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A method of experimental determination of the Lorentz-factor tensor in uniaxial liquid
crystals is suggested. The specific features of the local field tensor of the light wave
in a nematic liquid crystal with low optical anisotropy have been investigated exper-
imentally. Anisotropy of the local field and Lorentz-factor tensors has been found to
decrease with the decreasing optical and molecular-optical anisotropies. These results
appear to contradict the existing polarization theories of liquid crystals. The local field
problem in cholesteric liquid crystals has been considered. A new approach to the
local field problem in uniaxial liquid crystals with arbitrary optical anisotropy is de-
veloped and the experimental results are explained.

. INTRODUCTION

The local field tensor f of the light wave connects the amplitude E!
of the local field experienced by a molecule with the amplitude E; of
the macroscopic field: E! = f,E;. In the director coordinate system
of an uniaxial liquid crystal the tensor fis uniaxial and its components
are written as

fio=1+ L, (”|:|Z.1 -1, (1)

where L, , and nj are the principal components of the Lorentz-

tPresented at the Tenth International Liquid Crystal Conference, York, July 15-

21, 1984.
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factor tensor and the refractive indices, respectively. The subscripts
| and L refer to the directions parallel and perpendicular to the
director, respectively. In a previous paper! a method of experimental
determination of the L, , components was suggested and the aniso-
tropic properties and the dispersion of f in nematic and smectic A
phases of liquid crystals with high optical anisotropy were studied.
The investigation of the specific features of the local field in a liquid
crystal with low optical anisotropy is of both applied and fundamental
interest. Except for the well known cholesterics, this class of liquid
crystals includes the recently discovered nematics with low birefrin-
gence (i.e. An = (n; — n,) < 0.1 (See Refs. 2-4)), which are of
great interest for technical applications® and physical-chemical in-
vestigations.* No data on the anisotropy Af = f; — f, in a cholesteric
liquid crystal are available at present. However, such information is
required for the refractometric method® of determination of the mo-
lecular and structural parameters, which are important for the de-
velopment of a theory for this class of liquid crystals and to improve
their technological parameters.3.6.7

Nematic liquid crystals with low birefringence are the convenient
objects for experimental examination of the existing theoretical ap-
proaches to the calculation of the L-tensor in anisotropic molecular
media. In accordance with modern theories, the L-tensor is the struc-
tural characteristic of a liquid crystal only and depends on the fol-
lowing factors: (i) anisotropy in the radial distribution function,® (ii)
anisotropy of the molecular dimensions,? (iii) anisotropy of the mo-
lecular shape and (iv) the orientational order parameter.!1%!! More-
over, the anisotropic properties of the molecular polarizability tensor
v are disregarded, yet it is this parameter which is very different for
liquid crystals of high and low birefringence. The local field effects
in the two classes of liquid crystals considered has been the subject
of much recent discussion.'?~!* This paper presents an experimental
and theoretical treatment of the above problems.

The plan of the paper is as follows: In II, we extend the method
of determination of the L-tensor! to the case of uniaxial liquid crystals
with a biaxial molecular tensor S;; of the orientational ordering. Then,
in III, the local field anisotropy in a nematic liquid crystal of low
optical anisotropy is studied experimentally and the question of the
local field anisotropy in a cholesteric liquid crystal is discussed the-
oretically. Finally, in IV, the dependence of the anisotropy Af on the
birefringence, the order parameter S and the anisotropic properties
of the molecular polarizability tensor is established and an interpre-
tation of the experimental results is given.
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Il. EXPERIMENTAL METHOD OF DETERMINATION OF THE
LORENTZ-FACTOR TENSOR IN UNIAXIAL LIQUID
CRYSTALS

Consider a uniaxial liquid crystal consisting of plank-like molecules.
The axes z and y of the molecular coordinate frame lie in the plane
of plank and coincide with the longer and shorter molecular axes,
respectively. The orientational ordering of the molecular axes with
respect to the director r||Z is described by a traceless matrix!*

S; = (3cos?0,, — 1)2,i = x,y.2, )

where 6, is the angle between the i-axis of the molecules and the
director, while the brackets denote averaging over the orientation of
all molecules. If the rotation of the molecules around their longer
axes is broken the parameter G = §,, — S§,, # 0 describes the
biaxiality of the molecular tensor S;;. Using Euler-angles 8 = 6,, and
s to specify the orientation of the longer molecular axis with respect
to the director and the longitudinal molecular rotation, respectively,
we may obtain from Eq. (2) G = (3sin?6cos2y)/2.

Let us consider the intramolecular isolated nondegenerate transi-
tion in the electronic or vibrational spectra of the liquid crystal or a
dissolved impurity absorption. The orientation of the transition mo-
ment in the molecular frame is fixed by the polar angle B and azi-
muthal angle . The oscillator strength A of the chosen transition
may change in the mesophase and at the phase transitions as a result
of the direct (molecular complexing, origin of the hydrogen bond
etc.) or indirect (conformational changing) manifestation of the in-
termolecular interactions. In liquid crystals the molecular ordering is
caused by anisotropy of the short-range dispersion and steric inter-
actions. At the phase transitions isotropic liquid-nematic (I-N) and
nematic-smectic A (N-SmA) the short-range molecular order and,
consequently, the short-range perturbation of the intramolecular os-
cillator strengths change little. Therefore, the choice of the intra-
molecular transition is insensitive to the above specific interactions
and conformational changes and its oscillator strength may be as-
sumed constant in the isotropic and ordered phases, i.e. Ay =
A, = A. Then the relation between the experimentally measured
optical densities D, , ; of the sample and the corresponding compo-
nents A, , ; are given by the formulas below!®

n
K&”%D” = Ay = A(l + 285, — 2GGg,/3)/3,
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K? = A, = A(1 = S5, + GGgy/3)3, 3)

K—IfED A; = A3,
where K is a constant, n,, ; and f; , ; are the background refractive

indices and the local field tensor components within the chosen ab-
sorption band, p and p; are the densities of meso- and isotropic phases,

§=S,,8, = (3cos?B — 1)/2, Ggy = (3sinBcos2)/2.

Under planar orientation of molecules in the cell the following
dichroic ratios can be measured

N] = D”/DJ_, N2 = DJ_/D,', N3 = D"/Dl.
These ratios can be used for the calculation of the parameter
3 = 883 — GGgy/3, (4)

which depends on the orientational ordering and the molecular prop-
erties. From Eq. (3) we get

Nyg -1

2 = Ng +2’

3, =1 - Ny, 2; = (Nygs— D2, (5)
where

B = W g = BN e = BN ©)

Eq. (5) shows that for the simplest case when § = G = 0 the com-
ponents L, , can easily be determined experimentally. Then 3, = 0
and g, = 1/N, (k=1,2,3). This possibility was first realized in Ref.
17 for the absorption dichroism N, of the spherical impurity molecules
in a liquid crystalline matrix. In principle, the condition 3, = 0 may
be satisfied for molecules without spherical symmetry when §; =
Gpy = 0 or in the limited temperature range where §S; = GG, /3.

A combined employment of the ratios N, _; gives a universal method
for the experimental determination of the components L, , . The phys-
ical background of the method lies in the fact, that the local field
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correction to the parameter 3 depends on the type of the dichroic
ratio N, used for the calculation.' The true values of L, , must satisfy
the two equations

21 = 22 = 23 al'ld L” + 2LJ_ = 1. (7)

Combining Eqgs. (5) and (6) shows, that the above equations for X,
are mutually equivalent. From Egs. (5), (6) and (7) it follows that
for the most general case considered here for the determination of
L, , information on the band polarization studied with respect to
molecular frame is not necessary.

ll. SPECIFIC FEATURE OF THE LOCAL FIELD IN THE
NEMATIC LIQUID CRYSTAL WITH LOW OPTICAL
ANISOTROPY

For the experimental investigation we used the 1-(4'-cyanophenyl)-
4-n-pentyl-bicyclo(2.2.2)octane (SBCO)

with a nematic range 60.5-101.0°C. This compound is typical of liquid
crystals with a low optical anisotropy.2-!2-14 It has the same molecular
dimensions as 4-n-pentyl-4’-cyanobiphenyl (SCB) studied earlier,! but
differs in the electronic properties and the polarizability anisotropy.
An isolated band of the IR absorption given by the cyano-stretch
vibration (at A, = 4.5 pm) is well suited for the experimental
determination of L, ,. For this vibration § = 0, §; = 1, Gy, = 0
and 2 = §. A reproducible planar alignment in plane-parallel CaF,
(IR spectroscopy) and wedge-like glass cells (refractometry) was
achieved by a special preparation of the inner surfaces of the cell-
sandwich as described in an earlier paper.! Qualitatively, the orien-
tation was monitored with a polarization microscope in parallel and
converging light beams. The temperature stabilization was of the
order of =0.1°C.

The refractive indices for SBCO in the nematic (n; ;) and isotropic
(n;) phases were measured at four light wavelengths A as a function
of temperature using the wedge method!® with an accuracy of 2 x
10-3. Moreover, the refractive indices n, ; were measured to an ac-
curacy of 3 x 107* at A = 0.589 pm with an Abbé refractometer.
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The refractive indices n, , ; as a function of reduced temperature are
shown in Figure 1. The calculation of the background refractive in-
dices n; , ,; for the investigated band were carried out by the same
procedure as in Ref. 1 using the measured values n | ; in the region
A = 0.49 to 0.735 pm. Since the dilatometric data for 5BCO are
absent the ratio p/p; was found using a well known empirical relation

(7 = Dip(* + 2) = (n} — Dlp(n} + 2),

which is fulfilled to a high accuracy for the nematic and isotropic
phases,'® 7?2 = (n} + 2n2)/3. Due to low birefringence for 5BCO,
the scattering of the light transmitted through the sample on the
transversal director fluctuations is sufficiently less in comparison with
the liquid crystals studied earlier.! Consequently, the depolarising
influence of this scattering on the IR absorption spectrum is also
reduce. The dichroic ratios N,,; were measured in the uniformly
aligned planar samples with the thickness of 15 pm. Because of im-
perfections in the polariser (i.e. the efficiency is only 98%) the meas-
ured ratios N,,, and N, were corrected to the true values using the
following formulas

NZ = NZm (1 - AZ)* N3 = N3m (1 + A3)’

where

A = Ml 1 + €
> 7D, 8|1+ cexp{-2303D(1 — UN)}]|’

A3_

|
l
&

1 1 + e exp {2,303D,(1 — 1/N,)}
D, 1+e ’

€ = 0.02 and the substitution of D}, N, by D,,,, N,,, gives the errors
of the second order. Our measuring technique has been reported
carlier! and will not be described here. The temperature dependences
of N,;, obtained by averaging over a number of separate measure-
ments are shown in Figure 2.

The experimental values L, and S satisfying Eqs. (7) are presented
in Figure 3. The components L, for SBCO are sufficiently lower than
the ones found for SCB,! although the geometrical anisotropy of these
molecules is the same. This result is unexpected within the currently
accepted theoretical predictions,®~!! where the L-tensor is only a
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FIGURE 2 Dichroic ratios N,, of cyano-stretch vibration band of SBCO versus
temperature.
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FIGURE 3 Variation of the order parameter S and the Lorentz-factor component
L, with temperature for SBCO. Dashed, dashed-dotted and dotted lines are the values
L, calculated from Eq. (8) at A = 0.42, 0.589 and 4.5 um, respectively.
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structural characteristic of the liquid crystal. The spatial distributions
of molecules can hardly be expected to differ sufficiently for the liquid
crystals 5CB and SBCO. According to x-ray structure analysis'® short-
range translational molecular correlations for SBCO are approxi-
mately the same as the ones found for SCB. The absolute values of
the order parameter § for these compounds at the same reduced
temperature AT do not differ much. However, the experimental data
presented in Table I, for a number of liquid crystals studied, show a
normal decrease of the Lorentz-factor when the optical anisotropy
of the liquid crystals decreases. Figure 3 shows, that the experimental
values of L, are almost indistinguishable from the critical values of
L ., having the form!®

1 nt — ni
-+
3 gA* -1+ (nf — ni)3]

L.= (8)

and corresponding to the condition Af = 0. The anisotropy Af is small
over the whole range A = 0.42 to 4.5 pm and does not depend on
AT. From the Table one can see rapid drop of Af with decreasing
An. These experimental data strongly support the supposition about
the small anisotropy Af in nematics with low birefringence*!? and
prove the insufficiency of the existing polarisation theories of liquid
crystals.

Comparison of the present data with our earlier results’-* shows
that the ellipsoidal Lorentz cavity model'!"!! is quite good for
calculations of L, , in liquid crystals with strongly polarisable mole-
cules and high birefringence. In liquid crystals of low birefringence
the cavity shape corresponding to § = 1 has a lower anisotropy
compared with a molecular ellipsoidal shape. From the microscopic
point of view this means that in order to calculate the L-tensor it is

TABLE I

Optical and internal field parameters for a number of nematic liquid crystals at
T. — T = 10°C and A = 0.589 pm

Compound n—n, L, fi — fL)/}’ Ref.
5CB 0.185 0.40 —-0.110 1
80CB* 0.166 0.39 -0.084 1
CPE60OBA 0.150 0.38 —0.043 20
5BCO 0.102 0.36 -0.013 this work

24-n-octyloxy-4'-cyanobiphenyl
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important to take into account the spatial translational correlations®
as well as the orientational molecular correlations and the specific
feature of the polarizability distribution over the molecular volume.
This can be achieved by treating each molecule not as a single point,
but as a set of points or submolecules.?!?> The comparison of the
theoretical values of L, f with those measured experimentally will
reveal more important types of the molecular correlations in liquid
crystals.

The problem of the anisotropy Af,, of the local field tensor f,, in
cholesteric liquid crystals can be solved by comparing the refractive
indices of the helical planar structure of the cholesteric liquid crystal
with the local refractive indices in the quasinematic layer. According
to the experimental data®2~2°_ independent of the birefringence value,
the relation

Py = Moy ©)
is fulfilled with a high accuracy, where n,, is the extraordinary re-
fractive index of the cholesteric liquid crystal and #n,, is the local
ordinary refractive index in the quasi-nematic layer. We can now use
the theory developed in Refs. 5, 10 to rewrite Eq. (9) in the form

Yienfon + 28f/3) = v(Fn — Afv/3), (10)

where f = (f; + 2f.)/3, v, is the molecular polarizability component
transverse to the director. Subscripts ch and N belong to the helical
cholesteric structure and quasi-nematic layer, respectively. Taking
into account that y,, = vy, 5 and f,, = fy we obtain from Eq. (10)
the relation

Bfen = —Afn/2. (11)

The relative contribution of the local field anisotropy to the bire-
fringence of the cholesteric liquid crystal has the same value as for
the nematic liquid crystal or for the quasi-nematic layer. Because of
the low optical anisotropy of the cholesteryl esters the local field
anisotropy is also small for this class of liquid crystals, as follows from
Eq. (11) and the experimental data presented above. This supposition
had been made earlier in Ref. 26 and then was used in the refrac-
tometrical investigation of the cholesteryl esters.’
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IV. LOCAL FIELD AND MOLECULAR-OPTICAL ANISOTROPY
OF LIQUID CRYSTALS

From the experimental data presented above it is seen that the ani-
sotropy Af is strongly dependent on the macroscopic optical aniso-
tropy of liquid crystals as well as on the anisotropic properties of the
molecular polarizability. In fact, breaking of the w-conjugation of the
molecular core of the 4-cyanophenyl ester of 4'-n-hexyloxybenzoic
acid (CPE60BA) by a COO central group and replacing a benzene
ring by the BCO ring in 5CB result in a relatively small variation of
the average molecular polarizability , but in a significant decrease
of the polarizability anisotropy Ay and therefore in the ratio Ay/¥.
This fact is absolutely neglected in the existing theories of the po-
larization of liquid crystals but as will be shown below it is extremely
important for the explanation of the An dependence of Af.

Let us find the ratio Ay/y for SBCO at A = 0.589 wm. Because of
low anisotropy Af for this compound over the whole range AT the
following relation is valid'

SAY/Iy = (nf — n?)/(R* - 1). (12)

The temperature dependence of the right hand part of Eq. (12) is
shown in Figure 4 using a double logarithmic scale. It is well ap-
proximated by the formula

Il

SAY/Y = (SAyA)(I — T/T)),P (13)
where B = 0.135and T, — T, = 0.8°C. Extrapolating to T = 0 we
obtain (5Av/¥), = 0.385. As can be seen from Figure 4 the temper-
ature dependence of the absolute values § is also well approximated
by Eq. (13) with the same parameters 8, T, — T. and S, = 0.886.
This means that the ratio Avy/¥ = 0.435 does not depend on the
temperature in the mesophase. This value of Ay/¥ is in a very good
agreement with the independent experimental result on the Kerr-
effect in a diluted isotropic solution —0.43 (Ref. 27). This confirms
our measurement of the L, and S parameters. For the isotropic phase
of SCB in the same spectral range the experimental values y = 33A3
(refractometry'®) and Ay = 27A3 (optical Kerr-effect?®) give Ay/y =
0.818. It should be emphasized that the values of Ay/y for SCB and
SBCO are in the same relation to each another (1.88) as well as the
values of An (1.81). Then, the isotropization of the f-tensor is the
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FIGURE 4 Log-Log plots of S and of SAy/y (12) at A = 0.589 pum versus the reduced
temperature for SBCO.

result of the simultaneous isotropization of macroscopic optical and
molecular properties of a liquid crystal.

In order to explain these results we assume that the f-tensor is the
same for all molecules of the liquid crystal and is uniaxial in the
director frame. Then we can write10

nf, —1 = 4nNy fi., (14)

where N is the number of molecules per unit volume,

2 1
+ = SAy + - GAY!,

R 3 (15)
1 1.
Y. =73~ 358y - £ GAY,

and
Y= (Ve + Yy T Y23,
A‘y = Yz — (-Yxx + 'Yyy)/z’

AY' = vy = Yare
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Using Eq. (15) we can rewrite Eq. (14) in the form

fo_ M =1 1+ 2SAy/3¥ + GAy'3y
fi  mt—1 11— SAY3y — GAY/6Y

(16)

For the prolonged mesogenic molecules the inequalities G << S (Ref.
15) and Ay! < Ay (Ref. 29) are valid and for the numerical calculations
the corresponding terms in Eq. (16) may be neglected. In order to
verify Eq. (16), we find the ratio f /f, for 5CB at T, — T = 10°C
and A = 0.589 wm using the refractive indices n, , from Ref. 18, the
value Avy/y obtained above and use § = 0.595 — the average value
from the magnetic and radiospectroscopic measurements.' The results
of the calculation f, /f; = 1.09 is in a good agreement with the ex-
perimental value of 1.11 (See Ref 1).

From Eq. (16) we can see that the anisotropy Af is determined by
the optical anisotropy of a liquid crystal as well as by the polarizability
anisotropy and molecular orientational ordering. For strongly-polar-
izable molecules with a high ratio Ay/y the latter two factors are
dominant and we have f /f, > 1 (Ref. 1). The simultaneous decrease
of 8y/y and An as a result of the electronic molecular structure change
must lead to a rapid isotropization of f which is in accordance with
the experimental data obtained. Typical for the homologous series,
the decrease of Ay/y and An with the growing length of the flexible
chains'*3° should be accompanied by a decrease of the local field
anisotropy. For liquid crystals with small values of Ay/y (Refs. 2,4)
the change of the sign of the anisotropy of Af from negative to positive
is possible in the region f, /f, = 1. The comparison of Eq. (1) with
Eq. (16) shows the Lorentz-tensor anisotropy to decrease with the
decreasing values Ay/y and An and makes clear the observed tendency
of the L, change shown in Table I.

V. CONCLUSION

The suggested method for the experimental determination of the
Lorentz-factor tensor can be successfully used for studying uniaxial
liquid crystals with molecules of different chemical classes. The ex-
perimental data presented above and obtained earlier! have shown
a strong dependence of the local field tensor f and the Lorentz tensor
L on the specific features of the molecular electronic structure. Equa-
tion (16) obtained herein may be useful for analysis of the local field
anisotropy in liquid crystals of any optical anisotropy. This formula
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can also be used to calculate the ratio f, /f, provided the values of §
and Avy/y are known from independent measurements. It should be
pointed out that the correction factors for the experimental data on
the absorption dichroism and Raman scattering depend on the ratio
f./f; only and not on the components f; , (See Ref 31). Application
of the method discussed to a wide class of impure systems can be
expected to answer the question of how the local field depends on
the impurity molecular properties and on the liquid crystalline matrix
properties. Investigation of the absorption bands in various spectral
ranges will give the information on the dispersion of the local field
tensor. Finally, the employment of the experimental values of L and
f in optical experiments on refractometry, absorption IR and UV
spectroscopy, Raman scattering and luminescence may provide new
information on the effect of the intermolecular interactions on the
orientational-statistical, conformational, electronic and electro-opti-
cal molecular properties in the mesophase.
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