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Birefringence and Order Parameter 
of Some Alkyl 
and Alkoxycyanobiphenyl 
Liquid Crystals 
MISS SUSHMITA SEN, PRADIP BRAHMA, SUBIR. K. ROY, 
D. K. MUKHERJEE and S. B. ROY 
Optics Department, lndian Association for the Cultivation of Science, Jadavpur, 
Calcutta - 700032, India. 

(Receioed September 23, 1982; in finuljorm June 15. 1983) 

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 aI, 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 S 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,2 
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328 SUSHMITA SEN er u/. 

(2) Vuks’ isotropic internal field,3 and (3) Saupe and Maier’s aniso- 
tropic model4 with a single internal field parameter, have been used to 
calculate the effective polarizabilities a, and ao. 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. 

2. 

3. 

4. 

5 .  

6 .  

22.5OC 35OC K,, : 4-Cyano-4’-n-Pentylbiphenyl, C-N-I 

K,, : rl-Cyano4’-n-Heptylbiphenyl, C-N- I 28.5OC 42OC 

Mixture E,  composed of components 1 and 2 in proportion of 
59:41 C-N-I 

M,, : 4-Cyano-4’-n-Pentyloxybiphenyl, C-N-I 

M,, : 4-Cyano-4’-n-Heptyloxybiphenyl, C-N-I 

M,, : 4-Cyano-4’-n-Octyloxybiphenyl, C-N- I 

-2OC 31OC 

48OC 67.5OC 

53.5oc 75oc 

67OC 80°C 

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

The refractive indices n, and no 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 no (in the nematic n, > n o ) .  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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BIREFRINGENCE AND ORDER PARAMETER 329 

was maintained constant within f0.2OC 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 n2 = f ( 2 n i  + n:) 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 no together with 
the densities of the liquid crystals at different temperatures are given 
in Tables I and 11. The refractive index anisotropy is shown in Figures 
1 and 2. The effective polarkabilities ae and a. of the liquid crystals 
were calculated using three methods: 1) Neugebauer's2 method of 
anisotropic internal field, given by 

2 n, - 1 = 47rNa,(l - Naeye)-' 

and 

ni - 1 = 47rNa0(1 - Naoyo)-' (2) 

where N is the number of molecules per c.c and yi's are the internal 
field constants. The relevant equations for calculating the polarizabili- 
ties a, and a. obtained from Eqs. (1) and (2), are 

and 

a, + 2a, = all + 2 a ,  = (4) 
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2 )  Vuks3 assumed the local field to be isotropic and his modifications 
of the Lorentz-Lorenz equation are: 

n 3 - 1  4 a N a ,  

n * + 2  3 
( 5 )  -=- - 

and 

where 
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t Ocry lox ycyanobi pheny 1 

w a I I 1 
70 00 90 

TEMPERATURE OC 

t 

Pen tyloxycyano b i phenyl .F ,,*I Heptyloxycyano biphenyl 
W 
0 
2 

I 1 1 1 I J I 1 I I ,  
5 0  60 7 0  0OC 60 7 0  00 

FIGURE 2 Refractive index anisotropy plots for MI,, M,,, MZ4 
TEMPERATURE O C  TfTMPERATURE OC 

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

n3 - 1 4nN =- 
n3 + 2 - 2a(nf - I) 3 a, (7) 

and 

The value of the internal field parameter 'u '  was obtained from the 
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334 SUSHMITA SEN er at. 

TABLE III* 

Values of the effective polarizabilities ae, a. for h = 5890 A and 
order parameter S of Pentylcyanobiphenyl 

- 

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

TempOC a, an S a,  an S a,  an S 

24 38.67 29.62 0.62 40.10 28.90 0.64 40.77 29.07 0.67 
28 38.35 29.81 0.59 39.68 29.14 0.60 40.39 29.24 0.64 
30 38.13 29.98 0.56 39.41 29.33 0.57 39.99 29.43 0.61 
32 37.80 30.19 0.52 39.34 29.34 0.56 39.68 29.50 0.58 
34 37.26 30.40 0.47 38.32 29.87 0.48 39.31 29.76 0.54 

a,,=42.58,aL=28.13 all= 44.60,aL=27.12 aI,=44.55,a,=27.15 

*Polarkabilities in units of cm3 

TABLE IV* 

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

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

TempOC a. a,  S a- a n  S a,  an S 

29 43.97 33.29 0.64 45.73 32.57 0.65 46.45 32.76 0.62 
32 43.68 33.51 0.61 45.38 32.83 0.62 45.85 33.05 0.58 
35 43.52 33.64 0.59 45.19 33.01 0.60 45.59 33.23 0.56 
38 43.02 33.96 0.54 44.83 33.59 0.55 45.17 33.77 0.52 

a,, - 51.89, a , = 29.86 a,, = 48.26, a, - 31.67 a,, - 50.74, a ,  - 30.43 

* Polarizabilities in units of 10- 24 cm3 

TABLE V* 

Values of the effective polarizabilities a,, a. for h = 5890 A and 
order aarameter S of Mixture El 

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

TempOC a,  a. S a,  a, S a, a0 s 
28 41.73 31.20 0.69 43.42 30.36 0.68 41.09 31.39 0.64 
30 41.60 31.29 0.68 43.24 30.47 0.67 40.84 31.51 0.62 
32 41.20 31.46 0.64 42.75 30.70 0.63 40.51 31.67 0.58 
34 40.85 31.58 0.61 42.27 30.86 0.60 40.48 31.69 0.57 

al ,=44.75,aL=29.69 all= 47.38,a,-28.22 a,,=44.73,aL=29.55 
___ ~ 

*Polarkabilities in units of cm3 
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BIREFRINGENCE AND ORDER PARAMETER 335 

TABLE VI * 

Values of the effective polarkabilities ae, a. for h = 5890 A and 
order parameter S of Pentyloxy cyanobiphenyl 

Tempo C 

49 
52 
55 
58 
61 
65 
66 
67 
68 

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

a0 s 
40.79 30.34 0.66 
40.67 30.48 0.64 
40.49 30.61 0.63 
40.28 30.12 0.60 
39.19 31.04 0.55 
39.23 31.45 0.49 
38.78 31.63 0.45 
38.33 31.89 0.41 
36.98 32.62 0.21 
a,, = 44.64. a, = 28.96 

42.43 29.52 0.67 
42.26 29.68 0.65 
42.04 29.83 0.63 
41.16 29.98 0.61 
41.14 30.36 0.56 
40.43 30.85 0.49 
39.87 31.08 0.45 
39.32 31.39 0.41 
31.50 32.35 0.26 
a,, = 47.03, a* - 21.16 

43.03 29.76 0.67 
42.62 29.91 0.64 
42.33 30.11 0.62 
42.13 30.22 0.60 
41.41 30.57 0.55 
40.33 31.11 0.46 
40.20 31.18 0.45 
39.65 31.45 0.41 
38.25 32.15 0.31 
a,, = 47.32, a* = 27.61 

TABLE VII* 

Values of the effective polarizabilities ap, a. for h = 5890 A and 
order parameter S of Hep tyloxycyanobiphenyl 

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

TempOC a, a. S ae a. S a, a0 S 

55 45.20 33.99 0.63 46.92 33.14 0.61 41.56 33.38 0.66 
56 45.15 34.05 0.62 46.83 33.21 0.66 47.42 33.45 0.65 
58 45.04 34.11 0.61 46.69 33.34 0.64 47.05 33.62 0.63 
60 44.87 34.21 0.59 46.41 33.41 0.63 46.86 33.13 0.62 
63 44.75 34.41 0.58 46.31 33.63 0.61 46.45 33.93 0.59 
67 44.43 34.64 0.55 45.90 33.91 0.58 45.86 34.22 0.54 
70.5 43.98 34.93 0.51 45.33 34.25 0.53 45.19 34.56 0.50 
72 43.25 35.28 0.45 44.42 34.69 0.47 44.63 34.84 0.46 
73 42.99 35.44 0.42 44.12 34.88 0.44 44.26 35.03 0.43 
74 41.22 36.40 0.27 41.92 36.05 0.28 42.31 35.97 0.30 

a,, = 52.23, a, = 31.04 a,, = 49.89, a* = 32.21 a,, = 51.84, a, = 31.24 

* Polarkabilities in units of 10 - 24 cm3 

relation 
ns - 1 2 ( n ;  - I) + 

n,Z + 2 - 2a(n,2 - 1) n$ + 2 + a(n3 - 1) 

(9) 
and a, and a. were obtained from Eqs. (7) and (8). 
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336 SUSHMITA SEN et nl. 

TABLE VIII* 

Values of the effective polarizabilitiesa,, a. for X = 5890 A and 
order parameter S of Octyloxycyanobiphenyl 

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

TempOC at a, S a, a, S a, a 0  s 
69 
71 
13 
75 
71 
78 
19 
80 

46.20 35.92 0.45 
45.96 36.10 0.43 
45.13 36.31 0.41 
45.15 36.10 0.31 
44.04 31.36 0.29 
43.20 31.81 0.23 
42.23 38.36 0.16 
41.11 38.91 0.09 

a,,  = 55.05, a, - 32.20 

47.11 35.11 0.48 
41.40 35.38 0.46 
41.12 35.62 0.44 
46.38 36.08 0.40 
45.01 36.87 0.31 
43.98 31.42 0.25 
42.80 38.01 0.18 
41.42 38.82 0.10 

a,, = 56.90, a ,  = 31.21 

49.33 35.06 0.50 
48.91 35.21 0.48 
48.33 35.56 0.45 
41.48 36.00 0.40 
46.15 36.65 0.33 
45.36 31.04 0.29 
44.38 31.53 0.24 
43.41 38.02 0.19 
a,, = 58.62, a I = 30.41 

*~olarizabilities in units of cm3 

FIGURE 3 Plots of log(a,/ao) vs log(T' - T) for M I S  and K, ,  
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BIREFRINGENCE AND ORDER PARAMETER 331 

The values of the polarizabilities a, and a. obtained from the three 
methods are given in Tables (111-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 et aL4 was adopted. 
Graphs (Figure 3) were plotted with log a,/a, vs log(T, - T), where 
T, is the nematic-isotropic temperature. The plots which were straight 
lines at lower temperatures intersect the logaJa, axis at O O 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 ,  - a,)/(.,, -aL) .  The values of S obtained from 
the different methods are given in Tables (111-VIII). The plots of S vs 
T/T, are shown in Figures 4a and 4b. 

O*'* 

FIGURE 4(a) Plots of Order Parameter S vs T/T, for M I , ,  MZ1, and M,, 
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DISCUSSION 

It can be seen from Tables (111-VIII) that the order parameter S 
obtained from the three methods namely-Neugebauer’, Vuks3 and 
Saupe and Maier’ are almost the same, though the anisotropy of the 
effective polarizabilities (Aa = a, - ao) in the nematic phase ob- 
tained from the three methods are appreciably different. (For example, 
in pentyloxy cyanobiphenyl in the nematic state at 49OC the values 
are 10.45, 12.91 and 14.27 X lo-’* crd 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,, -al) increases in the same pro- 
portion, when one uses Vuks’ or Saupe and Maier’s method. It was 
shown by Subramhanyam et 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 yo along and perpendicular to long molecular axis are 
expected to be different: the former should be smaller than the latter. 
The values ye and yo calculated from the Eqs. (1) and (2) given in 
Tables IX and X show that ye is always less than yo. Since the effective 
length of the molecules and their density variation in the nematic 
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BIREFRINGENCE AND ORDER PARAMETER 339 

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 and Subramhanyam et at.,’ that 
the value of ye shows a maximum at a temperature about 3 O  below the 
nematic-isotropic transition. But in the present case as the Table IX 
shows that ye values increase monotonically with increase of tempera- 
ture up to the nematic-isotropic transition. 

Vuks3 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 ‘u ’ .  
The idea is similar to the isotropic field model of Vuks. The internal 

TABLE IX 

Values of the internal field constants v-. and ‘a’ 

Sample (T,.- T ) O C  ye yo ‘ 0 ’  (1 -2) 
Pentyloxy cyanobiphenyl 1 3.96 4.30 

2 3.91 4.33 
3 3.89 4.34 
4 3.85 4.36 

Heptyloxycyanobiphenyl 1 3.99 4.28 
2 3.89 4.34 
3 3.88 4.35 
4.5 3.84 4.36 

Oc tyloxycyanobiphenyl 1 4.09 4.23 
2 4.04 4.26 
3 4.00 4.29 
4 3.94 4.31 

0.072 
0.078 
0.084 
0.076 
0.061 
0.074 
0.079 
0.077 
0.089 
0.088 
0.092 
0.094 

0.055 
0.067 
0.071 
0.080 
0.048 
0.071 
0.074 
0.083 
0.020 
0.036 
0.045 
0.060 

TABLE X 

Values of the internal field constants ye, yo and ‘0’  

Sample cr,. - 
Pent ylcyanobiphenyl 3.5 3.88 4.35 0.10 0.07 
Hept ylcyanobiphenyl 7 3.96 4.61 0.03 0.11 
Mixture E ,  4 3.73 4.38 0.03 0.05 
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340 SUSHMITA SEN et al. 

field parameter was calculated using Saupe and Maier’s relations. The 
internal field parameter ‘u’ can be roughly related to the ye values of 
Neugebauer by an expression ‘u’  = (1 - 3ye/4n) 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,’ Vuks3 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 (111-IV), 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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