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a b s t r a c t

Polymer stabilization of a single cholesteric LC mixture with a short pitch has been performed at different
temperatures near the transition from nematic to isotropic phases. Depending on the stabilization
temperatures, the LC/polymer composites under applied electric field exhibit significantly different
electro-optic properties. Although, in all cases, optical birefringence is induced by the Kerr effect from
initially optically isotropic LC states, phase structures, morphology of the stabilizing polymer networks,
and electro-optic properties such as contrast ratio, hysteresis and threshold voltage of the cells, crucially
rely on the stabilization temperatures. Based on the polymer morphology and electro-optic character-
istics, we conjecture that the stabilization temperature affects the nanoscopic structure of LC phase prior
to and consequently after the polymer stabilization.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently commercial liquid crystal displays utilize the nematic
LCs with various operating modes such as twisted nematic (TN), in-
plane switching (IPS) [1], fringe-field switching (FFS) [2,3] and
multi-domain vertical alignment (MVA) [4]. Although they have
been achieved a great deal of improvements on display qualities,
still challenging demands exist in the field such as, especially, fast
response time, high contrast ratio, wide viewing-angle, low cost,
and low energy consumption.

Very recently, blue phase and nanostructured LCs of short pitch
cholesteric liquid crystals have attracted great attentions due to their
promising properties for display applications [5e7]. Superiority of
these modes mainly stems from their optical isotropy, originated
from nanoscopic organizations of cholesteric LCs. For both cases,
optical isotropymakes an ideal dark state evenwithout use of optical
compensation films and thus realize high contrast ratio of devices. In
addition, no surface treatment for LC alignment is necessary so that

the simpler process can reduce a production cost, and sub-milli-
second response time facilitates fast moving pictures of displays
[8e12]. Polymer stabilization was previously proposed, for practical
applications, to solve the hurdles such as a temperature range of
a panel operation for the cholesteric blue phase and induce an opti-
cally isotropic nanostructured cholesteric LC phase [8,9,12,13].

In these optically isotropic LC states, a field-off state under
crossed polarizers is completely dark (i.e., ideal off-state) according
to nanoscopic organizations. In the presence of an electric field,
optical birefringence of LC is induced in a practical range of applied
voltage due to its intrinsic liquid crystalline order and its magni-
tude is determined by,

Dni ¼ lKE2

where Δni is the induced birefringence, l is the wavelength of an
incident light, K is the Kerr constant of the LC mixture and E is an
electric field [9]. The normalized transmittance of the device
associated with a phase retardation can be described as follows:

T=T0 ¼ sin22jðVÞsin2ðpdDniðVÞ=lÞ
Where j(V) is a voltage dependant angle between one of the
transmission axes of the crossed polarizers and the LC director, d is
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thickness of LC layer with induced birefringence, and Dni (V) is
induced birefringence as function of applied voltage. In order to
maximize the transmittance, j should be equal to 45� and dDni
should be l/2 [14].

In this report, we have studied the effects of a stabilization
temperature on electro-optic properties and network morphol-
ogies of the polymer-stabilized short pitch cholesteric LCs. For the
study, a single cholesteric mixture with the blue phase was stabi-
lized by photo-polymerization of reactive mesogens in the mixture
at different temperatures near the blue phaseeisotropic transition.
The electro-optic characteristics and network morphologies
formed at different temperatures imply that the blue phase breaks
up into domains smaller than wavelengths of visible light while
temperature is approaching to the isotropic transition from the
blue phase.

2. Experiments

2.1. Preparation of electro-optic cells

For the experiments, electro-optic cells with interdigitated
electrodes were fabricated [15]. The bottom substrate consisted of
pixel electrodes with patterned indium-tin-oxide (ITO) and
common electrodes with patterned MoeTi alloy on a flat glass. The
width and separation of patterned-electrodes with a wedge shape
were 4 mm and 6 mm, respectively [15]. Plastic balls with 6 mm
diameter were used to maintain the gap between top and bottom
substrates. The measured gap of empty cells prior to LC load was
6.0 � 0.1 mm. The dimension of cells used for experiments were
3 cm � 3.2 cm with an active area of 2 cm � 2 cm.

2.2. Preparation of LC mixture

Our sample was a mixture of the nematic liquid crystal, chiral
dopants, reactive monomers, and a photoinitiator (Irgacure 651,
Ciba Additive Corp.) The nematic LC used was a cyano-biphenyl
type mixture purchased from Merck. We used two reactive
monomers, nonmesogenic Ethylhexyl acrylate EHA (Aldrich) and
the nematic mesogen RM 257 (Merck). The chiral dopants were ZLI
4572 and CB-15 both from Merck. The sample components were
mixed in the following weight ratio: nematic LC (33.0), chiral
dopants (18.5), RM 257 and EHA (47.9), and photoinitiator (0.6).

2.3. Polymer stabilization

The mixture was then filled into 6 mm-thick electro-optic cells
described above at isotropic temperature (100 �C). The samples
were cooled to stabilization temperatures and annealed at least for
5 min before the exposure with UV-light which initiate photo-
polymerization of reactive monomers. The samples were exposed
with UV-light generated by an HgeXe source L9588-01 (Hama-
matsu) for 2 h with an intensity of 5 mW/cm2. The exposure
conditions were the same for three samples except for the stabili-
zation temperatures.

2.4. Polarizing optical microscopy

The cells loaded with a cholesteric mixture were placed under
Nikon DXM1200 polarizing optical microscope with crossed
polarizers in a transmission mode. The optical textures and elec-
tro-optic switching behaviors were examined before and after
polymer stabilization at different temperatures. The microphoto-
graphic images were recorded using a Nikon digital camera
DXM1200.

2.5. Electro-optical measurements

The electro-optical textures of the test cells were observed by
the optical polarizing microscope (Nikon DXM1200) by applying

Fig. 1. Polarizing optical micrographs of the LC mixture confined in a Super IPS cell
prior to the polymer stabilization: at (a) TBP, (b) TOILC1, and (c) TOILC2. The inset arrows
represent polarizer directions. The scale bars correspond to 50 mm.
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square waveform electric field at 60 Hz. The optical transmittance
was calculated using an image analyzer i-solution (iMTechnoloy).

2.6. Scanning electron Microscopy

For the SEM experiment, cells were fabricated using bare glasses
as substrates to avoid nonuniform exposure of UV-light across the
sample. The samples with bare polymer networks were prepared
by selectively dissolving LCs in hexane. After removal of LCs and
solvent, a thin gold layer was deposited. The polymer network
morphology was then observed using a field emission scanning
electron microscope (S-4300SE, Hitachi) operated at 10 kV in
secondary electron imaging mode.

3. Results and discussion

The cholesteric mixture used in our experiments exhibits the
cholesteric phase up to 90.0 �C. The blue phase (BP) with a platelet
texture appears at the temperature ranging from 90.0 �C to 92.0 �C.
On further heating, the sample turns into dark grayish state under
crossed polarizers. The mixture reaches to a complete isotropic
phase at 95.0 �C. The mixture confined in standard cells at room
temperature displays a typical Grandjean texture, where the
cholesteric helical axis is aligned normal to the substrates with
some disclination lines. In the blue phase, characteristic platelet
textures were observed. The size of platelets with a blue or
yellowish green color ranges about 10e30 mm. As temperature
approaches to the isotropic transition, the optical image turns into
more grayish and darker state as seen in Fig. 1a displays a typical
platelet texture of the blue phase confined in the cell at 90.2 �C.
Fig. 1b (93.8 �C) and 1c (100 �C) show a decrease in optical trans-
mission, indicating a transformation to a more optically isotropic
structure. It is important to note that the optical images were
obtained at the elevated backlight intensity and a sensitivity of the
digital camera in the latter two cases. Since structures of these

states are unclear at this stage, we label each phase OILC1 and OILC2
with corresponding temperatures TOILC1 and TOILC2, respectively. It
should be emphasized that this state is crucially different from the
isotropic phase although it appears to be a transition to isotropic
phase. Due to the small Kerr effect of the isotropic phase, no
noticeable optical birefringence was observed by applying electric
field up to breakdown voltage. However, for the OILC1 and OILC2,
relatively small electric field could induce large optical birefrin-
gence. This strongly indicates that the local molecular ordering in
the OILC1 and OILC2 states is mesomorphic and thus results in
a much larger Kerr constant compared to the isotropic phase.

Fig. 2aec show polarizing optical micrographs of the samples
after polymer stabilization facilitated by photo-induced polymeri-
zation of reactive monomers in the LC mixture. In Fig. 2a, stabilized
at the temperature (TBP ¼ 90.2 �C) of a blue phase, the platelet
boundaries are less noticeable and colors due to a selective
reflection of the BP shifted towards a blue. This implies that a pitch
of the cholesteric LC becomes shorter after the reactive monomers
are phase separated and forms polymer networks that stabilize the
BP phase of a host LC mixture. However, no clear difference in the
POM images was observed during stabilization of OILC1 and OILC2
states as shown in Fig. 2b and c. For all cases, the cholesteric
Grandjean texture was not observed at room temperature. This
ensures that all three different states were stabilized and retained
their microscopic organizations by the internal polymer networks.
It is obvious that the composition of a liquid crystalline cholesteric
mixture was significantly altered by the phase separation of reac-
tive mesogens into polymerized solid networks. As a result, the
phase transition temperature from liquid crystal to isotropic liquid
phase is also significantly shifted to 70.0 �C after the polymer
stabilization (i.e., 25 �C difference between before and after poly-
merization). This was confirmed by the field-induced birefringence
as a function of temperature. However, no measurable difference in
the transition temperature was observed among three samples
stabilized at different temperatures.

Fig. 2. Polarizing optical microphotograghs of the polymer-stabilized LCs in a Super IPS cell without (aec) and with (def) 6 V/mm of applied electric field at room temperature:
Stabilized at (a, d) TBP, (b, e) TOILC1, and (c, f) TOILC2. The inset arrows represent polarizer directions and can be applied for all images. The scale bars correspond to 100 mm.
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For the samples obtained at the TBP and TOILC2, a significant
amount of birefringencewas induced by applying about 6 V/mmand
continuously increases with field strength. For the sample formed
at the TOILC1, however, the threshold field for an induced optical
birefringence was much higher and the bright-state of the cell was
limited compared to other samples as shown in Fig. 2def. It is
uncertain what is responsible for this result. By taking the dark
state (i.e., off-state) into consideration, the cell stabilized at the
TOILC2 exhibits the best contrast ratio.

Fig. 3 demonstrates an electro-optic hysteresis of the polymer-
stabilized LC composites. All three samples exhibit a large hysteretic
response upon applied electricfield. It is unclearwhat is responsible
for the hysteresis. Compared to the previous reports [16e18],
however, relatively large amount of reactive mesogen that was
a component of the LC mixture is separated during polymerization
reaction and becomes solid networks. Consequently, the cholesteric
pitch may be continuously altered by the progress of polymeriza-
tion. Presumably this is one potential source of a large hysteresis
compared to previous polymer-stabilized blue phase [16]. Although
a large portion of reactive monomer is beneficial for the stabiliza-
tion, another disadvantage of the system is more portions of the
composite sample that are not responsive to an electric field. This
may result in a low induced optical birefringence and thus limit the
maximum transmittance of a device. It should also be noted that, at
zero field, the original optical state (i.e., dark state prior to applying
electric field) is not completely restored after applying electric field
as seen in Fig. 3. To recondition the primitive stabilized state, sample
should be heated to the temperature employed for stabilization.

To investigate network morphology, we performed real-space
imaging of the bare network using a scanning electron microscope.
The representative SEM data obtained on multiple samples are
presented in Fig. 4a displays the network morphology formed in
the blue phase (i.e., polymerized at TBP). The bead-like polymer
aggregates are fused into clusters and they form a global structure
with regularly arranged empty tunnels that were occupied by LC
mixture. The LC tunnels are observed in all three primary directions
of the sample and the diameter of holes is approximately 800 nm.
On the other hand, the networks formed at the TOILC1 shown in
Fig. 4b exhibit features of more solid lumps. The LC channels (i.e.,
empty space in SEM image) are not vey well defined and the
regularity breaks in short distance range compared to that from the
blue phase. In case of the network obtained at the TOILC2, the local
morphology is similar to that from the blue phase. However, the

structure of a global network is significantly different. The clusters
of polymer aggregates are randomly oriented in this case and no
regular LC tunnels are observed. This may indicate that the struc-
ture of blue phase is completely disappeared due to either stabili-
zation temperature or phase separation of reactive mesogen RM
257 from the LC mixture. The optical isotropy may be attributed to
the random nanoscopic structure of small domains with a nematic
LC order for both before and after stabilization.

It is well documented that the reactive mesogens polymerized
in the LC media can be phase separated into specific areas, and thus

Fig. 4. The SEM micrographs of polymer networks formed at (a) TBP, (b) TOILC1 (c)
TOILC2. All images were taken from the normal view to the substrate. The scale bars
represent 500 nm. The distinct network morphologies represent a crucial difference
for the structures of a host LC.

Fig. 3. Electro-optic hysteresis of the polymer-stabilized LCs formed at TBP (blue dotted
line), TOILC1 (black broken line), and TOILC2 (red solid line). The arrows represent
increase and decrease of an applied electric field.
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form patterned networks [19e22]. Since the network structure
reflects orientational and spatial order of host LCs, it is useful to
conjecture the director configuration of host liquid crystals. In this
regard, our SEM observation strongly suggests that the BP, OILC1
and OILC2 phases bear different macroscopic structures at the
conditions prior to polymer stabilization. Therefore they result in
morphological difference of the networks. This conclusion is also
supported by the distinct optical and electro-optical characteristics
of the phases before and after polymerization. Although all phases
have locally nematic order, their global organizations are dissimilar
each other and hence show distinct E.O. behaviors. It should be
noted that the cholesteric pitch of LC mixture can continuously be
changed during polymerization because the large amount of RM
257 are polymerized and phase separated from the mixture. This
may alter the physical properties, phase transition, and thus
structure of LC phases.

4. Conclusions

The polymer-stabilized optically isotropic phases of short pitch
cholesterics, obtained at different temperatures near the BP to
isotropic transition, exhibit distinct optical, electro-optical and
morphological characteristics. The long range structure of a blue
phase in a platelet texture breaks up into smaller domains by the
increase of temperature before the mixture reaches to the isotropic
phase. The LC mixture forms random nanostructure while maintain-
ing nematic LC order near the nematic to isotropic transition. These
can be successfully stabilized using photo-polymerization of reactive
mesogens and consequently a temperature range for the optically
isotropic phases is dramatically expanded to a room temperature.
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