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A photopolymerisable monomer/liquid crystal (LC)/chiral dopant/photoinitiator mixture with a smectic A
(SmA*)–chiral nematic (N*) phase transition was prepared. After the SmA* phase was homeotropically oriented
and then irradiated by ultraviolet light, a homeotropically oriented polymer network was formed in the SmA*
phase and then a homeotropically oriented polymer network-stabilised liquid crystal (PSLC) film with a SmA*–
N* phase transition was prepared. In the temperature range of the SmA* phase, the LC molecules were
homeotropically oriented and the film exhibited a transparent state. However, in the temperature range of the N*
phase, the film exhibited a strong light-scattering state owing to the fact that the LC molecules adopted a focal
conic alignment affected by the homeotropically oriented polymer network. The strong light-scattering state of
the N* phase could be changed into a transparent one when an electric field was applied. The focus of this study
was on the effects of composition of the PSLC film on its thermo-optical and electro-optical properties.

Keywords: PSLC; smectic A–chiral nematic transition; thermo-optical properties; electro-optical properties

1. Introduction

Polymer-stabilised liquid crystal (PSLC) films have

provided a new field of LC science and technology (1–

15), in which a desired macroscopic orientation of LC

directors can be stabilised (1–8) or frozen (9) by the

crosslinked network dispersed within the LC. For

example, a three-dimensional cubic structure with

lattice period of several hundred nanometres in its

blue phase, of which the temperature range is usually

less than a few kelvins, can be stabilised over a

temperature range of more than 60 K (5). The planar

molecular alignment of a chiral nematic (N*) phase can

also be stabilised in a chiral smectic A (SmA*) phase at

the macroscopic level, enabling the SmA* phase to

have optical characteristics similar to those of an N*

phase and the mechanical properties of a SmA* phase

(6). Moreover, PSLC films with gradient pitch

distribution and non-uniform pitch distribution have

also been prepared for use as brightness-enhancement

films in LC displays (7–12). In addition, PSLC films

have many other potential applications, including light

shutters (1–5), E-papers (6), wide-band polarisers (7–

12) and reflective LC displays (13–15).

The thermo-optical properties of a PSLC film

with a SmA*–N* phase transition have been studied

by Yang et al. (16). The PSLC film was prepared by

ultraviolet (UV) radiation-induced crosslinking

between the molecules of a photopolymerisable

monomer in the homeotropically oriented SmA*
phase of the photopolymerisable monomer/LC/

photoinitiator mixture with a SmA*–N* phase

transition. On heating the PSLC film from the

SmA* to the N* phase, a sharp change occurs from

a transparent to a light-scattering state. On cooling

from the N* to the SmA* phase, the PSLC film can

change from the light scattering to the transparent

state reversibly. However, the effects of the composi-
tion of the PSLC film on its thermo-optical properties

have not been studied.

In this paper, the effects of the composition 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 are reported.

2. Experiments

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

photoinitiator, 2,2-dimethopxy-1,2-diphenyletha-

none (IRG651, TCI Co., Ltd) were used. The

SmA LC was prepared from cyanobiphenyls

(nCBs). The nCBs and the photopolymerisable LC

diacrylate monomer, C6M, were synthesised accord-
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ing to the methods suggested by Gray et al. (17) and

Broer et al. (18), respectively. Figure 1 shows the

chemical structures and some physical parameters of

the above materials.

Preparation of samples

In order to induce homeotropic orientation of the LC

molecules, the inner surfaces of indium tin oxide

(ITO)-coated glass cells were treated with N,N-

dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl

chloride (DMOAP) solution (0.1% by volume in

water) (19). Poly(ethylene terephthalate) (PET) films

(20 mm thick) were used as the cell spacers.

To prepare the PSLC film, the samples of C6M/
LC/S811/photoinitiator mixtures were filled into the

cells by capillary action in the N* phase. Then the

homeotropically oriented SmA* phase of the sam-

ples was irradiated by UV light (365.0 nm,

1.1 mW cm22) for half an hour at 301.2 K to induce

crosslinking between the molecules of C6M in the

samples.

Measurements

The phase transition temperatures and the aggrega-

tion structure of the samples used were determined

using differential scanning calorimetry (DSC, Perkin-

Elmer DSC 6) at a heating rate of 10.0 K min21 and

polarising optical microscopy (POM, Olympus

BX-51) at a heating rate of 1.0 K min21. 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 networks for scanning

electron microscopy (SEM, Cambridge S360) obser-

vations were prepared in the following way. After UV

irradiation of the cell for photopolymerisation, the

sealant material of the cell was removed to allow

diffusion 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

substrate plus polymer network were coated with thin

gold layer to eliminate any electric charge problems

for SEM study.

Figure 1. Chemical structures and some physical parameters of the materials used.

1152 G. Pan et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



3. Results and discussion

The dependence on SLC1717 and S811 content of the

phase transition temperatures of SmA LC (nCB)/N LC

(SLC1717) and nCB/SLC1717/S811 composites is

shown in Figures 2 and 3, respectively. Figure 2 shows

that the temperature of the SmA–N phase transition for

the nCB/SLC1717 composite decreases with increasing

the content of SLC1717, owing to the fact that

SLC1717 is a N LC at room temperature, whereas

the temperature of the N–isotropic (I) phase transition

temperature of the composite increases with increasing

the content of SLC1717, owing to the N–I phase

transition temperature of SLC1717 being higher than

those of nCB. Figure 3 shows that the temperatures of

both the SmA*–N* and the N*–I phase transitions

decrease with increasing content of S811 because S811

is non-mesogenic. Thus, the SmA*–N* phase transition

temperature of nCB/SLC1717/S811 composite could be

changed by adjusting the composition. The composi-

tions of the studied samples are listed in Table 1.

In order to understand better the effect of the

polymer network on the thermo-optical properties of

the studied PSLC films, the thermo-optical properties

of sample C without polymer network was first

investigated. Figure 4 shows the temperature depen-

dence of the transmittance of sample C. Since the

inner surfaces of the cell containing sample C had

been treated for homeotropic orientation of LC

molecules, the LC molecules of the SmA* phase of

sample C were homeotropically oriented and the

SmA* phase was transparent. On heating sample C

from the SmA* to the N* phase, a sharp change in

the transmittance from about 95% to about 20%

occurred. On cooling sample C from the N* to the

SmA* phase at a rate of 1.0 K min21, the SmA*

phase was homeotropically oriented and became

transparent again. However, if the sample was

quenched in water at 273.2 K, the light-scattering

Figure 2. Variation with content of SLC1717 of the phase
transition temperatures.

Figure 3. Variation with content of chiral dopant of the
phase transition temperatures.

Table 1. Composition of the samples investigated.

Sample C6M/liquid crystal (nCB/SLC1717)/S811 /wt %

A1 2.0/91.1 (73.0/18.1)/6.9

A2 3.0/90.2 (72.2/18.0)/6.8

A3 4.0/89.3 (71.4/17.9)/6.7

A4 5.0/88.3 (70.6/17.7)/6.7

A5 6.0/87.4 (70.0/17.4)/6.6

B1 4.0/91.2 (77.5/13.7)/4.8

B2 4.0/90.2 (76.7/13.5)/5.8

B3 4.0/89.3 (75.9/13.4)/6.7

B4 4.0/88.3 (75.0/13.3)/7.7

B5 4.0/87.4 (74.3/13.1)/8.6

C 0.0/93.0 (69.7/23.3)/7.0

Figure 4. Variation with temperature of the transmittance
for sample C.
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state of the N* phase could mostly be stored in the

SmA* phase, and then the SmA* phase also exhibited

light scattering.

Figure 5 shows a schematic representation of the

preparation process of the expected PSLC film. At
first, the C6M/LC/S811/photoinitiator mixture was

filled into the cell and was cooled to the SmA* phase

of the mixture, as shown in Figure 5(a). On cooling

the mixture to the SmA* phase, the SmA* phase was

homeotropically oriented by the surface orientation

agent. After the SmA* phase was irradiated by UV

light, a homeotropically oriented polymer network

formed from crosslinking between the molecules of
C6M was formed in the SmA* phase; thus the PSLC

film was transparent, as shown in Figure 5(b). The

film could be changed to a strong light-scattering

state (Figure 5(c)) accompanied by a texture change

from the homeotropic texture of the SmA* phase to

the focal conic texture of N* on heating above the

SmA*–N* phase transition temperature, owing to

both the anchoring effect of the polymer network and
the orientation effect of the surface orientation agent.

Fundamentally, the long axes of LC molecules in the

vicinity of the homeotropic polymer tended to remain

perpendicular to the cell surfaces, whereas the

remaining LC relaxed back to the spiral structure,

i.e. a focal conic texture was formed as the result of

the competition between the intrinsic spiral structure

and the constraining effect of the polymer network

(3). The light-scattering effect was attributed to the

mismatch of refractive indices between the small focal

conic domains (20, 21). On being cooled from the N*

to the SmA* phase, the film went back to the
transparent state (Figure 5(b)). On application of an

electric filed, the strongly light-scattering state was

changed into the transparent one, owing to the fact

that the LC molecules with a positive dielectric

anisotropy were homeotropically aligned by the

applied electric field (Figure 5(d)).

Figure 6(a) shows the temperature dependence of

the transmittances for the composites prepared from
samples A1–A5. As can be seen from Figure 6(a), the

transition between the transparent state and strongly

light-scattering one was so sharp that it could be

realised in a temperature range of about 0.2 K when

the heating rate was 1 K min21. This is because the

SmA*–N* phase transition is a very weak first-order

or second-order transition (22, 23), and the tempera-

ture range of coexistence of SmA* and N* phases is
very narrow. The transmittance of transparent state

in the range of 80–90% showed excellent light

transmitting property, while the transmittance of

light scattering state of some of the samples was less

than 1.0%, showing good light-blocking properties.

The loss of light intensity in the transparent state was

mainly due to the reflections from the glass–air

Figure 5. Schematic diagram of film preparation.
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interfaces (3). If the thermo-optical contrast is

defined as the ratio of the highest transmittance in

transparent state to the lowest transmittance in light

scattering state, as shown in Figure 6(b), the thermo-

optical contrast peaked at 4.0 wt % of the polymer

network. This should be because the tendency for the

LC molecules to form a focal conic texture increased

with increasing the content of the polymer network

when the content was smaller than 4.0 wt %, whereas

the tendency for the LC molecules to be aligned

homeotropically affected by the polymer network

increased with increasing the content when the

content was larger that 4.0 wt %.

Figure 7(a) shows the temperature dependence of

the transmittance for the composites prepared from

samples B1–B5, and Figure 7(b) shows the depen-

dence on content of the chiral dopant of the thermo-

optical contrast, which shows that the thermo-optical

contrast peaks at 6.7 wt %. This result indicates that

the sample with 6.7% of chiral dopant had the

appropriate light-scattering domains with the fixed

content of the polymer network; in other words, the

pitch length was one of the factors determining the

light-scattering intensity. If the pitch was long, the

domain size was too large to scatter light strongly,

whereas in the opposite condition, the domain size

was too small to scatter light strongly.

Figure 8 shows the dependence on content of the

polymer network of the electro-optical properties for

the composites prepared from samples A1–A5. A

change from the focal conic texture (Figure 5(c)) to

homeotropic one (Figure 5(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

higher than a critical value, Ec~
p2

po

ffiffiffiffiffiffiffi

K22

eoDe

q

, was applied

Figure 6. Variation with (a) temperature of the transmittance and (b) with content of polymer network of the thermo-optical
contrast of samples A1–A5.

Figure 7. Variation with (a) temperature of the transmittance and (b) with content of chiral dopant of the thermo-optical
contrast of samples B1–B5.
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(24, 25). The measured electro-optical parameters

included the threshold voltage (Vth), the saturation

voltage (Vsat), the field-on response time (Ton) and

the field-off response time (Toff). The threshold

voltage (Vth) and the saturation voltage (Vsat) are

defined as the voltage required for the transmittance

to reach 10% and 90%, respectively. Ton and Toff are

defined as the time for the transmittance going 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 voltage

dependence of the transmittance is shown in

Figure 8(a) and the dependence on content of the

polymer network of Vth and Vsat is shown in

Figure 8(b). As can be seen in Figures 8(a) and

8(b), both Vth and Vsat decreased a little with

increasing polymer network content, which is due to

the elastic interaction between the polymer network

and LC molecules becoming stronger with increasing

content of the polymer network, so less energy was

needed to complete the unwind process. The depen-

dence on content of the polymer network of Ton and

Toff is shown in Figure 8(c). As shown in Figure 8(c),

Ton decreased with increasing content of the polymer

network, whereas Toff increased with the increase of the

content, which should be due to the fact that less time

was needed for the LC molecules to unwind their

helical structure. However, more time was required for

the LC molecules to go back to their original helical

structure with increasing content since the elastic

interaction between the LC molecules and the polymer

network became stronger with increasing content, as

mentioned above. The dependence on content of the

polymer network of the contrast ratio is shown in

Figure 8(d), which shows that the contrast ratio was a

maximum at 4.0 wt %. This resulted from the fact that

sample A3 had the maximum light-scattering intensity,

due to the reasons already mentioned.

Figure 9 shows the dependence on content of the

chiral dopant of the electro-optical properties. The

voltage dependence of the transmittance of the

samples with different content of the chiral dopant

is shown in Figure 9(a) and the dependence content

of the chiral dopant of the voltage is shown in

Figure 9(b). As can be seen in Figures 9(a) and 9(b),

Figure 8. Variation with (a) voltage of the transmittance and with content of polymer network of (b) Vth and Vsat, (c) Ton and
Toff and (d) contrast ratio for samples A1–A5.
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both Vth and Vsat increased with increasing content of

the chiral dopant and they had an approximately

linear dependence on the content. From the relation-

ship between the critical value of the electric field

(proportional to the voltage) and the pitch length of

the LC as mentioned above, it could be concluded

that Vth was in inverse proportional to the pitch

length of the LC. Meanwhile, it is well known that

the pitch length is inverse proportional to the content

of the chiral dopant. Therefore, there is a linear

relationship between the content of the chiral dopant

and Vth V! 1
P
!Cc

� �

, which could be verified from

Figure 9(b). From an energy viewpoint, it is reason-

able to propose that more energy was needed to

unwind the helical structure with the decreasing of

the pitch length resulting from the increasing content

of the chiral dopant. Figure 9(c) shows the depen-

dence on content of the chiral dopant of Ton and Toff.

As can be seen in Figure 9(c), Ton increased a little

with increasing content of the chiral dopant, whereas

Toff decreased. This result was in agreement with

toff ! 1
q2

0

! 1
C2

c
. The contrast ratio also peaked at about

6.7 wt %, which further verified that strong light

scattering was obtained when the size of the light

scattering domain is controlled to certain value.

Figure 10 shows SEM photographs of the poly-

mer network observed in different angles and

amplifications. As shown in Figure 1, the monomer

used comprises a mesogenic core, reactive end-groups

and flexible alkyl spacer chains between the core and

the end-groups (3, 26). The acrylate functional groups

are attached to both sides of the mesogenic core by a

flexible alkyl chain; the mesogenic core align the

individual monomer molecules with local liquid

crystalline order, whereas the flexible alkyl chains

allow adjacent cores to align themselves parallel to

one another during polymerisation (27). As men-

tioned above, the monomer was polymerised in

homeotropic SmA*; during photopolymerisation the

order of the SmA* phase was templated by the

forming polymer network, so it is reasonable to say

that the polymer network should be oriented homo-

etropically in the cell. Figure 10(a) shows the mor-

phology of fractured surface of homeotropically

Figure 9. Variation with (a) voltage of the transmittance and content of chiral dopant of (b) Vth and Vsat, (c) Ton and Toff and
(d) contrast ratio for samples B1–B5.
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oriented polymer network for sample A5 observing

with a 90u angle between the observing direction and

the normal direction of substrate surface from which

the fibrous polymer network perpendicular to the

substrate was observed. The polymer network com-

posed 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 LC. Generally, below

the solubility limit, undergoing a radical chain

polymerisation leads to smooth polymer network.

This behaviour may be understood in the context of

the Flory–Huggins model of polymer solubility,

which is the primary factor determining the network

morphology (28). As can be seen from Figures 10(b)

and 10(c), when observed parallel to the normal

direction of substrate surface, the formed fibre-shape

polymer aggregated together like walls to divide the

space into meshes in which the LC molecules existed.

The white region shown in Figure 10(b) is from the

aggregate effect of the polymer network.

Figure 11 shows the morphology of the polymer

network in the composites prepared from samples

A1–A5. As can be seen from Figure 11, the size of

meshes of the polymer network decreased in the

sequence. It is easy to understand that, increasing

monomer content leads to denser polymer networks

with smaller voids (29, 30). It has been demonstrated

by our experiments that the sample with a content of

more than 10.0 wt % polymer network could not

change to the light scattering state on heating from

the transparent state due to that the polymer network

was too dense, and the mesh size was so small that the

phase transition was completely limited by the

polymer network. So the elastic interaction between

the polymer network and the LC molecules had

already entered the ‘‘stable and clear’’ region (1).

Figure 12 shows the morphology of the polymer

network of the composites prepared from samples

B1–B5. As can be seen from Figure 12, the content of

the chiral dopant had little influence on the morphol-

ogy of the polymer network.

Figure 10. SEM photographs of the homeotropically oriented polymer network observed for angles between the observing
direction and the normal of the substrate surface of about (a) 90.0u, (b) 0.0u and (c) 0.0u with different amplification.
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Figure 13 shows photographs of the cell. When the

environmental temperature became higher than the

SmA*–N* phase transition temperature, the cell

changed from the transparent state (Figure 13(a)) into
the light scattering state (Figure 13(b)), and vice versa.

4. Conclusions

In this study, polymer network/LC/chiral dopant

composite films were prepared by photopolymerisa-

tion of LC monomer/LC/chiral dopant/photoinitiator

Figure 11. SEM photographs of the homeotropically oriented polymer network for samples A1–A5.

Figure 12. SEM photographs of the homeotropically oriented polymer network for samples B1–B5.
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mixtures and the effects of the composition of the

film on its thermo-optical and electro-optical proper-

ties investigated. The results indicate that the N*

phase of the sample with 4.0 wt % polymer network

and 6.7 wt % chiral dopant exhibited the strongest

light-scattering intensity. The switching characteris-

tics between the light-scattering state and the

transparent one of the N* phase were also studied.
Both of Vth and Vsat decreased and increased,

respectively, with increasing contents of the polymer

network and the chiral dopant. The Ton value

decreased and increased, respectively, with increasing

the contents of the polymer network and the chiral

dopant, whereas Toff had the opposite changing

tendency. SEM observation showed that increasing

content of the monomer led to denser polymer
network with smaller voids, whereas various content

of the chiral dopant had no effect on the morphology

of the polymer network. It is believed that the film

has great potential for alarm devices of overheating

or other thermo-electrical sensors.
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