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ku, Tokyo 162, Japan 

(Received December 18, 1984; in final form July 11, 1985) 

The refractive indices and densities have been measured as a function of temperature 
for trans-4-alkylcyclohexyl 4’-n-pentyloxyphenylester and trans-4-alkylcyclohexyl 4‘- 
cyanophenylester in the liquid crystalline and liquid phases. The molecular polariza- 
bilities have been evaluated by Vuks’ formula. The polarizabilities obtained are com- 
pared with those estimated from bond polarizability calculations for the molecules. 
The relative nematic stabilities of the cyclohexane derivatives are discussed in terms 
of the molecular parameters measured. 

INTRODUCTION 

The molecular polarizabilities and their anisotropy are important val- 
ues for characterizing liquid crystalline substances since they play a 
significant role in the intermolecular interaction. Molecular polariz- 
abilities, though impossible to measure directly, can be calculated 
from the temperature dependence of refractive indices and densities 
on the bases of Vuks’ model’ in which the local field is taken to be 
isotropic. In the series of cyclohexane derivatives, especially the 4- 
cyanophenyl and 4-n-alkyloxy phenyl ester are of interest in the com- 
paratively high clearing temperature in spite of low optical anisotropy 
and low viscosity. In this paper, we present the results of refractive 
index, density and the molecular polarizabilities for the two kinds of 
series of the cyclohexane derivatives. Comparison of calculated and 
experimental values of the polarizabilities provides information of 
conjugated region of molecular structure. Moreover, the stabilities 
of cyclohexane derivatives are discussed in terms of intermolecular 
forces due to a mean field t h e ~ r y , * * ~ , ~  and extended ones,6 using these 
experimental data. 
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POLARIZABILITIES OF CYCLOHEXANE DERIVATIVES 55 

EXPERIMENTAL 

The structural formula and the nematic-isotropic transition temper- 
atures of trans-4-alkylcyclohexyl 4'-pentyloxyphenylester and trans- 
4-alkylcyclohexyl 4'-cyanophenylester used in this study are shown 
in Table I. The liquid crystals were obtained from MERCK & Co, 
and were used without further purification. The refractive indices no 
and n, for ordinary and extraordinary ray were measured with an 
Abbe refractometer attached to a thermostated circulating water bath. 
The glass prism of the refractometer was rubbed with a lens paper 
along the length of the prism several times to align the molecules of 
the liquid crystals on the prism surface. An analyzer was set on the 
eyepiece of an Abbe refractometer to make the shadow edge clear. 
The transition temperatures were determined by a polarizing micro- 
scope with a Mettler heating stage in which temperature could be 
controlled electrically to an accuracy of +O.l"C. The density was 
determined as a function of temperature in a capillary dilatometer of 
nearly 0.2 cm3 in volume with an approximate error of +O.O005g/ 
~ m . ~  The dilatometer was held in a thermostat whose temperature 
could be controlled to +O.l"C. 

RESULTS AND DISCUSSION 

The refractive indices of the ordinary no and of the extraordinary ray 
n, and densities of 4-trans-4-alkylcyclohexyl 4'-n-pentyloxyphenyles- 
ter( P-series) and 4-trans-4-alkylcyclohexyl4'-cyanophenylester( C-se- 
ries) are presented in Tables I1 and 111 as a function of temperature. 
The temperature dependences of the refractive indices for two kinds 
of materials are shown in Figure 1. The values (An < 0.1) of bire- 
fringence for P-series are smaller than those (An - 0.12) for C-series. 
In Vuks' model,' it is assumed that the internal field is isotropic even 
in an anisotropic crystal. This approach leads to the following equa- 
tion: 

where N is the number of molecules per unit volume, ii2 = (nz + 
2n2)/3, and the effective polarizabilities a, and a, correspond to the 
electric vector parallel and perpendicular to the optic axis, respec- 
tively. The molecular polarizabilities (a,,, a,)  are calculated from a, 
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FIGURE 1 Temperature dependence of refractive indices of trans-4-propylcyclo- 
hexyl 4'-n-pentyloxy phentylester (0) and trans-4-propyl cyclohexyl 4'-cyanophenyl 
ester (A).  

and a, by using the Haller's extrapolation procedure,' in which the 
value of log(aw, / a,) vs log(T, - T) is assumed to be log(all/a,) at 
T = OK, where T, is the nematic-isotropic temperature. The molec- 
ular polarizabilities for P-series and C-series are presented in Table 
IV. The electronic polarizabilities of the molecules were also esti- 
mated from the addition of tabulated bond polarizabilities.8 The con- 
jugated regions in the compounds of P- and C-series were taken as 
-COOC,H,O and -COOC,H,CN, respectively. For the bonds of 
conjugated region, we used the values of double bond polarizabilities. 
The molecular axis is assumed to be along the line joining the centers 
of the benzene ring and cyclohexane ring on the basis of structural 
formula assuming that molecules have the all-trans conformation. 
When a bond makes an angle 8 with molecular axis, the polarizability 
parallel to the molecular axis summed for all bonds is given by all = 
Zplcos28 + Zp,sin28, where p1 and p, are bond polarizabilities parallel 
and transverse to the bond, respectively. The PI of the C-C and 
C-H bonds of the end group is taken to that of the C-C bond and 
C-H bonds of the isotropic polarizabilities. An estimation of the 
polarizability anisotropy (Aa = a,, - cuJ is made by using (3/2)(a, ,  
- E) ,  taking the average polarizability Z. The values for the molecular 
polarizability computed using bond polarizabilities are given in Table 
IV. Comparison of calculated and experimental values of the polar- 
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60 M. TAKAHASHI, S. MITA and S .  KONDO 

izabilities provides a test of the additivity schemes and also yields 
information on the conformation of the terminal alkyl chain. The 
polarizability values obtained from the calculation agree well with 
the experimental values for P-series as shown in Figure 2. For the C- 
series, the calculated a,, values are comparatively lower than exper- 
imental values. Therefore, the calculated aL values show somewhat 
higher than that of experimental values as shown in Figure 3. One 
must be content with the electronic polarizability approximation tak- 
ing into consideration the accuracy of experiment and the simple 
model of calculation adopted. From the relations described above, 
such a treatment for conjugated system is valid for the series studied. 

In order to understand the stability of cyclohexane derivatives, the 
intermolecular interactions are necessary to consider. In the Maier- 
Saupe theory, only anisotropic dispersion forces are responsible for 
the existence of the nematic phase. The nematic to isotropic transition 
temperature T, in this theory, is predicted by the A/4.54kbV2 equa- 

30 
30 40 50 60 

Experimental all I ~ ~ ~ ' c r n ~  
FIGURE 2 Plot of experimental all, vs calculated aI, for trans-4-alkylcyclohexyl 4'- 
n-pentyloxy phenylester (0) and trans-4-alkyl cyclohexyl 4'-cyanophenyl ester (A). 
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A 301 
I I 

30 35 40 25 ’ 
25 

Experimental I 1 0 - ~ 4 ~ ~ 3  

FIGURE 3 Plot of experimental a,, vs calculated al for trans-4-alkylcyclohexyl 4‘- 
n-pentyloxy phenylester (0) and trans-4-alkyl cyclohexyl4‘-cyanophenyl ester (A). 

tion, where k,  is Boltzmann’s constant, A is the substance constant 
and relates to the strength of dispersion forces, V is the molar volume 
of nematic phase at the clearing point. The values of A calculated 
from V and T, are shown in Table IV. As the mean field model of 
Maier and Saupe focuses on attractive dispersion interactions para- 
meterized via the magnitude of the anisotropy of molecular polar- 
izability, the relation between A and (Acx)~  can be expected. The 
proportionality of A to (Aa)’ for each of the series is shown in Figure 
4. There is a good correlation between the substance constant A and 
observed (Aa)’ values. The magnitude of A depends on the end alkyl 
chain length due to the anisotropy of polarizability. As shown in 
Figure 4, the value of A approaches zero as (Aa)’ comes close to 
zero. The lines for C-series and P-series have different slopes.These 
slopes are explained from the difference in the ionization energy 
between two series. This is ascribed to the different substituent effects 
of Electron-repelling group (-OC5Hll)  and great Electron-with- 
drawing group (-CN) on the basis of molecular structure. 
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0 
0 50 100 150 200 250 

-48 6 
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FIGURE 4 Plot of the substance constant A, vs anisotropy of molecular polarizability 
(Act)* for trans-4-alkyl-cyclohexyl 4‘-n-pentyloxy phenylester (0) and trans-4-alkyl 
cyclohexyl 4’-cyanophenyl ester (A). 

As is different from Maier-Saupe model, there is a rigid-body re- 
pulsion model focused on anisotropic repulsive interactions where 
the shape anisotropy of the nematogen in terms of its axial ratio is 
the dominant parameter.9.10 In general, we must consider the role of 
the repulsive interactions in stabilizing of the cyclohexane derivatives. 
The mean field model has been refined and extended by de Jeu5 and 
Kimura,6 and the “hybrid” model combining both attractive and re- 
pulsive interactions has been considered. The substance constant A 
according to Kimura’s formulation is given as 

A = k,T, V 2  (4.54 - (5~/32)Av*n} 
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where (5d32)Av-n is the term of the molecular geometry dependency 
which is due to the rigid-body repulsions, Av is given by 
2D2(1 - L the length, D the breadth of molecules, n = N/V 
is the concentration of molecules. Using the following relation A = ( I /  
4)(Aa)2 by the simple Drude model, where I is ionization energy of 
molecule, we can obtain the following equation 

'/4(A~)2 = k,T, V 2  (4.54 - (5~/32)A~n} 

In Figure 5, ( A c ~ ) ~  is plotted against TcV2 for P- and C- homologous 
series, and these plots are compared with the reported value for p,p'- 
di-n-alkoxy-azoxybenzenes (PAA-series)" for example. Two types 
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FIGURE 5 Plot of (AIx)~ ,  vs T,VZ for trans-4-alkyl cyclohexyl 4'-n-pentyloxy phen- 
ylester (0). trans-4-alkyl cyclohexyl 4'-cyanophenyl ester (A), and p,p'-di-n-alkoxy- 
azoxybenzenes (m). 
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of pattern have been observed in Figure 5 ;  (i) ( A c x ) ~  is linearly related 
to the TcV2 for P and C series. (ii) ( A U ) ~  rises simply with increasing 
the TcV2 within the short range of smaller number of alkyl chain, 
then (Aa)2 becomes constant for PAA series. This result can be 
accounted for by the above equation. If the variation in lengthhreadth 
ratio of the molecule is negligible small and ionization potentials can 
be regarded as being constant for the homologous series, then ( A c x ) ~  
should proportional to TcV2 for an homologue. In other case the 
molecular lengtwbreadth ratio becomes marked larger with the in- 
crease of alkyl chain length and the repulsive interaction will become 
effective, the appreciable deviation may arise from the linear cor- 
relations between (Acx)~  and T,V2. This is expected to be the case 
for PAA-series. Since P- and C-series used in this study are the 
cyclohexane derivatives and the flexible molecules, it seems to be 
necessary to take the effect of flexibility into consideration in the 
above equation. Due to the molecular flexibility, the flexibility in 
these compounds reduce the rigid-body repulsion of the perfect ri- 
gidity. In conclusion, these results indicate that the rigid-body re- 
pulsive interactions make a minor contribution to the stability of the 
compounds with the shorter alkyl chain of the cyclohexane deriva- 
tives. 
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