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Abstract

We synthesized one novel mono-functional acrylate monomer. The effect of the new monomer on blue phase liquid crystal
stabilization and electro-optical properties was investigated with different reactive polymer concentration and combination. The
temperature range of blue phase samples was widened over 50 ° C including room temperature through the use of polymer
stabilization. Electro-optical properties including lower driving voltage (69.8 V), lower hysteresis (3.9%), lower response time
(0.468 ms), and higher Kerr constant (9.4 nm/V?) were obtained by optimizing the concentration of different composites. They
are strongly influenced by the interface energy between the liquid crystal molecules and polymer combination system. It is found

that hysteresis is sensitive to the polymer concentration.
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1 Introduction

Blue phases (BPs) are usually found only in a narrow temper-
ature range of a few degrees between the isotropic liquid and
the helical cholesteric phases with a relatively short helical
pitch [1, 2]. In general, they can be divided into three distinct
thermodynamic phases depending on the double-twisted cyl-
inder packing structure (neighboring molecules slightly twist
into each other to constitute a helicoidal twist) as functions of
temperature and chirality: blue phase I (BP I), blue phase II
(BP 1II), and blue phase III (BP III). The packing structure of
BPI and BPII is body-centered cubic lattice and simple cubic
lattice, respectively. In contrast, BPIII possesses almost the
same symmetry as the isotropic phase.

BPs are potentially considered as candidate materials for
next-generation electro-optic and photonic application owing
to the electrically controllable Bragg diffraction of visible light
such as fast optical shutters and photonic applications [3, 4].
Since they show fast electro-optic effect characterized by op-
tical switching between isotropic and anisotropic states,
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nevertheless, their narrow temperature range is an important
problem. To date, tremendous research efforts have been suc-
cessfully made to broaden the temperature range of BPs as
well as to shift them towards the room temperature. The first
successful experimental approach was reported by Kikuchi
et al. [4]. A small amount of specific reactive monomer (~
10 wt%) tends to selectively concentrate in the lattice
disclination lines of the BP and hence stabilize the overall
cubic lattice against the temperature variation and electrical
field. Therefore, the temperature range of the polymer-
stabilized BPI is extended to more than 50 K, including room
temperature with an ultrafast response time. It is termed as
polymer-stabilized blue phases (PSBPs). Its electro-optical
response time is of the order of 0.1 ms. The mechanism of
BP stabilization contains the localization of polymer chains
into the disclinations that lower the effective free energy.
Another alternative methods of extending the temperature
range of BPs are the use of eutectic mixtures of three homo-
logs of a symmetrical dimmer molecules possessing a large
flexo-electric coefficient [S], spherical or anisotropic nanopar-
ticles [6—10], a combination of polymer and nanoparticles [6],
hydrogen-bonded self-assembled LC complexes [11, 12], T-
shaped chiral oligomer molecules [13], bent-shaped mole-
cules [14-18], binaphthyl derivatives [19], light induction
[20], discotic molecules [21], inorganic perovskite quantum
dots [22], and reduced graphene oxide [23, 24] as stabilization
agents.
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Polymer-stabilized blue phase liquid crystal (PSBPLC)
has unique physical properties; optical isotropic status in
the absence of electric field, sub-millisecond response
(which is ~ 10 x faster than a typical nematic), large optical
Kerr effect, optically active, wide viewing angle without
any compensation films, lack of requirement of any surface
alignment layer, and cell gap insensitivity, both of which
facilitate fabrication processes and lower cost. However,
high switching voltage, voltage-induced hysteresis, light
scattering and residual transmittance, and long-term stabil-
ity are still big challenge on the road toward practical ap-
plications [25-28]. Three methods could be considered for
lowering voltages: (1) thrive a LC material with a large
Kerr constant; (2) design electrode shape, structure, and
dimension for creating strong and deep-penetrating electric
fields; and (3) optimize the monomer/LC compositions
(monomer types, monomer concentration, and monomer
ratio).

So far, numerous efforts to improve these problems have
been carried out in terms of device and materials based on
BPLC [25-61]. Alternative way to reduce high operating volt-
age is the synthesis of new polymeric materials such as reac-
tive monomers with different functionalities. To the best of
our knowledge, the effects of fluoro-content monomers (with
a stronger dipole moment) which may possess substantial ef-
fect on the properties of the PSBPLCs have seldom been in-
vestigated [42, 43]. According to the literature, the partial
replacement of fluoroacrylates in the monofunctional mono-
mer composition induced a decrease in the free energy of
PSBPLC on account of low surface tension of fluorinated
polymer [42].

In present paper, we synthesized a novel fluorinated mono-
mer, 3.4,5-trifluorophenyl 4-((6-acryloxloxy)hexyl)oxy) ben-
zoate, which can reduce the operating voltage of BPLCs. The
electro-optical properties of BPLC stabilized with seven sets of
monomer combination were investigated, which are involved
in the stability, operating voltage, Kerr constant, hysteresis,
and response time. The total concentration of monomers was
controlled at around 10 wt% in order to clarify the effect of the
newly synthesized reactive monomer, as well as the ratio be-
tween other monomers. In addition, the optimum monomer
concentration with the synthesized monomer was investigated.

2 Characterization

The structures of the final products and intermediates were
confirmed by a variety of spectral methods. Infrared spectrom-
etry (IR) spectra were recorded on a Nicolet Avatar 360E
spectrometer. 'H-nuclear magnetic resonance ('"H NMR) with
tetramethylsilane (TMS) as internal standard was recorded on
a Bruker AV500 (500 MHz) instrument (Bruker Biospin
Group, Féllanden, Switzerland). The mass spectra (MS) were
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obtained by GC/MS Thermo DSQ (Thermo Fisher Scientific
Inc., Waltham, MA, USA) with m/z 50-650.

3 Synthesis

The synthetic method of trifluorophenyl-based mono-func-
tional acrylate monomer (AHFF) is illustrated as Scheme 1.

3.1 Materials

Ethyl 4-hydroxybenzoate, 3,4,5-trifluorophenol, and 6-
chlorohexyl acetate were purchased from Wuxi Yangshi
Chemical Co. Ltd. and used as received. 4-
Dimethylaminopyridine (DMAP) and dicyclohexylcarbodiimide
(DCC) were purchased from Zhejiang Bulk Chemical Co. Ltd.

3.2 Synthesis of Methyl Ethyl 4-[(6-Acetoxyhexyl)Oxy]
Benzoate (f2)

Ethyl 4-hydroxybenzoate (7.3 g, 44 mmol) and 6-chlorohexyl
acetate (9.97 g, 56 mmol) were dissolved in 200 mL of DMF,
then, 13.8 g (100 mmol) K,COj; and 8.3 g (50 mmol) KI were
added to the solution. The mixture was refluxed for 4 h and
then cooled to room temperature. After that, the mixture was
filtered to remove the insoluble salts; a yellow solution was
achieved. The solution was then dumped into 1000 mL of
water under vigorous stirring for 1 h to obtain the white par-
ticles. Yield (12.8 g, 94%).

3.3 Synthesis of 4-[(6-Hydroxyhexyl)OxylBenzoic Acid
(f3)

Ethyl 4-[(6-acetoxyhexyl)oxy]|benzoate (12.8 g, 41.5 mmol)
was added to a three-necked bottle followed by 50 mL water,
50 mL EtOH, and 5.6 g (140 mmol) NaOH. The mixture was
refluxed for 8 h, and then cooled to room temperature.
Concentrated HC1 (20 mL) was added to the solution; the
white precipitation was filtered and purified by recrystalliza-
tion with EtOH. Yield (9.12 g, 87%).

IR (v/em™'): 3338, 2952, 2859, 2530, 1866, 1670, 1597,
1577, 1505, 1417, 1284, 1258, 1170, 1005, 1119, 1057, 965,
846, 774, 728, 645, 506.

"H-NMR (500 MHz, DMSO) 6 = 12.58 (s, 1H), 7.90-7.85
(m, 2H), 7.03-6.97 (m, 2H), 4.34 (t, J=5.1 Hz, 1H), 4.06—
3.99 (m, 2H), 3.39 (m, 2H), 1.81-1.66 (m, 2H), 1.50—1.28 (mm,
6H).

3.4 Synthesis of 4-[(6-(Acryloyloxy)Hexyl)Oxy]Benzoic
Acid (f4)

4-[(6-hydroxyhexyl)oxy]benzoic acid (9.12 g, 38.3 mmol)
and 7.24 g (60 mmol) N,N-dimethylaniline were added to
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Scheme 1 Synthetic method for preparation AHFF. a Ethyl 4-hydroxybenzoate, K,CO;, KI, DMF, 94%. b NaOH, EtOH/H,0, 87%. ¢ N,N-
dimethylaniline, acryloyl chloride, DCM, 94%. d DCC/DMAP, 3,4,5-trifluorophenol, DCM, 85%

100 mL DCM; the mixture was stirred for 1 h, and then,
acryloyl chloride (4.16 g, 46 mmol) was dropped and stirred
for 20 h. After that, 2 mL of concentrated HCI was added to
the solution and stirred for 0.5 h, and then, the mixture was
extracted and washed by 300 mL of water for three times. The
organic phase was dried with MgSO, and evaporated to obtain
the white solid. Yield (10.51 g, 94%).

IR (v/em™'): 2940, 2862, 2669, 2555, 1732, 1696, 1696,
1691, 1607, 1514, 1466, 1430, 1295, 1248, 1196, 1175, 977,
764, 644, 555.

"H-NMR (500 MHz, DMSO): §=12.58(s, 1H), 7.87(m,
2H), 7.00(d, J=8.8 Hz, 2H), 6.32 (m, 1H), 6.17 (m, 1H),
5.93 (m, 1H), 4.19-3.99 (m, 4H), 1.83-1.57 (m, 4H), 1.51-
1.27 (m, 4H).

3.5 Synthesis of 3,4,5-Trifluorophenyl
4-[(6-(Acryloyloxy)Hexyl)OxylBenzoate (AHFF)

4-[(6-(acryloyloxy)hexyl)oxy]benzoic acid (2.92 g, 10 mmol),
4-dimethylaminopyridine (0.06 g, 0.5 mmol), and DCC
(2.48 g, 12 mmol) were added in sequence to 20 mL DCM,
and then, a solution of 30 mL DCM and 3.4,5-trifluorophenol
(1.78 g, 12 mmol) was dropped and stirred for 20 h. The
solution was filtered to remove the insoluble salts, then
washed by HCI (5%) and aqueous Na,COs (5%) three times,
respectively. The organic phase was dried with MgSO,4 and
concentrated. The residue was purified by silica-gel column
chromatography, and white solid was obtained. Yield (3.59 g,
85%).

IR (vem™'): 3071, 2952, 2864, 1726, 1644, 1639, 1608,
1597, 1525, 1453, 1413, 1273, 1237, 1206, 1170, 1134, 1057,
1041, 1011, 887, 851, 506.

"H-NMR (500 MHz, CDCl5): §=28.12-8.06 (m, 2H),
6.99-6.86 (m, 4H), 6.40 (dd, J=17.3, 1.3 Hz, 1H),6.13 (dd,

J=17.3,10.4 Hz, 1H), 5.82 (dd,J= 10.4, 1.3 Hz, 1H), 4.18 (1,
J=6.7 Hz, 2H), 4.05 (t, J= 6.4 Hz, 2H), 1.89-1.80 (m, 2H),
1.76-1.68 (m, 2H), 1.58-1.42 (m, 4H).

BCNMR (125 MHz, CDCly): §=166.3, 164.1, 163.9,
152.1 (d, 'Jep=251 Hz, 2 C), 150.2, 137.0 (m, 1 C), 132.5,
130.6 (2 C), 128.6,120.5,114.5 (2 C), 107.3 (d, Jer = 16 Hz,
2C), 68.2, 64.4,28.9, 28.5, 25.7, 25.6.

4 Experimental
4.1 Sample Preparation

The nematic LC host used in this study was commercially
available eutectic nematic mixture HTG-135200 (HCCH,
China). Its physical properties are An=0.205 at A=
633 nm, Ae =99 at 1 kHz and 23 ° C, a rotational viscos-
ity, v=1.2 Pa. s (at 22 °C), the clearing temperature is
98 °C. The chemical structure of HTG-135200 is not
available due to commercial confidentially. In order to
induce chirality into the host nematic LC, R5011
(HCCH) was used as a chiral dopant. The helical twisting
power (HTP 120/um at 23 ° C) of R5011 is dependent on
the temperature. The chiral pitches were maintained at
about 339 nm by adjusting the chiral concentration, since
the electro-optical performance for PSBPLCs is depen-
dent on their chiral pitch.

For the polymer stabilization of BP, monofunctional
monomers used to form polymer networks in BPLCs were
dodecyl acrylate (C12A, Wako) and 3,4,5-trifluorophenyl
4-((6-acryloyloxy)hexyl)oxy)benzoate denoted as AHFF.
Bifunctional monomer was 2-methyl-1,4-phenylene
bis(4-(3-(acryloyloxy)propoxy) benzoate (RM257,
Merck) and trifunctional monomer was 1,1,1-
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Fig. 1 Chemical structure of substituents

trimethylolpropane triacrylate (TMPTA, Sigma Aldrich).
Difunctional acrylate has only nematic phase; neither the
monofunctional acrylate nor trifunctional show
mesophase. The chemical structure of the materials is giv-
en in Fig. 1. RM257 and AHFF are the main components
for building the primary polymer skeletons in PSBPLC
samples. The temperature range of a PSBPLC system is
very much dependent on the mixing ratio, because each
mixture possesses characteristically different behaviors
such as Kerr constant, viscosity, and isotropic
temperature.

To investigate the effects of monomer/LC compositions,
seven precursors containing a variety of functional groups
were prepared as shown in Table 1. All chemical stuff was
used without any further treatment. On the other hand, the
monomer concentration plays an important role in the stabili-
zation of BPLC. Hence, the mixing ratios of monomers were
altered to carry out the effect of monomer concentration on

BPLC stabilization. For comparison, the total polymer con-
centration was fixed at 10% by weight to prevent from affect-
ing the properties of PSBPLC. Moreover, the concentration of
RM257 was maintained at around 6% by weight in the pre-
cursors. The BPLC/monomer mixtures were mechanically
blended at higher than the clearing point of the LC to form a
homogeneous mixture for several times.

Each precursor was heated up to an isotropic state to pre-
vent flow alignment, and then, it was filled into an empty in-
plane-switching (IPS) cell without polyimide alignment layer
by means of capillary force, since BPLCs are self-organized
structures. The top substrate of the IPS cells has no electrode,
but the bottom substrate has comb-type interdigitated indium
tin oxide (ITO) electrodes. The electrode gap was 12 um. The
distance between the electrodes was 8 um wide. The cell
thicknesses of IPS cells were maintained between 7.24 and
7.35 um by spacers. The cell thickness was measured by a
UV-Vis-NIR spectrometer (HR2000, Ocean Optics). The

Table 1 The constituent fractions

of the materials in order to prepare  Precursors  HTG-135200 R5011 AHFF TMPTA CI2A RM257

PSBPLCs (Wt%) (wt%) (Wit%) (Wt%) (Wt%) (Wt%)
Al 85.76 425 3.98 0 0 6.01
A2 85.61 424 2.46 1.67 0 6.02
A3 85.76 427 2.96 1.07 0 6.04
A4 85.72 4.28 2.01 1.99 0 6.00
CBI 85.74 427 2.00 0 2.01 5.98
CB2 85.75 423 2.99 0 1.06 5.97
CB3 85.67 421 1.16 0 2.95 6.01
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temperature was carefully controlled by a Linkam hot stage
LTS350 and a controller TMS94 with an accuracy of 0.1 °C
to identify the temperature range of samples. Prior to polymer
stabilization, the cells were stayed at thermal balance for
20 min, and then, they were cooled down from an isotropic
state to the state of blue phase at a cooling rate of 0.1 ° C/min
as slowly as possible to prevent super cooling, which is fre-
quently viewed for a phase transition from a BP to the chole-
steric phase. The phase transition temperatures and the optical
texture of each sample were achieved by using a reflective
polarizing optical microscopy (POM) equipped with a com-
mercial hotplate (Linkam TMS 94). The samples exhibited
BPs both heating and cooling processes in the absence of
polymer-stabilization. The temperature of the precursors was
adjusted very precisely to the appearance of the BP texture.
After confirming that the whole sample showed the desired
phase, the cells were illuminated (from the bare glass substrate
side at normal incidence) with ultraviolet light (L2859-01,
Hamamatsu Photonics LC6) with 8 mW/cm? for 45 min at
the BPI temperature range to form PSBPLC. Herein, the
polymerizable monomer components move to the defect re-
gions of LC (the disclinations) and nucleate at polymer chains
in disclination lines to form the 3D BP periodic structure.
After photo-polymerization, the samples were allowed to cool
down to room temperature with the rate of temperature change
1 °C per minute. Figure 2 shows the platelet textures of the
chosen samples observed under the POM in the reflective
mode at room temperature. BP samples exhibited characteris-
tic selective light reflections in the visible wavelength range
owing to Bragg diffraction from the cubic lattice. Their phase
transition temperatures are listed in Table 2. A variety of
mixing ratios of monomers were a significant influence on
the thermal stability of BPs. In this way, they achieved a wide
temperature range of more than 50 K that includes room tem-
perature due to the formation of polymer chains localized into
the disclination lines and pushing the low molecular weight
LC out those lines [2-5]. This lowers the free energy related to
these disclinations with high elastic energy and enhances the
thermal stability of BP. Besides, the photo-polymerization
increases the upper temperature for all samples.

4.2 Electro-optical Properties

Figure 3 depicts the experimental setup. To characterize the
electro-optical properties, a linearly polarized He-Ne laser
(about 1 mW at A=633 nm) was utilized as a light source.
A lens is inserted between the PSBP cell and the photodiode
detector to collect most of the diffraction orders into the photo-
detector. Transmittance with 100% was adjusted by that of the
cell under parallel polarizers. Transmittance with 0% was set
by that of the cell under crossed polarizers. To maximize the
transmittance, azimuthal angle of the striped electrode was
placed at an inclination angle of 45° with respect to incident

light. The transmitted light intensity was measured by a photo-
detector (New Focus Model 2031) connected to an oscillo-
scope (Tektronix TDS-2014). The cells were driven by a
square-wave electric field with a frequency of 1 kHz put
through an amplifier (FLC electronics, model F20) and was
recorded digitally by a LabView data acquisition system. The
voltage ramping rate was 500 ms per step. In the IPS cell, the
electric field-induced birefringence was in the lateral direction
to the plane of the substrate.

5 Results and Discussion
5.1 Driving Voltage

To evaluate the electro-optical properties, we measured
voltage-dependent transmittance at different temperatures.
Figure 4 demonstrates the normalized voltage-dependent
transmittance curves (VT) from 23 to 60°C for Al.
Transmittance without an electric field was 0%; BP is optical-
ly isotropic. This data may be approximately described by the
relative transmitted intensity through a uniaxial birefringent
slab

(1)

Toor = sin® (20)sin’ (777Anmduced (E)d>
nor —

A

Here, Anipguceq 18 the induced birefringence at a particular
applied voltage and ¥ is the angle of the induced, in-plane,
optic axis with respect to either the polarizer or analyzer
crossed axis. ¥ is equal to 45° in this study. The transmittance
increased concomitantly with increasing of the electric field.
The threshold-like voltage of the BPLC cell is around 10 V
and the saturation voltage was 69.8 V for room temperature.
Namely, the BP molecules aligned by electric field are in-
creased with an increase of the applied electric field.
Operating voltage (Voy) is defined as a voltage at the maxi-
mum transmittance of the VT curve. As the temperature in-
creases, V,, increases. This process was repeated for other
samples. In an IPS cell, the electric field distribution across
the electrode gap and cell thickness is not uniform spatially.
The electrode dimension acts on a crucial role affecting the
maximum optical transmittance and operating voltage. If the
electrode spacing was reduced, the operating voltage would
decrease in the IPS cells due to a stronger electric field and the
decrease would be leveled by the increased electric field in-
tensity and the thinner effective layer in the horizontal plane
[29-31].

As shown in Fig. 5, one may see that the operating
voltage increases with increasing temperature. A1 showed
the lowest operating voltage (69.8 V), followed by CBI1
(74.3 V), CB2 (84.8 V), A3 (85.7 V), CB3 (93.2 V), A2
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Fig. 2 Textures of samples
observed under a polarizing
optical microscope with two
crossed linear polarizers at room
temperature a Al (the cell
gap=7.35 um), b CBI (the cell
gap=7.28 pm)

(106.6 V), and A4 (108.0 V) at 23 °C. According to these
results, the operating voltage is sensitive to the monomer
mass fraction of the respective cross-linker and the an-
choring strength. The relative concentration of AHFF
and other polymer in the precursors was adjusted to alter
the strength of the polymer network. It is well known that
the anchoring energy of polymer network increases as the
stiffness of the polymer system increases [28]. As a result,
a higher electric field is required to drive the LC mole-
cules. Compared with the other samples, the sample A4 is
harder to be driven, because the anchoring energy of poly-
mer network formed by TMPTA and RM257 is much
stronger than that of the other polymers formed by
mono-monomers due to high monomer functionality even
though total monomer weight is the same. TMPTA pos-
sesses three photo-crosslinking double bonds along differ-
ent directions, thereby yielding their polymer networks
more likely to be strong. This leads to an increase in

(b)

elastic torque of the BPLCs. Strong crosslinked polymer
network in the disclination regions could limit the reori-
entation of LC molecules due to stronger dipole-dipole
interaction with monomer molecules. The strength of
polymer network decreases as the proportion of mono-
functional monomers increases. Most of the monomer
molecules can be polymerized inside the disclination
lines. The sample Al exhibits the lowest operating volt-
age, because the anchoring energy of polymer network
formed by semi-rigid or flexible polymer networks mono-
mer is the lowest one among the samples. Since fluorine
atoms are smaller, leading to lower the surface tension
and surface energy. In other words, the fluoroacrylate
polymer offers less interaction or barrier to inside
BPLC. The polar end group improves the response to an
applied electric field due to its high dipole moment. The
operation voltage relies on the monomer mass fraction. It
decreases with increasing amount of AHFF, while it

Table2 Phase transition temperatures of BPLC mixtures (before and after photo-stabilization) are determined by polarizing optical microscope studies

Before photo-stabilization

Precursors Cholesteric-blue phase (°C) Blue phase-isotropic (°C)
Al 78.2 84.6
A2 68.8 70.9
A3 75.9 77.3
A4 68.1 70.9
CBI 74.8 76.8
CB2 74.1 76.6
CB3 70.5 74.3

After photo-stabilization

Samples Cholesteric-blue phase (°C) Blue phase-isotropic (°C)
Al Lower than 23 86.5
A2 Lower than 23 80.1
A3 Lower than 23 83.9
A4 Lower than 23 79.5
CBI1 Lower than 23 80.1
CB2 Lower than 23 79.3
CB3 Lower than 23 78.7

Isotropic-blue phase (°C) Blue phase-cholesteric phase (°C)

82.9 80.8
70.2 65.3
76.9 73.5
70.1 66.5
76.2 72.1
75.6 71.8
72.7 68.8

Isotropic-blue phase (°C) Blue phase-cholesteric phase (°C)

84.8 Lower than 23
78.4 Lower than 23
81.3 Lower than 23
77.9 Lower than 23
78.5 Lower than 23
77.8 Lower than 23
76.3 Lower than 23

@ Springer
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Fig. 3 Experimental setup for . 4 \
electro-optic measurement Polariser |Hot Stage|  Analyser

He-Ne Laser [\ Detector

increases with increasing amount of TMPTA and CI12A.
This difference may be owing to the polarity of end group
of AHFF in the polymer network. The operating voltage
of the C12A is lower than that of TMPTA for the same
blend ratio with AHFF. A smaller core could be more
effective than increased flexibility. The other mixing con-
ditions were attempted a delicate balance between AHFF
and other polymer to optimize the operating voltage.
Therefore, the ratio of 2:2 between AHFF and C12A,
TMPTA, gives a more stable structure and moderate volt-
age by fixing the concentration of RM257. Therefore, we
infer that the trifluorophenyl of AHFF has a better molec-
ular compatibility with polymer network, and the operat-
ing voltage reduced.

5.2 Kerr Constant

The improving target for the PSBP materials is to en-
hance Kerr constant to reduce the driving voltage.

Normalised Transmission

T T T T T T T T T T T
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Fig.4 Measured V-T curves in an IPS cell at different temperatures using
the experimental set-up for Al, IPS cell: cell gap=7.30 um, electrode
gap =12 pum, and electrode width =8 um
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Macroscopically, BPLC is an isotropic Kerr medium
when there is no external electric field present. As elec-
tric field increases, the BPLC becomes anisotropic along
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Fig. 5 The operating voltage as a function of temperature for different
concentrations of AHFF compound
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the electric field direction. The refractive index change
follows the Kerr effect in the low field region but grad-
ually saturates as the electric field keeps increasing,
which can be well explained by an extended Kerr effect
[55]. The Anjpqueeq in the weak field region is related to
E, wavelength A, and Kerr constant K as

Aninduced = AKEz (2)

According to the extended Kerr effect, the Anjnquceq OF
PSBPLC:s is related to the electric field [55].

E\2
e 3
o) g
where Ang is the saturated induced birefringence and Ej is the

saturation electric field. In the weak field region (E « Ey), the
Kerr constant is derived as follows [56]

Ahingueed (E) = Ang <l—exp

A 2
K ~AnAe —L—
AE, (2r)

(4)

where Ae, p, and k are the dielectric anisotropy, the pitch
length, and the effective elastic constant of this system,
respectively. Based on Equation (3), the Kerr constant
was obtained by fitting the VT curves with the extended
Kerr effect model, since the An;jpguceq should be saturated
in the strong electric field. Figure 6 exhibits the Kerr
constant consisting of different AHFF concentration in
the systems. Al showed the largest Kerr constant
(9.4 nm/V?), followed by CB1 (7.8 nm/V?), A3
(5.8 nm/V?), CB2 (5.3 nm/V?), CB3 (4.8 nm/V?), A2
(3.9 nm/V?), and A4 (3.7 nm/V?) at 23 °C. A decrease
in required applied voltage corresponds to an increased
Kerr constant. Among the samples, the Kerr constant of
sample A4 is the smallest one, since the strong anchoring
polymer network that cannot respond to readily the re-
orientation of LC molecules in an external field de-
creases the Kerr constant due to the increase of polymer
interface. Another alternative reason for the decreased
Kerr constants is the increase of the effective elastic con-
stant governed by both the polymer anchoring force. The
increased effective elastic constant is believed to origi-
nate from the TMPTA. Besides, the Kerr constants de-
crease with increasing temperature. The low molecular
weight crosslink monomers are able to reduce the
strength of polymer network and lower the interfacial
energy at the interface between the polymer network
and the double twist cylinders enhancing the Kerr con-
stant. The enhancement of the Kerr coefficient may be
owing to the weak anchoring nature of AHFF originating
from the flexibility and polar group. Nitro-benzene in a
liquid state is generally known to show large Kerr con-
stants, K =24 x 10712 V"2 m. However, the values of the
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Fig. 6 Temperature dependence of Kerr coefficient of PSBPs for
different concentrations of AHFF compound

Kerr constant in the precursors are the order of 107'°—
107 V2 m, which is about 100 — 1000 times larger than
those of conventional Kerr materials for instance nitro-
benzene [62]. This value is comparable with that in a
PSBPLC [32-39]. If the wavelength was decreased,
Kerr constant would increase so that the required operat-
ing voltage would be lower at a shorter wavelength,
since a larger wavelength displays a shorter phase retar-
dation under the same driving voltage and the induced
birefringence decreases as the wavelength increases un-
der normal dispersion conditions [50].

5.3 Response Time

Microsecond gray-to-gray response time is one of the major
properties of BPLC in comparison with conventional nematic
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LCs. Decay and rise times can be expressed, respectively, as
[41]

v
Tassy = F e ®)
C o
deecay
i —— 6
C (Vv ©)

Here, V. is the critical voltage in order to unwind the BPLC
pitches, v, is the rotational viscosity, and E. is the critical
electric field.

Figure 7 displays the temperature dependence of the decay
processes for the PSBPs consisting of various ratios of poly-
mer. The rise time is not included here because of being highly
dependent on the applied voltage. The decay time was deter-
mined from 90 to 10% transmittance change. Response time is
highly related to the stability of the samples. The fast response
time originates from the short pitch length, LC host, and
strong crosslinking polymer network [25, 26]. All the mea-
surements were conducted at different temperatures. As seen
in Fig. 7, the decay processes decrease with increasing tem-
perature. As a result, the decay time is reduced from millisec-
ond to sub millisecond. A4 showed the lowest decay time
(0.468 ms), followed by A2 (0.598 ms), A3 (0.975 ms),
CB3 (1.440 ms), Al (1.782 ms), CB2 (3.261 ms), and CBI1
(3.822 ms) at 23 °C. These times are comparable with those
published in the literature [34—41]. The higher monomer con-
centration of TMPTA gives a faster response time. Therefore,
a more stable sample tends to have a faster response time. As
the concentration of C12A increases and that of AHFF de-
creases in the precursors, the decay time of PSBPLC de-
creases. Electro-optic response is very fast in the region of
local director reorientation and is not almost affected by the
magnitude of electric fields although the response becomes
very slower as the electric field increased in the region of
electrostriction, since the local BPLC directors within DTCs
are unwound more seriously under a stronger electric field.
Thus, upon removal of electric field, it takes longer time for
those BPLC directors to relax back to their original DTCs,
leading to longer response time. Therefore, these results could
be well explained by a report that the local director reorienta-
tion preferentially occurred in PSBPs. In addition, HTG-
135200 possesses a relatively high viscosity owing to its Ae.

5.4 Hysteresis

Hysteresis is a main issue that influences the gray scale in LC
displays and it must be less than 5% prior to the wide appli-
cation of PSBPLCs [27]. To measure the hysteresis of our IPS
devices, the IPS devices were driven by increasing the applied
voltage upwards to the operating voltage and then gradually
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Fig. 7 Temperature dependence of electro-optical decay time for differ-
ent concentrations of AHFF compound

decreasing downwards to zero. The hysteresis is defined by
the voltage difference between the upward and downward
scans at half of the peak transmittance. The electric fields near
electrode edges in an IPS mode are particularly strong. They
may cause lattice deformation, thereby generating hysteresis.
Higher operating voltage gives rise to a more distinguishable
hysteresis, which is ascribed to the lattice distortions of the
PSBPLC. Hysteresis mechanism is controlled by the relaxa-
tion ability of BPLC, steric hindrance of polymer network,
and their anchoring force with each other. Therefore, both
the BPLC lattice and the polymer network cannot completely
relax to their original states and created large hysteresis.
Figure 8 demonstrates the hysteresis of PSBPLCs obtained
under different concentrations of AHFF compound. The hys-
teresis showed the highest in CB2 (6.07%) and it decreased as
the following order CB1 (5.90%), A1 (5.88%), CB3 (5.13%),

@ Springer
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Fig. 8 Temperature dependence of voltage hysteresis for different
concentrations of AHFF compound

A3 (4.81%), A2 (4.06%), and A4 (3.9%) at 23°C.
Additionally, the hysteresis decreases with increasing temper-
ature. In other words, hysteresis is relatively sensitive to tem-
perature and the monomer concentration. The reduction in
hysteresis may give rise to the reduction in viscosity with an
increase in temperature [25]. Among the samples, the hyster-
esis of sample A4 is the lowest one due to the largest surface
anchoring energy of the polymer system formed by TMPTA.
As the applied voltage decreases, the LC molecules can re-
cover to their original state by the large anchoring energy of
polymer network. As the concentration of C12A increases and
AHFF decreases in the precursor, the hysteresis of PSBPLC
increases. The larger hysteresis results from the lower anchor-
ing energy of the more flexible polymer network, since the
low interfacial energy makes it difficult to recover the original
alignment of LC when the applied voltage is reduced. All
experiment results were summarized in Table 3.

Table 3  Electro-optic properties of PSBPLC composites at 23° C, A=

633 nm

Sample Operating Kerr constant ~ Decay time Hysteresis
voltage (V) (nm/V?) (ms) (%)

Al 69.8 9.4 1.782 5.88

A2 106.6 3.9 0.598 4.86

A3 85.7 5.8 0.950 4.81

A4 108.0 3.7 0.468 3.90

CB1 74.3 7.8 3.820 5.90

CB2 842 53 3.261 6.07

CB3 932 4.8 1.440 5.13

@ Springer

6 Conclusion

The polymer structure within the PSBPLC influences the ther-
mal stability and electro-optical properties. Optimization of
materials plays an important role for advancing the technolo-
gy. Therefore, we have reported a newly synthesized
ultraviolet-polymerizable reactive monomer containing
trifluorophenyl. We successfully broadened the temperature
range of the PSBPLC as well as achieved lower driving volt-
age, faster response time, lower hysteresis, and higher Kerr
constant by optimizing the combination of various functional
monomer and new monomer. The operation voltage decreases
with increasing the concentration of the new monomer. The
experimental results indicate that the electro-optical properties
of PSBPLC can be improved simultaneously by polymer sys-
tem with polar end group, which are the most promising can-
didates for decreasing the operating voltage of the BP system.
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