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High Birefringence and Low Crossover Frequency
Dual-Frequency Liquid Crystals

Qiong Song, Haiqing Xianyu, Sebastian Gauza,
and Shin-Tson Wu

College of Optics and Photonics, University of Central Florida,
Orlando, FL, USA

The dielectric relaxation and physical properties of some single and double ester
compounds were investigated. Experimental results indicate that the double-ester
compound has a 3X lower dielectric relaxation frequency and larger dielectric ani-
sotropy than the single ester, but its viscosity is also higher. We have formulated
three high birefringence DFLC mixtures and compared their figure-of-merit at
elevated temperatures.
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1. INTRODUCTION

A dual frequency liquid crystal (DFLC) exhibits a positive dielectric
anisotropy (A¢=¢| —¢,) at low frequencies, and as the frequency
increases A¢ gradually decreases and becomes negative at high fre-
quencies [1-3]. The frequency where dielectric anisotropy changes
sign, i.e., A¢ = 0, is called crossover frequency (f.). A unique feature
of DFLC is that it can be used in a homogeneous cell or a homeotropic
cell. For a homogeneous cell, a low frequency voltage is applied to
reorient the LC directors and a high frequency voltage to restore the
LC back to its initial homogeneous alignment. For a homeotropic cell,
the driving frequency has reversed order. Generally speaking, a homo-
geneous alignment is preferred for phase modulation applications [4]
because the positive A¢ LC materials tend to have higher birefringence
and larger dielectric anisotropy because their dipoles are along the
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principal molecular axis. A homeotropic alignment, on the other hand,
exhibits an excellent contrast ratio between crossed polarizers and is
more favorable for display applications.

In a homogeneous cell, the rise and decay times of the LLC directors
are described by the following equations [5]:

To

Trise = - =2 9 <> (1)
(Vi/Vina)? = 1

To

Tdeca = T, <, 9 (2)
Y (Vi/Van)? -1
where

To = Vldz/K117[2. (3)

In Eqgs. (1)—(3), 1, is the LC directors’ free relaxation time [6], y;/K1;
is the visco-elastic coefficient, V; and V;, are the applied voltages
for turning on and turning off the LC cell, Vy,; and Vi, are the
threshold voltage of the DFLC at low and high frequencies, respect-
ively. In a DFLC cell, both rise and decay times are assisted by a driv-
ing voltage. The higher the applied voltage, the faster the response
time. Furthermore, the overdrive voltage method [7-9] can be used
to accelerate the response speed during rise and decay periods. The
fast response DFLC has been used in adaptive optics [10,11] for
correcting atmospheric aberrations where a few kilohertz response
speed is needed.

From Eqgs. (1)—(3), high birefringence, low viscosity, large A¢ at both
low and high frequencies, and low crossover frequency are highly
desirable. High birefringence enables a thin cell gap to be used which
helps to lower the operating voltage and achieve fast response time
[12]. Low viscosity is always helpful for shortening response time.
A large |A¢| at both low and high frequency regimes reduces the
operating voltage while a low crossover frequency (<10kHz) would
minimize the dielectric heating [13,14] and reduce the cost of driving
electronics.

In this paper, we investigated the dielectric relaxation phenomena
and electro-optical properties of the positive Ae single ester and
double ester compounds. Results indicate that the double esters
have a ~3X larger dielectric relaxation time constant and higher
dielectric anisotropy than the single esters. However, their visco-
elastic coefficient is also higher than that of the corresponding single
ester compounds. We also studied some lateral four-fluoro phenyl
tolane compounds [15] whose dielectric anisotropy is —8 and
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birefringence ~0.35. These large negative A¢ compounds help to lower
the crossover frequency. Using positive cyano-based double esters,
strong negative tolane LC compounds, and a biphenyl compound to
reduce the melting point of the mixtures, we formulated a high
birefringence low crossover eutectic DFLC mixture with An ~ 0.29,
Ae~6.8 at f =100Hz and — 6.2 at 100kHz, y;/K;1 ~ 32ms/um?2,
and f. ~8.85kHz. In comparison, Merck ML.C-2048 DFLC mixture has
An~0.21, |A¢|~3, and f. ~23 kHz.

2. SINGLE ESTER AND DOUBLE ESTER COMPOUNDS

We prepared two DFLC mixtures, designated as DFLC-1 and
DFLC-2, using a common negative difluoro tolane LC host mixture.
In DFLC-1, we mixed 15wt% of a single ester positive compound
(I) with 85wt% of the host LC mixture. Similarly, DFLC-2 was com-
prised of 15wt% double ester positive compound (II) and 85wt%
host mixture. The molecular structures of compounds (I) and (II)

are shown below:
o F
O~ o@m ©
O F)
(F)
OO A w
e} CN

Here, R represents an alkyl chain. The eutectic compositions were cal-
culated from the Schroder-Van Laar equation in order to obtain good
miscibility and wide nematic range.

There are two types of polarizations that contribute to the
dielectric constant: induced polarization and orientation polariza-
tion. The electric field-induced polarization has a very fast
response time so that the induced dipole can follow the external
field. The orientation polarization, however, exhibits a much longer
decay time t. At a frequency w which is much higher than 1/z, the
orientation polarization cannot follow the variations of the external
field any longer. Thus the dielectric constant is decreased to &,
which is contributed solely by the induced polarization. In a typical
LC compound, e.g., cyano-biphenyl, this relaxation frequency
occurs in the megahertz region [16], but mixtures can be made
in which this relaxation occurs at a comparatively low frequency,
say ~ kHz.
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Debye’s theory [17] of dipole relaxation assumes that rotational
motion can be described in terms of a single relaxation time as follows:

g — €00
SH((D) = &x T m (4)
Tmolecular = (QDL)71 = I(ZkBTTJ)71 (5)

In Eq. (5), D is the rotational diffusion constant; 7; is the relax-
ation time for the angular momentum about the short axis, I is the
moment of inertia, kg is the Boltzmann constant, and T is the tempera-
ture. The low-frequency dispersion ¢ (w) strongly depends on the mol-
ecular structural properties such as polarity, rigidity, molecular
length and, in the case of mixtures, on the mixture compositions.

In experiment, we measured dielectric anisotropy using a HIOKI
3532-50 LCR meter. Figure 1(a) shows the measured frequency-depen-
dent ¢ of DFLC-1 and DFLC-2, where dots are experimental data and
lines are fittings with Eq. (4). The extracted relaxation time is 40 us for
DFLC-1 and 120 pus for DFLC-2, and their corresponding relaxation
frequency is 3979 Hz and 1326 Hz. This shows the double-ester com-
pound has a 3X larger dielectric relaxation time constant, i.e. 3X lower
relaxation frequency than the single ester compound. The relationship
between relaxation frequency and crossover frequency is clearly
demonstrated in Figure 1(b) because DFLC-1 and DFLC-2 use the
same negative host. The crossover frequency of DFLC-1 and DFLC-2
is 19.5kHz and 8.65kHz, respectively. Moreover, DFLC-2 has ~2X
larger dielectric anisotropy than DFLC-1 at low frequencies. The
detailed dielectric properties of DFLC-1 and DFLC-2 are listed in
Table 1.

3. NEGATIVE PHENYL TOLANE COMPOUNDS

To lower the crossover frequency further, we need to improve the A¢ of
the negative host. Recently, our group has developed some high An
and large negative A¢ phenyl tolane compounds [15] with their struc-
tures shown below:

F F F F
()
F F F F
()
F F
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FIGURE 1 (a) Measured frequency dependent parallel dielectric constant
(g), and (b) frequency dependent dielectric anisotropy (Aec) of DFLC-1 and
DFLC-2.

TABLE 1 The Measured and Extracted Dielectric Properties of DFLC-1
and DFLC-2

oo g T (ps) fr =1/(2n7) (Hz) +Ae —Ae f. (kHz)

DFLC-1 4.5 13.2 40 3979 6.8 —-6.2 19.5
DFLC-2 4.4 16.8 120 1326 3.1 -5.5 8.65
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TABLE 2 Extrapolated An (at A = 633nm) and A¢ (at
f = 1kHz) of Compounds (III), (IV), and (V). The LC Host is

MLC-6608

Compounds An (25°C) Ac (23°C)
I 0.35 —-8.5
v 0.32 -8.5
\'% 0.35 —6.8

Because of their high melting points, we doped each compound in a
commercial TFT mixture MLC-6608 to extrapolate its An and A¢
values. Results are listed in Table 2.

The birefringence of a liquid crystal is mainly determined by the
n-electron conjugation, differential oscillator strength, molecular
shape, and order parameter [18—20]. The rotational viscosity is depen-
dent on the activation energy, molecular moment of inertia (including
molecular shape and mass) and temperature [21]. Thus, a linearly con-
jugated liquid crystal should exhibit a large optical anisotropy while
retaining a relatively low rotational viscosity.

The tolane unit which is formed by two phenyl rings linked by a tri-
ple bond forms the main part of rigid core of the molecules and defines
the principal molecular axis [22]. The unsaturated phenyl ring is rich
in n-electrons. Thus, these rings are particularly desirable for elongat-
ing n-electron conjugation through the rod-like molecule and increas-
ing the polarizability along the principal molecular axis. The triple
bond is an effective n-electron acceptor. In addition, its contribution
to viscosity is not so significant. The oxygen atom in the alkoxy chain
elongates the m-electron conjugation but it also increases the visco-
elastic coefficient and melting temperature. For the CN group, it has
a large dipole moment, but due to the very strong polarization of the
carbon-nitrogen triple bond, dimmers are formed by strong intermole-
cular interactions between the nitrile groups. Thus, its viscosity is
relatively high. The main challenge of large negative dielectric ani-
sotropy LCs is that they are difficult to align in a VA cell, but this
problem can be solved easily by doping about 15% of a positive or neu-
tral compound to the negative mixture [23,24].

4. HIGH PERFORMANCE DFLC MIXTURE

From the results shown in Sec. II and Sec. III, we formulated a
DFLC-3 mixture using the low relaxation frequency double ester
positive compounds and large negative A¢ and high An phenyl tolane
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FIGURE 2 (a) Frequency dependent dielectric anisotropy of DFLC-3. The
crossover frequency of DFLC-3 at 25, 35, 45 and 55°C is 8.85, 22.5, 50.5 and
100kHz, respectively. (b) Temperature dependent crossover frequency of
DFLC-3. The extrapolated activation energy is 687 meV.

compounds (ITI-V). The comprehensive physical properties of this mix-
ture were measured and evaluated.

The temperature dependent dielectric anisotropy and crossover
frequency of DFLC-3 were measured and results shown in Figs. 2(a)
and 2(b), respectively. At a given temperature, say 25 °C, the dielectric
anisotropy of DFLC-3 is about 6 at f = 100 Hz and decreases as the
frequency increases and changes sign at 8.85kHz. At f= 100kHz,
Ae~—6.7. The observed large negative A¢ results from the strong
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negative compounds (III-V) employed. As the temperature increases,
the dielectric anisotropy decreases in proportion to the order para-
meter S as following [25,26]:

Ae~S=(1-T/T.) (6)

where T, is the clearing point of the LLC and exponent f is a material
parameter which is about 0.20 £ 0.05 for most liquid crystals.

The crossover frequency is a strong function of the temperature.
As the temperature increases, the crossover frequency increases
exponentially as [2]:

fe ~ exp(—E/kpT) (7)

In Eq. (7), f. is the crossover frequency, E the activation energy, kg the
Boltzmann constant, and T the temperature.

In order to measure the electro-optical properties of DFLC-3, it is
necessary to briefly introduce the experimental setup first. In experi-
ment, we prepared homogeneous cells with cell gaps d ~ 8 ym while a
linearly polarized He—Ne laser (1 = 632.8 nm) was used as the light
source. A linear polarizer was placed at 45° with respect to the LC cell
rubbing direction and an analyzer was crossed [27]. The light trans-
mittance was measured by a photodiode detector (New Focus Model
2031) and recorded digitally by a LabVIEW data acquisition system
(DAQ, PCI 6110). An ac voltage with 1kHz square waves was used
to drive the LC cell whose inner surfaces were coated with ITO
(indium-tin-oxide) electrodes. On top of the ITO, the substrates were
overcoated with a thin polyimide alignment film. The buffing induced
pretilt angle was about 2-3°. The cell was held in a Linkam LTS 350
Large Area Heating/Freezing Stage equipped with Linkam TMS94
Temperature Programmer. The phase retardation (6) of the homo-
geneous cells was measured by the LabVIEW systems. The LC
birefringence (An) at wavelength A and temperature T can be obtained
by measuring the phase retardation of the homogeneous cell. By mea-
suring the free relaxation (decay) time for a controlled phase change
we can calculate the visco-elastic coefficient (y;/Kj1) [21].

To compare the performance of DFLC mixtures, a Figure-of-Merit
(FoM) which takes phase retardation and visco-elastic coefficient into
account is defined as [28]

_ KH(ATL)Z
71 .

FoM (8)

The temperature dependence of birefringence, visco-elastic coefficient,
and FoM are shown as below:
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FIGURE 3 Temperature dependence birefringence, visco-elastic coefficient,
and FoM of DFLC-1, -2 and -3. Circles, squares, and triangles are measured
data for DFLC-1, DFLC-2 and DFLC-3 respectively. Solid lines are fittings.
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TABLE 3 Measured Physical Properties of DFLC-1, -2, and -3. The Unit of
FoM is pm?/s

T, (°C) T, °C) An (25°C) 11/Ki1 (25°C) FoM (25°C)

DFLC-1 <—20 113.4 0.27 24.2 2.95
DFLC-2 ~4.9 115.1 0.27 28.7 2.44
DFLC-3 ~2.3 101.5 0.29 32.0 2.58

An = An,(1—T/T,)", 9)

y1/Ku ~ exp(E/kpT)/(1 - T/T.), (10)

K11An® [y, ~ AnZ(1 = T/T.)" exp(~E/kgT), (11)

where K is the splay elastic constant for a homogeneous cell, y; is the
rotational viscosity, An is the birefringence, and An, is the birefrin-
gence in a completely ordered state (S = 1), E is the activation energy
of the liquid crystal, and kg is the Boltzmann constant.

We measured the birefringence and visco-elastic coefficient, and
then calculated the FoM of these three mixtures. Results are shown
in Figures 3(a), 3(b) and 3(c), respectively. At T = 25°C, DFLC-3 has
the largest birefringence (An = 0.29), but its visco-elastic coefficient
is also the highest. Thus, its FoM is smaller than that of DFLC-1,
especially at high temperatures. All the measured results are fitted
with Eqgs. (9)—(11). As the temperature increases by 10°C, the rota-
tional viscosity drops by nearly 2X. At a temperature which is far
below T, the initial decrease in y;/K;; is much more substantial than
that of An, resulting in an improvement in the FoM as the tempera-
ture increases. However, when the temperature keeps on increasing
the declination in An becomes more drastic. On the other hand, the
visco-elastic coefficient gradually saturates resulting in a significant
decrease in FoM as the temperature approaches the clearing point.

Phase transition temperatures were measured using a Differential
Scanning Calorimeter (DSC, TA Instrument Model Q-100). The scan-
ning rate was controlled at 1°C/min. Table 3 lists the measured physi-
cal properties of DFLC-1, -2 and -3 at 25°C.

5. CONCLUSION

We have compared the dielectric relaxation frequencies of single and
double ester compounds and their effects on the crossover frequency
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of DFLC mixtures. Results indicate that the double-ester compound
has a 3X larger dielectric relaxation time constant, i.e. 3X lower relax-
ation frequency than the single ester compound. Thus, the double
ester compounds are favorable for formulating low crossover fre-
quency DFLC mixtures. However, their viscosity is increased dramati-
cally because of the two ester groups. The high An and large negative
Aé phenyl-tolane LCs are helpful to boost the birefringence and dielec-
tric anisotropy of the DFLC mixtures, except that their viscosity is
relatively large.
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