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A bandwidth-controllable reflective gel has been investigated from photo- and thermally-induced processes. Due to
the pitch of cholesteric liquid crystal (CLC) composite increasing as the temperature rises, the CLC with short pitch
is frozen by UV-curing the polymer network at low temperature and the CLC with long pitch is fixed by heat curing
the polymer network at high temperature. A non-uniform pitch distribution of CLCs forms in the gel when
temperature becomes low. It is demonstrated that the memory effect of the polymer network is an important
mechanism for the resulting gel.
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1. Introduction

The use of polymer network to stabilise and modify

cholesteric liquid crystal (CLC) phases for display-

based applications has recently become widespread

[1–6]. A polymer-stabilised cholesteric liquid crystal

(PSCLC) is generally produced by photopolymerisa-

tion of a relatively small amount of a photo-reactive,

bifunctional monomer and chiral dopant dissolved in

the liquid crystal. The monomers are often mesogenic
themselves and often contain end-standing acrylate or

methacrylate functional groups, which are poly-

merised through a radical-chain polymerisation in

the presence of a photo initiator and illumination

with ultraviolet (UV)-light. PSCLC’s fabrication

implies an understanding of the relationship among

monomer constitution [7], polymerisation conditions

[8,9], network morphology [10–14] and electro-optical
performance [15,16].

Recently, much attention has been focused on non-

uniform pitch distribution and polymer network in

PSCLC to obtain the effect of wide-band reflection

[17,18]. A UV-absorbing dye was used to create an

intensity gradient of the UV-light through the thick-

ness of a solid CLC polymer network [19,20]. Yang

et al. [21] obtained wide-band reflective polariser, in
which the bandwidth of the selective reflection spec-

trum of CLC becomes wider and narrower reversibly

with increasing and decreasing temperature. However,

the LC devices using both UV-light and heat curable

monomers to frozen CLCs in the visible spectrum are

less reported.

The present work developed a single-layer CLC

composite cell prepared by photo-polymerisation at

low temperature and heat-polymerisation at high tem-

perature in sequence. The previous work showed that
the heat curable monomers did not take part in the

UV-curing process [22]. Due to the pitch of CLC

composite increasing as the temperature rises, the

CLCs with short pitch are frozen by UV-curing the

polymer network at low temperature and the CLCs

with long pitch are fixed by heat curing the polymer

network at high temperature. A non-uniform pitch

distribution forms in the cell when temperature
changes. The location of the reflection band can be

controlled through species of heat curable monomers.

The mechanisms of forming non-uniform pitch distri-

bution are studied in detail and the experiments clar-

ifying the controllable reflection are described.

2. Experiments

2.1 Materials

In this study, nematic mesogens (SLC-1717,
TN-I ¼ 92�C, Slichem Co. Ltd), rigid chain heat

curable monomers, diglycidyl ether of bisphenol

F (DGEBF, EPON 862, Zhaochang Int’I Trade

[Shanghai] Co. Ltd.), 4, 40-Diamino dicyclohexyl

methane (PACM, Dow Chemicals Co. Ltd), flexible

chain heat curable monomers, 2, 20-(ethylenedioxy)bi-

s(ethylamine) (EDBEA, Alfa Aesar, Johnson Matthey

Co.), ethylene glycol diglycidyl ether (EGDE,
XY 669, Anhui Hengyuan Chemical Co. Ltd),
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photo-polymerisable monomer, 1, 4-di-[4-(6-acryloy-

loxy) hexyloxy benzoyloxy]-2-methyl benzene (C6M),

chiral dopant, (þ)-1, 10-binaphthyl-2, 20-diylbis(40-(2-

methylbutyl)biphenyl-4-carboxylate) and photo-

initiator, 2, 2-dimethopxy-1, 2-diphenyl-ethanone

(IRG651, TCI Co. Ltd) were used. Chiral dopant

above was lab-synthesised [23]. C6M was synthesised
according to the method suggested by D.J. Broer [24].

Figure 1 shows the chemical structures of these

materials.

Sample 1 with rigid chain heat curable monomers,

Sample 2 with flexible ones and Sample 3 without heat

curable monomers were prepared. The weight ratios (%)

of Samples 1, 2 and 3 were SLC-1717/CD/DGEBF/

PACM/C6M/IRG651 ¼ 82.7/5.0/4.0/2.0/6.0/0.3, SLC-
1717/CD/EGDE/EDBEA/C6M/IRG651 ¼ 82.7/5.0/

5.0/1.0/6.0/0.3 and SLC-1717/CD/C6M/IRG651 ¼
88.7/5.0/6.0/0.3, respectively.

2.2 Characterisation and measurements of samples

The optical textures of samples were observed by a

polarising optical microscope (POM, Olympus BX51)
with a hot stage calibrated to an accuracy of � 0.1�C
(LinkamTHMS-600). The differential scanning

calorimetric (DSC, PerkinElmer Pyris 6) analysis was

carried out with a heating and a cooling rate of

10�C min-1 under a dry nitrogen purge. The reflection

spectra were obtained by UV/VIS/NIR spectrophot-

ometer (JASCO V-570) in reflection mode at normal

incidence. The morphology of the polymer network of

the PSCLCs films was studied by scanning electron
microscopy (SEM, Leicas 440I). The film was first

separated, dipped into n-hexane for 24 h at room tem-

perature, and then the polymer network was dried for

12 h under a vacuum. The films were sputtered with

carbon before the observation of the microstructure of

the polymer network under SEM.

2.3 Preparation of the samples

The cell’s two inner surfaces with polyvinyl alcohol

(PVA) layers were rubbed in perpendicular directions

to provide a homogeneous orientation of LC mole-

cules. 60-mm thick polyethylene terephthalate (PET)

films were used as a spacer of the cells. All the mixtures

exhibited a cholesteric phase at room temperature and

were filled into the cell by capillary action. The com-
posite exhibited a planar texture when it was filled into

the cell under homogeneous boundary conditions.

The PSCLC cells reflecting visible light flux range

were prepared by carrying out the following proce-

dure. At first, the cells of Samples 1, 2 and 3 were

irradiated with UV-light (1.0 mW cm-2, 365 nm) for

1 h at 20�C, during which a polymer network was

formed from the photo-polymerisation of C6M.
Following that, the cells of Samples 1 and 2 were

heated in an oven for 4 h at 55�C, and the heat curable

monomers formed a polymer network through heat-

polymerisation. The heat curable temperature was

lower than the clear point of samples. Finally, the

cells were kept at room temperature.

3. Results and discussion

The phase transition temperatures of Samples 1–3

were measured by DSC as shown in Figure 2. The

clear points of Samples 1–3 are 60.0, 61.6, and
76.1�C, respectively.

The sol/gel and FT-IR methods were used to deter-

mine the heat curable conditions including the reac-

tion degree and heat curable time. Figure 3(a) shows

that the gel fraction of rigid chain heat curable mono-

mers increased with heat curing time and changed little

from a value of about 94 wt% after a heat curing time

of 4.0 h. In the sol/gel method, the heat monomers
were coated on a glass substrate, then the heat curing

process was applied. The solid film was peeled off

from the glass substrate. The soluble materials in

the solid films were extracted in acetone for 72 h and
Figure 1. Chemical structure of photo-polymerisable
monomer, heat curable monomers and chiral dopant.
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the extracted films were then dried in a vacuum at

60�C for 24 h. The gel fraction was taken as the ratio

of the weight of the extracted film to that of the non-

extracted one and three parallel groups of Samples

were weighed to obtain an average value. In the FT-

IR spectrum, an absorption peak at 916 cm-1 is the

observed character of the epoxy ring as shown in

Figure 3(b). By comparing the peak areas of epoxy
ring with heat curing time increased, we concluded

that it changed little after a heat curing time of about

4.0 h which indicates that 4.0 h is a suitable heat curing

time of rigid chain heat curable monomers.

Figure 4(a) and (b) shows the sol/gel fractions

curve and FT-IR spectrum of flexible chain heat cur-

able monomers. 6.0 h is a suitable heat curing time of

flexible chain heat curable monomers.
A well oriented planar texture plays a crucial role in

the optical performances of prepared CLC composite

cells. It is well known that the light scattering phenom-

enon occurs due to a focal conic texture exhibiting

polydomains. As shown in Figure 5, the prepared

CLC composite has a good planar Grandjean texture

before and after UV- and heat curing, so the orientation

of the helical axis is not altered by the dual process.

Figure 3. The rigid chain heat curable monomers. (a) The
time dependence of gel fractions. (b) FT-IR curves of the
reaction.

Figure 2. The DSC thermogram of Samples 1, 2 and 3
before polymerisation.

Figure 4. The flexible chain heat curable monomers. (a)
The time dependence of gel fractions. (b) FT-IR curves of the
reaction.

Figure 5. POM photographs of Sample 1 (a) Before UV-
and heat curing. (b) After UV-curing but before heat curing.
(c) After UV- and heat curing.
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The temperature dependences of the helical pitch

for Samples 1, 2 and 3 before polymerisation are

shown in Figure 6(a). The helical pitches are measured
by the Cano-wedge method [25]. The pitch length of

Samples 1, 2 and 3 increases with the increase of

temperature. This is due to the fact that the helical

twist power (HTP) of the chiral dopant decreases as

the temperature increases. Figure 6(b) shows that the

reflection spectrum of Sample 1 shifts to longer wave-

length with the increase of temperature, measured by a

UV/visible/near infrared spectro-photometer. It can
be found that the band widths are located in the wave-

length of 535, 565, 616, 675, 711 and 769 nm at 20, 30,

40, 50, 55 and 58�C, respectively. At 58�C which is

close to the shear point, the reflection intensity is only

30%, while at 55�C it is 40%, so the heat curable

temperature at 55�C is suitable. Figure 6(c) shows

the reflection spectra of Samples 1, 2 and 3 before

and after polymerisation, respectively. Because

Samples 1, 2 and 3 reflect right-circularly light, the

three samples reflect nearly 50% of the incident light
before polymerisation, as shown in Figure 6(c)

(Curves 1, 3 and 5). Curves 2 and 4 show that the

bandwidth of the spectra of Samples 1 and 2 become

broadened after both UV- and heat curing. It should

be noted that Samples 1 and 2 reflect the visible light

flux range of 530–730 nm and 520–640 nm after poly-

merisation, respectively. The bandwidth of Sample 3

without heat curable monomers makes little change as
can be seen from Curve 6, indicating that the reflection

locations and bandwidth could hardly be influenced

by heat curing. The reflection property of Samples 1

and 2 after curing shows that the distribution of the

cholesteric periodicity with long pitch in CLC gel has

been frozen during heat curing.

In order to evaluate the influence of cholesteryl

composites’ chemical structure on the polymer net-
work, Figure 7(a) and (b) shows the SEM micrographs

of polymer network obtained under heat curing process

Figure 6. (a) Variation of the helical pitch of Samples 1, 2
and 3 with temperature. (b) The reflection spectrum of
Sample 1 shifts to longer wavelength as temperature
increases. (c) The reflection spectra of Samples 1, 2 and 3
before polymerisation (curves 1, 3 and 5) and after
polymerisation (curves 2, 4 and 6), respectively.

Figure 7. SEM images of the polymer network. (a)
Formed by rigid chain heat curable monomers. (b) Formed
by flexible chain heat curable monomers.

314 R. Guo et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



with rigid chain heat curable monomers and flexible

chain ones, respectively. Corresponding to using flex-

ible chain heat curable monomers, rigid chain ones lead

to a polymer network with smaller voids. It is often
argued that the network morphology is due to the

nature of the functional moiety and the flexibility of

the chains attached to the mesogenic core. However,

there is evidence that smaller voids networks are good

for fixing CLCs [26]. The polymer morphology ensures

memory effects of the orientational order present when

its formation occurs (anisotropic growth of polymer

units, for example, oriented fibres). Therefore, the
long pitch of CLCs is stabilised easily by the rigid

chain heat curing polymer network because of better

anchoring effect and the reflective visible light flux

range of Sample 1 becomes wider than Sample 2 as

can be seen from Figure 6(c) (Curves 2 and 4).

Figure 8(a) provides macroscopic evidence by dis-

playing the photograph of a large-sized homemade cell

filled with Samples 1 and 3 step by step. Before poly-
merisation, greenish and bluish parts represent the

mixture of Sample 1 and Sample 3, respectively. The

heat curing process was stepped by a sufficient

UV-curing procedure. After the reaction finished, the

cell was placed under room temperature. Because of

the addition of heat curable monomers, the colour of

the part corresponding to Sample 1 turned to yellow

with a red as shown in Figure 8(b), while the part
corresponding to Sample 3 without heat curable

monomers remained blue after polymerisation. From

the colour changes of the liquid crystal cell we can

conclude intuitively that the CLCs with long pitch

were fixed by a heat curing network at 55�C. Thus, a

colour filter may be prepared via dual UV-light and

heat controlling as can be seen from schematic illus-

tration in Figure 8(c).
A conceivable explanation is given considering

that anchoring effect of the polymer network and the

change of pitch length in cholesteric blend when tem-

perature changes. Figure 9(a) shows the schematic

representation of CLC molecules and the UV-curing

polymer network after photo-polymerisation in

Samples. In some regions, the alignment of the CLC

molecules which are the nearest to the UV-curing
polymer network is well stabilised and the rearrange-

ment of CLC molecules with the change of tempera-

ture is difficult. Because the HTP of the chiral dopant

decreases with the increase of temperature, the pitch

length of the blend has tendency to increase as the

temperature rises. In some regions, the anchoring

effect of the UV-curing polymer network is not

enough to prevent the CLC molecules from rearran-
ging. The pitch lengths of the helical structure of the

CLC domains in these regions increase with the

increase of temperature. At a higher temperature, the

heat curing polymer network is formed after heat-

polymerisation, as schematically shown in Figure

9(b). After the formation of the heat polymer network,

the longer pitch of CLC in the specified regions sur-

rounded by the heat polymer network is frozen. Thus,
the cell characteristic that reflects a wide-band is

attributed to the CLC composite with various pitches

being dispersed in two distinct environments: the UV-

curing network-dominated regions and the heat curing

network-dominated ones.

4. Conclusions

From the above discussion, it is clear that the band-

width of the reflection spectrum of the developed com-

posites can be prepared from photo- and thermally-

induced processes. By varying the species of heat

curable monomers, the reflection bandwidth and its
location, in the range of visible region, could be con-

trolled. This result is discussed in relation to the varia-

tion of the characteristics of reflection band, which

offers an indirect access to the volume distribution of

Figure 8. (a) The picture of Samples 1 and 3 before UV-
and heat curing. (b) The picture of Samples 1 and 3 after UV-
and heat curing. (c) The schematic representation of
reflected various visible light colour filter.

Figure 9. Schematic representation of the arrangement of
LC molecules and monomers when the polymerisation
conditions change. (a) UV-curing, (b) heat curing.
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the cholesteric periodicities. In view of practical appli-

cations, broadband reflective cholesteric gels may be of

interest for colour filters or for the brightness enhance-

ment films and smart switchable reflective windows.
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