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ORIENTATIONAL ORDERING AND POLARIZABILITY

OF MOLECULES IN THE COLUMNAR PHASE OF

DISCOTIC LIQUID CRYSTAL

V. A. Gunyakov
a
and S. M. Shibli

Instituto de Fı́sica, Universidade de São Paulo, Caixa Postal 66318,

05389-970, São Paulo (SP), Brazil

The structural and molecular-optical properties of the columnar discotic liquid

crystal 2,3,6,7,10,11-hexaheptyloxytriphenylene were studied by using of

refractometric and infrared (IR) measurements. Temperature dependence of

the orientational order parameter S with allowance for the anisotropy of the

local field of a light wave and mixing of molecular excitations was evaluated

for C–C aromatic stretching band. The local field parameters have been evalu-

ated within approximation of the effective spheroidal Lorentz cavity model.

The anisotropy ca and the mean value c of the molecular polarizability of tri-

phenylene were investigated for several wavelengths. The experimentally

observed changes of molecular-optical properties in columnar phase seem to

be affected by the induction mechanism of the variety of the molecular polariz-

ability with increasing of S, proposed previously for calamitic liquid crystals.

Furthermore, these properties are not related to the effects of aliphatic tails

disordering.

1. INTRODUCTION

The interesting physical properties of the columnar Dhðo;dÞ phases of disco-
tic liquid crystals (LC’s) such as one-dimensional electrical conductivity,
fast photoconductivity, ferroelectricity, etc., promise numerous technologi-
cal applications and stimulate the extensive studies of these objects [1].
Molecules of these LC’s consist of a disc-like central core and flexible
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aliphatic tails. The information about the long-range orientational and
translational order parameters of the molecules and their fragments im-
prove our understanding of columnar discotic structures. The study of
dichroism of polarized IR bands corresponding to the normal molecular
modes allows us to determine the order parameters of the molecular frag-
ments [2], as well as the parameters of the anisotropic local field of a light
wave acting on these fragments [3]. Besides, the local field effects cause the
mixing of molecular excitations for adjacent absorption bands and have to
modify spectral methods for experimental determination of these para-
meters in discotic LC’s [4]. At the same time, it would be interesting to
check validity of the modeling approaches for determination of the aniso-
tropic local field in the discotic phases. We show that the local field para-
meters can be evaluated within approximation of the effective spheroidal
Lorentz cavity model. On the other hand, the mutually consistent nature
of molecular and structural transformations in discotic LC’s is manifested
by changes of conformational states within particular LC phases and under
phase transitions. Since disc-shaped molecules have a large number of ali-
phatic tails with a variety of conformational states, the molecular polariz-
ability is a sensitive indicator of these changes. However, experimental
data on the polarizability of disc-like molecules and its dependence on
the molecular order and the LC’s phases are very limited. So far the polar-
izability of discogenic molecules in the reentrant nematic phase NDR was
investigated [5]. The temperature behavior of the polarizability was related
to the effects of molecular aliphatic tails disordering. The influence of the
translational ordering of molecules in columns on the molecular-optical
properties is not elucidated for discotic phases. In this paper we systemati-
cally evaluated the mean value c and the anisotropy ca of the molecular
polarizability of the columnar discotic for several wavelengths, with allow-
ance for anisotropy of the local field and in the isotropic approximation.

2. EXPERIMENTAL

The object of investigation is the discotic liquid crystal 2,3,6,7,10,11-hexa-
heptyloxytriphenylene (H7T) with the temperature sequence Cr- 68�C -
Dho- 92.5

�C - I of the phase transitions between crystal, columnar discotic
Dho phases, and isotropic liquid. The uniaxial phase of Dho is two-dimen-
sional hexagonal lattice of molecular columns, which are perpendicular to
this lattice and parallel to the director n [6]. The director n denotes the pre-
ferred axis of orientation of the disc-normal. In the Dho phase the centers of
mass of the molecular cores are translationally ordered along the axes of
the columns. The molecular cores have large values of the orientational
order parameter S ¼ h3 cos2 hln � 1i=2 with respect to n, while the
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disordered aliphatic tails fill the space between the columns. Here, hln is the
angle between the normal l to the core plane and n, and angle brackets h:::i
denote statistical averaging.

To perform IR spectra measurements within whole mesophase more
reliable homeotropic orientation of triphenylene were used. The prep-
aration of the sample was same as in [4]. The spectra of the absorption
bands of the H7T were obtained by Fourier transform infrared absorption
(FTIR) spectrometer Vector-22 with multiscanning and subsequent aver-
aging. In the sample holders the molecules are in a homeotropic orien-
tation, where the light propagates along the optical axes, that enable us
to measure the absorption spectrum polarized normal to the director with-
out using a polarizer. This experimental geometry also minimizes the depo-
larizing effect of multiple scattering of light at fluctuations of the director.
The order parameter S is related to dichroic ratio N ¼ D?=Di of isolated IR
absorption band, where D?;iðm?;iÞ-integrated optical densities, by the ratio

SSb ¼ 1� Ng: ð1Þ

In general the indices jj, ?, I correspond to direction of LC which are
parallel (jj), perpendicular (?) to the director n and isotropic liquid (i).
Here we take the given parameter Sb ¼ ð3 cos2 b� 1Þ=2, where b is the
angle between the transition moment d and the molecular axis of symmetry
l. The correction factor g takes into account the anisotropy of the local field
of the light wave [3]

g ¼ qino

qni

fi

f?

� �2

; ð2Þ

where q, qi are densities of the liquid-crystal and isotropic phase, no;i are
background ordinary and isotropic state refractive indices in the absorption
band due to all other vibrational and electronic resonances. The values

fjj;? ¼ 1þ Ljj;?ðn2
e;o � 1Þ ð3Þ

are components of the local field tensor in the absorption band. The
parameters Ljj;? are the components of the Lorentz tensor L. In isotropic
state, we have fi ¼ ðn2

i þ 2Þ=3.

3. RESULTS AND DISCUSSION

We measured the dichroic ratio N ¼ D?=Di of liquid crystal sample with
homeotropic orientation for IR absorption band m ¼ 1613.5 cm�1. It corre-
sponds to the C–C aromatic stretching vibrations of phenyl rings of the mol-
ecular core, which are polarized in the plane of these rings [2]. For given
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band parameter Sb is equal to �1=2. The temperature dependence of N
is shown in Figure 1. The order parameter S was determined from
Eq. (1) by replacing the dichroic ratios N by the parameter N� ¼ dN, where
the correction [4]

d ¼ 1þ D1507
? =D1613

?
1þ D1507

i =D1613
i

ð4Þ

takes into account the mixing of molecular excitations due to resonance
interaction between molecules. The adjacent intense band m ¼ 1507 cm�1

corresponds to the C–C aromatic in-plane deformation, which is polarized
in the plane of phenyl rings. These separated bands were fitted to the
Gaussian profile, and the integrated optical densities D?;iðm?;iÞ were used

FIGURE 1 Temperature dependence of the dichroic ratio N ¼ D?ðmÞ=DiðmÞ for the
m ¼ 1613.5 cm�1absorption band and the correction factor d.
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for obtaining of temperature dependence of dichroism and the correction d.
As seen from Figure 1 the correction factor d increase from 0.79 till 0.82
with increasing of temperature. Note that for the diluted solution of H7T
this factor is equal to unity.

Dispersion of the refractive indices ne;o;i for treatment of spectral
experimental data is needed. The refractive indices of triphenylene at
wavelengths of 0.488, 0.589 and 0.633 mm were obtained by a temperature
controlled, partially modified [7] Abbe refractometer (Carl Zeiss). Precision
of about 10�3 was determined to the refractive indices measurements. The
temperature dependencies of the refractive indices ne;o;i in the columnar
and isotropic phases of H7T are given in Figure 2. The accuracy of the

FIGURE 2 The refractive indices ne;o;i of H7T as a function of the temperature at

the wavelengths k ¼ 0.488 (1), 0.589 (2), 0.633 mm (3). The solid lines (4) show

values of ne;o;i calculated from eq. 5 for k ¼ 6.2 mm.
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temperature of the specimens was kept constant to �0.1�. The optical ani-
sotropy Dn ¼ no � ne is negative as expected for disc-like polyaromatic
molecules. A slight decrease of Dn with increasing of temperature origi-
nated from slight decrease of S in columnar phase. An experimental value
of Dn at the Dho-I transition is 20% higher than that predicted by the
empirical relation

n2 � 1

qðn2 þ 2Þ
¼ n2

i � 1

qiðn2
i þ 2Þ

: ð5Þ

Here n2 ¼ ðn2
e þ 2n2

oÞ=3. The explanation of this fact can be obtained by
studying of the features of the polarizability variations at Dho-I transition.

A model discussed elsewhere [8] was used for determining the magni-
tude and temperature dependence of the components Ljj;?, of the Lorentz
tensor L, in the columnar phase of H7T. In this model assumed that disk-
like molecule is in an effective Lorentzian cavity. The shape of the cavity
is determined by the orientational-statistics properties of the mesophase.
If S ¼ 1, the shape of the cavity corresponds to a molecular spheroid. If
S 6¼ 1, the short axis of the cavity is along the director n, the cavity is less
anisotropic in shape than is the molecule. In this case temperature depen-
dence of the anisotropy of the Lorentz tensor s ¼ 1=3� L? can be approxi-
mated by

sðDTÞ ¼ smax

Dnmax
DnðDTÞ: ð6Þ

Here Dn is the birefringence of the sample at a given temperature of the
mesophase. Note that the anisotropy s, differently of Dn, is wavelength (k)
independent. The parameters smax and Dnmax correspond to a perfectly
ordered LC sample (S ¼ 1). Previously the parameter smax ¼ 0.18� 0.01
and the value s ¼ 0.16� 0.01 at DT ¼ 22.3�C for H7T were obtained by
methods based on self-consistent measurements of the ordering and local
field parameters [4]. To determine the unknown parameter Dnmax we used
the value Dn measured at the above temperature. The components Ljj;? of
the Lorentz tensor L, in the Dho phase of H7T, are calculated from the con-
dition that Ljj þ 2L? ¼ 1 and the approximation (6). Temperature depen-
dencies of these parameters are given in the insert of Figure 3. The
component L? increases with decreasing of DT contrary to what is com-
monly observed for calamitic LC’s. Nevertheless, the anisotropy of the
Lorentz tensor decreases with decreasing of reduced temperature, since
s is positive for discotic LC’s.

To obtain the background refractive indices at k ¼ 6.2 mm we used sim-
ple dispersion relation n2

e;o;i ¼ 1þ k2Ajj;?;i=ðk2 � Bjj;?;iÞ [9], where the
values of k are expressed in microns. The parameters A and B depend
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on the reduced temperature DT, the polarization and the approximation
interval (kj, kk). The values of Ljj;? and refractive indices ne;o;i approxi-
mated in IR region were used to calculate the background components
fjj;?ðDTÞ of the local field tensor (3) and the correction factor g (2). The
correction factor g ¼ 1.313 � 0.003 is kept constant within whole Dho

phase of triphenylene.
In Figure 3 the values of the order parameter S (circles) determined

from Eq. (1) with all corrections are shown, taking into account the ani-
sotropy of the local field and the mixing of molecular excitations for bands

FIGURE 3 Temperature dependence of the orientational order parameter S at the

columnar discotic Dho phase of triphenylene. Values of S (circles) calculated from

IR data considering the anisotropy of the local field and the mixing of molecular

excitations and values of So (squares) calculated in the isotropic approximation

are shown. Insert: temperature dependence of componentsof the Lorentz tensor

LjjðDTÞ.
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m ¼ 1613.5 cm�1 and m ¼ 1507 cm�1. The order parameter So (squares)
calculated in the approximation of isotropic local field fjj;? ¼ ðn2 þ 2Þ=3
and in agreement to the relation (5) is also shown. In this case we have
the correction factor g ¼ 1. From the abnormality of the relation (5) we ob-
tain the correction factor g < 1 and very low values of the order parameter
of about 0.5. Taking into account the anisotropy of the local field only leads
us to nonphysical values of the order parameter S > 1. As seen in Figure 3
the temperature dependencies of S and So have different character. The
parameter S weakly decreases with increasing of temperature from value
of 0.90� 0.03 till 0.82� 0.05. The behavior of this parameter corresponds
to the nuclear magnetic resonance (NMR) data obtained for the Dho phase
of the H6T homologue [10]. Far from the Dho-I phase transition at
DT ¼ 22.3�C the parameter So is 14% less than S, while at DT ¼ 4�C it is
23%. It means that mixing effects essentially disfigure temperature beha-
vior of the orientational order parameter calculated for chosen absorption
band m ¼ 1613.5 cm�1. Below 4�C the spectral data is not reliable since an
elastic free energy of discotic LC does not hold strong homeotropic orien-
tation of the sample. An inspection under polarizing microscope confirms
the fact of abnormality of homeotropic orientation near to the Dho-I phase
transition. Note that the discrepancy of the temperature behavior of orien-
tational order parameter calculated for two dipole transition moments was
obtained previously for columnar discotic H7T [11]. The behavior of S calcu-
lated for the stretching band m ¼ 1613.5 cm�1 was related to the effects of
tails disordering of disc-shaped molecules in the Dho phase. However, the
temperature curve of S coincides with one of So obtained in the approxi-
mation of isotropic local field. This demonstrates the importance in taking
into account the local field effects for studying the absolute orientational or-
der parameter of the discotic LC’s by spectral methods.

To calculate the main molecular polarizabilities cl and ct of uniaxial
disk-shaped molecule with chosen axis l we used expressions

cl ¼ hci � 2Dc
3S

; ct ¼ hci þ Dc
3S

; ð7Þ

where hci ¼ ðcjj þ 2c?Þ=3 and Dc ¼ c? � cjj. The average longitudinal cjj
and transverse c? polarizabilities of the molecules relative to the director
n of the uniaxial liquid crystalline phase calculated from [12]

cjj;? ¼
Mðn2

e;o � 1Þ
4pqNA½1þ Ljj;?ðn2

e;o � 1Þ� : ð8Þ

Here M is the molecular weight, NA is the Avogadro constant and q is the
density of the mesophase. In the isotropic approximation Df ¼ 0 for H7T
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the mean value c of polarizability is defined as [5]

c ¼ 3Mðn2 � 1Þ
4pNAq½n2 � 2ðn2

o � n2
eÞsk þ 2�

; sk ¼
Q

9ð1� Q=3Þ ; ð9Þ

where Q ¼ ðn2
o � n2

eÞ=ðn2 � 1Þ. On the other hand in the approximation of
the isotropic tensor f the relation

SðTÞ ca
c
¼ n2

o � n2
e

n2 � 1
ð10Þ

is valid. Figures 4 and 5 give the temperature dependencies of the mean
value �cc ¼ ðcl þ 2ctÞ=3 and anisotropy ca ¼ ct � cl of effective polarizability

FIGURE 4 Temperature dependence of c in the columnar phase Dho of H7T. 1, 2

and 10, 20 Experimental values for k ¼ 0.488 and 0.589 mm were found with allow-

ance for the anisotropy of the local field (1, 10) and in the isotropic approximation

(2, 20), respectively.
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for H7T molecules in the Dho and isotropic phases, calculated from Eqs.
(7)–(10). In the calculations we used the measured values S, Ljj;? and
ne;o;i at the wavelengths k ¼ 0.488, 0.589 mm for H7T. As seen in Figures
4 and 5, at the I-Dho phase transition, the value of c increases discontinu-
ously, but in the Dho phase it is practically independent of the tempera-
ture within experimental error. The anisotropy ca of the polarizability of
disc-shaped molecules increases with the increase of temperature. The
use of the isotropic approximation (9)-(10) gives low value of ca and a
value of c which a weak dependence of the phase state. The behavior
of c and ca, calculated in the approximation of isotropic local field,
demonstrates that variations of the polarizability are due to the changes
in the molecular interactions with increasing of S. Nevertheless, these

FIGURE 5 Temperature dependence of ca in the columnar phase Dho of H7T. The

notation is the same as in Figure 4.

418 V. A. Gunyakov and S. M. Shibli

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
0:

35
 1

1 
A

ug
us

t 2
01

2 



variations are not related to the approximation (6), used for calculating
the local field parameters of triphenylene. Note that the behavior of the
parameters c and ca qualitatively corresponds to the mechanism of the
mutual polarization of the molecules induced by their relative orientation
in the mesophase with increasing of S [13]. The anisotropy ca of the ef-
fective polarizability of H7T molecules is sensitive to a weak change of
orientational ordering of the molecular cores within the columns. The
change of the polarizability in columnar phase may be due to a variation
in the conformational mobility of the aliphatic tail chains, since X-ray data
[14] evidence about the increase of the disorder of these chains with in-
creasing temperature. But in this case we can expect different characters
of the dependence of ca and c that we obtained. Apparently, this mech-
anism dominates in the behavior of polarizability in case of discoid nematics.

4. CONCLUSION

The temperature dependence of orientational order parameter and the
local field parameters of the columnar discotic liquid crystal H7T were
studied by combining IR and refractometric data. An abnormality of empiri-
cal relation (5) at Dho-I phase transition was confirmed for several wave-
lengths. This abnormality leads to unjustified low value of the
orientational order parameter for columnar phase and demonstrates the
importance to take into account the local field effects. The same character
of the temperature dependencies of ca and c, calculated with allowance for
the anisotropy of the local field and in the isotropic approximation, shows
the validity of applying of the effective spheroidal Lorentz cavity model and
relation (6) for columnar discotic phase. By using the approximation of the
isotropic tensor f considerably reduced value of ca is obtained in columnar
phase.The experimentally observed changes in the mean value c and the
anisotropy ca are related to the induction mechanism of the change in
the polarizabilities of ordered molecules, proposed previously for calamitic
LC’s. Thus, in spite of relative weak variety of the orientational order para-
meter in the columnar phase of H7T spectral technique is sensitive and it
allows us to obtain information about features of the change of the molecu-
lar polarizability in discotic phases.
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