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We have designed, synthesized, and evaluated the physical properties of some high
birefringence (Dn) isothiocyanato biphenyl-tolane liquid crystals. These com-
pounds exhibit Dn�0.48–0.52 at room temperature and wavelength k ¼ 633 nm.
Laterally substituted short alkyl chains and fluorine atom eliminate smectic phase
and lower the melting temperature. The moderate melting temperature and very
high clearing temperature make those compounds attractive for eutectic mixture
formulation. A eutectic mixture based on those compounds was formulated and
its physical properties evaluated.
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1. INTRODUCTION

High birefringence (Dn) liquid crystals (LCs) support a wide field of
different applications such as flat panel display, telecommunication,
and tunable-focus lens. For these devices, high Dn improves response
time through cell gap (d) reduction. This advantage is especially
important for laser beam steering [1] and variable optical attenuator
[2] as these devices are normally operated in the near infrared region
(k¼1.55 mm). In the long wavelength region, the LC dDn should
increase in order to achieve the required phase change, which depends
on the specific LC alignment. High birefringence helps to reduce the
cell gap so that the fast response time can still be maintained.

To achieve high birefringence, linearly conjugated molecules are the
preferred candidates. Conjugation length can be extended by multiple
bonds or unsaturated rings in the rigid core. Three problems associa-
ted with highly conjugated LC compounds are high melting tempera-
ture, increased viscosity and reduced UV stability. To overcome high
melting temperature, we could form eutectic mixtures. The increased
viscosity is inherent to all the highly conjugated compounds. However,
isothiocyanato (NCS) compounds are less viscous than the cyano (CN)
ones except that the NCS compounds tend to exhibit smectic phases
[3]. To avoid UV instability, these high birefringence compounds are
more suitable for infrared applications.

Several high birefringence molecular structures, such as diphenyl-
diacetylene [4,5], bistolane [6,7], naphthalene tolanes [8], and thio-
phenyl-diacetylene [9–11] have been studied. Recently some of
biphenyl-tolane compounds were synthesized and their properties
were investigated [12–14]. The birefringence of these compounds is
in the 0.4–0.6 range. The diacetylene compounds do not have adequate
UV and thermal stabilities [15] so that their application is limited.

In this article, we present some isothiocyanato biphenyl-tolane com-
pounds with extrapolated birefringence �0.48–0.52 at k ¼ 633 nm and
T ¼ 23�C. To lower melting temperature, we tried different lateral
substitutions, such as alkyl and fluoro groups.

2. EXPERIMENTAL

Several measurement techniques were used to measure the physical
properties of the single compounds and mixtures. A Differential
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Scanning Calorimetry (DSC, TA Instrument Model Q-100) was used to
determine the phase transition temperatures. Results were obtained
from 3–6 mg samples in the heating and cooling cycles with rate
2�C=min. The electro-optic properties of the LC compounds and mix-
tures were measured using an 5 and 8mm homogenous cells with
ITO (indium-tin-oxide) electrodes coated in the inner sides of the glass
substrates. A thin polyimide layer was overcoated on ITO and buffed
in anti-parallel directions to produce a small pretilt angle (�2�). A lin-
early polarized He-Ne laser with k ¼ 633 nm was used as the light
sources for the electro-optic measurements. Experimental setup and
technique are detailed in [16].

The phase retardation (d) of the homogeneous cells was measured
with the LabVIEW system. The LC birefringence (Dn) at wavelength
k and temperature T was then obtained by from the following Eq. [16]:

dðV;T; kÞ ¼ 2pdDnðV;T; kÞ
k

ð1Þ

3. RESULTS AND DISCUSSIONS

3.1. Single Compounds

Table 1 lists the molecular structures and phase transition tempera-
tures of the five isothiocyanato biphenyl-tolane LCs investigated.
Even with lateral substitution(s), the melting temperatures of these
compounds are still relatively high. The mono-fluoro substituted com-
pounds 1 and 2 exhibit a wide nematic range, but their melting tem-
peratures are quite high (�146�C). Therefore, their solubility in
eutectic mixtures would be limited to less than 5%. Compound 5,
the biphenyl-tolane laterally substituted by a methyl group has a
slightly lower melting point (137�C), but there is a smectic phase
stable up to 151.9�C before nematic phase appears. Moreover,
the lateral methyl group would increase the rotational viscosity. Com-
pound 3 has difluoro substitutions in the (3,5) positions of the phenyl
ring with the –NCS terminal group. These difluoro groups signifi-
cantly lower the melting point to 65.3�C, although a smectic phase
exists during cooling. Compound 4 has another fluoro substitution in
the second position of the middle phenyl ring. This fluoro substitution
completely suppresses the smectic phase, but its melting point
remains at 66.7�C. For practical applications, the lateral substitution
will increase viscosity and lower the birefringence. As a result, its
overall figure-of-merit is reduced quite noticeably.
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Most of device applications are performed at room temperature
(�23�C). Thus, we would like to know the physical properties of these
high melting compounds at room temperature. Two methods are com-
monly employed to extrapolate the electro-optical properties of these
single compounds at room temperature: 1) guest-host system, and
2) fitting extrapolation from elevated temperature results. In the
guest-host system, about 10 wt% of the guest compound to be investi-
gated is dissolved in a room temperature LC host mixture. By knowing
the properties of the host mixture, the properties of the guest

TABLE 1 Molecular Structures and Phase Transition Temperatures of Five
Biphenyl-Tolane Isothiocyanates

No Structure
Phase transition
temperature (�C)

1 Cr 146.2 N 254.8 Iso

2 Cr 146.9 N 247.9 Iso

3 Cr 65.3 (S 50.1) N 212 Iso

4 Cr 66.7 N 172.5 Iso

5 Cr 137.0 S 151.9 N 214.5 Iso
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compound at room temperature can be estimated. In the second
method, we measure the properties of the compound at several
temperatures in its nematic phase and then fit these data with the-
ories, and finally extrapolate the results to room temperature. In this
study, we focused on the birefringence (Dn), visco-elastic coefficient
(c1=K11) and Figure-of Merit ðFoM ¼ K11Dn2=c1Þ. For example, the
birefringence of an LC can be described bt the following equation:

Dn ¼ Dnoð1� T=TcÞb; ð2Þ

where Dno and b are fitting parameters: Dno being the birefringence at
T ¼ 0 and b is a material constant, and Tc is the clearing temperature
of the LC. By fitting experimental data with Eq. (2), we can obtain Dno

and b. Once these two parameters are determined, the birefringence of
the LC at room temperature can be extrapolated. In this study, we use
the second method.

In experiment, we measured the temperature-dependent birefrin-
gence and visco-elastic coefficient and then calculated the FoM of
the five biphenyl-tolane isothiocyanates listed in Table 1. Results
are shown in Figures 1(a), 1(b), and 1(c), respectively. With no sur-
prise, both single fluorinated biphenyl-tolane isothiocyanates have
the highest birefringence among the five compounds investigated.
Two reasons stand for this when we consider rod-like rigid compounds.
More linear and fewer lateral substitution the structure is, the higher
birefringence it shows. The second reason is their higher Tc. From
Eq. (2), a higher Tc is helpful to enhance birefringence, provided the
molecular structure is similar.

The extrapolated Dn value at 25�C is 0.590 and 0.562 for compounds
1 and 2, respectively. Compound 2 has fluorine substitution in the 2nd
position of the phenyl ring with NCS terminal group. Its clearing
temperature is about 7 degrees lower than that of compound 1 in
which the fluoro substitution is at the 3rd position of the phenyl ring.
Another factor affecting birefringence is molecular packing. By
comparing the simulated electrostatic charges on the surface of the
molecules, the fluorine in the 2nd position has higher negative charge
than that in the 3rd position. This suggests that the fluorine in the 2nd
position is likely to drag out more p-electron clouds from the conju-
gated core than if the fluorine is substituted in the 3rd position of
the same phenyl ring.

The substitution of the third lateral fluorine, as shown in
compound 4, further decreases the clearing point so that its birefrin-
gence is lowered. There is no significant difference in birefringence
between compounds 3 and 5 which has a methyl group substituted
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The extrapolated birefringence for compound 5 to 25�C is 0.470, which
is the lowest among the five biphenyl-tolanes investigated.

Through free relaxation time measurement of a homogeneous cell,
we are able to calculate the visco-elastic coefficient of the LC com-
pounds. Results are depicted in Figure 1(b). Along with our prediction
the compounds with fewer lateral substitutions should exhibit lower
visco-elastic coefficient. From Figure 1(b), the following sequence is
observed: 4>5>2>3>1 at room temperature. As the temperature
increases, the visco-elastic coefficient declines quickly. As T>110�C,
the difference between the five compounds becomes relatively small.
With the exception for the triple fluorinated compound 5, all other
investigated compounds maintain almost the same value of c1=K11

with slightly lower value for single fluorinated structures (compounds
1 and 2). Our measurement shows that introducing fluorine into
lateral position in the biphenyl part of discussed structure
(compound 4) significantly increases the visco-elastic coefficient.

Figure 1(c) shows the temperature dependent FoM calculated from
data presented in Figures 1(a) and (b). Compounds 1 and 2 have the
highest FoM among the five compounds studied. Their FoM reaches
250 mm2=s and 230 mm2=s at the optimal temperature of 171�C and
177�C, respectively for compounds 1 and 2. On the contrary, the
maximum FoM of compound 4 is �40 mm2=s, which is �6X smaller
than those of compounds 1 and 2.

It is not practical to operate any LC device at such a high elevated
temperature. The desired operating temperature is room temperature.
Thus, we extrapolate FoM to T�25�C. At low temperature, visco-
elastic coefficient increases significantly and FoM decreases to
50 mm2=s and 40 mm2=s, respectively, for compounds 1 and 2. These
extrapolated results indicate that the single fluorinated biphenyl-
tolane isothiocyanates are attractive for those applications where high
birefringence is preferred. The FoM of the difluoro and methyl substi-
tuted biphenyl-tolane are quite similar as their birefringence and
visco-elastic coefficient value are close to each other. Triple fluorinated
biphenyl-tolane (compound 4) has the lowest FoM among the five com-
pounds studied. High viscosity is a severe drawback of this structure,
otherwise, it shows pure nematic phase.

3.2. Eutectic Mixtures

It is commonly known that only several single compounds possess
liquid crystalline properties at room temperature. Thus, eutectic
mixtures are mostly in use. The purposes of our experiment are
twofold: 1) to evaluate the electro-optical performance of different
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biphenyl-tolane isothiocyanates and 2) to formulate high birefringence
mixtures with low melting temperatures. Two host mixtures were cho-
sen as benchmarks for comparisons. The first one is our in-house high
birefringence mixture UCF-1 and the second one is commercially
available Merck high birefringence mixture BL038. Detailed data for
both host mixtures can be found in Table 2. There is a significant
difference in the birefringence and viscosity of the host mixtures. It
is especially well expressed by the FoM value which at 25�C was
measured to be 11.6 mm2=s and 3.1 mm2=s, respectively, for UCF-1
and BL038. This difference comes from birefringence and visco-elastic
coefficient. UCF-1 has about 50% higher Dn and lower viscosity than
BL038. The clearing point of UCF-1 is comparable to that of BL038.
These two mixtures were doped by the eutectic compositions of com-
pounds 1, 2, 3, and 4 to form two new high birefringence mixtures,
designated as ILCC-A and ILCC-B, respectively. The amount we
doped was 30 wt% in both cases. Table 2 shows the measured physical
properties of these mixtures.

The most visible impact of dopant is seen from the birefringence
increase. Doping 30% of such a biphenyl-tolane increases the birefrin-
gence of the host mixtures by 12% and 29%, respectively, for UCF-1
and BL038. The larger increase in BL038 is because of its initially
lower birefringence. The visco-elastic coefficient of ILCC-A and
ILCC-B does not differ much from their host origins UCF-1 and
BL038. In both mixtures, a small decrease was observed only near
the room temperature range. Our UCF-1 host mixture contains about
26% of cyclohexyl-tolane isothiocyanates [17] which are the most vis-
cous components therein. By doping biphenyl-tolanes we effectively
reduce the percentage of the cyclohexyl containing components. As a
result, the mixture’s visco-elastic coefficient drops slightly. Decreased
visco-elastic coefficient of ILCC-B is believed to originate from break-
ing symmetry of the components of BL038 which is mainly comprised
of cyano compounds. The cyano biphenyls and terphenyls can pair
with the neighboring compounds and form dimmers leading to a high

TABLE 2 Physical and Electro-Optical Properties of LC Mixtures

mixture
Vth

[Vrms] e|| e? De
K11

[pN]
K33

[pN]
Dn

633 nm
c1=K11

[ms=mm2]
FoM

[mm2=s]
Tc

[�C]

UCF-1 1.6 20.9 4.7 16.2 19.7 21.1 0.378 12.3 11.6 100
BL038 1.6 19.4 5.0 14.4 19.1 22.4 0.257 30.2 2.2 100
ILCC-A 1.8 21.3 4.3 17.0 28.3 29.0 0.425 11.7 15.4 130
ILCC-B 1.7 20.1 4.7 15.4 22.5 24.5 0.332 26.3 4.2 128
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viscosity. We also observed a significant increase of K11 splay elastic
constant in the ILCC mixtures. Finally, the FoM value of both doped
mixtures is higher than that of the hosts. At room temperature, the
gain is �32% and 35%, respectively, for ILCC-A and ILCC-B. Similar
to birefringence increase, the FoM of ILCC-B is significantly improved
due to the low initial value of BL038 mixture. Further increase of FoM
is possible if the same mixture is used at elevated temperatures. The
improvement basically originates from the rotational viscosity

FIGURE 2 Temperature dependent (a) birefringence, (b) visco-elastic
coefficient, and (c) figure-of-merit of four mixtures. (See COLOR PLATE IV)
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decrease as the temperature increases. We studied birefringence,
visco-elastic coefficient, and FoM of all four mixtures as a function of
temperature. Detailed results are shown in Figure 2(a), 2(b) and
2(c), respectively, for birefringence, visco-elastic coefficient, and
FoM. Due to the clearing temperature increase, the optimal operating
temperature of the FoM of doped mixtures (the temperature at which
FoM reaches its highest value) also increases. Thus, if we compare the
FoM values at the optimal temperature (100�C for ILCC-A and 105�C
for ILCC-B), the improvement is respectively 45% and 140%.

4. CONCLUSION

We have developed some NCS-biphenyl-tolane compounds and mix-
tures and evaluated their physical properties. The fluoro substitutions
lower the melting temperatures, but also increase the viscosity. A cer-
tain compromise needs to be taken between high FoM and melting
temperature of the compounds and mixtures. These high FoM
mixtures are especially attractive for long wavelength applications,
such as laser beam steering and spatial light modulators [18]. The
UV stability is not a big concern for IR applications.
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