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A new theoretical method of evaluating polarizabilities of liquid crys-
tals is presented and applied to the liquid crystalline compounds, namely
n-alkyl-p-(4-ethoxy benzylidene amino)-a-methyl cinnamates, which exhibit
smectic A and nematic phases. In the present method, vibrational frequencies
are used to evaluate force constants, mean amplitude of vibration and hence
bond polarizabilities. From mean polarizabilities, polarizability anisotropies
and mean diamagnetic susceptibilities are also estimated. A close agreement
is found between the values estimated from the present molecular vibra-
tion method and the reported data, which confirms the applicability of this
method to the liquid crystals exhibiting smectic A and nematic phases. In
addition, the variation of the order parameter with temperature is also stud-
ied.

PACS numbers: 61.30.—v

1. Introduction

Molecular spectroscopic studies have gained much interest in recent years to
study the structure and physical properties of liquid crystals. These studies are
quite helpful in getting a better understanding of the molecular and structural
characteristics of mesogenic materials. The type of mesophases and their thermal
and physical characteristics are strongly dependent on the steriochemistry and
the structure of molecules. Some substituents in lateral or terminal position may
allect liquid crystallinity in a number of ways, since many of the physical prop-
erties, length, breadth, polarizability, coplanarity, dipole moments etc., get varied
simultaneously.
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The molecular polarizabilities and their anisotropy are important parame-
ters in characterizing liquid crystalline substances, since they play a significant
role in the intermolecular interactions. Molecular polarizabilities, though impossi-
ble to measure directly can be calculated on the basis of different models. There
.are different methods of evaluating mean molecular polarizabilities. Among them
the refractivity method, the magneto-optic method of Faraday, the method based
on the modified Lippin cot-é-potential model and the molecular vibration method
are a few ones. The first two methods are purely experimental and the last two are
theoretical. The refractivity method is useful, if the system under study is either
transparent or approachable by solution techniques. The magneto-optic method
requires relatively expensive instrumentation. In cases when the best instrumen-
tation is not available readily, the last two theoretical methods can be used. In
the two theoretical methods, the molecular vibration method is superior to the
other since any small deviation in intermolecular forces due to changes in chemi-
cal environment will be truly represented in their force constants and vibrational
frequencies. The changes in vibrational frequencies in cis and ¢rans configurations
and ortho, para and meta substitutions are examples. Therefore, the molecular vi-
bration method can be treated as superior to Lippin cot-§-potential model which
requires only bond lengths and atomic delta functions and reduced electroneg-
ativities. Both bond lengths and reduced electronegativities are less sensitive to
conformational changes than vibrational {requencies.

In the present investigation the molecular polarizabilities, the polarizability
anisotropies, the diamagnetic susceptibilities and the order parameters of the ho-
mologous series of n-alkyl-p-(4-ethoxy benzylidene amino)-c-methyl cinnamates
are evaluated. These compounds have the chemical formula

CyHs0(Csl4)CH : N(CeIL4)CII : C(CII3)(COOR)

where R is the alkyl group CH3—(CH2)n with n = 1 to 8. The transition temper-
atures of these compounds are given below (Table I).

TABLE I

Transition temperatures of n-alkyl-p-(4-cthoxy benzylidene amino)-
a-methyl cinnamates.

R Smectic A [°C] | Nematic [°C] | Isotropic [°C]
Ethyl ester (n = 1) 7.0 94.0 123.0
Propyl ester (n = 2) 81.9 90.9 121.8
Butyl ester (n = 3) 59.4 86.0 100.6
Amyl ester (n = 4) 65.4 84.2 100.5
Hexyl ester (n = 5) 88.6 83.0 91.2
Heptyl ester (n = 6) 62.0 82.3 90.2
Octyl ester (n =7) 57.0 81.8 85.3
Nonyl ester (n = 8) 58.8 82.4 85.1
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2. Theory

The details of the present approach are briefly given below. The polarizability
of a molecule is associated with its vibration. When a molecule is displaced from
its equilibrium position, the equilibrium is restored by restoring force, which per
unit displacement was found to be proportional to the square of the frequency of
vibration. Thus one can expect a relation between polarizability () and the force
constant (K). One such relation was proposed by Fripiat [1] which reads as

K=4+2 (1)

Qo
A and B are constants for a given series of compounds. A depends on the nature -
of the bond and represents force designated as “quantique”. B/aq represents the
contribution from the electronic deformability of ions.

Lefevre and Narayana Rao [2] proposed a general method of computing
atomic polarizabilities from stretching (K) and bending (K) force constants. Their
relation for XY; bent symmetric type molecule with YXY = 26 is
_ 4nNp%sin®0  8mNe?cos?0 8wNe?sin?f p? 5
- 9K 9K 9K r? ' )
where p is the bond moment, K is the bending force constant, AT is the atomic
polarizability and N is the bond order.

In an attempt to develop a more general method, Rao and Murthy {3] have
developed an equation relating longitudinal (br,) and transversal (br) bond po-
larizabilities with the stretching force constant (K). They also proposed another
empirical relation between the polarizability and mean amplitude of vibration.
These two relations are given below.

AP

2.1. Relalion 1

Lefevre et al. [4] have attributed the observed molar Kerr constant and
depolarization factor in spherically symmetric molecules (e.g. methane) to the
deviations in sphericity which arises out of the distortions in bond angles brought
in by the external electric field. The obscrved electric birefringence and hence
molar Kerr constant have been accounted for by a temperature independent term
0 as

0= 2(31+C), (3)
where
s 4
B, = m(bL - bT) ( )
and
_ 2pe (dbp dbr (5)
T 9K Ks \ dr dr }° -

Here p is the bond moment, e is the eflective charge and dby/dr, dbr/dr are
longitudinal and transversal bond polarizability derivatives with respect to the
internuclear separation (r) respectively.
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Rearranging Eq. (5) we get

d(br, — br) = (9KsC/2pe)Kdr. (6)
According to Gordy [5] the relation between K and r is
3/4
K= (X:'fz) aN +b, (7)

where X3, Xo are the electronegativities of atoms forming the bond of length of
r and N is the bond order. a and b are Gordy’s [5] constants. Substituting (7) in
(6) and integrating
9K;C
2ue

by — by = (3b — 2k)r + P. (8)

P is an integration constant. As r — 0, by, — by vanishes much faster than the by,
and by values themselves and hence P = 0.
On further integrating Eq. (8) and simplifying

(X1 X2)1/2 (A"_ﬁ’b) 2/3] ] , )

where S = K/(3b — 2k). The parameter A is characteristic of the bond under
consideration and is given by

A=01 (@z) , (10)
(%9)=

where (ij) refers to the product of row and column numbers of an atom in the

periodic table.

b —br=A

2.2. Relation 2

Another empirical relation between mean polarizability of a bond and its
mean amplitude of vibration is [6]

b, + 2bp = CPijnrot/2, ' (11)

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 according as it belongs to 2nd, 3rd, 4th, 5th or 6th row in
the periodic table, n is 41 or ~1 according as the bond is nonhydride or hydride.
r is saturation factor.

From (9) and (11) it is now possible to evaluate longitudinal (by,) and transver-
sal (br) bond polarizabilities of each bond in the molecule. Then the average
polarizability of the molecule is given by

(b, + 2bT);
an = _Z_"‘_(L?,‘"—T), (12)
where n; is the number of bonds of the type i. Murthy et al. [7], Subbaiah et al.

[8-10] have used this method to evaluate by, by and o of few bio and synthetic
polymers.
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2.3. Estimation of molecular polarizability anisolropy

It is a known fact that we need a molecular polarizability ellipsoid rather than
the average polarizability to study the directional properties of the anisotropic
crystals. In the calculation of the polarizability @, the molecular axis is taken
along the line joining the centres of the two benzene rings and the molecule is
assumed to be rigid. The polarizability contribution parallel to the molecular axis
of the polarizability ellipsoid of a polyatomic molecule is given by

o = EE" cos? 0 + ZEJ_ sin? 0, (13)
where 6 is the angle between a bond and the molecular axis, @ and @, are the
parallel and perpendicular bond components of the polarizability, respectively.

In the absence of the confirmed molecular structures of many of the sub-
stances, for the sake of uniformity and simplicity the bond angles are assumed
to be 109°, for the bonds involving tetrahedral linkage and in all other cases as
120°. Standard values of bond lengths are assumed and the angle between the
various bonds and the molecular axis were determined by drawing the figure of
the molecule.

Using the value of o obtained from Eq. (13) the molecular polarizability
anisotropy can be written as

(o = 1) = 3oy ~ ) (14)

where @ is the mean polarizability obtained from molecular vibration method.
oy can be written as

o =T (o — ). (15)

From the polarizability anisotropy (o — ), the scaling factor a/(aj — @) can
also be estimated.

2.4. Estimation of mean diamagnetic susceptibility

The relation between diamagnetic susceptibility and mean polarizability is
given as [11]

—x = (ymo')@, (16)

where ¥ = (0.9)" gives the saturation state of the molecule with n denoting the
number of unsaturated bonds and rings in the molecule; and ¢’ is the degree of
covalency of the characteristic group and is given as

o =[o}/" . gl/m2 Lal/mP]i2, @

where a1, 02...0, are Pauling’s [12] percentages of covalence characters of the
bonds present in the characteristic group; nl,n2...np are the bond orders of
the various bonds in the characteristic group, m is a constant which is equal to
0.72 x 10'°. The value of oy, 02 ...0, are taken from Pauling [12].
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2.5. Estimalion of order parameter

The orientational order parameter S is defined as [13]
S = (1/2){(3 cos? § — 1)), (18)

where 0 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.

The principal polarizabilities of the molecules, the anisotropic nature of the
polarization field in the medium and the orientational order parameter S, deter-
mine the birefringence of nematic liquid crystals. For calculations of the polariz-
abilities of the molecules and of the order parameter (.S) from birefringence data,
Lorentz-Lorentz formula cannot be employed because its validity is restricted to
cases where there is spherical (or cubic) symmetry in connection with the molec-
ular arrangement. According to Vuks [14] 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. Neugebauer [15] has
considered in detail the forms of the polarization field in anisotropic media. In a
nematic medium, as a result of the anisotropic distribution of the molecules, the
average local electric field is of the form E + yp, where E is the applied field,
p — the polarization and v is a factor which is diflerent from directions parallel
and perpendicular to the optic axis.

In the present investigation the order parameters of the homologous series of
n-alkyl-p-(4-ethoxy benzylidene amino)-a-methyl cinnamates, were evaluated by
using isotropic internal field model of Vuks [14]. In the Vuks method the order
parameter is given by

o nZ —n2

=(a"—ou_) n2-1"’

(19)

where n? = (n2 + 2n2)/3. Here « is the mean polarizability, o) and ay are the
principal polarizabilities in direction parallel and perpendicular to the optic axis,
respectively.

3. Results and discussion

The necessary data on vibrational frequencies of different bonds are taken
from Landolt-Bdrnstein [16] and the necessary refractive indices are taken from
the paper of Pelzl et al. [17].

The mean polarizabilities and polarizability anisotropies of the above ho-
mologous series of liquid crystals are presented in Tables II and III along with the
reported values [18]. The mean diamagnetic susceptibilities are given in Table IV
along with the values determined by Pascal [19] and Pacault [20] method and the
Haberditzl [21, 22] method. A review of the data given in Table II shows that the
polarizabilities, determined from molecular vibration method are in reasonably
good agreement with those values obtained from modified Lippin cot-§-potential
model method [23] as well as with the reported data [18]. This indicates the va-
lidity of the molecular vibration approach in evaluating the mean polarizability

* of liquid crystals. The mean diamagnetic susceptibilities obtained from molecular
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. TABLE II
Polarizabilities (x10?* cm®) of n-alkyl-p-(4-ethoxy benzylidene
amino)-a-methyl cinnamates.

n| Y b | 3 br Mean molecular polarizability
Present | MLSP [23] [ Reported [18]
method | method values

1] 59.99 | 3440 | 42.93 43.42 43.00

2] 63.78 | 36.09 | 45.32 45.41 44.90

3| 67.56 | 37.718 | 47.711 47.10 46.70

41 71.35 | 38.47 | 49.43 48.96 48.60

5| 75.14 | 40.16 | 51.82 50.62 50.40

6 | 78.03 | 41.85 | 53.91 52.21 52.30

71 8172 | 43.54 | 56.27 53.81 54.10

8 | 84.51 | 44.23 | 57.66 55.11 55.90

by, — longitudinal bond polarizability, by — transversal

bond polarizability.

TABLE III

0%* cm®) of n-alkyl-p-(4-ethoxy

Polarizability ‘anisotropy (x1
benzylidene amino)-a-methyl cinnamates.

n| o oy | Aa=oa1— oy Aafa
Present Reported
method values
1[61.24 | 36.72 24.52 0.57 0.58
2 | 64.89 | 39.66 25.23 0.55 0.56
3 | 68.54 | 43.15 25.39 0.53 0.54
4 172.19 | 46.98 25.21 0.50 0.52
5175.84 | 50.78 25.06 0.48 0.49
6 | 79.49 | 54.58 24.91 0.45 0.47
7 183.14 | 58.38 24.76 0.43 0.44
8 | 86.79 | 62.26 24.53 041 0.42

«) — polarizability along the length of the axis, oy — po-
larizability in a direction perpendicular to the axis.

vibration approach also agree well with the results obtained from Pascal’s and
Haberditzl’s methods.

The variation of mean polarizability and polarizability anisotropy with num-
ber of carbon atoms in alkyl chain is shown in Fig. 1. With increase in n, the mean
polarizability increases while the polarizability anisotropy normalized against the
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TABLE IV
Mean diamagnetic susceptibilities
(x10° CGS wunits) of n-alkyl-
p-(4-ethoxy  benzylidene  amino)-
a-methyl cinnamates.

Mean diamagnetic susceptibility
n | Present | Pascal’s | Haberditzl’s
method | method method
1| 18.43 18.56 19.20
21 19.51 19.60 20.21
31 20.49 20.51 *21.20
4] 21.60 21.58 22.12
51 2261 22.54 23.21
6 23.52 23.68 24.25
7| 24.53 24.92 25.12
8| 25.54 25.93 26.27
4 °
. o }
74
0.52

«[1024cm)

.40
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0 \ 2 k] 3 s ) 7 ]
NUMBER OF CARBON ATONS

Tig. 1. Variation of mean polarizability and polarizability anisotropy with number of
carbon atoms (n).

average polarizability decreases almost linearly with the number of carbon atoms
in the alkyl chain or with the increase in chain length. This suggests that the
polarizability anisotropy mainly comes from the core contribution. The covalent
bond electrons in the alkyl chain, on the other hand contribute more to the av-
erage polarizability than polarizability anisotropy. As a result, the addition of the
CH, groups to the alkyl chain increases o much more than Ae, and so Ac/a
decreases with n. As n increases from 1 to 8, the mean polarizability o increases
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almost linearly by a factor of 1.34 while A« shows a saturable increase in a factor
of nearly 1. The saturation of A« at larger n is probable, because the waggling
end segment of the chain is more disordered than the core.

Order parameters are evaluated both in nematic and smectic phases using
isotropic internal field model of Vuks [14]. The variation of order parameter with
temperature is shown in Fig. 2. As expected, it is interesting to note that the order
parameter values are higher in the smectic phase than in the nematic state. This
may be due to the arrangement of molecules of the smectic phase to be rigid and
arranged perfectly parallel to one another in each layer.

The variation of the order parameter with the number of carbon atoms at
a particular reduced temperature ((T' — Tc)/T. = —0.024) is shown in Fig. 3.
Interestingly, odd even effect is observed in the order parameter as a function
of n. The even number carbon atoms have higher order parameter when compared
with odd number.

4. Conclusion

The reasonably good agreement found in polarizabilities, polarizability aniso-
tropies and diamagnetic susceptibilities evaluated by the present method with the
reported data, confirms the applicability of the molecular vibration approach to
the cinnamate liquid crystals.
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