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High Optical Anisotropy Nematic Single Compounds 
and Mixtures
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We have designed, synthesized, and evaluated the physical properties of some high birefringence (Δn) isothiocyanato 
biphenyl-bistolane liquid crystals. These compounds exhibit Δn~ 0.4-0.7 at room temperature and wavelength 
λ=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. Several mixtures based on those compounds were formulated and its 
physical properties evaluated.
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1. INTRODUCTION

High birefringence nematic liquid crystals (NLC) have been 
researched broadly to satisfy need of an extensive optical phase 
shift upon driving voltage in infrared range (IR) photonics de-
vices. Examples of such are diphenyl-diacetylene LCs [1,2], bis-
tolane [3,4], naphthalene tolanes [5], and thiophenyl-diacetylene 
[6-8]. Although proven possible to reach values of the optical an-
isotropy (Δn) of 0.5-0.7 within visible range of spectrum, typically 
these materials carry on intrinsic limitations for their applica-
tion potential. More recently, ultra high birefringence structures 
combining naphthalene, thiophenyl-diacetylene, and bistolane 
building blocks were synthesized, evaluated and discussed from 

the mixture formulation stand point [9,10]. Although NLC mix-
ture with Δn of 0.6-0.7 was successfully achieved, intrinsic high 
rotational viscosity overshadowed the merit of birefringence. 
Therefore, the above presented approaches resulted in high bire-
fringence material proven not applicable due to either excessive 
viscosity or thermal and photostability issues. In this paper we 
introduce the high birefringence nematic LC single compounds 
and mixtures with birefringence of 0.50 at visible range and the 
rotational viscosity similar to popular E44 and BL038 materials 
(Merck Inc.)

2. EXPERIMENTAL

Several measurement techniques were used to assess the 
physical properties of the single compounds and mixtures. A 
Differential Scanning Calorimetry (DSC, SETARAM) 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℃/min. The electro-optic properties of the LC com-
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Table 2. Phenyl Tolane compounds with Δn within the range 0.45-0.51 
[14-16].

pounds and mixtures were measured using an 8 μm homog-
enous cell 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 pro-
duce a small pretilt angle (~2°). A linearly polarized He-Ne laser 
with λ=633 nm was used as the light sources for the electro-optic 
measurements. 

The phase retardation (δ) of the homogeneous cells was 
measured by the LabVIEW system. The LC birefringence (Δn) at 
wavelength λ and temperature T is obtained by measuring the 
phase retardation (δ) from the following equation [11]:

(1)

3. RESULTS

3.1 Single compounds

The structures and phase transition temperatures of the single 
compounds utilized in this work are listed in consecutive tables 
of this paragraph. The condition is the length of the molecular 
rigid core. Given that it is designed to maintain π-electron conju-
gation along long molecular axis, there are terphenyl, phenyl to-
lane, quarterphenyl, and biphenyl tolane type of molecules used 
in our work, general structure I-IV respectively.

 Typically, increasing the length of the rigid molecular core, 
while maintaining the conjugation and without excess lateral 
substituents increases the density of the molecular packaging. 
Therefore, the melting point temperature and the tendency to 
build smectic phase instead of nematic severely increases. Both 
are unfavorable for mixture formulation. Multiple fluorination 
and/or alkylation in lateral positions of the rigid core can effec-
tively reduce the unwanted consequences of elongated molecu-
lar rigid core. Although the melting point temperature can be re-
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Fig. 1. Where X1, X2, X3, and X4 can each independently one from an-
other is H, F, CH3, or Cl.

Table 1. Terphenyl compounds with Δn within the range 0.35-0.37 
[12,13].

No Compound
Phase Transition 

Temperature [℃]
Name

di-fluorinated terphenyl isothiocyanates

1

2

Cr 106.9 N 

202.6 Iso

Cr 96.9 S 112.4 N 

188.6 Iso

LCM-

T.0311

LCM-

T.0511

tri-fluorinated terphenyl isothiocyanates

3

4

Cr 90.2 N 

163.8 Iso

Cr 73.1 N 

156.8 Iso

LCM-

T.0431

LCM-

T.0531

tetra-fluorinated terphenyl isothiocyanates

5
Cr 122.7 N 

152.2 Iso

LCM-

T.0232

No Compound
Phase Transition 

Temperature [℃]
Name

di-fluorinated phenyl-tolane isothiocyanates

6

7

8

9

Cr 109.3 N 

216.6

Cr 68.2 S 79.6 N 

197.9 Iso

Cr 121.3 N 

233.6 Iso

Cr 62.3 S 105.3 N 

212.7 Iso

LCM-

PT.0227

LCM-

PT.0427

LCM-

PT.0211

LCM-

PT.0411

tri-fluorinated phenyl-tolane isothiocyanates

10

11

Cr 72.8 (S 64) N 

228.6 Iso

Cr 68.3 S 82.2 N 

202.5 Iso

LCM-

PT.0231

LCM-

PT.0431

tetra-fluorinated phenyl-tolane isothiocyanates

12

13

14

15

Cr 97.2 N 

204.3 Iso

Cr 89.0 (S 71) N 

216 Iso

Cr 60.2 N 

188.5 Iso

Cr 46.0 S 116.1 N 

202.2 Iso

LCM-

PT.0232

LCM-

PT.0332

LCM-

PT.0432

LCM-

PT.0532
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duced, there is also a tradeoff by slight decrease in birefringence 
of the multifluorinated compounds as compared to their non-
fluorinated analogues. 

The Table 1 shows the first group of the compounds, the ho-
mologues of a terphenyl general structure I. Multiple lateral fluo-
rination effectively suppresses the melting point temperature.

 The density of the molecular packaging decreases as the num-
ber of lateral fluorine increases. Macroscopically this is mani-
fested by lower transition temperatures, especially clearing point 
temperature. The melting point temperature depends also on 
the length of the alkyl terminal therefore the direct comparison 
is not adequate.

The second group of high birefringence compounds is 
shown in Table 2. These are homologues of general structure 
II. Although the length of the rigid molecular core increases by 
ethynyl bridge to form phenyl tolane structure, the lateral fluo-
rination suppress the melting point temperature to the level of 
similar to terphenyl compounds Table 1. 

 Multiple fluorination leads to decreased melting point tem-
perature and suppressed smectic phases which are often present 
for phenyl tolane isothiocyanates. The maximum birefringence 
we have been able to obtain for the formulations based on the 
terphenyl and phenyl tolane isothiocyanates does not exceed 0.45 
when measured at 23° and wavelength of 633 nm. The example 
of such material is shown in Table 4. Therefore, compounds with 

longer conjugation need to be implemented. Table 3 shows four 
rings compounds, the general structure III and IV.

The phase transition temperatures of four rings compounds 
clearly demonstrate the challenge of expanding the π-electron 
conjugation along the molecular long axis. The quaterphenyl 
based compounds do not show any mesophase despite neither 
the length of the alkyl terminal chain or lateral substitution. In-
troduction of the triple bonds in the way which makes molecular 
core asymmetric (biphenyl tolane structure) easy the packaging 
density and allow the nematic phase in exceptionally wide tem-
perature range. In fact, we have not observed the transition from 
the nematic to isotropic state but rather a material decomposi-
tion as temperature exceeds 300℃. 

3.2 Ultra high birefringence nematic LC mixture

Utilizing high and ultra-high birefringence compounds de-
scribed in Tables 1-3 we have designed and tested number of 
different formulations with the aim at highest possible birefrin-
gence but also nematic temperature starting at 0℃ or below. Ta-
ble 4 shows the examples of two high birefringence LC mixtures 
optimized for low melting point temperature. The melting point 
of LCM-UHB.2814 mixture is below -40℃. A drawback is that the 
maximum birefringence for this material was compromised by 
excess amount of low molecular weight component in order to 
suppress the smectic to nematic phase transition temperature. 
The second mixture in Table 4, (LCM-UHB.6814) is a formulation 
optimized for high birefringence with nematic range narrowed 
by the transition from nematic to a smectic phase at 9℃. Table IV 
lists physical properties of both mixtures.

Mixture LCM-UHB.1865 besides having a drawback of smectic 
to nematic transition at 9.0℃ shows clearing point at a 172℃ 
which extends the nematic range for over 160 degree. The ro-
tational viscosity of this mixture remains relatively low at ~530 
mPa*s which is typical for materials like E48 or BL038 (Merck Inc.) 
having only half of the birefringence of LCM-UHB.1865 material.

 

4. SUMMARY

We have successfully developed high and ultra-high birefrin-
gence molecular systems based on multi-ring rigid cores. Ex-
tended π-electron conjugation allows the birefringence ranging 
from 0.37 to 0.70 respectively for three rings terphenyl and four 
rings biphenyl tolane isothiocyanates. Relatively high melting 
point temperature of highly conjugated compounds prevents 
us from using four rings quarterphenyl and biphenyl tolanes as 
the major part of the mixtures. A careful balance between three 
rings terphenyl, phenyl tolanes and four rings compounds has 
to be maintained in order to achieve the nematic phase at the 

Table 3. Four rings compounds with Δn exceeding 0.60 [17,18].

No Compound
Phase Transition 

Temperature [℃]
Name

16

17

18

19

20

21

22

23

24

25

26

Cr 104 Iso

Cr 100 Iso

Cr 115 Iso

Cr 144 N >340 dec.

Cr 146 N >300 dec.

Cr 159 Iso

Cr 115 N >300 dec.

Cr 96 N >280 dec.

Cr 174 SmX

Cr 158 SmX

Cr 99 SmX

LCM-

QP.0319

LCM-

QP.0519

LCM-

QP.0521

LCM-

BPT.0319

LCM-

BPT.0321

LCM-

BPT.0320

LCM-

BPT.0519

LCM-

BPT.0521

LCM-

BPT.0302

LCM-

BPT.0303

LCM-

BPT.0543

Table 4. Basic Properties of LCM-UHB LC mixtures.

LCM-UHB.2814 LCM-UHB.1865 @25C, 1 kHz
Vth [Vrms]

εII

ε+
Δε

K11 [pN]

K33 [pN]

1.06

26.2

5.1

21.1

21.4

28.0

1.38

22.1

5.6

16.5

21.8

25.0

Electro-optic measurement: @ 20C, 633 nm

Δn 0.47 0.50

DSC - Mesomorphic properties 5 deg/ min         (heating)
                    Cr -40.0 < N 140.0 Iso               Cr 9.0 N 172.0 Iso
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temperatures below room temperature while maximizing the 
birefringence.

The two examples of the mixtures presented in this paper 
illustrate the feasibility of the nematic liquid crystal having bi-
refringence of 0.50-0.51 (at 23℃, 633/589 nm) which are thermo-
dynamically stable. Unlike our previous approach documented 
in Ref. 9, the current material does not crystalize and maintain 
the original physical properties when stored for extended time. 

We understand that this type of nematic LC with high birefrin-
gence is beneficial for photonics applications in infrared region 
of the spectrum. Ones like laser beam steering, light shutters or 
scene seekers systems are especially sensitive for the response 
time which can be significantly shorter when ultra-high birefrin-
gence and medium viscosity nematic is applied to minimize the 
required cell thickness.
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