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Dual frequency liquid crystals (DFLCs) provide a possibility to achieve sub-millisecond rise and decay times and
are useful for various electro-optical devices. In most of DFLC mixtures, ester compounds are utilised in order to
obtain a low crossover frequency. However, the ester linking group does not provide =« electron conjugation so that
the DFLC mixtures usually exhibit a limited birefringence (An < 0.3 at A = 633 nm). For phase modulation a lower
birefringence demands a thicker cell gap which, in turn, increases the response time and operating voltage. This
problem becomes more severe as the wavelength increases. In this paper, we introduce a series of isothiocyanato
phenyl tolane positive compounds with high birefringence and moderate dielectric relaxation frequency. The
dielectric and electro-optical properties of these compounds are investigated. We also formulated a DFLC mixture
using these new positive compounds which exhibits An = 0.39 at 4 = 633 nm and 0.33 at 4 = 1550 nm.

Keywords: high birefringence; dual frequency liquid crystals

1. Introduction

In addition to their widespread applications in informa-
tion displays (/), liquid crystals (LCs) are also useful for
electro-optical devices such as spatial light modulators
(2, 3), variable optical attenuators (4, 5), light shutters
(6), tunable filters (7) and adaptive optics (8). The con-
tinuous demand for a faster response time in these
devices has fostered the development of new LC mate-
rials and driving methods. Nematic LCs with high bire-
fringence (An), low visco-elastic coefficient, and large
dielectric anisotropy (Ag) have been developed to
achieve fast response. High An LCs enable a thinner
cell gap to achieve the same phase change, and thereby
efficiently reduce the response time (9—117). This is espe-
cially important for devices operating in the infrared
(IR) region (12, 13), where a thicker cell gap is required
in order to compensate for the longer wavelength.
Driving schemes such as overdrive and undershoot
have been introduced to decrease the response time
(14, 15). However, only the turn-on process can be
accelerated by the applied overdrive voltage. Efforts
to reduce decay time are limited by the LC properties
and alignment conditions when using an ordinary
nematic LC. Dual frequency liquid crystals (DFLCs)
(16, 17) offer a possibility to break this barrier by an
electrically-assisted LC relaxation process.

DFLC mixtures usually comprise two kinds of
materials (/8). First, there are compounds that exhibit
a positive Ae when addressed by a low frequency (in
the kilohertz range) electric field and whose dielectric
anisotropy decreases as the driving frequency
increases. These compounds (referred to as positive
compounds) provide the positive Aeg at low

frequencies and the frequency dependence of dielectric
anisotropy. Second, there are compounds that exhibit
a constant but negative A¢ when the driving frequency
above ~1 MHz. These negative compounds provide
the large negative Ae at high frequencies. Similar to
ordinary LCs, high An DFLC materials are equally
favoured from fast response time and low operating
voltage viewpoints. Highly conjugated negative com-
pounds with a relatively high birefringence (An > 0.3)
have been adopted in recently developed DFLC mix-
tures (/9-22). However, those negative compounds
whose An is larger than 0.35 often exhibit a high
melting temperature or relatively small dielectric ani-
sotropy, setting a limit on their possible adoption ratio
in DFLC mixtures (23).

Sine the discovery of the DFLC effect in the 1970s
(16), almost every low crossover frequency DFLC
mixture contains at least one ester group in the posi-
tive compounds (24-26). The ester group serves two
important purposes: 1) it enhances the positive dielec-
tric anisotropy at low frequencies, and 2) it provides a
slightly negative Ag at high frequencies. However, the
ester group does not provide conjugated n electrons.
The = electron conjugation length, and thereby the
birefringence of the ester compounds, are limited,
usually An < 0.3 at 4 = 633 nm. High birefringence
positive compounds play an important role for enhan-
cing the An of DFLC mixtures.

In this paper, we introduce a new series of positive
compounds with a highly conjugated n-electron core
structure for DFLC mixtures. The dielectric relaxa-
tion and electro-optical properties of these com-
pounds were characterised and compared with ester
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compounds having a similar structure. A high An
DFLC mixture using these compounds was formu-
lated and its physical properties evaluated.

2. Compound structures
2.1 Positive Ag compounds

The most efficient way to increase birefringence is to
enhance the electron conjugation length (27). This can

be achieved by either elongating the conjugated core
structure, e.g. terphenyl, tolane, and bistolane, or
attaching an electron acceptor polar group, e.g.
cyano (CN) and isothiocyanato (NCS) (28-34).
Recently, some NCS phenyl-tolane compounds with
An ~ 0.5 at 2 = 633 nm and 7 = 23°C were investi-
gated (35, 36). One series of phenyl tolane compounds
(#1-3 in Table 1) attracted our attention for DFLC
applications.

Table 1. Molecular structures and phase transition temperatures of the positive compounds under study. Here, Cr, N, S, and |
stand for crystalline, nematic, smectic, and isotropic phase. AH (in unit of kcal/mol) is the heat fusion enthalpy for the Cr-N

transition.
Phase transition
No. Notation Molecular structures temperatures (°C) AH
1 PP(23F)TP(3F)-2NCS RS F Cr73.7N 22331 5.45
2 PP(23F)TP(3F)-3NCS F F F Cr82.2S89.2N240.51 5.81
3 PP(23F)TP(3F)-5NCS F F F Cr53.5S 135.0 N 218.0 I 3.36
4 CPEP(3F)-3CN 2 F Cr100.3 N 201.11 4.68
H;Cy
5 CPEP(3F)-5CN O F Cr923N 19441 5.21
H11Cs
6 PPEP(3F)-3CN O F Cr95.6 N201.0 I 5.51
H,Cy
-0 A
7 PPEP(3F)-5CN 2 F Cr79.2N190.0 I 6.85
H11Cs
OO0 AL
8 CPEP(3F)-3NCS 9 F Cr108.2 N 226.31 5.39
H;Cy— >444< >»44<
OONCS
9 CPEP(3F)-5NCS /\:\/ /\:\/ (0 F Cr85.6 N218.61 4.98
H11Cs
OGNCS
10 PPEP(3F)-3NCS O O o F Cr919S153.5N234.71 4.03
H7C3w
OONCS
o F
11 PPEP(3F)-5NCS ””CSO <:§ e Cr87.5S175.0 N 220.2 T 3.18
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In this structure, the middle phenyl ring has two
fluoro substitutions in the second and third positions
while the last ring has a single fluoro substitution at the
third position which is adjacent to the NCS terminal
group. The lateral difluoro group on the middle ring
provides an effective dipole moment perpendicular to
the principal molecular axis, which will contribute to a
negative Ae¢ at high frequencies. On the other hand, the
total dipole moment of the single fluoro and the NCS
terminal group is approximately parallel to the princi-
pal molecular axis, contributing to positive A¢ at low
frequencies. The long rigid core structure leads to a
relatively low dielectric relaxation frequency. Such a
unique structure allows these compounds to replace
the ester-based positive compounds in DFLC mixtures.
Since NCS phenyl-tolane molecules are linearly conju-
gated, they exhibit a significantly higher birefringence
than the comparative esters.

2.2 Positive Ae mixtures

Table 1 lists the positive compounds we studied and their
phase transition temperatures and heat fusion enthalpies.
Ideally, we should evaluate the physical properties of
each positive compound individually. However, both
phenyl-tolane and ester compounds have a relatively
high melting temperature and some exhibit smectic
phase. Thus, we measured their physical properties in
mixtures. In the first experiment, we formulated three
positive A¢ mixtures using the similar molecular struc-
tures listed in Table 1; say P1 mixture contains com-
pounds #1-3 (NCS phenyl-tolane), P2 contains #4-7
(three ring single ester CN compounds), and P3 contains
#8-11 (three ring single ester NCS compounds). In P2
and P3 mixtures, some cyclohexane compounds (#4-5
and #8-9) are included in order to improve the meso-
morphic properties. However, the melting points of these
mixtures are still far above room temperature and, more-
over, P1 and P3 exhibit smectic phases at room tempera-
ture. Thus, we added the following non-polar diluter (CP-
53, structure in Scheme 1) to each mixture in order to
lower the melting point and suppress the smectic phase:

Scheme 1. Chemical structure of nonpolar diluter CP-53.

CP-53 has a melting point at —5.6°C, thus it is an
isotropic liquid at room temperature (7 ~ 23°C).
Detailed compositions are summarised as follows:
Mixture-A consists of 69 wt% P1 and 31 wt% CP-53;
Mixture-B 69 wt% P2 and 31 wt% CP-53; and
Mixture-C 69 wt% P3 and 31 wt% CP-53. In all three

Liquid Crystals 1403

mixtures, we keep the concentration of CP-53 the
same in order to readily compare the performance of
P1, P2 and P3. Mixtures A, B, and C all exhibit
nematic phase at room temperature; their clearing
temperatures are ~129°C, ~122°C, and ~136°C,
respectively.

3. Experimental
3.1 Dielectric relaxation measurement

Two cells with homogeneous alignment and homeo-
tropic alignment, respectively, are used in this study.
Cell gap was controlled at d ~ 8 um. By comparing the
capacitance of the cell before and after filling the LC
mixture, frequency dependent dielectric permittivity
along the principal molecular axis (¢,) of the material
can be obtained (37). Similarly, we measured the
dielectric permittivity perpendicular to the principal
molecular axis (¢, ) using the homeotropic cell. Once ¢/,
and ¢, are obtained, we can calculate Ag through ¢,
—&;. We also measured the frequency-dependent
dielectric constant of CP-53. Its value (2.22+0.06) is
independent of frequency in the 100 Hz to 5 MHz
range.

3.2 Electro-optical measurement

Homogeneous cells with cell gap d ~ 5 pm and pretilt
angle 0 ~ 2-3° were employed in this experiment. A
linearly polarised He-Ne laser (A = 633 nm) was uti-
lised as the light source. After filling a cell with the LC
mixture, we placed it between two crossed polarisers
and measured its phase retardation ¢, which is
expressed as (38):

§ = 2ndAn/.. (1)

Once 6 is obtained, birefringence of the mixture can be
calculated from Equation (1). The visco-elastic coeftfi-
cient of the materials is obtained by measuring the free
relaxation time of the sample cell (37). For IR mea-
surements, the light source employed is a laser diode
with 2 = 1.55 pm.

4. Results of positive Ae mixtures
4.1 Dielectric properties

Low relaxation frequency is a prerequisite for posi-
tive compounds for DFLCs. Figures 1(a), 1(b), and
1(c) depict the frequency-dependent dielectric aniso-
tropy of Mixture-A, Mixture-B, and Mixture-C,
respectively, at a series of temperatures. The experi-
mental results fit well with the following Debye
equation (23):
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Figure 1. Frequency-dependent dielectric anisotropy of (a) Mixture-A, (b) Mixture-B, and (c) Mixture-C under different
temperatures, while (d) shows the temperature-dependent relaxation frequency of the three mixtures. Symbols denote
experimental results while solid lines correspond to fitting results.

Ae(0) — Ag(o0)
L+ (f /)

where Ag(0) and Ag(oco) represent the dielectric aniso-
tropy at low frequency limit and high frequency limit,
respectively, f is the driving frequency, and f,. is the
relaxation frequency. The temperature-dependent f, is
plotted in Figure 1(d) for the three mixtures studied. As
the temperature increases, f, increases exponentially,
which can be described by the following equation (39):

Ae(f) = Ag(oo) + ; (2)

Jr~exp(—E1/kpT), (3)

where E; is the activation energy, kp is the Boltzmann
constant, and 7 is the Kelvin temperature. The fitted
Ag(0), Ae(0), £ at 25°C and activation energy (E;) for
the three mixtures are listed in Table 2. It is noted that
Mixture-A shows a comparable relaxation frequency

Table 2. Dielectric relaxation properties of Mixture-A,
Mixture-B, and Mixture-C at 7= 25°C.

Ae(0) Ag(o00) 1, (kHz) E (meV)
Mixture-A 7.1 -1.9 44 606.0
Mixture-B 32.5 2.4 56 667.6
Mixture-C 18.6 -0.9 30 683.7

with respect to that of the other two mixtures. The
relatively low activation energy of Mixture-A gives a
smaller increment in f, as the temperature increases.
Among the three mixtures, Mixture-A exhibits the
smallest Ae(0). At 25°C, the fitted Ag(0) of Mixture-A
is 7.1, much smaller than that of Mixture-B (32.5) and
Mixture-C (18.6). Mixture-B has the largest dielectric
anisotropy because the CN terminal group has a larger
dipole moment than NCS. At high frequency limit,
however, Mixture-A shows a negative dielectric
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anisotropy (Ae(oo) = —1.9) slightly smaller than that of
Mixture-B (-2.4), but larger than Mixture-C (—0.9).
Since Mixture-A has the largest |Ag(co)/Aeg(0)| ratio,
less negative compounds are required if we use the
new phenyl-tolane-based positive compounds instead
of the traditional esters to formulate DFLC mixtures.
A detailed discussion will follow.

4.2 Electro-optical properties

The birefringence and visco-elastic coefficient (v;/K;;)
of Mixtures A, B, and C were measured at elevated
temperatures. The temperature-dependent birefrin-
gence (40, 41) and visco-elastic coefficient (42) have
the following forms:

An = Any(1 - T/T.), (4)

v1 /K1~ exp(Ey/kgT)/(1 — T/T,)", (5)

where Any is the birefringence at 7= 0 K, T, is the
clearing temperature of the LC material, f is a mate-
rial constant, K;; is the splay elastic constant, ~; is the
rotational viscosity, E, is the activation energy of
molecular rotation, kg is the Boltzmann constant,
and T is the Kelvin temperature. A He-Ne laser with
wavelength 4 = 633 nm and homogeneous LC cells
were employed in this experiment.

Figure 2(a) shows a comparison of the measured
birefringence and the fitting curves for the three mix-
tures as a function of temperature. With increasing
temperature, the birefringence decreases gradually.
In accordance with our prediction, Mixture-A exhibits
a significantly higher birefringence than the other two
mixtures due to the longer conjugation length of phe-
nyl tolane. Since the birefringence of the neutral
diluter CP-53 is small (~0.05), we are able to extra-
polate the birefringence of the phenyl tolane positive
compounds, which is as high as 0.47 at 25°C. This
result agrees well with that reported by Gauza et al.
(35). Also, NCS-based compounds have a longer
n-electron conjugation length than the corresponding
CN-based compounds, so Mixture-C shows a higher
birefringence than Mixture-B as expected.

Figure 2(b) shows the measured visco-elastic coeffi-
cient of Mixtures A, B, and C, in which symbols are
experimental data and lines are fitting results with
Equation (5). As temperature increases, the visco-elas-
tic coefficient first decreases rapidly and then gradually
saturates. At 7' = 25°C, Mixture-A has a similar visco-
elastic coefficient (10.3) to Mixture-C, which is ~3x
smaller than that of Mixture-B (40.2). This is because
the rotational viscosity of Mixture-B is significantly
increased by the dimers formed between the molecules
of CN compounds.
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Figure 2. Experimental (symbols) and fitting (curves) results
of temperature-dependent (a) birefringence and (b) visco-
elastic coefficient of Mixture-A, Mixture-B and Mixture-C.

5. DFLC mixtures

In Section 3, above, we characterised the physical
properties of three positive A¢ mixtures. However,
the ultimate goal is to form DFLC mixtures. To obtain
a low crossover frequency (<10 kHz), we normally
mix a large A¢ mixture in a negative Ae host at
~30:70 ratio. The negative host plays a crucial role
in determining the final performance of the DFLC
mixture (39). Our goal is to formulate a high An
DFLC mixture for IR applications, e.g. adaptive
optics at 4 = 1.55 pum. Thus, we prepared a negative
Ag LC host primarily consisting of following lateral
difluoro-tolane homologues (Scheme 2) (20):

F F

CnH2n+1 O — O OCmH2m+1

Scheme 2. Chemical structure of the major components of
the negative dielectric anisotropy LC host.
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For the convenience of discussion, we designate
this negative A¢ LC mixture as N1.

To fairly compare the performance of DFLC mix-
tures is not an easy task because there are several
parameters involved, such as birefringence, viscosity,
dielectric anisotropy and crossover frequency. In our
experiment, we set a criterion that Ag(0) ~ Ae(oo) so
that the rise and decay times of each mixture would be
symmetric. We prepared three DFLC mixtures:
DFLC-A, -B and -C. To achieve approximately
equal dielectric anisotropy at low and high frequency
limits, these three DFLC mixtures contain different
ratios of positive components to N1. DFLC-A con-
tains 60 wt% P1 and 40 wt% N1, DFLC-B contain 20
wt% P2 and 80 wt% N1, and DFLC-C contains 30
wt% P3 and 70 wt% N1.
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5.1 Dielectric anisotropy

Figures 3(a) to 3(c) depict the frequency-dependent
dielectric anisotropy of DFLC-A, -B and -C, respec-
tively, at elevated temperatures. Table 3 shows the fitted
dielectric relaxation properties for the three DFLC mix-
tures. Since Ag(oco) is approximately equal to Ag(0) in
these three DFLC mixtures, the relaxation frequency
and crossover frequency are also equal to each other
(23). At T=25°C, DFLC-A shows Ae = 3.8 at the low
frequency limit and —4.0 at the high frequency limit.
These values are a little smaller than those of the other
two mixtures. Large dielectric anisotropy is favourable
for achieving fast response time while keeping operating
voltage low. Our high birefringence compounds (P1
mixture) exhibit a smaller A¢ than ester-based P2 and
P3, as shown in Figure 1; therefore, we need to use a
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Figure 3. Frequency-dependent dielectric anisotropy of (a) DFLC-A, (b) DFLC-B, and (c) DFLC-C under different
temperatures, while (d) shows the temperature-dependent crossover frequency of the three mixtures. Symbols denote
experimental results while solid lines correspond to fitting results.
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Table 3. Dielectric relaxation properties of DFLC-A,
DFLC-B, and DFLC-C at T'=25°C.

Ag(0) Ag(0) 1, (kHz) E (meV)
DFLC-A 3.8 —4.0 26.8 625.7
DFLC-B 5.7 =55 80.0 777.0
DFLC-C 4.3 —4.8 28.8 770.1

higher concentration in the final DFLC mixture in
order to obtain a symmetric |Ag|.

The crossover frequencies (f,) for the three DFLC
mixtures are plotted against temperature in Figure 3(d).
By fitting with Equation (3), we obtain the activation
energy for DFLC-A, DFLC-B and DFLC-C, which is
626 meV, 777 meV, and 770 meV, respectively. From
Figure 3(d), we found that DFLC-A has the lowest
crossover frequency especially for temperatures higher
than 25°C (298 K) as compared with DFLC-B and
DFLC-C.

5.2 Figure of Mevrit

It has been demonstrated that the response time of
DFLC mixtures is inversely proportional to the
Figure of Merit (FoM) defined as (23):

(Al’l)zKl]

FoMpprc =
nv;

(6)

where V,, represents the threshold voltage. A higher
FoM corresponds to a faster response time from the
material point of view. Figures 4(a) and 4(b) show the
temperature-dependent birefringence and visco-elastic
coefficient of the three DFLC mixtures, respectively,
together with the fitting results. With no surprise,
DFLC-A exhibits the highest birefringence. Its An =
0.39 at T=25°C and 4 = 633 nm is significantly higher
than that of DFLC-B (0.24) and DFLC-C (0.26). To
our knowledge, this is the highest birefringence ever
reported in DFLC mixtures. Our previous record was
An~0.29 (24, 43).

From Figure 4(b), we found the visco-elastic coeffi-
cients of the three DFLC mixtures are comparable. At
T = 25°C, while the visco-elastic coefficient of DFLC-
A is slightly lower than that of the other two DFLC
mixtures. In comparison to the visco-elastic coefficient
of Mixture-A and Mixture-C shown in Figure 2(b), the
visco-elastic coefficient of DFLC-A and DFLC-C is
almost doubled because of the employed bulky highly
conjugated and laterally difluorinated tolane host. On
the contrary, DFLC-B exhibits a substantially lower
visco-elastic coefficient than Mixture-B because it
employs a much smaller concentration (20% vs. 69%)
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of the viscous CN ester compounds. The calculated
FoM for the three DFLC mixtures is plotted against
the crossover frequency in Figure 4(c). DFLC-A exhi-
bits the highest FoM and the lowest crossover fre-
quency among the three mixtures compared, which is
favourable for practical applications.

6. Conclusion

Introducing phenyl tolane positive compounds into
DFLC mixtures significantly improves the birefrin-
gence. It overcomes the longstanding problem of short
conjugation length from the traditional ester positive
compounds and thus makes a breakthrough on the
birefringence of DFLC materials. We have demon-
strated that the DFLC mixture formulated with these
new positive compounds shows a birefringence of 0.39
at 7= 25°C and 4 = 633 nm. Even at IR region (/1 =
1.55 um), its birefringence is still as high as 0.33. Also,
this DFLC mixture exhibits several other attractive
features such as low crossover frequency, low visco-
elastic coefficient and high FoM, when compared with
the ester-based DFLC mixtures. It is known that the
crossover frequency of DFLCs can be greatly reduced
by elongating the rigid core of the compounds (24), and
we can expect a lower crossover frequency (~1 kHz) if
four ring single tolane NCS compounds are employed.
Our high An DFLC mixtures are useful for reducing
the cell gap resulting in a faster response time and lower
operating voltage. They are especially attractive in IR
applications where UV stability is not a concern.
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