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Mean molecular polarizabilities, polarizability anisotropies and order
parameters of two homologous series of cyclohexane derivatives namely
trans-4-alkyl cyclohexyl 4'-cyanο-pahenyl ester and trans-4-alkyl cyclohexyl
4'-n-pentyloxy phenyl ester are evaluated using molecular vibration approach.
The variation of polarizability and polarizability anisotropy with a number
of carbon atoms in the alkyl chain is studied. In addition, the dependence of
order parameter on temperature is reported and discussed.

PACS numbers: 61.30.—v

1. Introduction

It is an established fact that the physical behaviour of liquid crystals is re-
markably subtle and is strongly influenced by the molecular structure and the
contents of the mesogenic molecules. Many liquid crystalline compounds consist
of two benzene rings in the central rigid core. But when the more polarizable ben-
zene group is replaced by a much less polarizable cyclohexane, most of the physical
properties like polarizability anisotropy, viscosity, dielectric anisotropy, transition
temperature, etc. change considerably. In the series of cyclohexane derivatives, es-
pecially the 4-cyanophenyl and 4-n alkyloxy phenyl esters are of interest because of
the comparatively high clearing temperature in spite of low optical anisotropy and
low viscosity. On replacing one benzene ring by the cyclohexane ring the conju-
gated region of the molecule is markedly shortened and therefore the polarizability
anisotropy becomes relatively small [1].

1n this paper, we present the results of molecular polarizabilities, polarizabil-
ity anisotropies, and the order parameters for two series of cyclohexane derivatives.
The study of calculated and experimental values of the results of polarizabilities
provides information of conjugated region of molecular structure. The polarizabil-
ity anisotropy of trans-4-alkyl cyclohexyl 4'-cyanophenyl ester is higher than the
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trαns-4-alkyl cyclohexyl 4'-n-pentyloxy phenyl ester. This is due to the different
substituent effects. If the alkyl chain (electron-repelling group —OC5H11) is sub-
stituted by the electron withdrawing group (—CN), the polarizability anisotropy
increases strongly [2]. .

The study of polarizabilities and their anisotropies is very important to un-
derstand the intermolecular interactions and also for the characterization of liquid
crystalline substances. The packing fractions are important parameters in most
of the molecular-statistical theories of the nematic state. It is interesting to note
that the aromatic compounds possess remarkably higher values of the density than
the cyclohexane derivatives. The density behaviour may be explained by the fact
that the aromatic compounds contain relatively more heavy atoms (carbon) than
the cyclohexane compounds with their higher contents of hydrogen. The packing
fractions are a measure for the volume which is filled with material and there-
fore they are important parameters for molecular-statistical theories. Since large
molecules possess higher mean polarizability values they often have higher pack-
ing fractions [3]. There are different theoretical models to evaluate mean molecular
polarizabilities. Hauser et al. [4] have discussed the different internal field models.
In all these models temperature dependence of refractive indices and densities are
used to evaluate the mean molecular polarizabilities. But in our recent communi-
cations [5, 6] we have given a method namely "molecular vibration approach", in
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which the mean polarizabilities are evaluated using the vibrational frequency data.
By employing the present method we have estimated the mean molecular polariz-
abilities and polarizability anisotropies. By applying Vuks' [7] internal field model
order parameters are also evaluated for the two homologous series of cyclohexane
derivatives.

The structural formulae and the transition temperatures of the two cyclo-
hexane series namely

(I) trαns-4-alkyl cyclohexyl 4'-cyanοphenyl ester and
(II) trαns-4-alkyl cyclohexyl 4'-n-pentyloxy phenyl ester

are given in Table I.

2. Theory

2.1. Estimation of mean molecular polarizabilty

The interaction of the electrons of the molecules with the incident electro-
magnetic radiation is usually treated by both classical and quantum concepts. But
the validity of these two concepts is very much proved and both the treatments are
considered. The originality of the present method of molecular vibration approach
lies in correlating bond polarizabilities and stretching and bending force constants
(molecular vibration parameters). The fact that bond polarizabilities, molecular
vibration parameters, and related parameters like bond moment (μ) are used in ex-
plaining apparent molar Kerr constant of tetrahedrally symmetric molecules, gives
the clue for a possible relationship between polarizability and molecular vibration
parameters.

As the detailed theoretical procedure is given in our earlier communications
[5, 6] we present here only the final relation which connect longitudinal (b L ) and
transverse (b) bond polarizabilities with a mean amplitude of vibration (σ1/2)

where C is a constant equal to 5.24 x 10 -1 ', p is characteristic of the atom and
is equal to 1, 1.2, 1.3, 1.4, and 1.5 accordingly as it belongs to 2', 3 rd 4 th , and
5 th or 6 th row in the periodic table, n is +1 or —1 accordingly as the bond is
non-hydride or hydride and r is the saturation factor.

Now the average polarizability (α) of the molecule is given by

where n i is the number of bonds of the type i.

2.2. Estimation of molecular polarizabilty anisotropy

Generally to estimate the anisotropy of polarizability (α || — αι) from α e and
α 0 , the extrapolation procedure of Haller et al. [8] is used. In this method the
value of log(α e = mo0) is plotted against log (TNT — T) and when the straight line is
extrapolated up to log TNT (where TNT is the nematic-isotropic temperature), the
limiting value of (α e = α0) is assumed to correspond to the value of (α || = cl)
of the molecule. But the anisotropy values obtained by this method are found
to have an error of around 10%. So, in addition to this method, we have also
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used the procedure suggested by Prasad [9]. In this method the polarizability
anisotropy is calculated from the value of α || . While evaluating α|| the molecular
axis is taken along the line joining the centres of the benzene ring and cyclohexane
ring on the basis of structural formula, assuming that the molecules have the
all-trans-conformation. When a bond makes an angle θ with the molecular axis,
the polarizability parallel to the molecular axis summed for all bonds is given by

where βl and βt are bond polarizabilities parallel and perpendicular to the bond,
respectively.

2.3. Estimation of order parameter

The orientational order parameter S is defined as [101

where θ is the angle made by the long molecular axis with the preferred direction
and the brackets denote an average over the molecules in a microscopic volume.

To calculate the polarizabilities of the molecules and the order parameter
(S) from birefringence data, Lorenz—Lorenz formula cannot be employed, because
its validity is restricted to cases where there is a spherical (or cubic) symmetry in
connection with the molecular arrangement. According to Vuks the ratio of the
average local electric field to the applied field is the same for the two cases when
the applied field is parallel and perpendicular to the optic axis of the medium.

In Vuks' model the order parameter is given by

where n 2 = (n2, +2n2o)/3 and is the mean polarizability estimated from molecular
vibration approach. α|| and αl are the polarizabilities in a direction parallel and
perpendicular to the optic axis, respectively. The necessary refractive indices are
taken from the work of Takahashi et al. [11].

3. Results and discussion

The mean molecular polarizabilities estimated by the present method are
presented in Table II for the two homologous series. The variation of molecular
polarizability with a number of carbon atoms is shown in Fig. 1. The observation of
polarizability data reveals that polarizabilities are almost independent of temper-
ature. The values of α are higher for the pentyloxy phenyl ester than cyanophenyl
ester. This can be understood from the fact that substitution of CN group in the
place of alkyl chain decreases the polarizability. The values of the molecular polar-
izabilities computed in the present investigation agree well with the experimental
values [8]. These values of polarizabilities provide a test for the additivity schemes
and also yield information on the conformation of the terminal alkyl chain.

The polarizability anisotropies estimated by different methods in the two
homologous series of cyclohexane derivatives are also presented in Table II. It is
clear from the data that Δα is higher for a cyanophenyl ester compound. As it
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Fig. 1. Variation of molecular polarizability (filled circles) and polarizability anisotropy
(open circles) with a number of carbon atoms in the series I & 11.

is already mentioned, the presence of the CN group in the end chain increases
the polarizability anisotropy strongly. From the chemical studies it has long been
known that the end chain plays a vital part in the stability of the mesophase. The
transition temperature and a number of other properties like anisotropy, order
parameter, and excess specific heats, etc. show a pronounced change. From the
results of the polarizability anisotropy presented in Fig. 1, it is clear that Δα
increases more slowly as compared to α and hence the anisotropy of polarizability
normaliZed against the mean polarizability decreases linearly with the increase
in the chain length. This is due to the fact that the polarizability anisotropy
arises from the core contribution. The covalent bond electron in the alkyl chain
contributes more to the average polarizability than the polarizability anisotropy.
This indicates that the covalent bond electron contribution is almost uniform
in parallel and perpendicular components. As a result Δα/α decreases with the
addition of CH2 group to the alkyl chain. The variation of order parameters with
the reduced temperature (TNI — T)/TNI is shown in Figs. 2 and 3. The order
parameters are estimated using Vuks (4) internal field model. In the two series
under study we observe the decrease in the order parameter with an increase in
temperature. In most of the liquid crystalline phases, the motion of parts of the
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Fig. 2. Variation of the order parameter with the reduced temperature (TNI — T)/Τ ΝΙ
in series I (trans-4-alkyl cyclohexyl 4'-cyanophenyl ester).

molecule, e.g. free rotation about the single bonds (as in the case of CH2 groups
at the end of the molecule), is always possible. The fractional number of molecules
in which such motions take place and the amplitudes of such motions increase
with increasing temperature. As a result there should be a small but systematic
decrease in the optical anisotropy with increasing temperature and hence the order
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Fig. 3. Variation of the order parameter with the reduced temperature (TNI — Τ)/ΤΝΙ
in series 1I (trans-4-alkyl cyclohexyl 4'-n-pentyloxy phenyl ester).

Fig. 4. Variation of the order parameter with the number of carbon atoms (n) for the
two series at the reduced temperature (TNT — T)/TNI = 0.04.

parameter. The variation of order parameter with a number of carbon atoms in
the alkyl chain at a given reduced temperature (TNT —T)/TNI = 0.040 is studied in
both the homologous series and presented in Fig. 4. The order parameters of series I
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are found to be much higher than those of series II. For materials with relatively
high polarizability anisotropy, i.e. trαns-4-alkyl cyclohexyl 4'-cyanοphenyl ester, a
relatively strong increase in α1 with increasing temperature is found. This leads
to a higher order parameter. In the case of materials with a smaller polarizability
anisotropy, for example trαns-4-alkyl cyclοhexyl-4'-n-pentyloxy phenyl ester the
temperature change of α1 is smaller and hence this leads to a relatively low order
parameter. In addition to this, we also find a distinct alternation of the order
parameter in the flrst homologous series, which is often found for some properties
of liquid crystal homologous series [12]. The alternation of the order parameter
within the homologous series is obviously due to the alternating change of the
molecular polarizability anisotropy caused by the alternation of the bonding angle
in the aliphatic chain.
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