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In four substances exhibiting nematic and smectic phases the refractive indices n., no. the 
density and the order parameter have been measured as a function of the temperature. 
From the experimental data the molecular polarizability anisotropy was calculated using 
different internal field models. The results were compared with the data obtained by an 
extrapolation procedure and by the addition of tabulated bond polarizabilities. 

1. INTRODUCTION 

*The molecular polarizabilities and their anisotropy are important 
values for the characterization of liquid crystalline substances because 
the intermolecular interaction energies according to several theoretical 
models are based on them. Molecular polarizabilities cannot be meas- 
ured directly, they only can be calculated by the use of different theo- 
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98 A. HAUSER el al. 

retical approaches for the internal field which partly lead to signifi- 
cantly different values. Therefore the situation is somewhat confusing. 

In the following we present the most important features of four dif- 
ferent theoretical models. We compare the results calculated by the aid 
of those models in the case of four substances with nematic and smectic 
phases in order to find out which approaches are more trustworthy. 

2. THEORY 

In uniaxial liquid crystals the polarizabilities and a. corresponding 
to the electric vector parallel and perpendicular to the optical axis, re- 
spectively, are given by 

a e  = E + 8 (711 - 71)s (la) 

( lb) and a,, = Z - & (711 - 71)s 
where S is the order parameter and 711 and 7 1  are the polarizabilities of 
a molecule parallel and perpendicular to the long molecular axis. The 
average polarizability Z may be expressed by 

a! = (Cue 2ao)/3 = (711 271)/3 (2) 

(3) 

Combining ( la)  and (lb), we obtain 

S = ((ye - ao)/(711 - 71) 
Some models are known which relate the main refractive indices ne, no 
of an uniaxial liquid crystal to the polarizabilities 

In the Vuks' model first applied to nematic liquid crystals by Chan- 
drasekhar and Madhusudana2 it is assumed that the internal field is 
isotropic even in an anisotropic crystal. This assumption leads to the 
following equations: 

and ao. 

(nf -l)/(n2 + 2) = 61~'Nae 

and (n: -l)/(n2 + 2) = 6 r r . N ~ ~ ~  
(3a) 

(3b) 
where N is the number of molecules per unit volume and 

n2 = (n3 4- 2n:)/3. 

Considering the anisotropy of the internal field, Neugebauer3 has de- 
rived the following equations first applied to  uniaxial liquid crystals by 
Saupe and Maier' and later on by Subramanyam and Krishnamurti? 

(4a) n: - 1 = 4 7r*N.cue (1 - aeye)-l 
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ORDER PARAMETER A N D  MOLECULAR POLARIZABILITIES 99 

(4b) n3 - 1 = 4 7r-N*ao (1 - aoyo)- 

The internal field constants yc and yo are subjected to the condition 
ye + 2 y o  = 47r. Taking the average polarizability CY in any phase to be 
independent of temperature 

( 5 )  

1 

= (a, 4- 2a0) /3  = &rN.(d - l)/(d + 2)  

Eqs. (4a), (4b), and ( 5 )  can be combined to 

4 .( n; + 2 + 2 ( d  + 2))  
l/ac + 2 / a 0  = -7r’ - 

3 n c - 1  d - 1  

Recently de Jeu and Bordewijk6 have found that the high-frequency 
dielectric anisotropy is proportional to the diamagnetic susceptibility 
anisotropy. Therefore, the internal field of axially symmetric molecules 
can be taken as independent of the anisotropy of the surroundings of 
the molecule. Representing the molecules by an anisotropic homo- 
geneously polarizable spheroid in an anisotropic continuum, de Jeu 
and Bordewijk have derived the following relations! 

Au, A1 are shape factors which depend only on the axial ratio of the 
spheroid, where 

~ 1 1  = 1 - w2 + h ( w 2  - 1) In (w + ~ ) / ( w  - 1) 

A1 = (1 - Au)/2 
(8a) 

(8b) 

with 0’ = a2/(a2 - b’), if a and b are long and short axes of the sphe- 
roid. According to Ref. 6 a is taken as the length of the most-stretched 
molecule; b is chosen such that the volume of the spheroid is equal to 
the volume of a molecule. 

The fourth model used is a spheroidal model (generalization of the 
model of Scholte’) developed first in 1971 by Derzhanski and Petrov* 
and applied in 1974 for the interpretation of the microwave permittiv- 
ity data of PAA.9 The molecule is modelled now as an effective prolate 
spheroid with the ratio of the short and long axis 

q = b/a (9) 

Unlike de Jeu and Bordewijk6 however, this ratio is determined from 
the birefringence, not from the molecular shape, so that an optical 
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100 A. HAUSER er at. 

spheroid instead of geometrical one is used. It is filled with anisotropic 
dielectric the permittivity tensor of which has its main axes coinciding 
with the axes of the spheroid with main values 4 = 13 and 4. The main 
polarizabilities of the spheroid in vacuo are calculated according to the 
formula: 

- y1= y1 y3= yu 

where VO is the volume of the spheroid. For VO we used VO = Vi/NA. 

Vi - molar volume of the isotropic phase. Di are the depolarizing fac- 
tors, calculated from expressions, equivalent to Eq. (8) 

1 - e Z  1 + e  1 
2e), D1 = D2 = - ( 1  - D3) D3 = - (In - - (11) 2 2e3 1 - e  

where e = J G ' i s  the excentricity of the spheroid. When this sphe- 
roid is placed in the liquid crystal with permittivities 

(12) 2 
€11 = n'c, €1 = no, 

the internal field will depend on the orientation of the spheroid with re- 
spect to the optical axis of the liquid crystal. This dependence is neg- 
lected by an approximation, similar in sense to the de Jeu-Bordewijk 
empirical relationship.6 Namely, at any arbitrary orientation of the 
spheroid an effective anisotropic environment rotating together with 
the molecule is introduced, with effective anisotropy smaller than the 
experimentally measured due to the nonideal uniaxial ordering: 

(13) €1 = € 2  = €1 + g(1 - S)A€  

€ 3  = E M  -k f (1 - S ) A €  

Placed in such dielectric, the effective excentricity of the spheroid 
changes according to 

Because of €3 > €1 the spheroid now becomes more prolate. With the 
new value e*, corresponding new values of D f  and y f  are calculated D
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ORDER PARAMETER AND MOLECULAR POLARIZABILITIES 101 

from Eqs. (1 1) and (10). Finally the refractive indices are given by: 

1 2 n, - 1 
41T 

-- - N [2glF1yt -I- g83y t  -I- 2(gfl37f - ~ I F I ~ W ]  ( 1 3  

where gi are the cavity field factors 

and Fi are the reaction field factors 

Fi = (1 - yfJ)- ' ,  i = 1,3 (17) 

where 

The spheroidal parameters VO, q, and €7, €7 are determined from the 
experimental data as follows: The isotropic permittivity at a given 
temperature above T, or its extrapolated value below T, is expressed by 
the formula: 

where gi.' and Ff-' are calculated with vacuum values of Di (because of 
the isotropic environment), ti = ni is put everywhere. At this tempera- 
ture NiVo = 1. It is assumed that the mean micropermittivity of the 
material in the spheroid is equal to the isotropic permittivity of the 
whole medium. 

2 .  

g ( 2 6  + €7) = nf (20) 

Then follows from Eq. (19) that the spheroid's microdielectric aniso- 
tropy depends on the excentricity of the spheroid according to: 

(21) 
3(nf - 1)(1 - 303) 

1 (nf - 1) 
Ad?' = 

1 + 3 0 3 . 7  + 30: 7 
ni 
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102 A. HAUSER et al. 

Now, if such value of q = b/a is chosen that the macroscopic aniso- 
tropy calculated from Eq. (15) as 

2 2  n, - no 
41r 

-- - (g3F3yf - g1fiyt)S 

becomes equal to the experimentally measured, the problem for simul- 
taneous determination of q, Aem and 

is completely solved. 
The calculations were done by means of a computer program. The 

subroutine RTM I (IBM) is used in order to solve the implicite equa- 
tion for the determination of q from Ae at each temperature. This 
equation is given by the function FCT. 

The good constancy of q at changing the temperature is considered 
as a demonstration of the applicability of the model. For ni the extrap- 
olated value at the highest temperature of the nematic phase is always 
taken. 

We calculated the molecular polarizabilities (711, 71) using the refrac- 
tive indices (n,, no), the order parameter S and the molar volume V m  by 
means of the different internal field models established by Vuks,' 
Neugebauer,j de Jeu/Bordewijk,6 and Petrov.* 

Using the mean polarizabilities (ae, a,) from Vuks' and Neugebauer' 
we have adopted the extrapolation procedure of Haller et al." to esti- 
mate the molecular polarizability anisotropy ~ I I  - yl by an independ- 
ent way. In this method 711 - yl is obtained by extrapolating the linear 
portion of the curve log(a. - a,) vs log(1 - T/T.), where Tu is the 
nematic-isotropic or smectic-nematic transition temperature. The in- 
tercept of the extrapolated straight line section to T - OK should yield 
the molecular polarizability anisotropy. 

Furthermore, an attempt has been made to estimate y11 - yl and the 
average polarizability CY by addition of the tabulated bond polarizabili- 

The bond angles and bond lengths of the most stretched ties. 11.12.13 

molecule conformation were taken from the literatu~-e.'~*'' The mole- 
cule axis is assumed to be along the line joining the centers of the ben- 
zene rings. The polarizability parallel to the molecular axis 711 summed 
for all bonds is given by 
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ORDER PARAMETER A N D  MOLECULAR POLARIZABILITIES 103 

where 71 and 7, are bond polarizabilities parallel and transverse to the 
bond, respectively; cp is the angle between the bond and the molecular 
axis. This assumption seems to be favorable because according to our 
estimations in this case the highest values of - yl are obtained. We 
used the bond polarizabilities compiled by Prasad." Following Sub- 
ramanyam et ul.,'' the longitudinal polarizabilities 71 were taken to be 
equal to three times of the isotropic polarizabilities and the transverse 
polarizabilities to be zero in the conjugated region of the molecule. y1 
of the terminal -CH3 group was assumed to be equal to the isotropic 
polarizability. 

In the same way, by addition of the isotropic bond polarizabilities, 
the average polarizability Z was determined. In this case we used the 
average of single and double bond polarizabilities for the bonds of the 
conjugated region. 

The polarizability perpendicular to the molecular axis yl was evalu- 
ated from y11 and Z using Eq. (2). 

3. EXPERIMENTAL 

The refractive indices of the liquid crystals were measured by means of 
Abbe's double prism method. In this method the liquid crystal is used 
as a homeotropically oriented thin film between the hypotenuse areas 
of two prisms. If the refractive index of the prisms is greater than the 
indices in the liquid crystal, the refractive indices of the ordinary (no) as 
well as of the extraordinary ray (ne)  can be measured from the boun- 
dary angle of total reflection.I6 The double prism was mounted in an 
electrically heated hot stage which provided the temperature control. 
All measurements were made in monochromatic light of wavelength 
589 nm. The uncertainty of the refractive indices was in the order of 
f O  .0005. 

Density measurements were carried out in a capillary pycnometer 
with a volume of about 0.1 cm3. The pycnometer was held in a ther- 
mostate whose temperature could be controlled to 5 mK. 

The NMR measurements were performed at 60 MHz with a Bruker 
pulse spectrometer and Fourier transformations. We used this high 
fietd of 1.5 Tin  order to get a good orientation of the nematic direc- 
tors. At a lower field of 0.8 Tthe ordering was not perfect. For the de- 
termination of the orientational order parameter S we assumed the di- 
pole splitting at S = 1 to be AVO = 24.5.kHz. Then the observed NMR D
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104 A. HAUSER er 01. 

line splitting Av allows a direct calculation of S. The experimental er- 
rors for the SB phase are larger due to the poorer resolution of the 
splitting. 

4. SUBSTANCES 

The liquid crystalline substances studied are listed in Table I. 

5. DISCUSSION OF THE RESULTS 

The refractive indices (nc, no), the molar volume V, and the order pa- 
rameter S of the substances investigated are presented in the Tables II-V 
as function of temperature. It is interesting to compare the order pa- 
rameter in the different liquid crystalline phases of the four substances 
(see Figure 1). In the nematic phases the order parameter shows a 
strong temperature dependence. A relatively low temperature coeffi- 
cient of S is observed for EEBM, in which the nematic phase possesses 
a larger existence range compared with the other three compounds. 

In the SA phases of the substances distinct differences of S were 
found. The order parameter varies between 0.5 and 0.88 depending on 
the substance and the temperature. It is remarkable that the tempera- 
ture dependence of S is clearly higher when the substance exhibits an 
additional SB phase (see HPHA, HPHC). 

In the SB phase of HBHA the order parameter (0.9) is nearly 
temperature independent-with exception of the region near to the 
phase transition SB - SA. 

Similar results were observed for the SB phase of other substances, 
too.” However, in the Sg phase of HPHC relatively low values of S 
and a stronger temperature dependence of S were found compared 
with EEBM. 

The molecular polarizabilities 711, 71, the polarizability anisotropy 
711 - 71, and the average polarizability CU, calculated from the exper- 
imental data by use of different internal field models as well as from 
the bond polarizabilities are listed in the Tables II-V. For comparison 
also the 711 - 71 values obtained from the Haller extrapolation are 
given in Table VI. 

It is seen from the Tables II-V that CU is temperature independent 
for all internal field models in all substances studied. The CU values ob- 
tained from the 7uks model,’ the Neugebauer model,’ and from the 
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S 

t 

FIGURE 1 
EEBM, NPOB, and HPHC as function of the temperature. 

The order parameter S of the nematic and smectic phases of HBHA, 

bond polarizabilities agree very well, whereas the de JedBordewijk 
model6 and the Petrov model' give higher resp. lower values. The 
values are constant within the experimental errors which can be seen 
from the calculated standard deviations. On the other side, 711 and 
711 - 7 1  show a more or less pronounced change with temperature. 
Provided that the experimental errors of ne, no or V,  are relatively 
small, two reasons could be responsible for the inconstancy of the cal- 
culated polarizability anisotropies: Firstly, the order parameter S can 
show a systematic error because in NMR measurements S is connected 
with the orientation of benzene rings, but the refractive indices of the 
liquid crystals are related to the orientation of the polarizability ellip- 
soids. Secondly, the internal field can differ in the nematic and smectic 
phases, so that the same model gives different 711 - 71 in different 
phases. 

In all substances studied the molecular polarizability anisotropy ob- 
tained by the relation of de Jeu/Bordewijk6 is markedly higher than 
that determined by the Vuks,' Neugebauer' or Petrov' relations. With 
one exception (HBHA) the data of the Vuks approximation are some- 
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what higher than the data calculated by the Neugebauer relation. This 
result agrees with the measurements of other a ~ t h o r s . ~ ~ ' ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~  

We applied Haller's extrapolation procedure" based on the Vuks' as 
well as the Neugebauer3 relation. In Table VI these values are listed ob- 
tained by the extrapolation from different phases (N, SA, SB). For 
comparison the mean values of 711 - 7 1  are given calculated from the 
Vuks' relation and the Neugebauer3 relation, respectively. In the ne- 
matic phase of HBHA and NPOB the extrapolation procedure leads to 
unreasonable results, because the nematic region is small (contrary to 
EEBM), so that the Haller extrapolation" does not yield linear curves. 
In HPHC the nematic region is also relatively small, but the tempera- 
ture dependence of ae - (YO is not so different in the nematic and smec- 
tic phases. 

Generally (with exception of the Petrov model*) the polarizability 
anisotropy determined from the bond polarizabilities is distinctly 
lower than that calculated from the refractive indices (Tables 11-V). 
This is obviously the result of polarizing effects which occur along the 
conjugated region of the molecule and which are not sufficiently consid- 
ered by the addition of bond polarizabilities. It is not surprising that in 
the cyclohexane derivative HPHC the data determined from the bond 
polarizabilities agree very well with the other values. 

The polarizability anisotropy in Petrov's model* is the lowest. Com- 
paring it with the de JedBordewijk model, which is also spheroidal, 
the reasons of this difference is clear. Geometrical values of the ratio 
b/a = q in the de JedBordewijk model' are markedly lower so that 
the spheroid is more prolate than the optical spheroid used in Petrov's 
model. Above all, in the Petrov model the isolated spheroid, represent- 
ing the polarizability of a single molecule, is even less prolate than the 
spheroid embedded in the liquid crystal phase, because of n: - ni > 0 
and the dielectric transformation of the internal field equations.26 
Thibault et aZ.27 have proved that in  the case of the Scholte model7 of 
isotropic liquids a correct value of the polarizability anisotropy re- 
quires a value of q which differs from the geometrical value. Petrov's 
model' being a generalization of the Scholte model7 determines sim- 
ilarly to Thibault's procedure," q from the value of the birefringence. 

Comparing the polarizability anisotropy of the four liquid crystal 
substances studied it is plausible that the azomethines exhibit the larg- 
est anisotropy because the -CH = N- group favors the conjugation 
between the benzene rings whereas -COO- is a much less rigid 
bridging group giving rise to relatively small conjugative interactions. 
On the other side, on replacing one benzene ring by the cyclohexane 
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TABLE VI 

The polarizability anisotropies of HBHA, EEBM, NPOB, and HPHC determined by 
Haller's extrapolation procedure from the nematic and smectic phases using the Vuks and 

Neugebauer relation. 
For comparison the calculated values are listed. 

(y l  - yl)- I O * ~ ~ ~ - ~  

mean values 
Haller extrap. calc. 

bond 
substance phase V N V N polarizabilities 

EEBM N 

HBHA N 

sn 
NPOB N 

HPHC N 

sn 

SA 

SA 

SA 

S A  

42.3 31.2 39.0 31.1 25.8 
32.9 29.1 37.0 31.1 
49.3 54.0 33.3 40.8 17.55 
22.5 21.1 30.2 31.6 
22.8 40.1 25.9 36.4 
36.9 52.2 23.8 18.8 16.8 
15.8 14.4 22.7 20.1 
11.5 7.1 16.2 9.1 12.7 
9.4 5.5 15.7 10.8 
9.6 7.3 12.7 11.8 

ring the conjugated region of the molecule is markedly shortened and 
therefore the polarizability anisotropy becomes relatively small as 
found for HPHC. 

We cannot decide from our investigations which internal field model 
is the best. Such decision would be possible only by measurements in 
the gaseous state in which the problem of internal field is avoided. We 
believe that all methods applied are relatively rough approximations. 
We can suppose that the de JeuIBordewijk model6 generally gives too 
high values because in the less polarizable substance HPHC there is a 
relatively good agreement between the data calculated from the Vuks,' 
Neugebauer,' and Petrov' internal field models and the data obtained 
from the bond polarizabilities. The increment method obviously yields 
too low values for molecules exhibiting an extended conjugated region. 
Haller's extrapolation method" leads to different results depending on 
the internal field used and depending on the liquid crystalline phase in 
which the extrapolation is carried out. 
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