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ON THE CONSISTENCY AND APPLICABILITY OF INTERNAL FIELD
MODELS IN NEMATICS

JERZY KEDZIERSKI, ZBIGNIEW RASZEWSKI, JOLANTA RUTKOWSKA,
WIKTOR PIECEK, PAWEL PERKOWSKI, JOZEF ZMIJA,

ROMAN DABROWSKI

Military University of Technology, 00-908 Warsaw, Poland

JAN WITOLD BARAN

Warsaw Medical Academy, Banacha 1

Abstract Information on anisotropy of the local field of light wave in nematics is

obtained mainly from refractivity measurements. Such investigations, supplemented

by those concerning thermal dependence of density p(T), allow for determining
optical polarizability anisotropy of nematogenic molecules, as well as their
orientational order parameter.

This paper discusses, on the basis of extensive experimental data, the following
problems:

e applicability of approximate relations between refractive indices of nematic
liquid crystals (NLCs) and their molecular parameters for describing optical
properties of nematic mesophase has been estimated;

o anisotropy of the local field factor Fy has been investigated, as well as its
influence on calculated anisotropy of molecular polarizability.

Influence of various extrapolation procedures on calculated molecular
parameters of the NLCs has been investigated.

INTRODUCTION

Nematic mesophase is, from the molecular point of view, distinguished by a
characteristic feature of long-range orientational ordering of the molecules.t This
ordering is quantitatively described by the nematic order parameter S, introduced by
Tsvetkov.2

Direction of liquid crystal molecules alignment in normal conditions is not uniform
over the whole bulk, which reveals a domain structure. It is possible, by means of
certain measures, to extend the range of molecular orientation beyond domain limits

this is referred to as a texture. Thin liquid crystal layer (up to about 100 um) is usually
205
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contained between two transparent isotropic plates, with respective boundary conditions
determining the actual texture type.3 A NLC sample with planar or homeotropic
alignment is an optically uniaxial medium; it possesses the features of a liquid
monocrystal.

Relations between ordinary and extraordinary refractive indices (n, and n,,
respectively) of a nematic and principal components of polarizability tensor of its
molecules, ie. longitudinal (parallel to molecular long axis) o; and transverse
(perpendicular to it) o, ones, have been obtained by modifying respective relations for
uniaxial solid crystals. In order to achieve this, principal polarizabilities of the
molecules, oy and o , have been replaced by effective polarizabilities o, (parallel to
the long axis of a nematic) and o, (perpendicular to this axis), respectively. The latter
have been in turn obtained by averaging polarizabilities of molecules over their

orientations.4 This averaging yields the following relations:

a°=a-§sm )
_ 2
a==a+§SAa (2)
where
_ 1 1
(1=§(0,|+20.,)=3((!.e +2a°)=aN 3)

is mean molecular polarizability, and
Aa=a, -0, (4)

denotes polarizability anisotropy. As the order parameter S is given by the relation

= %(3(0052 - 1) (%)

then also o, and o, are temperature dependent. On the other hand, o, oy and o, due
to their physical sense, depend neither on temperature nor on the actual phase of the
liquid crystal material.

In nematic liquid crystals, relations between macroscopic parameters n, , n, and p
and molecular ones Aa, oy and o, together with the parameter S may be

schematically expressed in the following way:
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n

° I I §
n, f—>SAa—> (6)
Aa
p
Relations that describe the transition denoted in the above by ,,I” may be written in the

following generalized form (7):

; k=o0,¢,1
(2 - 1) = 47N, foNVL )

where:
F/ is the local field factor, its actual form varying according to the model adopted,
oy these are principal polarizabilities of a nematic medium (or effective molecular
polarizabilities);
N number of molecules per unit volume.

As it has already been mentioned, expressions for local field factors in NLCs have
been obtained by modifying corresponding formulae for uniaxial solid crystals.

Saupe and Maiers have modified Neugebauer's relationss for solid crystals, thus

obtaining (8):

i k=o,¢,i N 0
Kilfor )=k =(1-Nnen) ®)

where y. and y, are internal field constants that satisfy relation (9):

Ye+ 2o =4m )
For isotropic phase, in which n, = n, = n; (n; being the refractivity index of the
isotropic phase) and v, = v, = 4n/3, relations (8) yield the well-known Lorentz-Lorenz
formula (10):

,(n’ —l)=N[ ] a (10)

from which mean polarizability of molecules in the isotropic phase o, is calculated. The

ni2 +2

set of equations (8) and (9) will thereinafter be referred to as Neugebauer-Saupe-Maier
equations and denoted by the NSM acronym. In order to determine o, and a, from
these equations, it is assumed that the following condition, reasonable from the physical

point of view, is satisfied:
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aN(T):=§(ae(T)+2a°(T))=(ai)=const 1)

<> denotes averaging over all measurement data in the isotropic phase.

Equation (11) is equivalent to the statement that, in the nematic phase, mean
molecule polarizability on(T) does not depend on temperature T and is equal to mean
polarizability in the isotropic phase.

Chandrasekhar and Madhusudana’ have modified, in the same manner, semi-
empirical relations given by Vuks,8 which has resulted in the following formulae (12):

. k=o,¢e,i _ V_( i _)'l_<n2>+2
KL[for i=N )-Kk- 1-3Na | =-—2 (12)

where

2y_2._1(2 , 2
(n )—n.—3(ne+2n°) (13)
Equations (12) and (13), known as Vuks-Chandrasekhar-Madhusudana (VCM)
formulae, allow for determining o, and o, from n,, n, and N in the nematic phase.

Finally, Pelzl9 has applied, in order to describe optical properties of the nematic
phase, the Lorentz-Lorenz formulae, modified to give the following (14):

{ k=o,e,i ( 4 )'l ng +2
J = L = — = k
Fk[for i=L J Ky =(1-3 nNoy 3 (14)

These formulae will thereinafter be referred to by the LLC acronym.
The form of the VCM, MSN and LLC equations is a result of the model, adopted to
describe local electric field of light wave in a nematic.10-19 Applicability of these models

may thus be decided only on the basis of experimental data.

EXPERIMENTAL

Temperature and dispersion characteristics of the refractive indices n, = f; (t,A),
n. = f, (tA) and n; = f5(tA) have been measured with an Abbe refractometer.
Birefringence An = n, -n, has been measured by means of the interference wedge
dynamic method,20 which is a modified variant of the method described by Haller.2!
Systematic error of refractometric measurements in the isotropic phase is of the order
of 0.0005. In the nematic phase this error increases to about 0.001. This increase by

more than two times is due to broadening of limiting line, corresponding to limit angle
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more than two times is due to broadening of limiting line, corresponding to limit angle
of total internal reflection. Systematic error of the dynamic method of birefringence
measurements is about 2 %. This error is caused mainly by poor precision of wedge
geometry determination. Error of temperature determination is from 0.2 C to 0.5 C.
Density has been measured with a pycnometer, with a relative error Ap/p <3 %.

In order to have broad experimental basis for an analysis of birefringence in
nematics, own results have been supplemented with certain reference data. All
nematbgens, which optical characteristics have been employed for calculations, are

listed in Table 1.

RESULTS AND DISCUSSION

As the estimation of the CMV, MSN and LLC equations for a description of
mesophase optical properties is to be based on experimental data, we must employ a set
of reasonably selected verification criteria, derived from these data. In order to provide
such, the following has been calculated from the CMV, MSN and LLC equations:

1. effective polarizabilities o, and o ;
2. mean polarizabilities of NLC molecules in the isotropic (o) and nematic (o)
phases,
3. mean polarizability o, of NLC molecules, calculated from bond polarizabilities on
the basis of the tensor additivity model of these polarizabilities (the PTA model);
. principal polanzabilities oy and o, of NLC molecules;
. the S parameter of the NLC orientational ordering;

. local field factor Fy ;

e A T T -

. influences of the Haller and Subramhaynam extrapolation procedures on the
calculated values of o, o, and S.
It should be noted that the o, and o, values based on the MSN model have been
calculated with an assumption of oy = <ay >, where < > denotes averaging over all

measurement data in the isotropic phase.
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Effective polarizabilities o, _and a. of the nematic medium

In order to trace reproduction regularity of the a, and o, polarizabilities and their
anisotropy SAa = a, - o, (where Ao = o - o4 is molecular polarizability anisotropy)
for various models considered, the following functions have been plotted:

o, =fT-T.), o =RT-T.), SAa=f{T-T.) for k = const

374 k=7
%E 36--%‘ Cl:w
(= 4 - hd
¥3s54 e
d“ -+ v - _ucomv
344
33+

n
T

2 4 6 -8 -10 -12 -14 -16 T-T./K

FIGURE 1 Temperature characteristics of the o, polanizability of ABCP, k =
7.for various models (CMV, MSN and LLC)

47 4 k=7 aci)av
=
] 467 o
e 1
1451
544:: alt
43-'///

2 4 6 -8 -10 -12 -14 -16 T-T./K

FIGURE 2 Temperature characteristics of the o, polarizability of ABCP, k = 7
for various models (CMV, MSN and LLC)

Figs. 1, 2 and 3 show, as an example, temperature dependences of o, o, and SAa
respectively, determined from the CMV, MSN and LLC models for ABCP, k = 7. The

following relations are obvious from these:

(o)™ <(or)™ <(ar)™ (15)
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(o)™ <(a)™ <(a,)™ (16)

(saa)™C <(saa)"™ <(sac)™ a7

These relations are valid for all molecules from this series. It may be noted that
temperature dependences of the SAa = f{T-T¢ ) curves directly reveal temperature
dependence of the S parameter, as it is physically reasonable to assume Aa to be
constant. Fig.3 shows that influence of the model employed on the form of the
orientational order parameter S dependence on temperature is within the limits of

experimental error.

;E 144 SAa)cuv
2 1
*» 124 (SAa)

3104 "
L (SAa)

d” J ///'_———v—
Il;z 1
g f

2 4 6 -8 -10 -12 -14 -16 T-T./K

FIGURE 3 Temperature characteristics of the polarizability anisotropy SAa = o,
- 0, of ABCP, k = 7 for various models (CMV, MSN and LLC)

Mean polarizability oy in the nematic phase
Mean polarizability in the nematic phase ay has been calculated from the CMV and

LLC models (which is denoted as oS and «y°, respectively). It is physically sound to

expect oy (25 ) or (e ) not to depend on temperature, with its mean value equal to

a. Haller et al. * have suggested that relations

ay = (G.l > (18)

and
(SAa)B/(SAa)o ~1 19
be treated as the applicability criterion for the CMV model. Relations (18) and (19) may

also be treated as the applicability criterion for the LLC model. Values of (SAa). and
(SAay), are calculated only from n, and n, , respectively, from the CMV (12) or LLC
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(14) equations. For this purpose an assumption should be made that aw, given by (6),
satisfies for the CMV and LLC models the condition of oy = <a; >. In the MSN case,
the model itself assumes that mean polarizability of NLC molecules in the nematic phase
oy is equal to <o>, and thus (SAa). and (SAa), also become equal. This excludes
application of the criteria (18) and (19) for this model.

Results are shown in Table 2, in the form of values averaged over all measurement

. CMV LLC b
data. Differences between ay values (e or ay ) and average <o. > values (a " or

ay") are within the limits of experimental error. It may be noted that for the LLC

model the differences |ay*- <a} > | are nearly twice as high as in the CMV model

(o - <o 1)

TABLE 2  Averaged values of mean polarizability <o> in the nematic phase
and ratios <ayn>/<o> and (SAa), /(SAa), for molecules of the ABCP series

k 5 6 7 8 9 10

(,) 3487* 3686 3864 4037 4224 4437

CMV (@) 0998 0999 0998 0999 0.999 1.000

<(SAa)e>
(SAa),/ 0970 0990 0980 0980 1.000 0.990

(a,) 3477 3672 3847 4024 4208 4425
LLC () 0995 0995 0994 0995 0995  0.997

<(SAa)c>
(SAa),/ 0870 0920 0890 0900 0920 0920

* Polarizability values in Tables 2, 3, 4 and 5 are given in A3 (1 A3 = 1024 cm? =
1.113 1040 C2 m2 J-1),

From the data in Table 2 we may deduce that the first Haller criterion (18), based on

mean molecular polarizability of the NLC in the nematic phase, does not exclude
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applicability of these models (1.e. CMV and LLC) for describing optical properties of
the mesophase. On the other hand, the second Haller criterion (19) (which is more
sensitive) gives marked preference to the CMV model and questions applicability of the

LLC model for description of the optical properties of the NLC mesophase.

Extrapolation procedures

The "II" transition in equation (6), or splitting of the SAa product, calls for
additional information and assumptions. Usually, experimentally proven fact is taken
into account that log(cte- o,) and log a/a, are, for |t | large enough, linear functions of

log(-t), where T, known as reduced temperature, is given by the formula (20):

T-Tyg

T (20)

Tns

This allows for linear extrapolation of above-mentioned functions up to the values
corresponding to T =-1 (i.e. T = 0K), for which S =1 is assumed.

Haller”® has made use of the linearity of the log(SAa) function, and extrapolation
procedure based on this function is thus referred to as Haller extrapolation procedure

Linearity of the log(cte/o,,) function has, in turn, been utilized by Subramhanyam,?
and thus extrapolation procedure based on the linearity of the log (at/a,) function shall
be referred to as the Subramhanyam extrapolation procedure.

To sum up, we may say that extrapolation procedures under consideration are based
on the following assumptions:
1. Haller extrapolation procedure:

a) log(SAa) linear function of log(-t) for large values of |t |
b) lim S(z) =1= lim [log(SAa)] = log At
to-1 to-1
2. Subramhanyam extrapolation procedure:
a) log(a./o,,) linear function of log(-) for large values of |t |
b) Tliml S(t)=1= 1liml(ac la,)= log(a, /., )
Let us note here that extrapolation procedures are not an integral part of the models

hitherto discussed (CMV, MSN and LLC).
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Molecular polarizabilities o and oy

In order to determine longitudinal (o) and transverse (o) principal polarizabilities
of NLC molecules from principal polarizabilities of the nematic medium . and o, with
no measurement data on refractive indices for solid crystal phase, extrapolation
procedures of Haller or Subramhanyam? must be employed. Extrapolation
procedures do not make an integral part of any of the models hitherto discussed (CMV,
MSN and LLC). Reference shows, however, that it has been a common practice to link
the Haller procedure with the CMV model, while the Subramhanyam procedure used to
be linked with the MSN model.2%%" Thus, a comparison of the ay, o, and S values
determined from the MSN and CMV models has tnevitably involved a comparison of
different extrapolation procedures.”* This problem has been addressed in. %% In
order to determine how extrapolation procedures may influence calculated values of
oy, oy and S, these procedures have been replaced with one another. Influence of the
mode!l employed (CMV, MSN and LLC) and extrapolation procedure (Haller,
Subramhanyam) on the o and o, parameters is shown in Tables 3, 4 and S. From this
data we may see that, with the same extrapolation procedures employed, no appreciable
difference between results obtained from the CMV and MSN models can be found for
all molecules of the series under consideration. Considerable differences between the
(SAc)™Y and (SA)SN values reveal themselves, however, in different values of the S
parameter, calculated from both models.

It may be noted that results of the Subramhanyam procedure are less sensitive to
experimental error than those of the Haller procedure.

Tests have shown that the values of polarization anisotropy Ao = o - o, are very
sensitive to type of procedure, and temperature range of extrapolation lines fitting.

From the above we may deduce that differences in the Aa values determined from
the CMV and MSN models, quoted in earlier works,?*?” have in fact been due to
different extrapolation procedures employed. This leads to the conclusion that local
field factor in the MSN model should be nearly isotropic. In order to provide a better
analysis of this problem, behaviour of this factor in all models under consideration has

been investigated.
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TABLE3 Comparison of longitudinal 7I?olarizability o, values, calculated from
various models (CMV, MSN, LLC, PTA*) with various extrapolation procedures
(Haller or Subramhanyam) employed; values in A* = 10%* cm?

MOLECULE o U O M O e o
CsHy; COO@—CN 482 460 486 457 434 422 403

Csﬂn—@wO@—CN 502 488 49.0 47.5 452 446 42.0
C7H,r@000@CN 53.2 519 531 51.2 477 473 442
CH~O)coo{O)—CN 541 527 545 523 49.1 48.5 460
Cgﬂw—@wO@—CN 56.4 553 564 546 513 509 481
CHi—~O)-coo{O)—CN 589 571 583 560 538 529 499

TABLE 4 Comparison of transverse polarizability o, values, calculated from
various models (CMV, MSN, LLC, PTA*) with various extrapolation procedures
(Haller or Subramhanyam) employed

MOLECULE Al Ly Xy e Gy %o O
CsH..—@COO©—CN 282 294 280 296 305 313 299
CeHys COO@CN 302 309 308 316 32.5 33.0 317

C7H.r©COO@CN 314 321 315 325 338 344 334
CsH.r@COO@—CN 335 343 334 345 358 364 353

CyHyg COO@—CN 35.1 357 352 36.1 37.5 380 370

C 00 CN
"H"_@ ¢ O 371 378 374 385 395 40.1 389
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TABLE 5 Comparison of polarizability anisotropy Aa =o - o values, calculated
from various models (CMV, MSN, LLC, PTA*®) with various extrapolation
procedures (Haller or Subramhanyam) employed

MOLECULE Aoy Aoy Aoy Aaf Aay Acg Aa™™

C.«Hr@COO@*CN 200 166 206 161 129 109 104
CaHr@COO@CN 200 179 183 160 128 11.6 103
Cles—@mO@—CN 218 198 216 187 139 129 108
Can—@COO@—CN 206 184 210 178 134 121 107
Coﬁ.o—@COO@CN 213 196 213 185 138 129 111
Ctt<O)rco0{O)y—CN 218 191 209 175 143 127 110

Local field anisotropy
Fig.4 shows the local field factor F, as a function of T, - T for a molecule of ABCP,

k = 7. For other molecules temperature characteristics of their corresponding factors are

the same.
Fk =7
1.60 :# Fi'c
1.56 + /M"—‘_
1.52 + .
T r'y A — . rY Y F:M
148 :: . _ _ chv
144 e o F
L v—_t v v A - Fu.(‘

2 4 -6 -8 -10 -12 -14 -16 -18 20 T-T. /K

FIGURE 4 Temperature dependence of the internal field factor F, for ABCP, k =7
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Table 6 shows, for the entire ABCP series, with T - T, = 5 K, ratios of the local field
factor values for the MSN and LLC models and ratios a,/at, (MSN and LLC) and ¥y, /y,
(MSN).

These ratios may be considered a measure of anisotropy of these quantities. We may
see that anisotropy of the local field factor in the MSN model is small, compared to
anisotropies of the o, and o, as well as y, and y,, parameters that determine it. On the
other hand, anisotropy of the local field factor F-.€ in the LLC model is comparable to
this of the effective polarizability.

It has already been mentioned that the Lorentz model of nematic local field (LLC)
takes into account only one physical factor contributing to anisotropy of this field,

namely polarizability anisotropy of the medium. Formally, the expression for FL€

includes only one parameter o or aff‘c. The MSN model accounts for two local

field anisotropy factors, apart from polarizability anisotropy of the medium, also
anisotropy of spatial distribution of polarization centres has been included in the form of
adjustable y, and y, parameters. Investigations have shown that low local field
anisotropy in the MSN model is obtained due to the fact that polarizability of the y
factor and effective polarizability are of opposite sign. Moreover, temperature changes
of the g factors and of corresponding polarizabilities are also of opposite sign. As a
result, in spite of large anisotropies and marked temperature dependence of both o, and
o, (as well as of y. and y, ), anisotropy of the local field factor is small. This means that
with enough freedom left (two adjustable parameters) the local field factor shows small
anisotropy, as it is the case with the MSN model.

In the case of the LLC model, tendency to reduce local field anisotropy leads to
considerable reduction of effective polarizabilities and thus to better agreement with
results obtained from the PTA model (see tables 3, 4 and 5).

As it has already been mentiond, this model leads to physically unreasonable change
of molecular polarizability value at the transition from isotropic to nematic phase.

It thus seems reasonable to argue that, if local field in a nematic is anisotropic, then
its anisotropy is of a little significance. This explains consistency of results obtained
from the CMV model, which assumes isotropic local field, as well as small differences
between results obtained from the CMV and MSN models.
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TABLE 6 Ratios of local field constants F, /F,, effective polarizabilities a./at,
and Neugebauer factors for the ABCP series, with T - T, =-5K

FNMS NMS Y FLIE al.LC
MOLECULE F™ o™ y, F* o
C.H —< :>-coo< :>—CN
B 102 130 080 109 120
C . H coo{ :>—CN
e 103 125 085 1.09 120
C,H —<: }coo{ :}—CN
T 104 125 087 109 120
¢, H—~(O)-coo{O)—cN
i 103 124 08 108 1.18
¢, Hs—~()-coo{)—cN
P 104 125 087 109 119
c,H —< }coo{ :>—CN
o 103 126 085 109 120
Average value for series 1.03+ 126+ 085t 1.09+ 120t
001 002 003 001 001

Physical meaning of the Neugebauer parameters

Parameters v, and vy, in the Neugebauer model deserve special attention, as

investigation of agreement between their behaviour and physical meaning should allow

for evaluation of correctness of this model.

It has been found that the anisotropy Ay = ¥, - ¥, is, within good accuracy, linearly

correlated with the effective polarizability anisotropy SAa = o, - ., calculated from the

MSN model. This correlation is shown in the Fig.5. Linear correlation between Ay and

(SAa) imples that Ay is a linear function of the order parameter S.

This allows for the statement that, if in a nematic, spatial ordering of polarization

centres exists, then its anisotropy is a linear function of the parameter S of orientational

molecular ordering.
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FIGURE 5 Correlation between the Ay and (SAa)y anisotropies for nematics in
the PCH and CHBT series

Order parameter

Assuming that Aa does not depend on temperature, the SAa = f{T) curve
determines order parameter temperature characteristics S(T). From these, through
extrapolation procedures, we may determine absolute values of S(T). Both order
parameter value and its temperature dependence are, in general, different for different
compounds it the homologous series. The form of these curves in practice shows no
dependence on the local field model applied.

Influence of atomic composition of the nematogens, as well as of their chain shape
and length, on the order parameter (in fixed reduced temperature) does not exceed 4 %

of the mean value for nematics under consideration. This is shown in Tables 7 and 8.
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TABLE 7. Mean values and standard deviations of the order parameter S of
homologous series, for T = 0.97

SERIES ACB ABCP AOBCP __ DAAB MS
S 0.58+0.01 0.59+0.02 0.57+0.03 0.57+0.02 0.517

TABLE 8. Ratios of the order parameter values determined from refractometric
(Srer) and NMR (Symr) measurements for the DAAB series

k 3 4 5 6 7 8

S.c/Spm 1.17£0.01 1.25%0.01 1.1120.01 1.12+0.01 1.10£0.01 0.84x0.01

CONCLUSIONS

To summarize, we may state that:

1.

Presence of adjustable parameters v, and ¥, in expressions for the local field factors,
derived from the MSN model, provides these expressions with flexibility and makes

them suitable for reliable estimation of the local field anisotropy.

. If the local field in a NLC is anisotropic, this anisotropy is comparatively small, and

thus relations based on the CMV model give consistent results.

. In order to conclude whether values of the y, and y. parameters, determined from

refractometric measurements, give any physical information or are of purely formal

nature, further investigations are necessary.

. Physically unsound behaviour of results of the LLC equations puts their applicability

in doubt.

. Haller procedure, as compared to Subramhanyam procedure, yields higher molecular

anisotropy for the same local field model applied.

. Influence of extrapolation procedure on the value of molecular anisotropy is

comparable to that of the local field model.

From the practical point of view it seems reasonable to employ the simplest CMV
model, together with the Subramhanyam extrapolation procedure.

Relation between Aa. and molecular structure shows nearly no dependence on the

extrapolation procedure employed.
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