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A polymer-stabilized (PS) blue phase liquid crystal (BPLC) with fast response time and large Kerr
constant is investigated by doping a low molecular weight monomer (N-vinylpyrrollidone) into a
conventional PS-BPLC consisting of BPLC, RM257, and 1,1,1-trimethylolpropane triacrylate.
With this polymer network system, Kerr constant and the response can be improved
simultaneously. Compared to the conventional PS-BPLC, Kerr constant of the proposed PS-BPLC
can increase by 54% and the response time can decrease by 23% at the same time. The contrast
ratio can be kept at a high level, over 1000:1 at 1 =633 nm. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4793416]

Polymer-stabilized (PS) blue phase (BP) liquid crystals
(PS-BPLCs) promise great potential applications in field
sequential displays,'? three-dimensional (3-D) tunable pho-
tonic crystals,™® and phase modulator devices,” owing to
their interesting features, including sub-millisecond response
time, optical isotropic dark status, no need for surface align-
ment layer, and periodic 3-D helical structure on the order of
the visible wavelength. However, some issues, such as high
driving voltage, residual birefringence, and hysteresis effect,
must be solved before BPLCs can be widely applied.®” To
improve the electro-optical performance of PS-BPLCs, sev-
eral approaches have been demonstrated. The driving voltage
can be reduced by protrusion electrodes,®” large Kerr con-
stant BPLC materials, and vertical field switching (VFS)
model.'”!" The hysteresis effect can be mitigated with weak
electric field'? and strong polymer network."?

According to Gerber’s model,14 the Kerr constant (K) is
approximated by the following equation:

K ~ AnAgeoP? ) (k. (21)?), (1)

where An is the birefringence, A¢ is the dielectric anisotropy,
P is the chiral pitch, and £ is the effective elastic constant of
the PS-BPLC. Several polar groups have been used to obtain
a large Kerr constant by improving Ae and An, which will
undoubtedly result in an increased effective rotational vis-
cosity (71).'° The decay time of the PS-BPLCs is governed
by 71, k, and P, as shown in the following equation:

TR yle/(k(Zn)z). 2)

To improve the decay time, the PS-BPLC should show small
effective rotational viscosity, short chiral pitch, and large elas-
tic constant. By increasing the proportion of chiral dopant, the
decay time of PS-BPLCs decreases, but the Kerr constant
decreases due to small chiral pitch. With strong polymer net-
work, the PS-BPLCs can reduce decay time and suppress
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hysteresis, but the Kerr constant will inevitably decrease.'®'?

Therefore, the existing material of PS-BPLCs cannot improve
Kerr constant and decay time at the same time.

In this paper, a PS-BPLC material is investigated with a
polymer network formed by N-vinylpyrrollidone (NVP,
Jiangsu Hecheng Display Technology Co., Ltd. (HCCH)),
RM257 (HCCH), and 1,1,1-trimethylolpropane triacrylate
(TMPTA, HCCH). With this polymer network, Kerr constant
and response time of PS-BPLC can be simultaneously
improved due to the low interfacial energy and effective
rotational viscosity of the PS-BPLC. Meanwhile, high con-
trast ratio (>1000:1) can also be achieved.

In our experiment, a nematic LC (HCBP-006, HCCH)
was used as a LC host, whose physical properties are listed
as follows: An=0.158 at . =633 nm and 20°C, Ac¢ =34.2 at
1kHz and 20°C, and clearing point 7. = 80.5 °C. In order to
induce the blue phase, a high helical twisting power chiral
compound (R5011, HCCH) was added into the LC host. In
addition, the polymer network to broaden the temperature
range of blue phase is formed by RM257 (di-acrylate mono-
mer), NVP (mono-acrylate monomer), and TMPTA (tri-ac-
rylate monomer). The chemical structures of the monomers
are illustrated in Fig. 1. The IRG184 was added to the mix-
ture as a photoinitiator.

Hs
CH 2=CHC02(CH2)JO—©>— CO: 0:C —@— O(CH:2);0:CCH=CH:

Transition temperature: C 70 N 126 1

RM257
C
0 0 H, \l
\)koﬂ/\oﬂ\&
o£\¢ &0
TMPTA NVP

FIG. 1. Chemical structure of the monomers (RM257, TMPTA, and NVP).

© 2013 American Institute of Physics
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TABLE I. Summary of PS-BPLC precursors with different component ratios. 7. the clearing point; 7,,,: the phase transition temperature between blue phase

and cholesteric phase.

Precursors LC Host and R5011 (%) NVP (%) RM257 (%) TMPTA (%) IRG184 (%) Te-Teno (°C)
A 91.5 4.95 3.0 0.45 67.1-61.1
B 91.5 1.15 3.80 3.0 0.45 62.0-54.0
C 91.5 1.65 3.30 3.0 0.45 59.8-50.8
D 91.5 24 2.55 3.0 0.45 56.2-46.2

For comparison, several precursors were prepared as
listed in Table I, whose chiral pitches were controlled at
345nm by adjusting the chiral concentration. To keep the
total concentration of monomers from affecting the proper-
ties of PS-BPLC,” we fixed the total concentration of the
monomers at 7.95% by weight and the concentration of
TMPTA at 3.0% by weight in the precursors. As shown in
Fig. 1, NVP is a mono-acrylate monomer, and the conven-
tionally used RM257 is a di-acrylate monomer. The polymer
network formed with NVP and RM257 is more flexible than
that formed only with RM257. For investigating the polymer
system effect on the PS-BPLC, the relative concentration of
NVP and RM257 in the precursors was adjusted to change
the strength of the polymer network. In our PS-BPLC materi-
als, the strength of polymer network decreases as the propor-
tion of NVP increases and that of RM257 decreases in the
precursor. After mixing, the precursors were filled into in-
plane switching (IPS) cells in the isotropic phase on a tem-
perature controller (HCS302, Instec Co.). The cell gap of
IPS cell is 7.5 um. The indium tin oxide electrode width is
7.5 pm and the electrode gap is 12.5 ym.

At a cooling rate of 0.2 °C-min "', the phase transition of
our samples was observed under a polarized optic micro-
scope (POM, XPL-30TF). Figure 2 shows the phase transi-
tion of sample A. The green color-spotted blue phase
appears at about 67 °C in sample A (Fig. 2(b)). The sizes of
these blue phase spots grow gradually with further decrease
in temperature. The blue phase could be clearly identified
from 67.1°C to 61.1 °C. When the cell is cooled to 61.1°C,
the phase transition was observed from blue phase I to cho-
lesteric (Cho.) phase (Fig. 2(d)). As shown in Table I, the
clearing point, T, of the precursor decreases as the propor-
tion of NVP increases and that of RM257 decreases, as a
result of the low clearing point of NVP. The temperature
range of blue phase, ATgp, increases as the proportion of
NVP increases and that of RM257 decreases. Compared with
RM257, as a low molecular weight monomer, NVP is easier
to fill into the disclination among the double twist cylinders
(DTCs) to broaden the temperature range of blue phase.

BP

Iso.

The cells were irradiated at blue phase with chiral pitch
at about 345 nm under ultraviolet light with an intensity of 3
mW-cm 2 for 10min. After polymerization, the clearing
point of the PS-BPLC samples returns to 70 °C. The blue
phases of the samples were observed when the temperature
was cooling down to —30°C. The inset in Figure 3(a) shows
the texture of the PS-BPLC under POM at room temperature.
The temperature range of blue phase in all the PS-BPLC
samples is more than 100°C. To measure the electro-optic
properties of the PS-BPLC, a white light-emitting diode
(LED) was used as a light source to avoid the diffraction of
the IPS devices.'>™'” The IPS cell applied with a 1kHz
square-wave AC signal was placed between two crossed
polarizers. The transmittance was measured with a spectrom-
eter (HR4000, Ocean optic Co.). The PS-BPLC reflects light
in green regime owing to their Bragg reflection. To avoid the
Bragg reflection, one can either change the pitch of PS-
BPLC or shift the reference wavelength. In this paper, the
reference wavelength of our IPS devices was set to 633 nm.

Figure 3(a) depicts the measured normalized voltage-
dependent (V-T) curve of our IPS cells with different poly-
mer network systems. The on-state voltage (V,,) of sample
A, a conventional PS-BPLC, is about 110V, which corre-
sponds to an effective electric field about 4.3V - um™".

With the increase of NVP and decrease of RM257 in the
precursor, V,,, of their PS-BPLC decreases. The contrast ra-
tio is defined as T,,/T,s where T,, and T, are the light
intensities of =633 nm at the turn-on and turn-off states,
respectively. The measured contrast ratios of the samples af-
ter polymerization are all over 1000:1 at 2 =633 nm, indicat-
ing that the dark state is pretty good. According to the
extended Kerr effect,'® the induced birefringence (An;,g) of
PS-BPLC:s is related to the electric field.

Aning = Any(1 = exp|—(E/E,)?), 3)
where An, is the saturated induced birefringence and Ej is
the saturation electric field. In the weak field region, the Kerr
constant is derived as

FIG. 2. The phase transition of sample A under
POM at the cooling rate of 0.2°C-min~" con-
trolled by the temperature controller. Iso.: iso-
tropic phase; BP: blue phase; and Cho.:

cholesteric phase.

Te Tep-cho.
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FIG. 3. (a) Voltage-dependent transmittance curves and (b) Kerr constant of
PS-BPLC cells with different polymer network systems at A =633 nm.

K ~ Ang/(AE?). )

The Kerr constant is obtained by fitting the V-T curves with
the extended Kerr effect model.'” The electric field of our
IPS devices was simulated with software TechWiz LCD
(Sanayi System). Figure 3(b) shows the Kerr constant with
different polymer network systems. Compared with sample
A, the Kerr constant of sample D increases by 54%. As the
concentration of NVP increases and that of RM257 decreases
in the precursors, the Kerr constant of PS-BPLC increases.
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FIG. 4. Polymer network system dependents on decay time at room temper-
ature (~20°C). 1=633 nm.
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Figure 4 shows the decay time with different polymer net-
work systems. Compared with sample A, the decay time of
sample D decreases by 23%. As the concentration of NVP
increases and that of RM257 decreases in the precursors, the
decay time of PS-BPLC decreases. Overall, the Kerr con-
stant and the response time can be improved simultaneously
with this polymer system. After polymerization, the polymer
network increases the Kerr constant and decreases the
response time of PS-BPLC due to low interfacial energy at
the interface between the polymer network and DTCs.”® In
this material system, a reactive diluent can be formed by
NVP and acrylic functional groups of the RM257 and
TMPTA after polymerization. It can degrade the strength of
polymer network and reduce the interfacial energy at the
interface between the polymer network and DTCs that
increase the Kerr constant. Meanwhile, it can diminish effec-
tive rotational viscosity of the material system resulting in
decrease of response time of PS-BPLC.

Hysteresis is another key issue to solve before the wide
application of PS-BPLC. In this letter, the relationship
between hysteresis and polymer network was studied. To
measure the hysteresis of our IPS devices, the IPS devices
were driven by switching the applied voltage upwards to V,,,
and then downwards to zero. The hysteresis is defined as AV/
Vo, Where AV is the voltage difference between the upward
and downward scans at half of the peak transmittance. The
hystereses of samples A, B, C, and D are 2.9%, 3.0%, 3.1%,
and 3.2%, respectively. As the concentration of NVP
increases and RM257 decreases in the precursor, the hystere-
sis of the resulting PS-BPLC increases slightly. This is
because the low interfacial energy makes it difficult to
recover the original alignment of the liquid crystal as the
applied voltage is decreased.

In conclusion, by doping a low molecular weight cross-
link monomer, NVP, into conventional polymer stabilization
materials consisting of RM257 and TMPTA, a reactive dilu-
ent is formed among the polymer network. It can decrease
the interfacial energy at the interface between the polymer
network and DTCs that increase the Kerr constant and
decrease the effective rotational viscosity of the material sys-
tem resulting in decrease of decay time of PS-BPLC.
Meanwhile, the contrast ratios of our samples are over
1000:1. However, the hysteresis increases slightly for the
low interfacial energy. This study has a positive exploration
for the application of the PS-BPLCs for color sequential dis-
plays and phase modulator devices.

This work was supported by 973 Program
(2013CB328804), by NSFC (61275026/11004037), by the
Science and Technology Commission of Shanghai
Municipality (11JC1405300), and by the Shanghai Shuguang
Program (09SG13).

'H. Kikuchi, M. Yokota, Y. Hisakado, H. Yang, and T. Kajiyama, Nature
Mater. 1(1), 64-68 (2002).

27.G. Zheng, D. Shen, and P. Huang, New J. Phys. 12, 113018 (2010).

3S. Yokoyama, S. Mashiko, H. Kikuchi, K. Uchida, and T. Nagamura, Adv.
Mater. 18(1), 48-51 (2006).

“H. Coles and S. Morris, Nat. Photonics 4(10), 676-685 (2010).

5C. H. Lin, Y. Y. Wang, and C. W. Hsieh, Opt. Lett. 36(4), 502-504
(2011).


http://dx.doi.org/10.1038/nmat712
http://dx.doi.org/10.1038/nmat712
http://dx.doi.org/10.1088/1367-2630/12/11/113018
http://dx.doi.org/10.1002/adma.200501355
http://dx.doi.org/10.1002/adma.200501355
http://dx.doi.org/10.1038/nphoton.2010.184
http://dx.doi.org/10.1364/OL.36.000502

071104-4 Zhu et al.

°H. Choi, H. Higuchi, and H. Kikuchi, Appl. Phys. Lett. 98, 131905 (2011).

’J. Yanand S. T. Wu, J. Disp. Technol. 7(9), 490-493 (2011).

SM. Kim. M. S. Kim, B. G. Kang, M. K. Kim, S. Yoon, S. H. Lee, Z. B. Ge,
L. Rao, S. Gauza, and S. T. Wu, J. Phys. D: Appl. Phys. 42, 235502
(2009).

°L.H. Rao, Z. B. Ge, S. T. Wu, and S. H. Lee, Appl. Phys. Lett. 95, 231101
(2009).

. c. Cheng, J. Yan, T. Ishinabe, and S. T. Wu, Appl. Phys. Lett. 98,
261102 (2011).

Y. H. Kim, S. T. Hur, C. S. Park, K. W. Park, S. W. Choi, S. W. Kang, and
H. R. Kim, Opt. Express 19(18), 17427-17438 (2011).

21, H. Rao, J. Yan, S. T. Wu, Y. C. Lai, Y. H. Chiu, H. Y. Chen, C. C.

Liang, C. M. Wu, P. J. Hsieh, S. H. Liu, and K. L. Cheng, J. Disp.
Technol. 7(12), 627-629 (2011).

Appl. Phys. Lett. 102, 071104 (2013)

By, c. Cheng, J. Yan, J. Sun, S. T. Wu, X. Liang, S. H. Liu, P. J. Hsieh, K.
L. Cheng, and J. W. Shiu, Appl. Phys. Lett. 99, 201105 (2011).

4P, R. Gerber, Mol. Cryst. Liq. Cryst. 116(3—4), 197-206 (1985).

157 B. Ge, S. Gauza, M. Jiao, H. Xianyu, and S. T. Wu, Appl. Phys. Lett.
94, 101104 (2009).

'6J. Yan, Y. Li, and S. T. Wu, Opt. Lett. 36(8), 1404—1406 (2011).

"G, Zhu, J. N. Li, X. W. Lin, H. F. Wang, W. Hu, Z. Zheng, H. Q. Cui, D.
Shen, and Y. Q. Lu, J. Soc. Inf. Disp. 20(6), 341-346 (2012).

8], L. Zhu, J. G. Lu, J. Qiang, E. W. Zhong, Z. C. Ye, Z. H. He, X. J. Guo,
C.Y.Dong, Y. K. Su, and H. P. Shieh, J. Appl. Phys. 111, 033101 (2012).

19, Yan, H. C. Cheng, S. Gauza, Y. Li, M. Z. Jiao, L. G. Rao, and S. T. Wu,
Appl. Phys. Lett. 96, 071105 (2010).

203, L. Zhu, S. B. Ni, E. W. Zhong, J. G. Lu, and Y. K. Su, SID Int. Symp.
Digest Tech. Papers 43, 106108 (2012).


http://dx.doi.org/10.1063/1.3564896
http://dx.doi.org/10.1109/JDT.2011.2159091
http://dx.doi.org/10.1088/0022-3727/42/23/235502
http://dx.doi.org/10.1063/1.3271771
http://dx.doi.org/10.1063/1.3604011
http://dx.doi.org/10.1364/OE.19.017427
http://dx.doi.org/10.1063/1.3662391
http://dx.doi.org/10.1080/00268948508074573
http://dx.doi.org/10.1063/1.3097355
http://dx.doi.org/10.1364/OL.36.001404
http://dx.doi.org/10.1889/JSID20.6.341
http://dx.doi.org/10.1063/1.3680875
http://dx.doi.org/10.1063/1.3318288
http://dx.doi.org/10.1002/j.2168-0159.2012.tb05722.x
http://dx.doi.org/10.1002/j.2168-0159.2012.tb05722.x

