradiation, which was due to the elastic inter-
action between the polymer network and the LC mole-
cules getting stronger, owing to a more and more
dense polymer network from the increasing intensity
of UV irradiation, so less energy was needed to com-
plete the unwind process. Figure 6(b) shows the inten-
sity of the UV irradiation dependence of the T, and
the T, The T,, decreased with increased intensity of
UV irradiation, whereas T, increased with increased
intensity of UV irradiation, which was because less
time was needed for the LC molecules to unwind the
helical structure, while more time was needed for the
LC molecules to go back to the original helical struc-
ture with increased intensity of UV irradiation, since
the elastic interaction between the LC molecules and
the polymer network was getting stronger with the
increased intensity of UV irradiation. The intensity
of the UV irradiation dependence of the contrast
ratio is shown in Figure 6(c). The contrast ratio
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Figure 6. Plot of the intensity of the UV irradiation dependences of (a) V;;, and V,, (b) T,, and T, and (c) contrast ratio for

samples A1-AS.

Figure 7. SEM photographs of the homeotropically-oriented polymer network for samples B1-B4.

increased as the intensity of the UV irradiation
increased. This was because the increasingly dense
polymer network from the increased intensity of UV
irradiation could lead to a more scattering domain.
Figure 7 shows the SEM photographs of the home-
otropically-oriented polymer network for samples
B1-B4. It can be found that the size of the meshes of
the polymer network increased with increased curing
temperature. It is known that the viscosity of the LC
system in the samples decreased with an increased
curing temperature; the diffusion speed of the mole-
cules is less limited, so the size of the meshes of the
polymer network increased with the increased curing
temperature. This can be further explained as follows.
The formation of the polymer network results from
the competition process between nucleation and the
growth of the initial nucleus. At lower temperatures,
since the diffusion rate is proportional to the activa-
tion energy, the activity of the prepolymer is slow, that
is, the growth speed of the initial nucleus is slow. Since
the speed of the nucleation of the polymer network is
hardly affected by curing temperature, which was
mainly determined by UV irradiation intensity, the
density of the polymer network is relatively high. At
higher temperatures, the movement of the prepolymer

becomes faster, that is, the growth speed of the initial
nucleus becomes faster, while the variation of curing
temperature has almost no effect on the speed of
nucleation of the polymer network. Hence, the density
of the polymer network decreased.

Figure 8 shows the temperature dependence of the
transmittances for different curing temperatures pre-
pared from samples B1-B4. It could be known that the

100
—v—B1
—-—B2
—e—B3
80 —A—B4|

Transmittance / %

310 312 314 316
Temperature / K

0 1
306 308

Figure 8. Plot of the temperature dependence of
transmittance for samples B1-B4.
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speed of the transition of samples B1-B4 from the
transparent state to the light scattering state increased
with increased curing temperature. This was because
the size of the meshes of the homeotropically-oriented
polymer network became increasingly large with the
increased curing temperature mentioned above, then
the switching process from the transparent state to the
light scattering state was influenced by the polymer
network with different meshes.

The curing temperature dependence of the electro-
optical properties for the composites prepared from
samples B1-B4 is shown in Figure 9. Figure 9(a) shows
the curing temperature dependence of the voltage. The
V., and the Vy,, both increased with increased curing
temperature. Since the elastic interaction between the
polymer network and LC molecules became weaker,
owing to the greater number of large voids in the
polymer network from the increased curing tempera-
ture, more energy was needed to realise the unwind
process. Figure 9(b) shows the curing temperature
dependence of the T,, and the T, The T, increased

Liquid Crystals 171

with increased curing temperature, whereas the T,
slightly decreased as the curing temperature increased.
Since the elastic interaction between the LC molecules
and the polymer network was getting weaker with the
increased curing temperature as mentioned above, it
takes more time for the LC molecules to unwind the
helical structure, while less time was needed for the LC
molecules to go back to the original helical structure.
The curing temperature dependence of the contrast
ratio is shown in Figure 9(c). The contrast ratio
decreased with increased curing temperature, which
was because fewer scattering domains were obtained,
owing to the greater number of large voids in
the polymer network from the increased curing
temperature.

Figure 10 shows the photograph of the cell. When
the environmental temperature became higher than
the SmA—-N* phase transition temperature, the cell
changed from the transparent state, as shown in
Figure 10(a), into the light scattering state as shown
in Figure 10(b), and vice versa.

Voltage / V
8
UL il TErT

(b)

Time /ms
0w
L

Contrast

23R

(=X -1

T I/*l
- !

\ (c)
*

1 1 1 1 L

282 284 286 288 290

292

294 296 298 300 302

Temperature /| K

Figure 9. Plot of the intensity of the curing temperature dependences of (a) V;;, and V,,, (b) T,, and T,;rand (c) contrast ratio

for samples B1-B4.
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Figure 10. Photographs of the cell switching between the transparent state and the light scattering state.
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4. Conclusions

In this study, the polymer network/LC/chiral dopant
composite film prepared from the photo-polymerisa-
tion of a LC monomer/LC/chiral dopant/photoinitia-
tor mixture was prepared and the effects of the
preparation conditions of the film on its thermo-
optical and electro-optical properties were studied.
The results indicate that increased intensity of UV
irradiation led to a denser polymer network with smal-
ler voids, whereas a polymer network with a greater
number of large voids is obtained with increased cur-
ing temperature. The speed of the transition from the
transparent state to the light scattering state is slightly
influenced by the polymer network. The switching
characteristics between the light scattering state and
the transparent state of the N* phase were also stu-
died. Both the V7, and the V,,, decreased and increased
with increased intensity of UV irradiation and the
curing temperature, respectively. The T,, decreased
and increased with increased intensity of UV irradia-
tion and the curing temperature, respectively, while
T,;rhad the opposite changing tendency. It is believed
that the film has great potential for alarm devices for
overheating or other thermo-electrical sensors.
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