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An experimental phase diagram for two types of nematic liquid crystals and their binary mixtures was established
by polarised optical microscopy and differential scanning calorimetry methods. The mixtures comprised a tolane-
base liquid crystal, 4-heptyl-3-fluoro-4-isothiocyanatotolane (7TOLF), and a biphenyl-base nematogen, 4-heptyl-
3-fluoro-4-isothiocyanatobiphenyl (7BF). The static Kerr effect and third-order non-linearity were investigated for
7TOLF and 7BF and their nematic mixtures within the isotropic phase. Both the compounds have a positive and
large Kerr constant. The second-order phase-transition temperatures, T*, were determined for these mixtures. The
linear dependence of (T - T*)-1 on the Kerr constant is found to be in good agreement with the predications of the
Landau–de Gennes model. The third-order non-linear susceptibility,�ð3Þ, values were determined for these
mixtures.
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1. Introduction

Nematic liquid crystals (LCs) are unique in their proper-

ties and uses. Materials with nematic liquid crystalline

properties possess large optical anisotropy owing to their
large molecular anisotropy and intermolecular ordering

(1). These materials are applied in many technical appli-

cations such as electro-optical displays, optical storage

devices and non-linear optics. Therefore, the design of

stable LC materials having high birefringence and low

viscosity is always needed in the wide range of electro-

optic applications. To achieve high optical anisotropy,

highly conjugated LC compounds are usually desirable
candidates (2–4). Unfortunately, increasing birefrin-

gence is associated with a high melting temperature

and an increased viscosity. However, these problems

can be overcome through the use of eutectic mixtures (5).

In recent years, the physical properties of nematic

mixtures have received much attention. This interest is

due to their desirable liquid crystalline range, optical

and electro-optical properties. The physical properties
of a nematic mixture depend on those of the compo-

nents used and their relative concentrations. It is

highly desirable to formulate a nematic mixture with

high birefringence, low clearing temperature and low

viscosity, which are the most critical parameters. The

electro-optical behaviour of a number of nematic mix-

tures in the isotropic phase has been studied by many

researchers (6–10).
In this investigation we are concerned with mixtures

of two LCs of the high birefringence nematic type with

positive dielectric anisotropy. They are 4-heptyl-3-

fluoro-4-isothiocyanatobiphenyl (7BF) and 4-heptyl-3-

fluoro-4-isothiocyanatotolane (7TOLF). The mixtures

are characterised by components having a polar isothio-
cyanate terminal group at one side and the alkyl group

at the other side. Both the compounds have a fluorine

atom attached to the phenyl ring and exhibit only the

nematic phase (Figure 1). The investigation reported

here is concerned with the determination of the Kerr

constant and the third-order non-linearity of mixtures

of 7BF and 7TOLF in the isotropic state. The tempera-

ture dependencies of the Kerr effect data of the pure
compounds 7BF and 7TOLF have been reported in one

of our earlier publications (11).

Optical anisotropy (birefringence) is one of the most

convenient and sensitive parameters for investigating

and characterising the molecular anisotropy and inter-

molecular ordering in liquid crystals (12–15). The

birefringence, �n, of a medium is defined as the differ-

ence between the refractive indices for light polarised
parallel (njj) and perpendicular (n?) to the orienting field

direction, i.e. �n ¼ nll � n?. The induction of birefrin-

gence in a fluid by application of an external electric field

is known as the electro-optical Kerr effect (16), which

depends both on polarity and polarisability (optical and

electrical) of the molecules. Measurements of the tem-

perature dependence of the Kerr effect in the isotropic

phase, and pre-transitional behaviour, related to order
parameter fluctuations, of many nematic LCs, have

been studied (17–20). In the majority of publications, a
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good agreement between experimental and mean-field
theory for nematic compounds was reported and dis-

cussed. Also, the third-order non-linear susceptibility,

which is an important material parameter, can be

obtained using Kerr effect measurements (13).

2. Experimental procedure

2.1 Materials

The pure nematic compounds 7BF and 7TOLF were

synthesised at the Institute of Chemistry of the

Military Technical Academy, Warsaw, Poland (4).

The pure nematic compounds which were selected

for the investigations are displayed in Figure 1.
Several test nematic mixtures were prepared for this

study. The clearing points or nematic-to-isotropic

transition temperatures for these compounds were

measured using differential scanning calorimetry

(DSC) and polarising microscopy (POM) methods.

2.2 Kerr effect apparatus

A diagram of the experimental setup used to measure

the electrically induced phase difference is illustrated

in Figure 2. In this study, a He–Ne laser emitting at a

wavelength of 632.8 nm with a power of 5 mW was

used as a light source. The sample holder was a quartz

spectrophotometer cell with a path length of 10 mm.

The stainless steel electrodes were inserted into the

Kerr cell, leaving an active column of liquid

2 · 2 · 10 mm3. A Teflon spacer was used to provide

insulation between the electrodes and to maintain an

electrode gap of 2 mm. The lower part of the Kerr cell

was fitted into a thermostatted metal jacket, which

was cut away to allow passage of the light beam. The

temperatures were determined with a copper–constan-
tan thermocouple.

Detection of the Kerr signal was achieved using a

photomultiplier tube, type E.M.I. 9816B. The optical

signal from the photomultiplier was displayed using a

digital storage oscilloscope and a PC computer. The

polariser and analyser were Glan–Thompson double

refraction type prisms of commercial origin and

adjusted such that they crossed each other, making an
angle of 45� with respect to the applied AC field (1 kHz).

The quarter wave plate used in these experiments was

mica cut specifically for use at 632.8 nm and mounted

between glass discs. The electric field is generated by

means of a high-voltage power supply that was applied,

as a short duration rectangular-shaped pulse from a

pulse generator, to the electrodes of the Kerr cell.

All measurements of the Kerr constant were made
using the nulled intensity method (21), which involves

the nulling of an optical response resulting from the

application of a short-duration rectangular-shaped

electric field across the Kerr cell. In the absence of

the applied electric field, the intensity of the light

detected by the photomultiplier is given by

I ¼ Io sin2 � ð1Þ

where � is the rotation of the analyser with respect to

the nulled condition and is the maximum intensity of

the probe beam when the polariser and analyser are

completely uncrossed. On application of an electric

field, the intensity of the light falling on the photo-
multiplier when the medium becomes birefringent is

given by

I ¼ Io sin2ð�þ �=2Þ ð2Þ

3. Results and discussion

3.1 Phase diagrams of the mixtures

In this investigation we are concerned with two types

of nematic LCs containing tolane and biphenyl cores.

Both the compounds have a fluorine atom attached to

the phenyl ring and exhibit only the nematic phase.
Owing to the lateral fluorine atom, these nematic LCs

exhibit a relatively low clearing temperature. The com-

pounds which were selected for this study are pre-

sented in Figure 1.

C CC7H15 NCS

NCS

F

C7H15

F

4`-heptyl-3-fluoro-4isothiocyanatotolane

4`-hepty-3-fluoro-4isothiocyanatobiphenyl

Figure 1. Structures of the nematic compounds studied in
this work.

L
P

K QR A
PM

Figure 2. Diagram of apparatus used to measure the
electro-optical Kerr effect. Principle components are: L,
laser; P, Polariser; K, Kerr cell; QR, quarter-wave
retarder; A, analyser; PM, photomultiplier.
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By changing the ratio of the pure compounds, we

prepared some test nematic mixtures. The phase transi-

tion temperatures for the pure compounds (7TOLF and

7BF) and their binary mixtures were measured using
DSC and POM methods during the cooling runs.

Their corresponding phase transition temperatures are

listed in Table 1. Figure 3 demonstrates the experimental

phase diagram of the 7BF/7TOLF system. As can be

seen in Figure 3, the clearing temperatures of the binary

mixtures vary linearly with composition and a eutectic

behaviour is illustrated. The eutectic nematic mixture of

F1 (40% 7BF + 60% 7TOLF) shows a broad nematic
range (�T ¼ 64:2K) in the cooling cycle.

3.2 Kerr effect in mixtures of 7BF and 7TOLF

The electric field induced birefringence, �n, which

increases proportionally to the square of the electric

field E, may be defined by (Kerr law):

�n ¼ �BE2: ð3Þ

Where � is the wavelength of the light, and B is the

‘Kerr constant’ of the substance, and is used to denote

the magnitude of the Kerr effect. The induced birefrin-

gence may be measured by detecting the optical phase

difference, �, between waves of the two polarisations

upon passage through a medium made birefringent by

an electric field.

� ¼ 2�lBE2 ¼ 2�l�n=� ð4Þ

where l is the optical path length of the Kerr cell. For

the nulled intensity method of measuring the Kerr

effect, which involves the nulling of an optical
response resulting from the application of an external

electric field across the Kerr cell, the rotation of the

plane of polarisation, �, is related to the phase differ-

ence, �, by � ¼ �=4. Eliminating � from Equation (4)

and rearranging gives � ¼ �LBE2=2. If the Kerr law is

observed, a plot of � versus the square of applied

electric field also should give a straight-line graph

passing through the origin with a gradient of (�LB=2),
from which the Kerr constant B may be determined.

In this work, we prepared five high birefringence

and low clearing temperature LC nematic mixtures

for the electro-optical investigation in the isotropic

phase. These mixtures were designated as F1, F2, F3,

F4 and F5. The Kerr constant, B, of a material at a

given temperature may be obtained from the gradient

of a graph of induced birefringence,�n, plotted
against the square of applied electric field (i.e.

�n ¼ �BE2). For each of the materials, the electri-

cally induced birefringence was found to be a linear

function of the square of the applied electric field and

is positive in all cases (�n . 0). For a comparison, the

Kerr constants of the mixtures measured at different

temperatures in the isotropic phase are summarised

in Table 2. The dependences of the Kerr constant, B,
on temperature for the pure compounds and for the

nematic mixtures are shown in Figure 4. These data

show that the values of B depend strongly on tem-

perature and those of the components used and their

relative concentrations. The Kerr constants of these

liquid crystalline mixtures are found to be very high

in the isotropic phase. This may be due to presence of

high polarisable tolane and biphenyl cores and
polar–NSC group, which are conductive to high opti-

cal anisotropy.

The theory of Landau–de Gennes (22) has

been used to describe the pre-transitional behaviour

in the isotropic phase of LCs. This theory is essentially

based on the assumption that short-range forces pre-

dominate in the region of the nematic–isotropic tran-

sition. According to this model the Kerr constant in
the isotropic phase is given by

B ¼ "o�no�"o

4a�
ffiffiffi

"
p

T � T�ð Þ : ð5Þ

Table 1. The clearing temperature, TC, and pre-transitional
temperature, T*, of the mixtures.

Compound TC (�C) T�Cð
�
CÞ

7TOLF (100%) 43.4 42.3

F1: 7BF/7TOLF (40/60) 38.4 37.6

F2: 7BF/7TOLF (50/50) 37.3 36.4

F3: 7BF/7TOLF (60/40) 36.2 35.0

F4: 7BF/7TOLF (70/30) 34.6 33.5

F5: 7BF/7TOLF (80/20) 33.1 32.0

7BF (100%) 30.4 29.2

–40

–20

0

20

40

60

0 20 40 60 80 100
Concentration, w7BF %

T
em

pe
ra

tu
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 /°
C

Isotropic

Nematic

Crystal

7BF7TOLF

Figure 3. Phase diagram of the mixture 7BF/7TOLF.
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Where a is the temperature independent coefficient, T*

is the second-order pre-transitional temperature,

which is an extrapolated temperature just below the

isotropic–nematic phase transition, and �"o is the

low-frequency dielectric anisotropy in the completely

ordered phase. From the above equation, there is a

reciprocal relationship between the Kerr constant, B,

and temperature as follows:

Table 2. Kerr constants, B, and susceptibility, �(3), of the mixtures, for � = 632.8 nm.

Temp. (�C) 1011 B/mV-2 B-1/1011m-1V2 1018�(3)/m2V-2

F1: 7BF/7TOLF (40/60)

39.00 18.91 0.05 2.57

39.20 17.14 0.06 2.34

39.40 15.68 0.06 2.14

39.60 13.44 0.07 1.84

39.80 12.26 0.08 1.67

40.00 11.96 0.08 1.63

41.49 7.24 0.14 0.99

42.57 5.65 0.18 0.77

44.73 3.90 0.26 0.53

49.00 2.48 0.40 0.34

F2: 7BF/7TOLF (50/50)

37.90 17.12 0.06 2.33

38.20 14.47 0.07 1.97

38.40 12.96 0.08 1.77

38.80 11.40 0.09 1.55

39.40 8.82 0.11 1.20

40.90 5.59 0.18 0.76

41.90 4.71 0.21 0.64

43.90 3.40 0.29 0.46

48.90 2.08 0.48 0.28

F3: 7BF/7TOLF (60/40)

36.70 14.11 0.07 1.92

36.80 12.31 0.08 1.68

37.00 11.30 0.09 1.54

37.40 10.55 0.09 1.44

38.90 5.74 0.17 0.78

40.20 4.29 0.23 0.58

42.00 3.36 0.30 0.46

44.20 2.46 0.41 0.33

46.40 2.05 0.49 0.28

F4: 7BF/7TOLF (70/30)

35.10 13.75 0.07 1.83

35.20 12.76 0.08 1.75

35.30 12.00 0.08 1.63

35.50 10.86 0.09 1.48

36.10 8.33 0.12 1.13

37.00 6.09 0.16 0.83

38.10 4.67 0.21 0.63

39.00 3.90 0.26 0.53

41.00 2.86 0.35 0.39

44.50 1.99 0.50 0.27

F5: 7BF/7TOLF (80/20)

33.60 13.30 0.08 1.78

33.70 12.45 0.08 1.70

33.80 12.00 0.08 1.63

34.00 10.44 0.10 1.42

34.60 7.94 0.13 1.08

36.15 5.00 0.20 0.68

37.10 4.06 0.25 0.55

39.30 2.78 0.36 0.38

41.90 2.11 0.47 0.29

33.60 13.30 0.08 1.78
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B / T � T�ð Þ�� ð6Þ

where T* is the second-order pre-transitional tempera-

ture. T* can be obtained by a linear extrapolation of the

Kerr constant (B�1) versus temperature. � is a numer-

ical factor that equals unity in the Maier–Saupe theory.

In Figure 5, the inverse of the Kerr constant, B-1,

for the compounds is shown and compared as a func-

tion of temperature. For the samples studied the
inverse of the Kerr constant varies linearity with tem-

perature, i.e. � ffi 1, as predicted by the Maier–Saupe

mean-field theory for LCs (23). The samples display a

Kerr response which obeys the Landau–de Gennes

model in an ideal way. The extrapolated temperature

T* is found in all cases to be located approximately

1�C below the clearing temperatures of the mixtures.

The pre-transitional temperature, T*, and the clearing
temperatures observed for the mixtures of different

weight fractions are shown in Figure 6.

The electro-optical Kerr effect is used to determine

the third-order non-linear susceptibility tensor�ð3Þ. The

Kerr constant can be related to the susceptibility tensor

in an isotropic media using the following formula (24):

B ¼ 24�

n�
� 3ð Þ ð7Þ

where n is the refractive index of the nematic com-

pound at a given temperature and � is wavelength of

the light. The susceptibility data of the mixtures mea-

sured at different temperatures in the isotropic phase
are also summarised in Table 2. In general, the mixtures

exhibit similar non-linearity behaviour. Figure 7 shows

the variation of the susceptibility with temperature for

the nematic mixtures in the isotropic phase.

4. Conclusions

The values of the Kerr constants and susceptibilities

were obtained for 7BF, 7TOLF and their nematic

mixtures in the isotropic phase. These mixtures exhi-

bit high birefringence and large non-linear

0
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30 35 40 45 50 55
Temperature (°C)

B
/1

0–1
1 1m

V
2

7TOLF

7TOLF+7BF (40%)

7TOLF+7BF (60%)

7TOLF+7BF(80%)

7BF

Figure 4. Temperature dependence of B for the nematic
mixturesobtainedusingthepulsedACfieldmethod(ƒ = 1 kHz).
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Figure 5. Temperature dependence of B-1 for the nematic
mixtures obtained using the pulsed AC field method.
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Figure 6. Change in nematic-isotropic transition temperature
and second order pre-transitional temperature with weight
fraction of 7BF in 7TOLF.
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susceptibility. This is a consequence of the presence

of highly polarisable tolane and biphenyl cores and
polar NSC group, which are conductive to high opti-

cal anisotropy. The second-order phase-transition

temperatures, T*, were also determined for these

compounds. In the pre-transition region the short-

range order leads to pseudo-nematic domains of

highly correlated molecules in the isotropic phase.

The studied mixtures display pre-transitional effects

within the isotropic phase close to the nematic phase
which can be accounted for on the basis of the

Landau–de Gennes model.
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