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ABSTRACT

In the present work, diluter effects on the phase transition temperatures and electro-optical
properties of the polymer-stabilised blue-phase liquid crystals with microsecond respond time
have been carried out. The temperature range of polymer-stabilised blue-phase samples broa-
dened over 50 K including room temperature. By increasing the concentration of diluter, the
faster response time is obtained, but Kerr constant become smaller. These values are still two
orders of magnitude larger than conventional Kerr materials such as nitrobenzene. The major
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bottleneck is the increased operating voltage. Hysteresis is sensitive to the diluter concentration
and is slightly small for polymer network systems. For next-generation display technology, an
optimal concentration of diluter plays a crucial role to a proper balance between response time

and operation voltage.

1. Introduction

Blue phases (BPs) are found in a fairly narrow tempera-
ture range between the high-temperature isotropic phase
and the low-temperature chiral nematic phase of suffi-
ciently short helical pitch [1,2]. BP is a coexistence of
double-twist helical structure and defects (disclination
lines) which tend to make the global structure less stable.
Therefore, the thermal instability of BP is a major obsta-
cle to their useful technological applications. There have
been a variety of attempts to enlarge the temperature
range of BPs. Among them, the first promising expan-
sion of the BP temperature range was reported by
Kikuchi et al. [3]. The photopolymerisation of a small
amount of monomers in a BP state was selectively filled

up the space in the disclination lattice, thereby reducing
the free energy costs of the defects against temperature
variation [3]. As a result, the temperature range of blue-
phase liquid crystal (BPLC) was successfully extended to
more than 100 K by means of a polymer network,
including room temperature. It is referred to as poly-
mer-stabilised blue phases (PSBPs). Besides polymer sta-
bilisation, other methods for BP stabilisation involve the
use of dimmer liquid crystal (LC) molecules with a large
flexo-electric coefficient [4], nanoparticles with different
diameters [5-9], hydrogen-bonded self-assembled LC
complexes [10,11], T-shaped molecules [12], bent-shaped
molecules [13-17] and binaphthyl derivatives [18].
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Polymer-stabilised ~ blue-phase  liquid  crystal
(PSBPLC) has exhibited a number of intrinsic features
in display applications, such as fast response time (in
the sub-millisecond range) [19-22], optically isotropic
at voltage-off state [23,24], alignment-free fabrication
[24], wide viewing angle and cell gap insensitivity [23].
Nevertheless, their notable high driving voltage, elec-
tro-optical hysteresis and residual transmittance are the
considerable bottleneck problems for display device
applications [19-22,25]. Fast response time is probably
the most attractive feature for BPLCs. Since it not only
reduces motion blurs but also enables colour-sequen-
tial display using RGB LEDs, which eliminates the
spatial colour filters [22]. By far, several methods
have been implemented for reducing the response
time. These methods include changing polymer ingre-
dients [26,27], applying dual-frequency operation [28],
employing longer exposure wavelength [29], applying
electric field below the critical field [30] and increasing
monomer concentration [29,31,32]. However, high
monomer concentration results in the increased opera-
tion voltage. Xiang et al. [33] demonstrated a fast
switching broad-temperature range electro-optical
material by means of a BP-polymer-templated nematic.
However, delicate fabrication processes of washing out
unpolymerised components in the cell and refilling
nematic LC must be performed in this method. Choi
et al. demonstrated a method of enhancing response
time by shortening the pitch of BPLC [34]. However,
the solubility of chiral dopant in a nematic host is
usually limited, and the decrease in pitch length affects
the stability and formation of BP phase. The stated
procedures have their own disadvantages. Some of
them are expensive and time taking, while others are
complicated.

To date, numerous proposed approaches have
been demonstrated the electro-optical performance
based on BPLC [3,4,7,13,14,16,18-39]. However, the
diluter system which may have substantial effect on
the properties of the PSBPLCs has rarely been inves-
tigated systematically [40-42]. Diluters have been
employed for reducing the melting temperature and
viscosity of a nematic material [43]. In the present
paper, the effects of diluter systems on the thermal
stability and the electro-optical properties of self-
assembled nanostructured BPLC with polymer net-
work were investigated. The electro-optical proper-
ties of the BPLCs compared with and without
diluters. Higher diluter concentration improved the
response time; however, its trade-offs were the
decrease of Kerr constant and higher operating vol-
tage. The Kerr constants of those were experimen-
tally found up to two orders of magnitude larger

than nitrobenzene. On the other hand, hysteresis
was observed sensitive to the diluter concentration
and was reduced by increasing temperature.

2, Experiment

To investigate the diluter effect on the PSBPLC, two
kinds of the multicomponent mixtures comprising of
rod-like nematic LCs were doped in the conventional
BPLC system and were mixed systematically at differ-
ent ratios. The stabilisation of the BPs was strongly
dependent on the chemical structure of the monomer
and fraction in the monomer mixture. For comparison,
precursors were prepared in the same condition, as
listed in Table 1.

The first nematic LC host was commercially known
as E-7 (Merck). It is a multicomponent mixture com-
prising of 4-cyano-4'-pentylbiphenyl (51 wt%), 4-hep-
tyl-4-cyanobi-phenyl (25  wt%),  4-octyloxy-4-
cyanobiphenyl (16 wt%) and 4-pentyl-4-cyanoterphe-
nyl (8 wt%). E-7 exhibits a nematic phase in the tem-
perature interval from —10°C up to the transition to the
isotropic phase at 59°C. E-7 has a birefringence An =
0.2253 at 20°C and A = 589.3 nm, a positive dielectric
anisotropy Ae = 13.89 and a rotational viscosity y =
166 m Pa.s at 20°C.

The second nematic LC host employed was HTG-
135200 (HCCH, China). Its physical properties are
An =0.205 at A = 633nm, Ae =100.3 at 1kHz and
23°C and a rotational viscosity y = 1.2 Pa.s (at 22°
C); the clearing temperature is 96°C. The chemical
structures are unavailable owing to commercial confi-
dentiality. All chemical stuff was used without any
further treatment.

A left-handed chiral dopant (S5011, HCCH) was
added into each LC mixture to induce the BPs.
Therefore, the BPLC sample transmitted the incident
right-handed circular light in the voltage-off state. The
helical twisting power of S5011 is dependent on the
temperature and is approximately 120/um. High con-
centration of chiral dopants results in the short pitch
length. The chiral pitches were limited in a specific
region by adjusting the chiral concentration. Since the
electro-optical performance of PSBPLC is related to the

Table 1. The constituent fractions of the materials in order to
prepare PSBPs.

HTG-135200 + E-7 (wt S5011 RM257 TMPTA
Precursors %) (wt%) (wt%) (Wt%)
0 wt% 85.50 4.50 5.00 5.00
4.5 wt% 85.50 4.50 5.02 4.98
9 wt% 85.44 4.56 5.00 5.00
14 wt% 84.40 5.60 5.01 4.99




pitch length. To broaden the temperature range of the
BP, UV-curable monomers were used: 2-methyl-1,4-
phenylene bis(4-(3-(acryloyloxy)propoxy) benzoate
(RM257, Merck) and 1,1,1-trimethylolpropane triacry-
late (TMPTA, Sigma Aldrich). The refractive indices
for ordinary and extraordinary light of RM257 are
no = 1.508 and n. = 1.687, respectively. The phase
sequence of RM257 is the crystal-(70°C)-nematic-
(120°C)-isotropic. RM257 is a di-acrylate monomer.
TMPTA was added as a photocrosslinking agent to
introduce rigidity to the cells. TMPTA is a tri-func-
tional monomer. Any photoinitiator was not employed
in this study. The total concentration of RM257 and
TMPTA was fixed at 10% by weight. The BPLC/mono-
mers mixtures were mechanically mixed at higher than
the clearing point of the LC in order to form a homo-
geneous mixture for several times.

After homogeneous blending, each precursor was
heated up to a temperature slightly higher than the
isotropic phase to dissolve all components and then it
was inserted into an empty in-plane-switching (IPS)
cell without polyimide alignment layer at the isotropic
state by means of capillary force. The BP does not
require any surface treatment for alignment of LCs,
since, it is optically isotropic. To measure the electro-
optical properties of the materials, the top substrate of
the IPS cells was a plain glass, but the bottom substrate
was coated with comb-type interdigitated indium tin
oxide (ITO) electrodes. The electrode distance was
12 um. The ITO electrode was 8 um wide. The cell
thicknesses of IPS cells were controlled between 7.34
and 7.5 pm by glass spacer balls to separate substrates.
The cell thickness was measured by the standard inter-
ferometric method. The temperature was carefully con-
trolled by a Linkam hot stage LTS350 and a controller
TMS94 with an accuracy of 0.1°C owing to the narrow
temperature range of the BPs. The cells were stayed at
thermal balance for 10 min, and then, they were cooled
down from the isotropic phase to chiral nematic phase
at a cooling rate of 0.5°C/min to observe the phase
transition temperatures. After several thermal recycles,
the cells were irradiated (from the plain glass substrate
side at normal incidence) by UV light with a central
wavelength of 365 nm (L2859-01, Hamamatsu
Photonics LC6) at an intensity of ~8 mW/cm? for
30 min to stabilise the BPLC. This dosage is suitable
to stabilise the BPLC composite system. After polymer-
isation, the samples were cooled to room temperature.
The polymer chains were selectively concentrated in
the disclination lines. As result, nanostructured
PSBPLC composite was self-assembled. The phase
transition temperatures and the optical texture of
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each sample were determined from a reflective polaris-
ing optical microscopy (POM) equipped with a com-
mercial hotplate (Linkam TMS 94). The samples
exhibited BPs during heating and cooling processes.
Figure 1 shows the platelet textures of the samples
observed under the POM in the reflective mode at
room temperature, which exhibit that the samples
were successfully polymer stabilised. Their phase tran-
sition temperatures were listed in Table 2.

As shown in Table 2, every mixture was found to
exhibit PSBPLCs, even though the concentration range
of chiral dopant and the temperature range were differ-
ent. The clearing point of the precursors decreases with
increasing the proportion of E-7 in the mixture, as a result
of the low clearing point of E-7 mixture. The BPs existed
over temperature range of ~7 — 10°C without UV irra-
diation [7-18,44,45], which is wider than that over which
typical BPs are normally found in a very narrow (~1°C)
temperature range [1,2]. According to previous study,
smaller dielectric anisotropy induced BPs in a wide tem-
perature range [46]. The obtained results in this study are
consistent with that. After formation of the polymer net-
work, the clearing temperature is above 72°C, i.e. near to
the clearing point of the respective mixture without any
monomer, and the BP is now stable from below 22°C up
to the clearing temperature. Therefore, the temperature
range of PSBPLC samples reported in this study was
extended to more than 50°C.

Figure 2 depicts the experimental setup. To character-
ise the electro-optical properties, a linearly polarised He-
Ne laser (about ImW at A = 633 nm) was employed as a
light source. The IPS cell was placed between a pair of
crossed polarisers. To maximise the transmittance, azi-
muthal angle of the striped electrode was adjusted at an
angle of 45° with respect to the plane of polarisation of the
polariser. The transmitted light intensity was measured
by a photodetector (New Focus Model 2031) connected
to an oscilloscope (Tektronix TDS-2014). The samples
were driven by a square-wave electric field with a fre-
quency of 1 kHz put through an amplifier (FLC electro-
nics, model F20) and was saved digitally by a LabView
data acquisition system. The voltage ramping rate was
100ms. In the IPS cell, the electric field-induced birefrin-
gence was in the lateral direction to the plane of the
substrate. The voltage-dependent transmitted light was
focused by a lens to collect most of the diffraction orders
into the photodetector.

3. Results and discussion

In the absence of an external electric field, PSBPLCs are
optically isotropic owing to their cubic structure.
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Figure 1. (Colour online) Micro-textures of samples observed under a polarising optical microscope with two crossed linear
polarisers at room temperature (a) 0 wt% (the cell gap = 7.55 um), (b) 4.5 wt% (the cell gap = 7.38 um), (c) 9 wt% (the cell
gap = 7.45 um), (d) 14 wt% (the cell gap = 7.34 pym).

Table 2. Phase transition temperatures of BPLC mixtures (before and after photo-stabilisation) are determined by polarising optical
microscope studies.

Before photo-stabilisation

Samples  Cholesteric blue phase (°C)  Blue phase isotropic (°C)  Isotropic blue phase (°C) Blue phase cholesteric phase (°C)
0 wt% 70.6 72.6 72 67.8

4.5 wt% 57.4 67.9 67.0 59.9

9 wt% 525 56.9 55.8 50.6

14 wt% 46.9 53.4 52.6 43.7

After photo-stabilisation

Samples  Cholesteric blue phase (°C)  Blue phase isotropic (°C) Isotropic blue phase (°C) Blue phase cholesteric phase (°C)
0 wt% Lower than 22 82.1 81.3 Lower than 22

4.5 wt% Lower than 22 81.2 80.3 Lower than 22

9 wt% Lower than 22 77.8 76.5 Lower than 22

14 wt% Lower than 22 73.5 72.8 Lower than 22

Figure 2. (Colour online) Experimental setup for electro-optic measurement of the IPS cell.



However, a birefringence can be induced by the appli-
cation of the electric field due to a distortion of the
cubic lattice of PSBPLCs. Therefore, the electro-optical
properties of the PSBPLC were measured at different
temperatures. Figure 3 demonstrates the normalised
voltage-dependent transmittance curves (VT) by
ascending and descending voltage operation cycles
from 22°C to 62°C for 4.5 wt% of E-7 host in the
precursors. These data may be approximately described
by the relative transmitted intensity through a uniaxi-
ally birefringent slab:

(1)

Toor = sin?(2¥)sin® <M)
nor — )

A

Here, Afinducea is the induced birefringence at a
particular applied electric field strength and ¥ is the
angle of the induced, in-plane, optic axis with respect
to the polariser or analyser crossed axis (¥ = 45° in
this experiment). Here, the transmission was normal-
ised to that of two parallel polarisers. The transmission
gradually increased with increasing voltage, reaching a
maximum value. Operating voltage (V,,) is defined as
a voltage at the maximum transmittance of the VT
curve. During backward sweep of voltage, the transmis-
sion became smaller but along a different way. As the
temperature increases, V,, increases, as can be seen in
Figure 4. This process was repeated for other samples.

As shown in Figure 4, one may see that the operat-
ing voltage increases with increasing temperature.
Additionally, the required operating voltage increases
as the concentration of E-7 host in the precursors
increases. In the precursors without E-7 host, operating
voltage was found to be 77 V at room temperature. On
the other hand, the presence of 14 wt% E-7 in the
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Figure 4. (Colour online) The operating voltage as a function of
temperature for different concentrations of E-7 compound.
Continuous lines are drawn as a guide to the eye.

precursors operating voltage was determined to be
95V. In consequence, the peak driving voltage
increases with increasing concentration of E-7 host in
the compound. This phenomenon may result from the
fact that the dielectric anisotropy of PSBPLC decreases
with the presence of E-7.

According to Lichtenecker mixing rule, dielectric
anisotropy (Ag,) of a binary mixture of LC can be
written as follows [47]:

log(Ae,,) = ¢,log(Aey) + (1 - ¢1)10g(A£2), 2)

where Ag; and Ag, are dielectric anisotropy of the two
components and ¢; is the volume fraction of compo-
nent. Substituting Ae; = 14, Ae; = 100.3 and ¢, =
0.045 into Equation (2), we can find Ae, = 90.6.

1,0 H T T T T T T W
= 22°C a¥ayve ]
e 32°C n®i, o
0 I.Ay \d
0,8 - A 42°C o, V¢
5 v 52°C s, Ve
5 | Ve
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£ 06 'A,. -
c 'Av.
S 044 Siv e 4
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= aAv e
Av e
: o135
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z .x;x
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00 120228883¢¢ I S
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Figure 3. (Colour online) Measured V-T curves in an IPS cell at different temperatures using the experimental setup for 4.5 wt% of
E-7 compound, IPS cell:cell gap = 7.38 um, electrode gap = 12 um and electrode width = 8 um.
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Adding in place of Ag = 14, Ae; = 100.3 and ¢, =
0.09 into Equation (2), we can obtain Ag, = 83.3.
And using in turn Ag; = 14, Ag; = 100.3 and ¢, =
0.145 into Equation (2), then we can find Ae,, = 75.2.

It is believed that a large Kerr constant is observed
for nematic LCs just above the nematic-isotropic phase
transition temperature [48]. This is owing to short-
range nematic-like order originated from orientational
fluctuation in the isotropic liquid. Macroscopically,
BPLC is an isotropic Kerr medium when there is no
external electric field present. When electric field
increases, the BPLC becomes anisotropic along the
electric field direction. The refractive index change
follows the Kerr effect in the low field region but
gradually saturates as the electric field keeps increasing,
which can be well explained by an extended Kerr effect
[49]. The Anjpduced in the weak field region is related to
E, wavelength A and Kerr constant K as shown below:

Aninduced = AKEZ (3)

According to the extended Kerr effect, the Anipgycea Of
PSBPLCs is related to the electric field [49].

E 2
Aninduced(E) = Ans (1 — exp l_ (E_> ‘| ) 3 (4)

where An; is the saturated induced birefringence and E;
is the saturation electric field. In the weak field region
(E < E;), the Kerr constant is derived as follows:

Ang

K ~~ .
AE?

(5)

Based on Equation (4), the Kerr constant is obtained
by fitting the VT curves with the extended Kerr effect
model, since the Anjpqucea should be saturated in the
strong electric field. Figure 5 shows the Kerr constant
consisting of different E-7 concentrations in the sys-
tems. In the precursors without E-7 host, the Kerr
constant was found to be 8.5 x 107°V2m at room
temperature. By contrast, in the case of the precursors
containing 14 wt% of E-7 host, the Kerr constant was
found to be 5x 107°V*m. As the concentration of
E-7 in the precursors increases, the Kerr constant of
PSBPLC decreases. The Kerr constant is proportional
to Ae [50].

It indicates that Ae of the precursors decreases with
increasing wt% of E-7 compound. Furthermore, an
increase in required applied voltage corresponds to a
decrease in Kerr constant. Nitrobenzene in a liquid
state is known to show large Kerr -constants,
K =2~4 x 10712V2m. However, the values of the
Kerr constant in the precursors are the order of

10 . . . . . . : .
A OwWt% ||
A o 45wt%
84 B Owt% [
v 14 wt% ||
6 - -
2
€ 44 -
=
<
2 4 -
0 - -
T T T T T
20 30 40 50 60 70

Temperature (°C)

Figure 5. (Colour online) Temperature dependence of Kerr
coefficient of PSBPs for different concentrations of E-7 com-
pound. The lines are guides to the eyes.

107 — 107°V~m, which is about 100~1000 times
as large as the Kerr constant of polar liquid like nitro-
benzene [51]. This value is comparable with that in a
PSBPLC [26-28,31-34,36,37,40-42]. We can infer that
the dielectric anisotropy of the system may be one of
the reasons for decreasing the Kerr constant.

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

Y
Tdecay = ECTiAg . (6)
Tgeca
rise = d—ZY (7)
(V/Vc) —1

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

Figure 6 displays the temperature dependence of the
decay and rise processes for the PSBPs consisting of
various ratios of LC hosts, respectively. The decay and
rise times were determined from 90% to 10% transmit-
tance change. All the measurements were conducted at
different temperatures. As seen in Figure 6, the decay
time is slower than the rise process. In addition, the
rise and decay processes decrease with increasing tem-
perature, since the rise time is affected by the dielectric
anisotropy of the LC host. In the absence of E-7 host in
the PSBP, the response time was found to be 447 us in
the decay process and 250 ps in the rise process at
room temperature. In the case of the PSBP comprising
of 14 wt% of E-7 host, the response time was found to
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Figure 6. (Colour online) Temperature dependence of electro-
optical response time for different concentrations of E-7 com-
pound (a) decay time and (b) rise time. Continuous lines are
drawn as a guide to the eye.

be 265 ps in the decay process and 163 us in the rise
process at room temperature (in the region of local
director reorientation).

On the other hand, the response time of the PSBP
containing 14 wt% of E-7 showed 63 ps in the decay
process and 40 us in the rise process at 65°C. Over a
wide temperature, the response times were of the order
of microseconds. This is much faster than those of
nematic LCs, which are typically about 10-100 ms.
Namely, doping 14 wt% of E-7 in the precursor, the
decay time is improved by ~2x with respect to 0 wt%
of E-7 in the precursor at room temperature and
resulted in diminishing the effective rotational viscosity
of the material system. These times are comparable
with those published in the literature [3,7,16,25-42].
Therefore, the performance of the PSBPLC was
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enhanced. It is believed that the fast response time
originates from the short pitch length, LC host and
strong cross-linking polymer network [19-22]. This
indicates that our precursors form strong polymer net-
work. As a result, it is found that the response time
makes shorter with increasing ratios of E-7 host in the
precursors. Higher operating voltage is a trade-off
effect for display application.

Hysteresis is a key issue that affects the grey scale in
LC displays, and it should be minimised prior to the
wide application of PSBPLCs [21,25]. To measure the
hysteresis of our IPS devices, the IPS devices were
driven by increasing the applied voltage upwards to
Von and then gradually decreasing downwards to
zero. The hysteresis is defined by the voltage difference
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c
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o
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©
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Figure 7. (Colour online) (a) Measured hysteresis loops for
different concentrations of E-7 compound at room temperature
and (b) temperature dependence of voltage hysteresis for
different concentrations of E-7 compound. The lines are guides
to the eyes.
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between the upward and downward scans at half of the
peak transmittance. Higher operating voltage gives rise
to a more discernible hysteresis, which is ascribed to
the lattice distortions of the PSBPLC.

Figure 7 demonstrates the hysteresis of PSBPLCs
obtained under different LC host compounds. When
the concentration of E-7 host in the precursors changes
from 0% to 14%, the hysteresis increases from 2.35 to 3.07
V at room temperature. Additionally, the hysteresis
makes smaller with increasing temperature. In other
words, hysteresis is relatively sensitive to temperature
and the diluter concentration. The reduction in hysteresis
may cause the reduction in rotational viscosity with an
increase in temperature [25]. Low rotational viscosity
gives rise to rapid relaxation which decreases hysteresis
and Kerr constant. This decrease in hysteresis can make
PSBPLCs beneficial in display devices. The composition
of the PSBPLC samples requires finding a reasonable
compromise to attain faster electro-optical response
time at low hysteresis.

4. Conclusion

In summary, the effects of the diluters and composition
on the electro-optic performance of PSBPLC with a wide
temperature range including room temperature have
been investigated. It was found that increasing the diluter
concentration (E-7) leads to faster response time, smaller
hysteresis, higher driving voltage and lower Kerr con-
stant. In addition, the experimental results indicate that
a small amount of diluter slightly decreases the dielectric
anisotropy but dramatically reduces the viscosity of the
employed material system. Therefore, an optimal concen-
tration of diluter should be taken into account for opti-
mising the total performance of the BPLC systems.
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