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The refractive indices and densities of six liquid crystals—two alkylcyanobiphenyls,
three alkoxycyanobiphenyls and one mixture of two alkylcyanobiphenyls have been
reported as a function of temperature. The effective polarizabilities &, and «a in the
nematic phase calculated using the methods due to Neugebauer, Vuks and Saupe and
Maier, are found to be appreciably different, though the order parameter § evaluated
with those values of (a, — a;) are in good agreement. The preference of one method
over the other two is discussed.

INTRODUCTION

The importance of liquid crystals for their applications in display
devices and other manifold scientific uses is now well known. The
orientational order parameter, S, of a liquid crystal is an important
parameter, the knowledge of which is essential for use in a specific
purpose. Various methods are now being used to measure the order-
parameter as has been discussed by Saupe and Maier,! namely,
nuclear magnetic reasonance, dielectric permittivity, diamagnetic sus-
ceptibility, refractive indices, X-ray scattering, UV and IR dichroism,
etc. In this paper the order parameters of these liquid crystals have
been reported from the measurements of refractive indices and densi-
ties at different temperatures in the nematic and isotropic phases.
Three methods, namely, (1) Neugebauer’s anisotropic internal field,?
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(2) Vuks’ isotropic internal field,®> and (3) Saupe and Maier’s aniso-
tropic model® with a single internal field parameter, have been used to
calculate the effective polarizabilities a, and a;. The results have been
discussed in this paper.

EXPERIMENTAL

The structural formulae and nematic-isotropic transition temperatures
of six liquid crystals which were obtained from BDH, England are
given below.

1. K,;:4-Cyano-4’-n-Pentylbiphenyl, C'ZE-S—EN I

28.5°C | . 42°C

2. K,, : 4-Cyano-4’-n-Heptylbiphenyl, C N+——+I

3. Mixture E1 composed of components 1 and 2 in proportion of

59:41 C—2SNIS

4. M,;: 4-Cyano-4'-n-Pentyloxybiphenyl, CBIONG

53.5° C 75°C

5. M, : 4-Cyano-4’-n-Heptyloxybiphenyl, C —1

6. M,, : 4-Cyano-4'-n-Octyloxybiphenyl, CﬂﬁN <1

The liquid crystals were used in the investigations without further
purification.

The refractive indices n, and n, for the extraordinary ray and
ordinary ray in the nematic phase and refractive index n, in the
isotropic phase at different temperatures were measured by means of
an Abbe refractometer. The glass prisms of the refractometer were
rubbed with a lens paper along the length of the prisms several times.
A few drops of the liquid crystal were allowed to fall on the lower
prism and were spread with a spatula. These operations helped to
align the molecules of the liquid crystal along the prism face. The
alignment was complete when the upper prism was clamped in place.

Two positions of a nicol placed over the eyepiece allow distinct
separation of the dark and bright space in the eyepiece, corresponding
to n, and n, (in the nematic n, > ng). A second nicol placed between
the light source and the lower prism makes the separation between the
dark and bright space sharper. The temperature of the refractometer
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was maintained constant within +0.2°C by means of a thermostat.
When the value of refractive index n, for extraordinary ray lay outside
the range of the refractometer (n, > 1.70), it was calculated from the
relation n? = $(2n2 + n2) where n is the isotropic refractive index
extrapolated at the appropriate temperature.

The densities of the liquid crystals in the nematic and isotropic
phases were determined by introducing a weighed sample of liquid
crystal inside a glass capillary tube in a thermostat. The length of the
column in the capillary was measured at different temperatures with a
travelling microscope. The density was calculated after correcting for
the expansion of the glass tube.

RESULTS

The values of the refractive indices of the liquid crystals in the
isotropic phase n, and in the nematic phase, n, and n, together with
the densities of the liquid crystals at different temperatures are given
in Tables I and II. The refractive index anisotropy is shown in Figures
1 and 2. The effective polarizabilities a, and a; of the liquid crystals
were calculated using three methods: 1) Neugebauer’s’ method of
anisotropic internal field, given by

n? -1 =4nNa,(1 — Na,y,) " (1)
and

n — 1 = 4aNay(1 — Nagy,) (2)
where N is the number of molecules per c.c and y,’s are the internal

field constants. The relevant equations for calculating the polarizabili-
ties a, and a, obtained from Egs. (1) and (2), are

1 2 4aN{ni+2  2(n}+2)
PR : 3)
a & 3 [n2-1 ng—1
and
9 [n2-1
ae+2a0—a,,+2al—m 212 (4)
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FIGURE 1 Refractive index anisotropy plots for E,, Kys, Ky

2) Vuks® assumed the local field to be isotropic and his modifications
of the Lorentz—Lorenz equation are:

-1 4aNa,

L

n

2+2 3 ©)
and
n_% —1 _4aNa, )
nt+2 3
where

W= i(n2 + 203)
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FIGURE 2 Refractive index anisotropy plots for M5, M,,, M,

3) Saupe and Maier! made use of anisotropic internal field but
assumed a single internal field constant, ‘a’; the equations are:

n?-1 47N
< = a 7
n2+2-2a(n2-1) 3 °° @)
and
nd—1 _ 4wNa (8)
= 0

nd+2+a(nd-1) 3

The value of the internal field parameter ‘a’ was obtained from the
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TABLE III*

Values of the effective polarizabilities a,, g for A = 5850 Aand
order parameter S of Pentylcyanobiphenyl

Neugebauer’s Method Vuks’ Method Saupe and Maier's Method

Temp®C a, a S a, ay S a, ag S
24 3867 2962 0.62 4010 2890 064 4077 2907 067
28 3835 2981 0.59 3968 2914 060 4039 2924 064
30 3813 2998 0.56 3941 2933 057 3999 2943 061

32 3780 3019 052 3934 2934 056 3968 2950 0.58
34 3726 3040 047 3832 2987 048 3931 2976 0.54
ay=4258,a, = 2813 a,= 4460,a, = 27.12 a,= 4455 a, = 2715

*Polarizabilities in units of 10~ cm®

TABLE IV*

Values of the effective polarizabilities a,, a for A = 5890 A and
order parameter S of Heptylcyanobiphenyl

Neugebauer’s Method Vuks’ Method Saupe and Maier’s Method

Temp®C a, ag S a, ag S a, ag S

29 4397 3329 064 4573 3257 065 4645 3276 062
32 4368 3351 0.61 4538 3283 062 4585 3305 0.58
35 4352 3364 059 4519 3301 060 4559 3323  0.56
38 4302 3396 0.54 4483 3359 055 4517 3377 052

a,=4826,a, = 3167 a,=50.74,a, = 30.43 a,= S1.89,a, = 29.86

*Polarizabilities in units of 10~ ¢m?

TABLE V*

Values of the effective polarizabilities a,, &y for A = 5890 Aand
order parameter S of Mixture E,

Neugebauer’s Method Vuks’ Method Saupe and Maier’s Method
Temp®°C o

. oy S a, ag S a, ag s

28 4173 3120 069 4342 3036 068 4109 3139 0.64
30 4160 3129 0.68 4324 3047 067 4084 3151 0.62
3 4120 3146 0.64 4275 3070 063 4051 3167 0.58
34 4085 3158 061 4227 3086 060 4048 3169 0.57

@, = 4475, a, = 2969 a,= 4738,a, = 2822 a,= 4473, a, = 29.55

*Polarizabilities in units of 10~24 cm®
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TABLE VI*

Values of the effective polarizabilities a,, ag for A = 5890 A and
order parameter S of Pentyloxy cyanobiphenyl

Neugebauer’s Method Vuks’ Method Saupe Maier's Method

Temp®C a, ag S a, ag S a, ag A
49 40.79 3034 0.66 4243 2952 0.67 43.03 2976 0.67
52 4067 3048 0.64 4226 2968 0.65 4262 2997 064
55 4049 3061 063 4204 2983 0.63 4233 3011 062
58 40.28 30.72 060 41.76 2998 0.61 4213 3022 060
61 3979 3104 055 4114 3036 056 4141 3057 055
65 3923 3145 049 4043 3085 049 4033 3111 046
66 3878 3163 045 3987 31.08 045 4020 3118 045
67 3833 31.89 041 3932 3139 041 3965 3145 041

68 3698 3262 027 3750 3235 026 3825 3215 031
a,=44.64,a, =~ 2896 a,=47.03,a,=21.76 a,= 4732, a, = 27.61

*Polarizabilities in units of 10~ ¢ cm?
TABLE VII*

Values of the effective polarizabilities a,, ay for A = 5890 A and
order parameter S of Heptyloxycyanobiphenyl

Neugebauer’s Method Vuks® Method Saupe and Maier’s Method

Temp®C a, ag S a, ag S a, ag S
55 4520 3399 063 4692 3314 067 4756 3338 066
56 4515 3405 062 4683 3321 0.66 4742 3345 0.65
58 4504 3417 061 4669 3334 064 4705 3362 0.63
60 4487 3427 059 4647 3347 063 4686 3373 062
63 4475 3441 058 4631 3363 061 4645 3393 0.59
67 4443 3464 055 4590 3391 058 4586 3422 054
70.5 4398 3493 051 4533 3425 053 4519 345 050
72 4325 3528 045 4442 3469 047 4463 3484 046
73 4299 3544 042 4412 3488 044 4426 3503 043
74 4122 3640 027 4192 3605 028 4237 3597 030

a,= 4989, a, = 3221 a,= 5184,a, = 3124 a,=5223,a, = 31.04

*Polarizabilities in units of 10~2* cm®

relation

n2_1Viso=_1_ nt-1 + 2(n%,—1) v

n*+2 31n2+2-2a(n2-1) ni+2+a(n}-1)
)

and a, and a, were obtained from Eqgs. (7) and (8).
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TABLE VIII*

Values of the effective polarizabilities a,, ap for A = 5890 A and
order parameter S of Octyloxycyanobiphenyl

Neugebauer's Method Vuks’ Method Saupe and Maier’s Method

Temp®C a, a, S a, ay Ay a, ag S
69 46.20 3592 045 4771 3517 048 4933 3506 050
71 4596 36.10 043 4740 3538 046 4891 3527 048
73 4573 3631 041 4712 3562 044 4833 3556 045
75 4515 36.70 037 4638 3608 040 4748 3600 040
77 4404 3736 029 4501 3687 031 4615 3665 033
78 4320 3781 023 4398 3742 025 4536 3704 029

79 4223 3836 016 4280 3807 018 4438 3753 024
80 4117 3897 009 4142 3882 010 4341 3802 0.9
a,= 55.05,a, = 3220 a,= 56.90,a, = 3127 a,= 58.62,a, = 30.41

*Polarizabilities in units of 10~ cm’

log (e /X))

osf §  °7Ms

|: A_K15

|

- 1 1 L L
‘OE# 3318 15 W07 03 0
log§-d) log(r;0)  '09(Tc —~T)

FIGURE 3 Plots of log(a,/ag) vs log(T, — T) for M5 and K4
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The values of the polarizabilities @, and a, obtained from the three
methods are given in Tables (III-VIII). The principal polarizabilities
a, and a, , parallel and perpendicular to the long axis of the mole-
cules being not available, the method due to Haller ez al.* was adopted.
Graphs (Figure 3) were plotted with log a,/a, vs log(7 — T), where
T, is the nematic—isotropic temperature. The plots which were straight
lines at lower temperatures intersect the loga,/a, axis at 0°K,
assumed to correspond to the a,/a, in the crystalline state. From
equation (4) the values of a, and a, are determined and included in
Tables (111-VIII). The order parameter, S, was then calculated from
the relation S = (a, — a3)/(a, —a ). The values of S obtained from
the different methods are given in Tables (III-VIII). The plots of S vs
T /T, are shown in Figures 4a and 4b.

0.7
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FIGURE 4(a) Plots of Order Parameter S vs T/T, for M5, M,,, and M,,
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FIGURE 4(b) Plots of Order Parameter S vs T/T, for E;, Ky, K5
DISCUSSION

It can be seen from Tables (III-VIII) that the order parameter S
obtained from the three methods namely—Neugebauer?, Vuks® and
Saupe and Maier! are almost the same, though the anisotropy of the
effective polarizabilities (Aa = a, — a;) in the nematic phase ob-
tained from the three methods are appreciably different. (For example,
in pentyloxy cyanobiphenyl in the nematic state at 49°C the values
are 10.45, 12.91 and 14.27 X 10~2* cm® from Neugebauer, Vuks and
Saupe and Maier method respectively.) The reason for similar values
of the order parameter from the three methods is that the anisotropy
of the principal polarizabilities (a«, —a ) increases in the same pro-
portion, when one uses Vuks’ or Saupe and Maier’s method. It was
shown by Subramhanyam et al.,’ that the polarizability values ob-
tained from Neugebauer’s relations agree well with the calculated
values of isotropic polarizabilities calculated from bond polarizability
data. Moreover, the assumptions of anisotropic internal field constants
in liquid crystals, by Neugebauer are logical. The internal field con-
stants y, and y, along and perpendicular to long molecular axis are
expected to be different: the former should be smaller than the latter.
The values y, and y, calculated from the Egs. (1) and (2) given in
Tables IX and X show that y, is always less than y,. Since the effective
length of the molecules and their density variation in the nematic
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phase of the liquid crystals are comparable (neglecting the alkoxy
group) the internal field constants are also expected to be comparable
as can be seen from Tables IX and X.

It was pointed out by Haller et al.,* and Subramhanyam er al.,’ that
the value of y, shows a maximum at a temperature about 3° below the
nematic-isotropic transition. But in the present case as the Table IX
shows that y, values increase monotonically with increase of tempera-
ture up to the nematic-isotropic transition.

Vuks? assumed an isotropic internal field in liquid crystalline media,
but it is difficult to visualise how in a medium of anisotropic molecu-
lar distribution, as in liquid crystals, the local field would be isotropic.

Saupe and Maier' assumed an anisotropic molecular distribution
similar to Neugebauer but used a single internal field parameter ‘a’.
The idea is similar to the isotropic field model of Vuks. The internal

TABLEIX

Values of the internal field constants y,, y, and ‘a”’

- 37
Sample (T.-T°C v. v a (1 - E)

3.96 430 0.072 0.055
391 433 0.078 0.067
389 434 0084 0.071
385 436 0076 0.080

399 428 0.061 0.048
389 434 0074 0.071
. 435 0.079 0.074
5 384 436 0077 0.083

409 423 0.089 0.020
404 426 0.088 0.036
4.00 429 0.092 0.045
394 431 0.09% 0.060

Pentyloxy cyanobiphenyl

Heptyloxycyanobiphenyl

Octyloxycyanobipheny!

BWN - BN = AW -
[
o
o0

TABLE X

Values of the internal field constants v,, v, and ‘a’

3
Sample (T.-T)°C v, o @ ‘a (1 —i)
4
Pentylcyanobiphenyl 35 3.88 4.35 0.10 0.07
Heptylcyanobiphenyl 7 3.96 4.61 0.03 011

Mixture E, 4 3.73 438  0.03 0.05
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field parameter was calculated using Saupe and Maier’s relations. The
internal field parameter ‘a’ can be roughly related to the vy, values of
Neugebauer by an expression ‘a’ = (1 — 3y,/47) as shown in Tables
IX & X. In an anisotropic molecular distribution as in liquid crystals
the internal field parameter cannot be the same along the long
molecular axis and perpendicular to it as proposed by Saupe and
Maier.

Though the determination of the order parameter of liquid crystals
by Neugebauer’s,? Vuks® and Saupe and Maier’s' methods give nearly
the same value, Neugebauer’s method is to be preferred as it is
theoretically sound in having internal field constants different along
and perpendicular to molecular axis. Also, the principal polarizabili-
ties obtained by it agree to the values of isotropic polarizabilities
obtained from bond polarizability calculations.

It can be seen from Tables (VI-VIII) that the order parameters of
pentyloxy cyanobiphenyl and heptyloxy cyanobiphenyl at the lowest
temperature in the nematic phase are 0.66 and 0.63 respectively, but in
the octyloxy cyanobiphenyl it is only 0.45 which is much lower than
the former two liquid crystals. Though the structures of the three
liquid crystals are similar, the increase in the alkyl chain length seems
to reduce the order parameter rapidly.

The order parameter for pentyl and heptyl cyanobiphenyl at the
lowest temperature in the nematic state are .62 and .64 respectively
Tables (I11-1V), but the order parameter of the mixture E; composed
of pentyl and heptyl cyanobiphenyl (59:41) is about .70 at 28°C
which is larger than the S-values of each of the components.
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