CHAPTER IV

MEASUREMENT OF FLEXOELECTRIC
COEFFICIENTS OF SOME NEMATIC
LIQUID CRYSTALS

4.1 Introduction

Aswe havediscussed in Chapter | of this thesis, the nematic director isapolar. Ilence
the usual dielectric coupling with an external electric field depends quadratically on
the latter. However, as has been discussed earlier a deformed director field with a
splay and/or bend distortion can lead to a flexoelectric polarisation of the medium.
The response o liquid crystals to an electric field under many circumstances is
influenced by the flexoelectric effect. In this case the coupling is linear with the
applied electric field as well as the curvature of the director field. In fact this
special feature produces many interesting effects on electrohydrodynamic (EHD)
instabilities (Madhusudana et al., 1987,1989; Raghunathah et a., 1991), which has

been discussed in the previous chapters.

It is therefore obviously of considerable interest to measure flexoelectric coef-
ficients of nematic liquid crystals (NLC). Though there have been a few earlier

measurements of these coeflicients there has not been any systematic measurements
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on any homologous series. There are severa theoretical models (Straley, 1976; Os-
ipov, 1983, 1984; Singh et al., 1989; Nemtsov et al., 1986; Helfrich, 1971a, 1971b,
1974), which relate flexoelectric coefficients with the orientational order parameter
(S) and molecular properties. We summarise these theoretical models below and in
the subsequent section we describe experimental techniques of measurement of flex-
oelectric coefficients. We have also made an attempt to compare our results which

are reported in the last section with the theoretical predictions.

As wehave described in Chapter |, splay and bend distortions of thedirector field
in a nematic liquid crystal can induce a flexoelectric polarisation given by (Meyer,
1969),

—

P=ea(V-n)Tel(V xn)xa (4.1)

where e; and e; are the flexoelectric coellicients corresponding to splay arid bend dis-
tortions respectively. This flexoelectric polarisation I5, cannot be measured directly
by using a distorted nematic because o the screening of the polarisation charges by
small traces of impurity ions present in the sample. Therefore, usually the inverse
effect, viz., the flexoelectric distortion of the director configuration induced by an

external electric field, is used to measure the flexoelectric coeflicients.

As discussed in Chapter |, both the electric dipole moments and quadrupolar
moments of the molecules contribute to flexoelectric effect. According to some of
the models, to a good approximation, the quadrupolar contribution gives rise to
the combination (e, + e3) of the flexoelectric coefficients and hence the difference
combination (e; — e3) of the coeflicients is mainly determined by the dipolar contri-
bution (e}). Osipov (1983) showed that the main contribution to € conies from the
transverse dipole moment (u, ) of banana shaped molecules rather than from their

longitudinal dipole moments (Fig.4.1, sce after page 70). Indeed, he has argued



that e should be very small for compounds with zero transverse dipole moment.
Further, he has also shown that e} is proportional to the molecular length. More
recently similar conclusions were drawn by Singh and Singh (1989) using a density

functional formalism to calculate flexoelectric coefficients.

The relationship between the flexoelectric effect and orientational order param-
eter (S) is discussed in several theoretical papers. Earlier phenomenological mod-
els of the dipolar contribution €(; in molecules with rigid structures indicated an
S? dependence (Straley, 1976; Osipov 1983, 1984). On the other hand, the lead-
ing contribution from the quadrupolar density of the nematic medium varies as S
(Prost et al., 1977). Osipov (1983) made detailed molecular calculations by including
both short range repulsive and attractive interactions between molecules with shape
asymmetries and concluded that in general the flexoelectric coefficients liave terins
depending on both S and S?. (Even the purely quadrupolar effect can give rise to
an S? dependence due to the tensor nature of the Lorentz factor in tlie anisotropic

medium.)

Marcerou and Prost (1980) have devised an interdigitated electrode technique
to measure the intensity of light scattering produced by the spatially periodic flex-
oelcctric distortion due to an applied AC field. They could calculate (e; T e3) from
their experiment. Further they also demonstrated that a symmetric tolane com-
pound which does not have a net dipole moment has a fairly large value of (el + es),
arising from the quadrupole moment. More interestingly even in cases with per-
manent dipoles and hence a non-zero value of the dipolar contribution, (e; + e3)
was found to be nearly proportional to S, thus demonstrating that this combination
of tlie flexoelectric coeflicients arises mainly from tlie quadrupolar effect. But the

sign of (e; + e3) is not determined by this technique. Later Dozov et al. (1984)
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used a simple electrode configuration to generate a field gradient and determined
the sign of (e, + e3) of MBBA to be negative. This sign has been confirmed by the
later measurement of (e, + e3) by an optical technique on a hybrid aligned cell with
weak anchoring (Madhusudana and Durand, 1985; Barbero et al., 1986). Beresriev
et al. (1987), using a pyroelectric technique, have measured (e; + e3) of MBBA,
though there is no mention o its sign. Recently e, and e; measuremerits have also
been made by a technique based on an acoustic wave induced periodic deformation
(Skaldin et al., 1985, 1990). The values d e; and e; determined by this technique
are relatively high; but their signs have not been determined.

Dozov et a. (1982, 1983) devised a simple experimental technique of measuring

e* = (e; — e3), which arises mainly from the dipolar contributions to flexoelectricity.
Following are some o the interesting results of their study.

1. Octylcyanobiphenyl (8CB), which has a strong terminal dipole moment
(-C= N) hasavaued e* comparableto that of MBBA, which has asignificant
lateral dipole.

2. Both 8CB and MBBA have a temperature independent value of (e*/ ), wliere
K is an elastic constant and hence e* x S as expected o the dipolar contri-
bution (Dozov et al., 1983).

3. e*/K has a negative sign for octyloxy cyanobiphenyl (80CB), which has an
octyloxy chain giving rise to a transverse component of the dipole moment.
Further e*/K increases with temperature indicating that e o« S. Though
(e1 + e3) of 8OCB is proportional to S, the latter result arises from the fact
that the main contribution to (e; 4 e3) come froin quadrupolar effects. c* on
the other hand has a significant contribution from the dipolar effect and the
observed S-dependence was attributed to the flexibility of the octyloxy chain.

Osipov (1984) has confirmed that the inclusion o the flexibility of molecules can

give rise to an additional S~! dependence o c*. If this is the dominating factor, e



becomes proportional to S. Nemtsov and Osipov (1986) have developed a general
correlation function approach to calculate e; and €3. In particular, they argue that
the additional transverse dipole moment o 80CB can give rise to the reversal of

the sign of € compared to that of 8CB.

4.2 Experimental Techniques
4.2.1 Measurement of (e; — e3)

We have used the method of Dozov et al. (1982) for the measurement of e*/ I,
where € = (e; — e3) and K, is the twist elastic constant. The geometry of the
sample is as shown in figure 4.2. The plate A is coated with polyimide and unidi-
rectionally rubbed to get homogeneous alignment and the Plate B is coated with
ODSE (octadecyl triethoxy silane) to get homeotropic alignment. The anchoring is
assumed to be strong at the two surfaces. In such a hybrid aligned nematic (I|AN)
cell, the director field has a permanent splay-bend distortion, which gives rise to a

flexoelectric polarisation P along the X-axis given by,

—

If a vertical field (along the Z axis) is applied between plates of a HAN cell, the
flexoelectric energy (-P.E), which is linear in curvature Z—Z depends only on one
distortion angle  and its derivative, and the corresponding contribution to bulk
torque density is zero. On the other hand, when an electricfield is applied along the
Y-direction, a twist (¢) distortion is produced in the medium due to the action o
Eon P (Fig.4.3) and in such a case, the flexoelectric effect contributes to the bulk

torque density.



Fig.4.1: Figure showing transverse dipole moment x; of a banana shaped
molecule.
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Fig.4.2: The geometry of the AN cell used to measure (e*/ ). An electric ficld
L, applied perpendicular to the plane d the paper produces a twist distortion.



For small ¢, the total energy density of the system can be written as
F = Fel —+ Ffle:co + Fe (43)
where

(a) F¢' = the elastic free energy density

2 2
=% [(gg—) +sin0 (g—f) }

K is the elastic constant (using the one constant approximation).

(b) F/'eze = flexoelectric free energy density

Flleee = —(P.E)
0 3}
= —FE |é(es cos? 0 — ¢; sin? 0)9— +e3sind coso—(zS
dz 0z
(c) I = the dielectric free energy density

L A)(E sin0-¢)? .

T8

Since I is a small field higher powers o E can beignored in the linear region. The
Euler-Lagrange equation (de Gennes, 1975) for 0
oF 0 | OF
= _ 2=l = 4.4
a9 0z [6(%)} (1.4)
and a similar one with reference to ¢ are used to minimise the energy (Eqn.4.3).

The resulting equations are:

d*0 . dé 2 ) d¢
Kd_z; —sin & cos 0 <E) + (61 - e3)E sin® 0 cos ¢ E =0 | (4-5)
and
. dé do
2 %9 _ f2 g
s (K sin” dz) (e1 — e3)E cos ¢ sin® 6 7 =0 (4.6)
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Fig.4.3: The unperturbed director pattern (in the XZ plane) twists along Y,
under the action of the electric field E. The maximum twist ¢(O) is
observed at the homeotropic plate (after Dozov et al., 1982).
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Fig.4.4: Block diagram of the experimental set up for measuring e*/I{ of a NLC.



The azimutlial equation (4.6) for small fields E will give a small twist ¢ linear in
E. The bend equation (4.5) describes the'changein theinitial spaly-bend distortion
due to the field. As we have assumed that ¢ and E are small, this change which is

second order in these quantities can be neglected. Then from Eqn.(4.5) we get,

— =0 or 0 =—

dz? 2d
where d is the sample thickness.
Now linearising Eqn.(4.6) in ¢ and using 0 = 7z /2d, we get,

d¢ Ed 1 . I
—_r _ — a) —— - = 0 . 4.7
70 [(.61 e3) W]X’l (0 5 sin 20) sin (4.7)

The maximum value of ¢, i.e., ¢(o) occurs close to the plate with homeotropic

alignment. Equation (4.7) can be integrated exactly to get (Dozov et al., 1982)

(61 — 63) Ed e* Fd
== = 4.
K Vs K = (48)

#(0) = -

The block diagram of the experimental set up is shown in figure 4.4. #(0) is
measured by passing a polarised beam through the sample such that it enters the
cell through the homogeneously aligned plate with the plane of polarisation parallel
to the director. Since the optical phase difference is greater than the angle of twist

produced in the sample, thestated polarisation follows the twisted director pattern.

It may be pointed out here that in the absence of the applied electric field, two
types of domains, with opposite curvature can occur with equal probability in the
sample (Fig.4.5). The flexoelectric polarisation P being in opposite directions in
these domains, they twist in opposite directions when the field is applied. A mon-
odomain sample is obtained by cooling the specimen from tlie isotropic pliasc in a
magnetic field (of ~ 5 KGauss) acting in an oblique direction which favours one of

the domains over the other due to the anisotropy of tlie diamagnetic susceptibility
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of the material (Fig.4.6) The transverse DC electric field is applied to the HAN cell
by using stainless steel wires, which also serve as spacers. The diameter of the wires
used was between 35 to 50 um. The cdl is placed between crossed polarisers of
a Leitz (Orthoplan) polarising microscope. A Mettler hot stage (Model FP82) is
used to regulate the temperature of the sample. The HAN cell is placed such that
alinearly polarised light beam with its plane of polarisation parallel to the nematic
director enters the cell through the plate treated for homogeneous alignment. The
transmitted light beam emerges from the plate treated for homeotropic alignment.
#(0) is measured by rotating the analyser to get the minimum intensity. In order to
locate the position of minimum intensity accurately we used a Mettler photomoni-
tor (Model ME-17517). At lower fields, the twist angle ¢(o) being small (~0.5%), a
relatively large error is associated with the ¢(o) measurements. However at higher
fields, the twist angle ¢(o0) being of the order of 2° to 3° therelative error is consider-
ably reduced. We estimate that the error, which is mainly due to the measurement
of ¢(0) isdf theorder of ten per cent. e*/K isobtained from the slope of the plot of
#(0) vs. E (Fig.4.7), and the sign of e* is deduced from the sign of ¢(o) for a given
sign o E.

Figure 4.8 shows a typical experimental curve, for the highly polar compound
8CB. At higher fields, the curve is non-linear due to dielectric coupling. We use the

slope of the curvein thelinear region in our calculations of flexoelectric coeflicients.

We have measured e*/K for two homologous series, namely, cyanobiplienyls
(nCB) and cyanoplienyl cycloliexanes (PCHn) and also for some compounds which
are structurally related. Further we have also studied temperature dependences of

e*/ K for most of the compounds.



0.08
0.04
g B )
5 J
é’ 0.00 ~
O . './
-0.04
-0.08 L I L | L [
-4 -2 0 2 4
' P.D./V

Fig.4.7: Variation of the angle of rotation (¢) of the plane of polarisation with
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4.2.2 Measurement of (e; + e3)

We have employed the technique of Dozov et al. (1984) for measuring the sum of
flexoelectric coefficients (e; + e3). A quadrupolar field is produced by a suitable
arrangement of electrodes as shown in figure 4.9. Aluminium electrodes are vacuum
coated with a gap (L) of ~ Imm on an ITO plate with high resistivity. A cell
d thickness (D) ~ 50um is constructed using two such plates, each treated with
ODSE for homeotropic alignment o the nematic director with strong anchoring
at the surfaces. The field gradient (Fig.4.10) set up in the cell produces a bend
distortion described by the angle 8. DC voltages of +V and —V are applied on the

terminals 1,3 and 2,4 respectively to get a field gradient in the centre of the sample.
Thedistortion created by thefield gradient iscalculated in two dimensions(X,Y).
In the centre o athin cell (with L > D), by symmetry, tlie field is given by

E(z,2) = —%(z,x) . (4.9)

This matches well with the boundary conditions on the conducting plates;

” D 2V L
E(z,ig): 7 (lz] < 5) :

The field gradient produces distortion of the director which is given by thetilt angle

6(z, z). The free energy density of the nematic can be written as
F = Ffle=o 4 pel 4 e (4.10)
where
1. The flexoelectric free energy density

Fileze = —E . P,  where P isgiven by Eqn.(4.1).
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2. Theelastic free energy density

Fel = %1{1( V.a)?+ %1{;,(71 x V x #)?

where I; and K3 are the splay and bend elastic coristants respectively, and

3. The dielectric free energy density

1
Fe = ——(Ae)E? .

8

For a small field close to the centre (O) o the cell, this quadratic coupling is

neglected.

By minirnising the free energy density (Eqn.4.10) with respect to 6 by using the
Euler-Lagrange equation (4.4), wefind the equilibrium equation

. 0% 0%*0 4V
K, <

_0—:?2.—*—1(3.8_;: _E) (e1 + e3) (4.11)

Since the cdll is thin, we can neglect the X de endence of ¢ at the centre of the

cell. Considering only its Z dependence, we get

0 =0, [1—{(—2—)}} (1.12)

VD € + 63)
= — 4.13
b 2 < K; ( )

I

with

Note that 0 is zero on the plates due to strong anchoring. Optically for small 0,
the nematic cell behaves as a cell o uniform tilt, and the conoscopic pattern can be
expected to rotate by an angle n,0, where n, is the ordinary index of refraction and

0 is the average tilt angle in the sample given by

_ 1 rD/2 2
= — =- 0 4.14
g D/_D/ZH(z)dz > 0, (1.14)



In the absence of thefield gradient, a conoscopic pattern in the form of a uniaxial
cross is observed between crossed polarisers of a Leitz polarising microscope, using
a monochromatic radiation from a sodium vapour lamp. The pattern will be tilted
by an angle n,0, on applying the field gradient (Fig.4.11).

From the observed shift of the conoscopic pattern the tilt angle @ is calculated

using Mallards rule (Crossland, 1976),

§ = sin™? (%) sin @, .
Here sin 6. is the numerical aperture of the objective (N.A.=0.4), d is the number
o divisions in the eyepiece through which the centre of the conoscopic pattern is
shifted, and 2R isthe number of divisions in eyepiece, covering the entire conoscopic
image (see Fig.4.11).
For small angles, the above equation reduces to

- d d
- = ] = - . . 4.1
0 RsmGC 7 x N.A (4.15)
e; +e3
(3
(e1 + e3) is deduced from the sign of 4, for a given sign o the field gradient. The

Using equations (4.13) and (4.15) the ratio ( ) is calculated. The sign dof
temperature of the sample isregulated by using a Mettler hot stage (1'1'82). Iligure
4.12 shows the videoprints of the shift produced in the conoscopic pattern under a

DC electric field in one sample.

These measurements of (e; T e3) have relatively large errors for the following
reasons. At low fields, the field is screened due to double layer formation (Blinov,
1983). We cannot however use large fields as this will result in charge injection (at
voltages above the redox potential of the liquid crystal) (Kohlmuller el al., 1982)

which can give rise to undesirable field gradients. Thus we applied a relatively small
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Fig.4.11: Schematic diagram showing the displacement of conoscopic pattern

under the action of an electric field gradient.



Fig. 4.12: Conoscopic pattern observed in CCH-7 at 333 K
under DC electric field with polariser and analyser
crossed at (a) +3 V, (b) 0 V and (c) -3 V.



voltage and the errors involved in the measurement could be =~ 40%. Because of
€1 + 63)
K3

We have measured theflexoelectric coefficients(e, —e3) and (ei+e3) for a number

this large uncertainty, we did not measure the temperature dependence of (

o compounds, viz., PCHn, nCB, ROCP, 80CB, CCH-7 and a mixture of MBB,
PEC and 5CB. The structural formulaed the compounds are given in figures 4.13
and their transition temperatures in Table 4.1. These are commercial compounds

obtained from Hoffmann La Roche and Merck Companies.

4.2.3 Measurement of (e; 4+ e3) by using wedge shaped cell

We have also used a simpler method to measure (e, + e3) of NLCs having a negligible
dielectric anisotropy (At-). Two indium tin oxide coated plates are treated with
ODSE to get homeotropic alignment of NLC with strong anchoring at the plates.
A wedge shaped cell is prepared as shown in the figure 4.14 using these two glass
plates. On applying a DC electric field between the plates, a relatively small field
gradient is developed in the cell. Since Ae d the NLC used is small, the dielectric
coupling with the applicd ficld is negligible. Neglecting Ac, the distortion of the
director field can be calculated by equating the flexoelectric and elastic torques.
Since tlic wedge angleis small, the initial bend distortion of the director field is also
small. We write the director field n = (8, 0,1) by assuming that the distortion o
the director, due to an electric field £ applied between the two plates is also small.

The resulting components o flexoelectric polarisation along X and Z axes are

P.=(el Tes)t % te, 3% (4.16)

a0 a0
PZZ—(61+63)05;+€15; . (417)
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Fig.4.13: The structural formulac of the compounds studied.
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Fig.4.13(contd.): The structural formulac o the compounds studied.



Table 4.1: LIST OF

COMPOUNDS STUDIED

Symbol Chemical narne Clearing (e1 = e3)/ I (e1 +e3)/ N3
point x10~2 cN~1mp—1 x 10-2 cN~1p—1
(in K1 (at Temp.) (at Temp.)
PCH-3 trans-4-Propyl-(4-cyanophenyl).
cyclohexane 317.5 36(310 K) 11(310 K)
PCH-4 trans-4-Butyl-(4-cyanophenyl)-
cyclohexane 312 155(311 K)
PCH-5 trans-4-Pentyl-(4-cyanophenyl)- )
cyclohexane 324.2 166(303 K) 12(303 K)
PCH-7 trans-4-Heptyl-(4-cyanophenyl)-
cyclohexane 327 120(303 K) 23(303 K)
5CB 4'.n-Pentyl-4-cyanobiphenyi 307.8 240(303 K) 108(303 K)
6CB 4'.n-Hexyl-4-cyanobiphenyl 302 251(301 K)
7CB 4I-nA}leplyl-é-cyanobiphcn);l 312.6 353(303 K)
8CB 4'-n.Octyl-4-cyanobiphenyl 312 228(307 K)
CCH-7 Heptylcyanocyclohexylcyclohexane 355.7 -129(343 K) 51(343 K)
ROCP-7037 5-n-Heptyl-2-(4-cyanophenyl)-
pyrimidine 3235 436(319 K) 5(319 K)
ROCP-7334 5-(4-n-Butylphenyl)-2-(4-cyano-
phenyl)-pyrimidine 517.17 252(373 K) 16(373 K)
5CT 4’-n-Pcnlyl-!-cyano-p~lcrphcnyl 511.5 87(423 K)
MPPC 4-Mcthoxyphenyl-trans-4-pentyl-
cyclohexylcarboxylate 344 52(323 K)
EPPC 4-Ethoxyphenyl-trans-4-propyl-
cyclohexylcarboxylate 351 28(323 K)
PPPC 4.Pentylphenyl-trans.4.pentyl-
cyclohexylcarboxylate 320 297(310 I<)
80CB 4’-n-Oc!yloxy-4-cyanobipheny| 352.6 29(343 K)
Mixture of
MBB (46%) 1,4-di-(4-butylbenzoyloxy)-
2-methylbenzene
PEC (50%) 1-n-Propyl-4(4-n-ethoxyphenyl)- 342 33(303 K) -60(303 K)

and 5CB (4%)

cyclohexane
4’-'n-Penl)'l-4-cyanophenyl
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Fig.4.14: Schematic diagram of the wedge shaped cell used in the measurement of
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Minimising the flexoelectric free energy density f/' = — P . E and neglecting higher

order terms, the flexoelectric torque becomes,

oF OF
fl _ T z
[V'=e; By + e, e (4.18)
From Maxwell's equation, V. X E =0 we get,
oF or
e 4.19
0z Oz ( )
Using Eqn.(4.19) in Eqn.(4.18), we get flexoelectric torque,
oF,
I = (e; + €3) o (4.20)

In the one elastic constant approximation, the elastic free energy density is given by

i_ 1. (09\°
F _21((82) . (4.21)

Minimising this elastic free energy density, the elastic torque is written as

M= j— . 4.22
K 902 ( )

Equating the flexoelectric torque with elastic torque given by equations (4.21) and

(4.22) we get
0k, ,0%0 c

The boundary conditions to be satisfied by the director are

(e1 + e3)

0(z=0)=0 and d(z=d)= «a

where a isthe wedge angle. Thesolution of eqn.(4.23) satisfying the above boundary

conditions is obtained as

0(z) = [E%)Val [-2 - (2)2} +2 (4.24)



where V is the applied voltage.

As in the previous method (4.2.2), ¢ is obtained from the tilt of the conoscopic
pattern observed between crossed polarisers. For small 8 the conoscopic pattern can
be expected to rotate by an angle n.0, where n, is the ordinary refractive index and

0 is the average tilt angle in the sample given by

_ 1
0 = (—I/OO(z)dz

- (g-) [1 + (igl(‘fﬂ] (4.25)

The first term on the right hand side of this equation gives the tilt of the cono-
scopic pattern due to theinitial bend distortion of the director field and the second
term gives the tilt due to the flexoelectric distortion. Since the latter depends on
the sign o the applied field, the pattern should shift in the opposite direction when
the field is reversed. By measuring the shift of the conoscopic pattern (e; +e3) is
estimated. The sign o (e, + e3) is obtained from the direction of the tilt of the

conoscopic pattern for a given sign o the ficld.

Using this method we have measured (e; T e3) for a mixture of 48 mole %
ROCHE-1700 and 52 mole % PCII-302 (sce Iig.4.13 for the molecular structures).

This mixture has Ae ~ 0 and has been used in our studies on EHD instabilities.

4.3 Results and Discussion

We have measured the flexoelectric coefficients o the compounds listed in Table 4.1.
We can note the following general trends:

1. e*/K has a positive sign in practically al the compounds, except CCL-7 |
which has a negative value.
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e*/K isindependent of temperature in most of the compounds, i.e., & o< S
as is theoretically expected (figures 4.15 and 4.16).

However in the case o CCH-7, MPPC, EPPC and PPPC, the absolute value
d e*/I increases with temperature (Fig.4.17.)

The magnitude of e*/ K increases when the cyclohexane ring is replaced by a
phenyl ring. This can be clearly seen by comparing the seventh homologues
of different series. e*/K which is negative for CCII-7, becomes positive for
PCH-T and increases further in 7CB.

The magnitude of e*/K dccrcascs when we go from a two benzene ring to a

three benzene ring system (for example 5CB to 5CT).
e*/ K is not very sensitive to chain length.

For all the single component systems for which (e; T e3) measurements have
been made, the sign of (e, + e3) is positive. But in the mixture consisting of
MBB, PEC and 5CB the sign of (e, T e;) is negative. This mixture also has
opposite signs for (e; — e3) and (e; T e3) as in the case of CCH-7.

Beresnev et al (1987) measured e; of 5CB by a pyroelectric technique and
obtained a value of 0.5 X 10 ~''C'/m. Our value is comparable to tliis.

Marcerou and Prost (1980) measured (e; T e3) of 80CB by using interdigital
electrode technique and got a value of (2.1 4 0.5)10~C/m at 346 K. Our
value is +(0.6 + 0.2) x 10~*C/m, which is somewhat lower. But the sign
and magnitude that we obtain agree with the corresporiding measurements by
Dozov et a. (1984).

Experimentally we measure e*/ K, where the relevant value of Ii’ is the twist
elastic constant K. In many cases, K is known to deviate considerably from
the mean field dependence o S?. In the case of CCH-7 we estimated the
value of e* using the known values o K, (Schad and Osman, 1981). We
have also calculated e*/S and e*/S? taking the measured value of the order
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parameter, S (Schad et al., 1979). In order to have a better comparison o the
temperature dependence o theratios, we have normalised them with respect to
their average values over the given temperature range (see Fig.4.18). From the
graph itisclear that & o Sin thecasedof CCH-7. On theother hand, similar
plots for PCH-7 (Fig.4.19) and 7CB (Fig.4.20) clearly show that & « S?in
these cases.

As we have discussed in the introduction, the main contribution to e arises
from permanent dipoles. As we have also noted the molecular models (Straley,
1976; Osipov, 1983,1984) lead to the result that € arises mainly from the transverse
dipole moments of molecules with shape asymmetry. Thus it is interesting that
the cyanophenyl cyclohexanes as wel as cyanobiphenyls have a significant value o
e*/ K though in both of them the permanent dipoleisaterminal cyano group which
is oriented towards the aromatic core. However we note that the aromatic core
has a high polarisability. Further, both cyanobiphenyls (CB) and PCH compounds
have relatively low N-| transition points. Consequently, we can assume that the
alkyl chain has the all-trans conformation in these compounds (Marcelja, 1974).
This would give a naturally bowed structure (Figures 4.21 and 4.22). As the dipole
moment induced in the aromatic core by the end cyano group is no longer strictly
parallel to the long axis of such a molecule, it produces a reasonable transverse
component. In fact this gives rise to a negative sign of ez which in turn gives rise
to a positive value of € in these compounds. Further, comparing homologues of
PCH and CB series, the latter have lower values of the nematic-isotropic transition
temperatures, and also have the more polarisable biphenyl cores. Due to both of
these reasons, we get higher values o e*/K in the cyanobiphenyls. On the other
hand, in pentyl cyanoterphenyl, e*/K actually decreases cornpared to 5CB. We

must however note here that Tp; = 512°K in 5CT and the alkyl chain can no
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Fig.4.21: Molecular structure of 7CB. The al trans-configuration of the heptyl
chain gives rise to a bent structure. The dipole moment induced in the biphenyl

part by the end cyano group has a non-zcro transverse component in relation to
the effective long axis of the bent molecule.

Fig.4.22: Molecular structure of PCH-7. Asin Fig.4.20, note the bent structure
due to the trans heptyl chain. The induced dipolein the phenyl ring would be
smaller than in 7TCB.



longer be considered to be in an all-trans configuration (Marcelja, 1974). Thus the
shape of the moleculeis no longer bowed and thus |e;] and hence |e*/ K| decreases in
magnitude. This trend is also seen in pyrimidine compounds: as the aromatic core

size is increased, the transition temperature increases and e* /K decreases.

In CCH-7, on the other hand, the end cyano group makes a non-negligible angle
with the long axis o the molecule. Though CCH-7 can be expected to have a fairly
straight configuration (Fig.4.23a) in the lowest energy state, there is considerable
rotational freedom around the single C-C bond between the two cyclohexane rings.
Thus bent configurations (asin Fig.4.23b) can occur in the molecule. The nematic-
isotropic transition temperature in this case is high enough (355 K) to produce such
configurations. Further, as the temperature is increased, the molecule adopts the
bent configuration more frequently thusincreasing the effective value of e;. Further,
the transverse dipole moment which is effective in the bent configuration has tlic
opposite direction compared to that in PCH-7 and 7CB molecules. Thus the sign
of e;3 and hence that of (e, — e3) reverses in CCII-7. Arguments similar to tlie
above can be extended to the case of MPPC, EPPC and PPPC, in which there
is a —Cfg bridging group between a cyclohexane and a phenyl rings. In these
compounds, there is a relative increase in the number of conformations producing
bent structures with temperature, leading to tlie observed increase of e*/ with
temperature. In this context, we recall that Dozov et a. (1983) found a similar
increasing trend o e*/K with temperature in 80CB. They attributed this unusual
result to the entropic effects arising from the flexibility of the alkyl chains, a point
which was later elaborated by Osipov (1984). However, as we have discussed in the
case.of 5CT, if the flexibility is too high it cannot be expected to give rise to an

additional contribution to the temperature variation of e*.
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(=) (b)

Fig.4.23(a): Molecular structure o CCH-7. Note that in the ground state the
molecule is nearly straight.

(b): A rotation about the C-C bond between the two rings produces a
bent structure in CCM-7. Note that the dipole of the cyano end group has an
opposite transverse component in the bent upper moiety compared to PCH-7.
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