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Effect of cyanobiphenyl homologue molecules on
electro-optical properties in liquid crystal blue phases
and polymer-stabilized blue phases

Gihwan Lim!, Hirotsugu Kikuchi! and Sung-Kyu Hong?

The effects of cyanobiphenyl (CB) homologue molecules on the electro-optical properties of low-molecular-weight liquid crystal
blue phase (BP) and polymer-stabilized BPs are investigated using chiral nematic liquid crystal mixtures that include CB
molecules. The driving voltage and switching hysteresis of BPs were found to increase by polymer stabilization of the BP. It was
also confirmed that the electro-optical rising time and Kerr coefficient of BPs vary with the molecular parity, as determined by

the alkyl chain length of the n-CB homologue molecule dissolved in a chiral nematic liquid crystal mixture.
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INTRODUCTION
Blue phases (BPs) are liquid crystal (LC) phases that appear in the
temperature range between the chiral nematic and isotropic liquid
phases for chiral nematic LCs under high chirality conditions. BPs
have a three-dimensional cubic structure with lattice periods of
several hundred nanometres in length!™ and therefore exhibit
selective Bragg reflections in the visible and ultraviolet (UV)
wavelength ranges. BPs are optically isotropic due to the cubic
symmetry of their molecular arrangement in the absence of an
electric field. However, BPs become optically anisotropic due to the
unidirectional anisotropy of molecular alignment in an applied
electric field, with a response time of several hundred microseconds
due to the Kerr effect.* For practical applications, although BPs hold
potential as fast light modulators,” their narrow temperature range
of less than a few degrees Kelvin has always been a problem.
Recently, the polymer-stabilized (PS) BP, with a wide temperature
range of more than 60K that includes room temperature, was
reported by Kikuchi et all® as a high-performance optical switch
with a fast electro-optical response time of the order of 10~*s.
However, the polymer stabilization of BP resulted in high driving
voltage and large switching hysteresis compared with low-molecular-
weight (LM) BP without polymer stabilization. To achieve low driving
voltages in PS-BP, device structures and BP materials have been
studied extensively to improve their performance. In terms of device
structure, an implementing protrusion electrode!"1? and vertical field
switching!? as well as BP materials with a large Kerr coefficient'®!>
and materials exhibiting amorphous BP I11'®!7 have been reported.

To date, there are few reports about the relationship between the
electro-optical properties and chemical structures of LM-BP and PS-
BP for rod-like chiral nematic LCs.'® In this study, the driving voltage
and switching hysteresis of LM-BP and PS-BP were investigated using
four types of n-CB homologue chiral nematic LC mixtures.
Furthermore, the electro-optical response time and Kerr coefficient
of LM-BP and PS-BP were evaluated for the same four types of n-CB
homologue chiral nematic LC mixtures.

EXPERIMENTAL PROCEDURE

Sample preparation

4-cyano-4'-n-alkyl biphenyl (n-CB) homologues (Aldrich, St Louis, MO, USA)
and JC1041XX (JNC Co. Ltd., Tokyo, Japan) were used as host nematic LC
materials, and ISO-(60BA ), was used as a chiral dopant, as shown in Figure 1.
Four types of n-CB homologue LCs served as n-CB compounds
with n=5, 6, 7 and 8. Here, JC1041XX is a mixture of fluorinated liquid
crystalline molecules and was used to obtain stable BPs and PS-BPs. For
polymer stabilization of BP, RM257 (Merck, Whitehouse Station, NJ, USA)
and dodecyl acrylate (Aldrich) were used as reactive monomers, and 2,
2-dimethoxy-2-phenyl-acetophenone (DMPAP, Aldrich) was used as a photo-
initiator, as shown in Figure 1.

In the case of LM-BP without polymer stabilization, four types of chiral
nematic LC mixtures were prepared in ratios of n-CB:JC1041XX:ISO-
(60BA), =46.25:46.25:7.5 by weight percentage. In Addition, in the case of
PS-BP, four types of chiral nematic LC mixtures were prepared in
ratios of n-CB:JC1041XX:ISO-(60BA),:RM257:dodecyl acrylate: DMPAP =
42.6:42.6:7.5:3.5:3.5:0.3 by weight percentage. Each n-CB chiral nematic LC
mixture was placed in the vacant space of a 10 pum gap sandwich cell without
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surface treatment. In particular, for fabrication of the PS-BP cell, four types of
LC mixtures were irradiated with UV light with maximum wavelength of
365nm when the four types of LC mixtures were kept at a BPI. UV light
irradiation was maintained for 15min, with light intensity of 600 mW cm ~2.

Evaluation of BP temperature range for each n-CB homologue
chiral nematic LC mixture

Each temperature range for the BPs was characterized by polarizing optical
microscope (POM, Nikon, Tokyo, Japan) observations of texture. The optical
textures of the four types of LM-BP and PS-BP were observed by a POM
equipped with a hot stage calibrated to an accuracy of +0.1K (Linkam LK-
600PM, Guildford, UK) under crossed Nicols. The cooling and heating ratios
of the cell were each set to 1Kmin~!, and the lower observable limit
temperature of POM was 253 K on cooling.

Measurement of elastic constants for each host nematic LC mixture
and chiral pitch for each chiral nematic LC mixture

As the measurement method for elastic constants (K71, Ky, and K33) of chiral
nematic LC is not yet established, they were evaluated using nematic LC
mixtures without a chiral dopant. The four types of host nematic LC mixtures
were prepared as (5CB/JC1041XX), (6CB/JC1041XX), (7CB/JC1041XX) and
(8CB/JC1041XX) in 50:50 weight percentages. The splay (Kj;) and bend elastic
constants (K33) were evaluated based on a relationship between the electric
capacitance and applied voltage for the four types of (n-CB/JC1041XX)
nematic LC mixtures without chiral dopants in a 10-pm-thick twisted nematic
sandwich cell using EC-1 (Toyo Technica Co. Ltd., Tokyo, Japan). During the
measurement of Kq; and Kjs, dielectric constants (Ag) of each host nematic LC
were evaluated simultaneously. The measuring temperature was T, —10K
for the four types of n-CB nematic LC mixtures. Furthermore, K,, was
calculated from the measured K;; and Kj3.!° The average elastic constant was
estimated by the arithmetic average of Kj;, Ky, and Kj;. The chiral pitch for
the four types of n-CB chiral LC mixtures was evaluated by measurement of
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Figure 1 Chemical structures and physical properties of nematic LCs, chiral
dopant, reactive monomers and photoinitiator.

the width of the disclination line on POM observation using the wedge cell
with tan 6=0.0083. The chiral dopant concentration of each chiral nematic
LC mixture was 0.4 wt% (n-CB:JC1041XX:ISO-(60BA), = 49.8:49.8:0.4). The
measurement temperature was 7. —10K for each chiral nematic LC mixture,
where T. was the phase transition temperature from the chiral nematic to
isotropic phase for each chiral nematic LC mixture.

Measurement of electro-optical properties of LM-BP and PS-BP for
four types of n-CB homologue chiral nematic LC mixtures

A sandwich-type in-plane switching electrode cell was prepared to measure the
electro-optical properties of BP-LC mixtures. The top bare glass was not
surface treated, and the bottom Cr-coated glass was patterned with a distance
of 10 um in plane. The two glasses were attached by a UV light-curing adhesive
and kept in a 10 um gap with a PET film as a spacer. The chiral nematic LC
mixtures were injected into vacant spaces of the sandwich-type electrode cell at
the isotropic phase to prevent flow alignment. BP polymer stabilization was
accomplished by UV irradiation of the n-CB homologue chiral nematic LC
mixtures, while the LC maintained a BPI. A He—Ne laser (1= 633nm) was
positioned perpendicular to the sandwich cell. The transmitted light through
the cell was detected by a photodiode (New Focus 1621M, Santa Clara, CA,
USA) and recorded with a digital storage oscilloscope (LeCroy WP950,
Chestnut Ridge, NY, USA). The driving voltage of each LM-BP and PS-BP
was defined as the voltage at the maximum transmittance during voltage
increase. The switching hysteresis of each LM-BP and PS-BP was defined as the
voltage difference between voltage increase and decrease at 50% transmittance.

The Kerr coefficient of each LM-BP and PS-BP was evaluated by the
extended Kerr model?®?! through measurement of the relationship between
the transmittance and square of applied voltage. The measurements of driving
voltage, switching hysteresis, response time and Kerr coefficient were
performed at T, —0.5K for LM-BP and T.—10K for PS-BP.

The electro-optical response time was evaluated by measurement of the time
during which the transmittance changed from 10 to 90% with voltage on
(rising time) or from 90 to 10% with voltage off (decay time) in the cell. When
the electro-optical response time was measured, a squared AC electric voltage
with frequency of 1.0kHz was applied for 1s over 30 times to the cell.

RESULTS AND DISCUSSION

BP temperature ranges of LM-BP and PS-BP for four types of n-CB
homologue chiral nematic LC mixtures

Table 1 shows the phase transition temperature of (a) LM-BP and (b)
PS-BP for the four #-CB chiral nematic LC mixtures on heating. The
ATgp; for four types of LM-BP were small, ranging from 1 to 1.6K,
whereas ATgp; for four types of PS-BP were over a wide range of
more than 60 K. For the four types of PS-BP, in particular, the phase
transition between the BP and chiral nematic phases could not be
observed, even though the temperature was lowered by 253 K. Here,
253 K was the lower observable temperature limitation of our POM
equipped with a hot stage but was not the phase transition
temperature between the BP and chiral nematic phases. However,
we observed wide BP temperature ranges of more than 60K through
the polymer stabilization of four types of n-CB homologue chiral
nematic LC mixtures.

Table 1 Phase transition temperature of LM-BP and PS-BP for four types of n-CB chiral nematic LC mixtures on heating

LM-BP LC Teh— 8P TP iso ATgps PS-BP LC Ten—sp TP iso ATgps

(5CB/JC1041) 316.8K 318.1K 1.3K (5CB/JC1041) — 320.9K >60K
(6CB/JC1041) 314.6 K 315.6K 1K (6CB/JC1041) — 317.1K >60K
(7CB/JC1041) 320.7K 322.3K 1.6K (7CB/JC1041) — 323.8K >60K
(8CB/JC1041) 321.9K 322.9K 1K (8CB/JC1041) — 324.3K >60K

Abbreviations: BP, blue phase; CB, cyanobiphenyl; LC, liquid crystal; LM, low-molecular-weight; PS, polymer-stabilized.
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Electro-optical properties of LM-BP and PS-BP for four types of
n-CB homologue chiral LC mixtures

Figure 2 shows the experimental results of light transmittance against
applied voltage of LM-BP and PS-BP for four types of n-CB
homologue chiral nematic LC mixtures. Table 2 shows the driving
voltage, switching hysteresis and Kerr coefficient estimated from
Figure 2.

The driving voltage of the four types of LM-BP had lower voltages
(83.5V for 5CB, 97.5V for 6CB, 80.8V for 7CB and 95.5V for 8CB)
than the four types of PS-BP (92.5V for 5CB, 105.2V for 6CB, 90.5V
for 7CB and 107.2'V for 8CB). From Table 2 and Figure 2, we found
that the driving voltages of LM-BPs and PS-BPs varied with the
molecular parity of n-CB, and PS-BP had a higher driving voltage
than LM-BP. The increase in driving voltage of PS-BP can be
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understood by comparing the series-connected dielectric model of
the composite of LC and polymer on application of an AC electric
field reported by Miyamoto et al.,’? as shown in Figure 3. Using this
model, the applied electric field E could be approximately written by
Equation (1), where ¢ is the volume ratio of LC in the composite of
polymer and LC.

Epxr = @Eic+ (1 —9)Ep )
Eic and Ep are electric fields distributed to the LC and polymer
regions, respectively. In Addition, the ratio of the electric fields
applied to the LC and polymer could be represented as the ratio of the
moduli of impedance of the LC and polymer, Z; and Zp as shown in
Equation (2).

Evc/Ey = 20| /|21cl )
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Figure 2 Transmittance results with respect to applied voltage of LM-BP and PS-BP for four types of n-CB chiral nematic LC mixtures. A full color version

of this figure is available at Polymer Journal online.
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Table 2 Driving voltage, switching hysteresis and Kerr coefficient of LM-BP and PS-BP for four types of n-CB chiral nematic LC mixtures

LM-BP PS-BP
Driving Switching Kerr coefficient Driving Switching Kerr coefficient
Chiral LC mixtures voltage (V) hysteresis (V) (mNV?) voltage (V) hysteresis (V) (mNV?)
(5CB/JC1041) 83.5 0.2 5.41E-10 92.5 3.8 4.82E-10
(6CB/JC1041) 97.5 0.2 2.90E-10 105.2 5.1 4.01E-10
(7CB/JC1041) 80.8 0.4 6.15E-10 90.5 5.0 5.07E-10
(8CB/JC1041) 95.5 0.3 3.89E-10 107.2 4.5 4.01E-10
Abbreviations: BP, blue phase; CB, cyanobiphenyl; LC, liquid crystal; LM, low-molecular-weight; PS, polymer-stabilized.
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Table 3 Birefringence (An), dielectric anisotropy (A¢) and average 600
elastic constants (k) of host nematic LC mixtures and chiral pitches
(p) of four types of chiral nematic LC mixtures & ._/7&\ /
Z 500
Average elastic g
Dielectric anisotropy Birefringence Chiral pitch constant .‘: 400
LC mixture Ae An p (um) k (pN) g /
o —o— Rising
(5CB/JC1041) 15.54 0.21 4.05 18.62 8 300 D
(6CB/IC1041) 13.03 0.20 5.75 14.35 « - Decay
(7CB/JC1041) 14.31 0.21 4.03 19.46 200
8CB/JC1041 13.19 0.14 4.15 15.06
( ) 5CB 6CB 7CB 8CB

Abbreviations: CB, cyanobiphenyl; LC, liquid crystal.

Therefore, for the PS-BP-containing polymer, the applied electric field
is divided into the LC and polymer, whereas for LM-BP, the applied
electric field is imposed to only LC on the basis of Equation (1) and
Equation (2). As a result, the driving voltage for maximum
transmittance of PS-BP is higher than that of LM-BP because |Zp|
is larger than |Z;c|. Furthermore, anchoring of LC molecules at the
LC/polymer interface is a possible cause of the higher driving voltage
of PS-BP.

In the case of switching hysteresis, those of PS-BPs ranged from 3.8
to 5.1V, whereas LM-BPs showed smaller hysteresis from 0.2 to 0.4 V.
This result implies that LM-BPs without polymer show nearly elastic
behaviour of only LC in an electric field, whereas PS-BPs with
polymer show a combination of the viscoelastic behaviour of
polymers and elastic behaviour of LC in an electric field. As a result,
the switching hysteresis of PS-BPs is larger than those of LM-BPs. In
addition, we should consider that the switching hysteresis of PS-BPs is

Polymer Journal

n-CB Homologue
Chiral Nematic Liquid Crystal

Figure 4 Measured rising and decay times of (a) LM-BP and (b) PS-BP for
four types of n-CB homologue LC mixtures. A full color version of this figure
is available at Polymer Journal online.

affected by the interfacial interaction of the LC and polymer.
However, we could not find this relationship among the species of
n-CB homologue LC mixtures, perhaps because the switching
hysteresis of PS-BP is governed by several factors, including an
anchoring force between polymer and LC and polymer network
structure as well as the chemical structure of host nematic LCs.
Interestingly, the Kerr coefficients of both LM-BPs and PS-BPs
prepared with an odd alkyl-numbered n-CB, 5CB and 7CB, were
larger than those with an even alkyl-numbered n-CB, 6CB and 8CB,
as shown in Table 2. Namely, the Kerr coefficients of both LM-BPs
and PS-BPs were found to vary with the molecular parity of the n-CB
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Figure 5 Relationship between response time and Kerr coefficient of
(@) LM-BP and (b) PS-BP for four types of n-CB homologue LC mixtures.
A full color version of this figure is available at Polymer Journal online.

homologue LC. Furthermore, the Kerr coefficients were inversely
proportional to the square of the driving voltages of the LM-BPs and
PS-BPs of n-CB homologue chiral nematic LCs. These results
quantitatively showed similar tendencies to previous research results'#
that the driving voltage is inversely proportional to the square root of
the Kerr coefficient.

Table 3 shows birefringence (An), dielectric anisotropy (A¢) and
average elastic constants (k) of host nematic LC mixtures and chiral
pitch (p) of n-CB homologue chiral LC mixtures at T, —10K. In the
table, A¢, p and k were the measured values at T, —10K, and An was
the reference value from the LC database (Version 4.7; Volkmar Vill).
From the Gerber model,® the Kerr coefficient is approximately
proportional to An-Ae-p*k. However, our measured Kerr
coefficients did not follow this relationship from the Gerber model
but were only dependent on the An-Ag term in n-CB homologue
LM-BPs and PS-BPs.

Figure 4 shows the experimental results of rising and decay times
of (a) LM-BP and (b) PS-BP for four types of n-CB homo-
logues. Although the rising time decreased when % was odd
and increased when ‘%’ was even, the decay time was rarely dependent
on the number of alkyl chains for the four types of (a) LM-BP and
(b) PS-BP LC, as shown in Figure 4. Namely, the rising times
of LM-BP and PS-BP change with molecular parity, whereas the
decay times rarely change with molecular parity for both LM-BP
and PS-BP.

Figure 5 shows the relationship between the response time and Kerr
coefficient of (a) LM-BP and (b) PS-BP for the four types of n-CB
homologue LC mixtures. Interestingly, the rising time was more

Cyanobiphenyl molecules on E-O properties in LC BP and PS-BP
G Lim et al

strongly dependent on the Kerr coefficient than was the decay time of
both LM-BPs and PS-BPs, based on the results in Figures 5a and b.

CONCLUSIONS
The driving voltage and switching hysteresis of BPs were increased by
polymer stabilization for n-CB homologue chiral nematic LCs.

The electro-optical rising time and Kerr coefficient of BPs were
found to change with molecular parity, as determined by the alkyl
chain length of n-CB homologue chiral nematic LC mixtures.
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