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INVITED ARTICLE

Study of the biaxiality in the nematic phase of liquid crystals in terms of orientational order
parameters by infrared spectroscopy

A. Kocota,b and J.K. Vija*

aDepartment of Electronic and Electrical Engineering, School of Engineering, Trinity College, University of Dublin, Dublin,

Ireland; bInstitute of Physics, Silesian University, Katowice, Poland

(Received 1 February 2010; accepted 18 April 2010)

The observation and quantification of the biaxiality in the nematic phase of thermotropic liquid crystals is one of
the topical problems in the science of liquid crystals. The biaxiality in the refractive index and/or relative
permittivity, both constituting tensors of the second rank, are expressed in terms of the four scalar order parameters
S, D, P and C and the relevant molecular quantities. In this paper we review the theory of determining these order
parameters using polarised infrared spectroscopy and present the method that we have developed in obtaining
results for the order parameters of tetrapodes (with symmetrical and asymmetrical mesogens) and tripodes with
symmetrical mesogens. In the tetrapodes, four mesogens are linked through the siloxane chains to the central Si
atom. In the tripode, three mesogens are linked to a benzene ring via the oxygen atom through the siloxane spacers.
In the first case a platelet-like structure is formed where the major director corresponds to the highest refractive
index. A disc-like structure is formed for a tetrapode with symmetrical mesogens and for a tripode. The order
parameters are calculated in the framework of the quasi-flat platelets. For the discotic-like structure, the major
director corresponds to the lowest of the three refractive indices. For the three cases, the compounds are shown to
exhibit a biaxial nematic phase. Biaxiality in the refractive indices is expressed in terms of the biaxial order
parameters. A comparison of the results on the I–NU and NU–NB transitions for tetrapodes compare favourably
with the predictions from the mean field models of de Gennes, Virga and his co-workers.

Keywords: biaxial nematic phase; siloxane tetrapodes; siloxane tripodes; polarised infrared spectroscopy

1. Introduction

Liquid crystals are composed of strongly anisotropic

molecules which are generally biaxial. Most of the

commonly observed phases are nematics and smectics;

of the smectics, SmA and SmC are the most common

and simpler structures. However, both the nematic and

SmA phases are normally uniaxial because the molecu-

lar rotations are approximately cylindrically sym-
metric, leading in general to such a phase. In both

nematic and smectic phases, no long-range orienta-

tional order is present, as in the isotropic (I) phase,

but molecules on the average are parallel to each

other. The preferred direction of orientation is called

the director. Alfred Saupe expressed the temperature

dependence of the orientational order parameter of the

nematic phase by ingeniously calculating the mean-field
potential, famously known as the Maier–Saupe poten-

tial, in terms of the scalar orientational order para-

meter, S, and the relative orientation of the molecules

from the nematic director [1]. This work formed the

basis of Alfred Saupe’s PhD thesis. Bisi et al. [2] have

rightly suggested that this potential be henceforth called

the molecular field potential, due to its molecular nature

and furthermore its distinction from the mean-field

phenomenological model of Landau and de Gennes

[3]. The use of an altered terminology from the mean

field to the molecular field is thus a fitting tribute to the
many seminal works of Alfred Saupe. As already

pointed out, the nematic phase is often comprised of

molecules which do not generally have infinite rota-

tional axis and thus lack the perfect cylindrical symmetry

D1h. In such cases the symmetry might be consistent

with D2h where the directors l, m and n are associated

with the preferred orientations of the three symmetry

axes of the orthorhombic molecular block. Freiser [4]
generalised the Maier–Saupe molecular field theory by

including two second-rank tensor order parameters for a

lower symmetry system. These tensor order parameters

were expressed in terms of the three mutually orthogo-

nal unit vectors in the molecular frame. These tensors

can be diagonalised using a frame that coincides with the

directors of a biaxial nematic phase. This diagonalisa-

tion gives rise to the four Straley scalar order parameters
[5], to be discussed later. Thus a biaxial nematic phase,

predicted on theoretical grounds through a simple

extension of the Maier–Saupe potential for a lower

symmetry system by Freiser in 1970 is realisable. The

biaxial phase has two optic axes, though not coincident

Liquid Crystals,

Vol. 37, Nos. 6–7, June–July 2010, 653–667

*Corresponding author. Email: jvij@tcd.ie

ISSN 0267-8292 print/ISSN 1366-5855 online

# 2010 Taylor & Francis

DOI: 10.1080/02678292.2010.488372

http://www.informaworld.com

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1

mailto:jvij@tcd.ie
http://www.informaworld.com


with any of the major or minor directors, along which

linearly polarised light can travel with its state of polar-

isation unaltered by its passage through the material.

This phase arises from a second order phase transition

from the uniaxial, NU, to biaxial, NB, phase at a tem-

perature lower than the isotropic to uniaxial nematic

(I–N) transition temperature. The prediction led to a
considerable flurry in both theoretical and experimental

work in the literature. Ten years later in 1980, Yu and

Saupe discovered the first biaxial nematic phase in a

lyotropic liquid crystal sandwiched between a uniaxial

positive and a uniaxial negative nematic phase in a

system composed of relatively large micelles [6]. Since

this seminal experimental discovery, a number of studies

on biaxiality, especially in thermotropic nematics, have
appeared in the literature. This area of liquid crystal

research continues to attract considerable interest due

to the technological importance of its potential for pro-

ducing fast electro-optic devices and displays, while at

the same time it is highly debated and scientifically

challenging [7–16]. Historically, a number of com-

pounds claimed initially to form a thermotropic biaxial

nematic phase, when re-examined by other techniques
and or measurements repeated by other authors, were

not unambiguously proven to exhibit a biaxial nematic

phase. It is feasible that some of the compounds studied

previously may have had some small biaxiality present in

a part of their nematic phase, or the biaxiality may have

been induced by surfaces. It is also possible that the onset

of biaxiality in the nematic phase may in some cases be

preceded by crystallisation. The molecular arrangement
in biaxial nematics and smectics is shown in Figure 1.

SmC is biaxial mainly as a consequence of the

ordering of the short molecular axes following their

tilt from the layer normal. The major director is along

the tilt, and one of the other two directors lies in the tilt

plane and the second normal to it. However, there are

no reports on the observation of biaxiality in the SmA

phase, except for a system of banana-shaped mole-
cules dispersed in an anisotropic host composed of

rod-shaped molecules, where the texture is interpreted

in terms of a biaxial SmA phase [17]. Recently SmAPR

and SmAPA phases in a few banana-shaped liquid

crystal systems have been discovered [18, 19]. In these

phases, the major director is directed along the layer

normal, whereas the minor director (in these cases the

bow director) in neighbouring layers is either randomly

oriented (SmAPR) or is anticlinic (SmAPA). We can
obtain a biaxial SmAPA polar phase by applying an

in-plane electric field on assuming that these materials

inherently are negative dielectric anisotropic in nature.

However, biaxiality in smectics will not be discussed

further in this article, except to state that the technique

being outlined here is equally applicable to smectics.

The consistent pursuit of the thermotropic biaxial

phase for over 30 years by liquid crystal scientists finally
led to firm evidence being presented in the year 2004 for

a liquid-crystalline system composed of molecules

described variously as banana-like, bow, V and boom-

erang shaped, in which a small macroscopic biaxiality

of � ¼ 0.11 was observed using 2H nuclear magnetic

resonance (NMR) and was found to be temperature

insensitive [20]. The NMR technique, as pointed out by

Luckhurst [21], is extremely powerful for confirming
nematic biaxiality, since the sample is studied in the

bulk and furthermore its directors are not required to

be aligned. The spontaneous biaxiality was confirmed

independently by Acharya et al. [22], who showed

through X-ray studies the orientation of the minor

director from being initially parallel was then directed

normal to the substrate’s surface on the application of

an electric field. The major director was aligned using a
polymer coating on one of the surfaces of the substrate.

Wide-angle X-ray scattering confirmed that the orien-

tation of the major director on the application of the

field was unchanged. The holy grail of liquid crystal

science as stated by Luckhurst [21, 23] had thus been

found. The biaxiality was also confirmed in a side-chain

liquid crystalline polymer [24]. In the same year, Merkel

et al. reported a biaxial phase in two compounds com-
posed of molecular tetrapodes, having symmetrical and

asymmetrical mesogens [25]. In these tetrapodes, the

mesogens are connected to the siloxane core through

four siloxane spacers and the system was shown to form

a quasi-flat platelet. In order to achieve the optimised

packing of the constituents, the mesogens may be tilted

in the plane of the platelet. However, the platelet of the

tetrapode itself is not tilted and has orthorhombic D2h

symmetry. This is being confirmed experimentally

using infrared (IR) polarised spectroscopy on one of

the tetrapodes. Measurements on the end chains of the

mesogens show that these are normal to the substrate in

a homeotropic cell configuration. The biaxiality in tet-

rapodes was confirmed by Cruz et al. [26, 27] using the

deuterium NMR technique, where a deuteriated probe

was used to carry out the investigations. The biaxiality

Biaxial nematic Biaxial SmA Biaxial Smectic C

Figure 1. A schematic illustration of biaxial phases in
nematic and smectic phases of thermotropic liquid crystals
using board-like molecules.
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was also confirmed using the technique of dynamic

light scattering [28] on a compound where the central

Si atom was replaced by Ge; however, the chains were

still siloxanes, as before.

On the computer simulations side, much more sig-

nificant progress has been made. Results of computer

simulations of biaxial nematics have recently been
reviewed by Berardi et al. [29]. In an analytical theory,

Coffey et al. [30] have analysed the dielectric relaxation

of the dipoles parallel to the director (longitudinal) in

the context of the model of non-inertial rotational

Brownian motion of a molecule in a molecular field

potential. For uniaxial molecules in a biaxial potential,

they derived simple analytical expressions for the dielec-

tric susceptibility and relaxation times in terms of para-
meters characterising the biaxial molecular field

potential. In the limit of the negligible biaxiality, their

equation for the dielectric relaxation time reduced to

that of Martin et al. [31] for uniaxial nematic liquid

crystals. To our knowledge, a complete dielectric relaxa-

tion theory of biaxial molecules in the biaxial potential

has not been advanced to date. In order to investigate

experimentally and quantify the biaxiality, techniques
such as NMR and IR spectroscopy, as already pointed

out, need to be used. Raman spectroscopy is yet another

powerful technique which has recently been exploited to

find two parameters of biaxiality [32]. In this paper, we

focus on the development of polarised IR spectroscopy

used to determine quantitatively the scalar order para-

meters. We examine the relevant theory of the order

parameters, then focus on to the experiments and pre-
sent the results for tetrapodes and tripodes.

2. Macroscopic anisotropic properties and the

orientational order parameters

Most applications of liquid crystals are based on using

their anisotropic properties and their dependencies on

pressure, temperature and external fields. Basically,

the macroscopic anisotropic properties of liquid crys-

tals are governed by their molecular behaviour, the

alignment and the orientational order of the constitu-

ent molecules [33–36]. One of the interesting problems
in the science of liquid crystals that is not fully solved is

that of finding a relationship between the molecular

properties and the macroscopic anisotropic proper-

ties. Molecular properties are required to be trans-

formed to the laboratory system by using a

transformation matrix with which a vector defined in

the molecular system is transformed to the laboratory

system. This is usually written in terms of the Euler
angles, which completely define the relationship

between the molecular and the laboratory frames.

We can express this relationship through the micro-

scopic tensor order parameters, provided the

interactions among the molecules can be neglected.

Any macroscopic anisotropic property (for example,

dielectric permittivity, refractive index, magnetic sus-

ceptibility) can be determined if only a set of the order

parameters and the corresponding molecular proper-

ties are known. A Physical quantity such as the relative

permittivity described by a second rank tensor can
thus be expressed by a set of four scalar order para-

meters and the corresponding molecular properties.

The orientational molecular order parameters are

defined by the three diagonal Saupe ordering matrices

[33], one for each of the three axes, i ¼ X, Y, Z:

Sii
ab ¼

1

2
3li;ali;b � �ab
� �� �

; ð1Þ

where a; b ¼ x; y; z; li,a is the cosine of the angle between

the molecular axesa and the laboratory or the phase axes i.
Similarly li,b is the cosine of the angle between the mole-

cular axes b and the phase axes, i. �ab is the Kronecker

delta, for a ¼ b ; �ab ¼ 1 and for a�b ; �ab ¼ 0. From

Equation (1), each i has three elements of S. Figure 2

shows the mutually perpendicular phase (X, Y, Z) and

the molecular (x, y, z) axes and their relative orientations

are given in terms of the Euler angles.

In a uniaxial phase, the ordering of the molecular
long axes is described by the usual S parameter,

S ¼ SZZ
zz , a measure of the average orientation of the

molecular axes, z, with respect to the laboratory axis

Z. The molecular biaxiality in a uniaxial phase is

described by the biaxial order parameter,

x
Y

β

ψ
φ

θ
Z

z

y

pi

n

γ

X

β

Z

Figure 2. Schematics of the orientation of the molecular x,
y and z axis system within the laboratory X, Y and Z axis
system. All possible relative orientations of the two frames
are described by c, �, and f ; � is the polar angle, f is the
angle between the normal to the z–Z plane (i.e. n) and the X
axis. The orientation of the short axis x with respect to n is
represented by c corresponding to the molecular rotation
around z, as the axis of the highest symmetry. � is the
azimuthal angle of the transition dipole moment (the angle
between the projection of the transition moment pi on the
x–y plane and the x-axis).
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D ¼ SZZ
xx � SZZ

yy . D is thus a measure of the difference

between the orientational distribution of the two short

molecular axes x and y with respect to the laboratory axis

Z. If the liquid crystal phase is biaxial, then any second-

rank tensor property, such as the refractive index, electric

and magnetic susceptibilities, has three different principal

components. The phase biaxiality is given by the order
parameter, P ¼ SXX

zz � SYY
zz ; P is a measure of the differ-

ence in the probabilities of finding the z molecular axis

along the X and Y directions of the laboratory system.

For describing the molecular biaxiality in a biaxial phase,

another biaxial order parameter is introduced,

C ¼ D0 � D00 ¼ ðSXX
xx � SXX

yy Þ � ðSYY
xx � SYY

yy Þ, a difference

in the distribution of the x and y axes of the molecular

system with respect to the X and Y axes of the laboratory
system, respectively. On using the definitions of the order

parameters as expressed by the Saupe ordering matrices

[33] through Equation (1), we find

S ¼ SZZ
zz ¼

1

2
ð3l2

Z;z � 1
D E

;

D ¼ SZZ
xx � SZZ

yy ¼
3

2
ðl2

Z;x � l2
Z;y

D E
;

P ¼ SXX
zz � SYY

zz ¼
3

2
ðl2

X ;z � l2
Y ;z

D E
;

C ¼ ðSXX
xx � SXX

yy Þ � ðSYY
xx � SYY

yy Þ;

¼ 3

2
½ðl2

X ;x � l2
X ;yÞ � ðl2

Y ;x � l2
Y ;yÞ�

D E
:

ð2Þ

The projection of a unit vector, directed along a, to the

b axis is given by la;b. On using the coordinate system
given in Figure 2, the set of Equations (2) leads to

S ¼ 1

2
ð3 cos2 �� 1Þ
� �

;

D ¼ 3

2
ðsin2 � cos 2cÞ
� �

;

P ¼ 3

2
ðsin2 � cos 2fÞ
� �

;

C ¼ 3

2
½ð1þ cos2 �Þ cos 2f cos 2c
�

�2 cos � sin 2f sin 2c�i:

ð3Þ

In the first case, if the molecular rotation around its

molecular long axis is free, i.e. when the molecules are

rod-shaped or any orientation around its molecular

z-axis (the axis of highest symmetry) is equally prob-

able, then cos 2c ¼ 0h i and hence D is zero. In the

second case, if the molecules have equal probability

distributions around the laboratory X and Y axes,

which means that the thermal fluctuations of the long
molecular axis in both X and Y directions are equally

probable, then cos 2fh i ¼ 0, making P ¼ 0. If both

conditions are satisfied then D ¼ P ¼ C ¼ 0.

P represents the anisotropic thermal fluctuations of the

long molecular axes of the constituent molecules with

cylindrical symmetric rotation, and it therefore represents

the phase biaxiality for uniaxial molecules. The order

parameter C corresponds in a complicated way to the

biased rotation around the long molecular axis. The

order parameters C and P defined by the Saupe ordering
matrices [33] differ from those given by Straley [5] due to

a difference in their definitions. We can easily find

CSaupe ¼ 3ðCStraley ; VÞ
and

PSaupe ¼
3

2
ðPStraley ; TÞ:

ð4Þ

The S and D parameters defined by Saupe [33] and

Straley(S and U) [5] are the same. Straley denoted the

biaxial parameters as S, T, U and V. These are related

to Saupe’s S, P, D and C as given here.

3. Polarised infrared spectroscopy

Polarised IR spectroscopy is a very powerful and a

valuable technique for investigating systems with an

unusual molecular structure such as those in biaxial

nematics and smectic liquid crystals. The polariser is

rotated to vary the angle of polarisation and the spec-

tra are recorded as a function of this angle. This is to

test the symmetry of the phase. Here we present results

for only two angles; one gives the maximum absor-
bance and the second position is adjusted at right

angles to it. The use of IR spectroscopy for the study

of liquid crystals was initiated in the laboratory of

Glenn Brown in the mid 1960s [37], where expressions

for IR dichroism in terms of the order parameter were

established, though a simple expression for the IR

dichroism in terms of S had already been worked out

by Maier and Saupe [38]. Since the 1970s, however, the
technique has been rather sparingly used in the litera-

ture. Nevertheless, IR spectroscopy itself is widely

used both in industry and in the scientific literature

as a fingerprint of vibrational bands of molecules for

material characterisation, and for examining the beha-

viour of molecular conformations [39]. A study of the

alignment of discotics and the investigation of their

order parameter(s) has been made using polarised IR
spectroscopy [40, 41]. Works on the relationship

between the dependencies of absorbance on the angle

of polarisation, and works on the distribution para-

meter of the carbonyl bond close to the chiral centre in

the chiral smectics using polarised IR spectroscopy,

have been reviewed previously [42]. We have devel-

oped the technique for determining a set of four scalar

order parameters in order to express the second-rank
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tensorial physical property such as the refractive index
or permittivity [43–45] in terms of the relevant mole-

cular properties. The analysis presented is valid for the

orthorhombic or the D2h symmetry, but can be

extended to monoclinic C2h and triclinic Ci symmetries

[46]. Normal incidence of the IR beam is being con-

sidered here. In order to probe the symmetry of the

phase of the tetrapodes, we investigate the dependence

of IR absorbance of a number of transition dipoles of
different orientations in the molecular frame as a func-

tion of the angle of polarisation for tetrapode B. They

all show overall D2h symmetry, i.e. the absorbance

profiles are oriented either at 0� or 90� with respect

to each other. Figure 3 is an example for the two bands

of a tetrapode: one parallel and the second normal to

the core of the mesogen, phenyl stretching band at

1604 cm-1 and phenyl C-H out of plane 762 cm-1 for

the homeotropic aligned sample of tetrapode B; their

maxima lie at an angle of 90 � 2�. This shows that the
principal axes in the plane of the substrate are normal

to each other within the accuracy of the experiment.

The third principal axis would be at right angles to the

plane containing these two axes.

We discuss a detailed quantitative relationship

between the observed IR macroscopic properties and

the microscopic order parameters for the second-rank

order parameter tensors for the system with D2h sym-
metry. Hild et al. showed that if in the calculation of the

orientational order parameter, S, the molecular biaxial

order parameter D in the expression was ignored, a

determination of S alone could be subject to errors [43].

4. Infrared absorbance components

In an orientationally ordered sample, the IR absor-

bance components are dependent on the angle

between the alignment axis and the polarisation direc-
tion of the incident light. At a microscopic level, the

infrared absorption depends on the projections of a

molecular transition dipole moment, mi, of a particular

absorption band on the principal axes and the angle

between the IR polarised light and the principal axes.

If the effect of the molecular interactions and the local

field are neglected, then the absorbance components

along the principal laboratory axes can be written
down in terms of the components of the dipole

moment along the molecular axes. Since the compo-

nents need to be averaged over all possible orienta-

tions of molecules, the averages over the products of

direction cosine matrices contain the orientational

order parameters. The theory has been worked out

for the magnetic susceptibility [33] and we adapt the

equations derived from this to IR spectroscopy. The
absorbance components along the laboratory axes X,

Y and Z are found to be

where

A0 ¼
1

3
ðAXX þ AYY þ AZZÞ: ð6Þ

AXX ¼ A0 � B
1

3
ðS � PÞ ðmiÞ2n �

1

2
ðmiÞ2l þ ðmiÞ2m
� 	
 �

þ 1

6
ðD� CÞ ðmiÞ2l � ðmiÞ2m

n o� 
;

AYY ¼ A0 � B
1

3
ðS þ PÞ ðmiÞ

2
n �

1

2
ðmiÞ

2
l þ ðmiÞ

2
m

� 	
 �
þ 1

6
ðDþ CÞ ðmiÞ

2
l � ðmiÞ

2
m

n o� 
;

AZZ ¼ A0 þ B
2

3
S ðmiÞ2n �

1

2
ðmiÞ2l þ ðmiÞ2m
� 	
 �

þ 1

3
D ðmiÞ2l � ðmiÞ2m
� 	n o� 

;

ð5Þ

0
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180

210

240

270

300

330

0.2

0.3
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0.2

0.3

0.4

A
 (

ω
) ω

Figure 3. Polarisation angle dependence of the
absorbance peak intensity I(o): � for the 1604 cm-1 band
and & for the 762 cm-1 of the tetrapode B at 373 K in the
planar configuration of the cell (colour version online).
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A0 is the mean absorbance of the isotropic fluid; ml, mm,

mn, are the components of the transition moment along

the principal molecular axes l, m, n for the particular

absorption band. If the correlations of the transition

dipoles expressed by the Kirkwood correlation factor

are neglected, then the summation rule, Bm2 ¼ A0,

must be obeyed; here A0 is a constant. It is more
convenient to express the set of equations in terms of

the direction cosines of dipolar directions; since

ðmiÞl ¼ jmijli, the set of Equations (5) becomes

However, it is sometimes convenient to relate the absor-

bance components to the mean value of the absorbance

measured in a disordered system, i.e. in the isotropic

phase. A set of relations (see Equations (7)) for the

absorbance can be converted into angular dependencies

of the polar and azimuthal angles of the transition

moment shown in Figure 2. The transition moments

can have any orientation in the three-dimensional
space. These result in the following set of equations

AXX=A0 ¼ 1þ ðS � PÞ ½3
2

sin2 b� 1�
þ 1

2
ðD � CÞ½sin2 b cos 2��;

AYY=A0 ¼ 1þ ðS þ PÞ ½3
2

sin2 b� 1�
þ 1

2
ðD þ CÞ½sin2 b cos 2��

and

AZZ=A0 ¼ 1þ S½2� 3 sin2 b�
�D½sin2 b cos 2��;

ð8Þ

where b is the polar angle between the transition

dipole moment and the z-axis of the molecule, � is

the azimuthal angle, the angle between the projec-

tion of the transition dipole on the x–y plane and the

x-axis of the molecular system shown in Figure 2.

Values of b for different bands are obtained from

molecular structure simulations, b , 0� for the phe-

nyl band at ,1608 cm-1. However, in cases where the

phenyl rings are separated by a carbonyl group, b
varies from 6 to 10�; b ¼ 61� for the carbonyl dipole

at 1708 cm-1, but it can also vary from 60 to 80�

depending on the molecular structure. � is estimated

by fixing the molecular coordinate system to the geo-

metry of the molecule, see Figure 4 for a tetrapode
having longer mesogens with the symmetrical disposi-

tion of the carbonyl bonds, as is conveniently possible

and it can then be easily determined. � for a given bond

and conformation is fixed since this is the azimuthal

angle of the transition dipole moment in the molecular

system, but its value may be different for different

conformers. In a complicated system there may be

two carbonyl bonds; one of these lies in the z–x

plane, for which � ¼ 0, but the second may be at an

angle to this plane and its � needs to be estimated. Such

cases are considered separately by estimating the con-

tribution to the absorbances made by each band. In

many cases the molecular simulations are helpful in

finding the appropriate values of b and � for a vibra-

tional band of interest. Ifb� 0�, the set of Equations (8)

indicates that � need not be known. Table 1 gives
vibrational frequencies for a number of commonly

observed bands of mesogenic molecules with their

polarisations, parallel and transverse, as measured

with reference to their molecular long axes.

AXX ¼ A0 � BðjmijÞ
2 1

3
ðS � PÞ ðliÞ2n � 1

2
ðliÞ2l þ ðliÞ

2
m

� 	n o
þ 1

6
ðD� CÞ ðliÞ2l � ðliÞ

2
m

n oh i
;

AYY ¼ A0 � BðjmijÞ2 1
3
ðS þ PÞ ðliÞ2n � 1

2
ðliÞ2l þ ðliÞ

2
m

� 	n o
þ 1

6
ðDþ CÞ ðliÞ2l � ðliÞ

2
m

n oh i
;

AZZ ¼ A0 þ BðjmijÞ2 2
3
S ðliÞ2n � 1

2
ðliÞ2l þ ðliÞ

2
m

� 	n o
þ 1

3
D ðliÞ2l � ðliÞ

2
m

� 	n oh i
:

ð7Þ

O
Si

CH3CH3

Si
O

Si O
CH3

CH3

CH3

CH3

O

O

O

O
O

O

*

Si 4

x 

z y 

Figure 4. Structure of a conformer of siloxane tetrapode B and its molecular frame of reference. Each mesogen has four
benzene rings with the symmetrical disposition of benzene rings. Transition temperatures are given later in Figure 6(b).
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Measurements made in the planar configuration

give AYY and AZZ. For the cell in the homeotropic

configuration, two absorbance components, AXX, and
one out of the other two components, AYY (or AZZ),

are measured. The latter needs to coincide with either

of the two components measured in the planar config-

uration, and this decides as to which of the two com-

ponents it corresponds. In this way we have two

equations for each transition dipole moment pre-

selected depending on the molecular structure under

investigation. The two appropriate dominant vibra-
tional bands for known values of b are picked from a

given molecular structure. For calculating the order

parameters for the mesogen, the two bands selected

are usually the phenyl stretching vibration ,1160

cm-1 or at ,1608 cm-1 and the carbonyl stretching

band at ,1738 cm-1. The azimuthal angle, �, is found

using the method given later. In many cases � , 0� or�
180�, if the transition moment lies in the x–z plane.
Since � is the angle between the projection of the transi-

tion moment, on the y–x plane, and the x-axis and if the

projection is parallel or anti-parallel to the x-axis, then

� ¼ 0� (180�). In either case, cos 2� ¼ 1. If � ¼ 90� or

(-90�), i.e. the projection is along or against the y-axis,

cos 2� ¼ �1 for both positive and negative �.
Intermediate values of � are also possible. On the

other hand, if the components of the transition moment

along the three axes are known, then a set of Equations

(8) can be used to find the set of scalar order para-

meters. A0 is determined as the total absorbance

above the N–I transition temperature,

AXX þ AYY

2A0
¼ 1þ Sð3

2
sin2 b� 1Þ þD

2
sin2 b cos 2�;

AYY � AXX

2A0
¼ Pð3

2
sin2 b� 1Þ þ C

2
sin2 b cos 2�:

ð9Þ

In order to find the set of four scalar order parameters, we

again need to select at least two appropriate dominant

vibrational bands with known values ofb.� is determined

as discussed previously. We can thus find the four scalar
order parameters as average values over the four meso-

gens, for the chains and for the spacers of a tetrapode.

5. Experimental method

The schematic of the experimental set up is shown in

Figure 5. The sample cell is mounted within a heating/

Table 1. Assignment of the vibrational bands used in liquid
crystalline systems with their polarisations. The bands with
wave numbers underlined are intense and commonly used.

Wavenumber

cm-1 Assignment Polarisation

3040 CH stretching ||

2956 CH3 asymmetric stretching ^
2928 CH2 asymmetric stretching ^
2872 CH3 symmetric stretching ^
2857 CH2 symmetric stretching ^
1737 C¼O stretching ^
1606 Phenyl ring stretching ||

1572 Phenyl ring stretching ||

1510 Phenyl ring stretching ||

1495 CH3 asymmetric deformation þ
phenyl ring stretching

1468 CH2 scissoring mode ^
1422 CH2 scissoring mode ^
1390 CH3 in-plane symmetric deformation

1300 Phenyl C–C in-plane deformation ||

1270 Si–CH3 symmetric deformation

1254 Ph–O–C stretching ||

1198 Phenyl C–H in-plane deformation ||

1164 Phenyl C–H in-plane deformation þ
C–C–C skeleton vibration

||

1134 Phenyl C–H in-plane deformation ||

1069 Si–O–Si stretching ||

1053 Al–O–C asymmetric stretching ||

1005 Phenyl C–C in-plane deformation ||

868 CH2 rocking mode þ phenyl C–H

out-of-plane

^

836 C–O–C symmetric stretching þ Si–C

symmetric stretching

^

793 Si–CH3 rocking ^
763 Phenyl C–H out-of-plane ^
656 Phenyl C–C in-plane deformation ||

Y

Z

X

polariser

sample

δ

polariser

sample

ω

Figure 5. A schematic of the measurement system is
shown. Cell of KBr/ZnSe windows containing the sample is
mounted on the heating/cooling stage and the IR beam is
incident normally. The cell can be rotated along the normal
to the direction of incident IR beam as shown, by a motor
attachment. The polariser mounted on a special mount can
be rotated automatically with an angular accuracy of� 0.1�.
For the planar homogeneously aligned sample both AXX and
AZZ can be measured. For the homeotropic sample, AXX and
AYY are measured; axes X, Y and Z of the laboratory system
are shown for the homeotropic configuration, with Z more
or less lying along the director in both cases. For the
homeotropic alignment, the laboratory axes Y and Z are
rotated around X by an angle of 90�.
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cooling stage. The homogeneously planar-oriented

sample was obtained by coating KBr/ZnSe windows

with a polymer solution coating. In order to obtain

homogeneous orientation of the director on the sample

windows, these were spin-coated with a 0.2% solution

of nylon 6/6 in methanol, dried at ,100�C for about 30

min, following which one of the two windows was
rubbed in a specific direction. Mylar foil was used as a

spacer, and the thickness of the cells fabricated was deter-

mined by the measurements of the interference fringes.

The sample for the IR study was aligned in between the

optically polished KBr/ZnSe windows. The quality of the

alignment has been tested using polarising microscopy.

The texture of the sample was monitored using a polaris-

ing microscope that was used for characterising the phase
prior to its investigation by polarised IR spectroscopy.

The optical axis of the sample stays fixed parallel to the

rubbing direction and a reasonably high contrast ratio is

observed. Only ZnSe windows are transparent to both the

visible and IR. Homeotropic alignment was obtained by

coating KBr/ZnSe windows with a carboxylatochro-

mium complexes (chromolane) 1% solution in iso-propa-

nol. The solution was spin coated at a speed of ,2000 rev/
min for 100 s and then the substrate was baked at 150�C.

Alternatively, we have also spin coated the KBr/ZnSe

windows with AL60702 polymer solution (JSR Corp.

Japan) obtained through Samsung, Korea, for the home-

otropic alignment. In some cases this is a better aligning

agent for the homeotropic configuration. The aligning

agent was spin coated at the speed of 4000 rev/min for a

time of ,100 s. The substrate was kept at a temperature
of 80�C for 15 min, then kept at 180�C for a further ,15

min. The substrate was rubbed and then finally kept at

210�C for a further ,15 min prior to its use as one of the

windows of the cell. The second window of the cell was

treated similarly.

The minor director of the sample was aligned along

the easy axis of the windows especially of KBr. The

phenyl stretching band (1160 cm-1) was found to be an

excellent indicator for both the nematic and the biaxial

orderings. For the tetrapode with the asymmetric meso-
gen (structural formula given in Figure 6, called A), the

temperature range of the uniaxial and biaxial phases

was established through direct observation of the absor-

bance components AXX and AYY, shown in Figure 7.

Two regions of the nematic phase are easily distinguish-

able: uniaxial, where the two perpendicular absorbance

components are equal, and the second biaxial, where

AXX starts to exceed AYY. This implies that, on average,
the mesogens are tilted along the X rather than along the

Y direction. In order to determine whether branches of

the tetrapode are aligned homeotropically, i.e. normal

to the substrate or not, the stretching symmetric (,2900

cm-1) and asymmetric (,2800 cm-1) bands were exam-

ined. Values of � could easily be established and were

found to be 0� for the symmetric vibration and 90� for

the asymmetric vibration for a particular conformation
of the molecule. The results give S ð.0:3Þ, a typical

value of S for an orthogonal alignment of the chains

as in the SmA phase. Negligible values for D, P, and C

were obtained for the chains. These results show that the

alignment of the chain was indeed homeotropic. A pla-

telet is formed by the four mesogens in which the meso-

gens may be tilted but the major axis of the platelet is

normal to the substrate. In order to estimate the angle
by which the mesogens are tilted in the platelet, we have

determined the apparent order parameter of the meso-

gens. If Sapp so determined for the homeotropic

(c) 

x

y 

z

(a) 

(b) 

NB 310K NU 320K I

Si
O

Si
Si

O
Si O

O

O

OC
11

H
23

H
17

C
8
O

4

Cr 327K Sm 359K NB 405.4K NU 405.9K I

Si
O

Si
Si

O
Si O

O

O

O

O
OC

8
H

17
H

17
C

8
O

4

Figure 6. Molecular structure of tetrapodes: (a) A and (b) B with the asymmetric and symmetric mesogens, respectively. (c)
Platelet formed by a molecule of the tetrapode A (colour version online).
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alignment shows unusual temperature dependence for

example, it decreases with a reduction in temperature

and its value departs significantly from that found for

the mesogen with planar configuration, then

Sapp ¼ SP2ðcos#Þ; ð10Þ

where # is the angle by which the mesogens are tilted

and P2 is the second Legendre polynomial. This is used

to calculate # if S is taken from the planar configura-

tion. New coordinates of a particular transition dipole

moment within the frame of reference of the platelet

are established and a set of four order parameters are

recalculated for the platelet. The IR spectra were

recorded using a Bio-Rad FTS-6000 spectrometer
with a resolution of 1 cm-1 and these spectra were

averaged over 64 scans. An IR-KRS5 grid polariser

was used to polarise the IR beam.

6. Results of the order parameters for the tetrapodes

6.1 Asymmetrical

Each mesogen contains three rings, and this compound

is termed as the one having asymmetrical mesogens (or

an asymmetrical tetrapode). Three components of the

IR absorbance, one along and the two perpendicular to
the nematic director, were measured for the planar

homogeneous and homeotropic sample geometries and

shown in Figure 7. At a certain temperature, we

observed AXX . AYY ; this implies that the mesogens

on the average are tilted along the X relative to the Y

direction. The three absorbance components were con-

verted into the four scalar order parameters of the meso-
gens (average over the four mesogenic groups) by the

procedure described in Section 4. The order parameters

for the chains were also calculated, and these indicated

that the chains are indeed normal to the substrate. If the

mesogens in the homeotropic configuration are tilted by

an angle #, the order parameter of the mesogens, Sapp, is

transformed to that for the platelet using Equation (10),

results for which are shown in Figure 8.
The observed sequence of phase transitions (see

Figure 8) is found to be: at higher temperature there is

an isotropic–uniaxial nematic phase transition where

both S and D are different from zero; the second transi-

tion occurs at a lower temperature, where both P and C

are also non-zero. A relatively large value of the phase

biaxiality is thus found to be present in a part of the

nematic phase of the tetrapode. The schematic diagram
of the platelets formed by the tetrapode is shown in

Figure 9. The platelets are not shown perfectly ordered

along the major director as the order parameter S is

considerably less than unity.

6.2 Results for the tetrapode with the mesogen having
a longer core (symmetrical mesogen)

This tetrapode consists of four rings with an asymme-
trical arrangement of the carbonyl bonds as opposed

to three previously. This is called the symmetrical

tetrapode, and is shown in Figure 6(b). Magnitudes

of the absorbances AXX and AYY for the mesogens are

such that AXX is larger than AYY but lower than AZZ.

AXX and AYY are the experimentally measured

280 290 300 310 320

0.5

1.0

1.5

AXX – C=O

AYY – C=O

AYY – ph

AXX – ph

AZZ – ph

INB NU

A
X

X
, A

Y
Y
, A

Z
Z

T(K)

Figure 7. (colour version online). Absorbance components
normalised with those of the isotropic phase for A: �, AXX; ,,
AYY ; }, AZZ values for its phenyl ring stretching band 1160
cm-1, &, AYY ; }, AXX for the carbonyl 1738 cm-1, AXX and
AYY are measured for the homeotropically aligned sample,
whereas AXX and AZZ are measured for the planar
homogeneously aligned sample. Figure redrawn, with
permission, from Merkel, K.; Kocot, A.; Vij, J.K.; Korlacki,
R.; Mehl, G.H.; Meyer, T. Phys. Rev. Lett. 2004, 93,
237801–1–4. Copyright 2004 by the American Physical
Society1.

0.0

0.2

0.4

0.6

INUNB

S

T (K)

0.0

0.2

0.4

C

D

P

S

D
,P

,C

280 290 300 310 320

Figure 8. (colour version online). Order parameters for the
tetrapode A: &, S; *, P; ,, D; }, C, solid line: predicted by
the molecular field model of de Gennes. Figure redrawn, with
permission from Merkel, K.; Kocot, A.; Vij, J.K.; Korlacki,
R.; Mehl, G.H.; Meyer, T. Phys. Rev. Lett. 2004, 93,
237801–1–4. Copyright 2004 by the American Physical
Society1.
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absorbances in the plane of the substrate. AZZ is the

calculated value using Equation (6) and this is found by
measuring the total absorbance A0 with reference to the

isotropic phase. The mesogenic groups are tilted by an

angle ranging from 30�–37�, with respect to the normal

to the substrate, the tilt angle increases with decreasing

temperature.

6.3 Tripode

The tripode is built up again of longer mesogenic
groups; each of the mesogens has four rings and

these are linked to the central benzene ring through

an oxygen atom as shown in Figure 11, and the sche-

matic diagram of the platelet is shown in Figure 12.

The order parameters S and D for the terminal

chains are calculated and these indicate that the chains

are indeed normal to the substrate. They show rather

typical values of S, see Figure 13, which confirms the

370 380 390 400

0.0

0.2

0.4

0.6

S
, –

D
, P

, –
C

T(K) 

Figure 10. Order parameters of the tetrapode platelet with
respect to the frame shown in Figure 11: &, S; *, - D; �, P
and ,, - C. The mesogenic groups are assumed to be tilted in
the x–z plane of the platelet, the y-axis of the platelet is chosen
perpendicular to the tilt plane of the platelet (colour version
online).
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Figure 11. Chemical structure of the tripode with the
phase sequence: SmX 310.5 K N 374.6 K I. Each platelet is
formed such that the a and c dimensions lying along the
x and z directions are of comparable lengths in which the
mesogens are tilted and the b dimension along the y direction
is much smaller. We choose the director along the
z direction, in the plane of the platelet.

Z

X 

Y
y

z 

x

Figure 12. Schematic of the two platelets formed (as an
example) by the tripode. The molecular system is represented
by x, y and z. Axes X, Y and Z correspond to the laboratory
frame. The IR is incident along the Z direction, (X–Y) is the
plane of the substrate; X is the rubbing direction. The dotted
platelet corresponds to the up/down equivalence (colour
version online).

y

z 

x 

Z

X

Y 

Figure 9. Schematic of the platelets formed by the
tetrapode. The molecular system is represented by x, y and
z. The mesogens are tilted in the (x–z) plane. Axes X, Y and Z
correspond to the laboratory frame. The IR is incident along
the Z direction, (X–Y) is the plane of the substrate with X
being the rubbing direction. The platelets are not shown
perfectly ordered along the major director as the order
parameter is considerably less than unity.

310 320 330 340 350 360 370 380
0.0

0.1
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CH2sym str. 2855 cm–1
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S of the chains

D for chains

Figure 13. The parameters S and D: &, S; *, D of the
terminal chains of the tripode (colour version online).
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vertical arrangement, on average, of the terminal

chains to the substrate.

The magnitudes of the absorbances AXX and AYY for

the mesogens, which are the experimentally measured

absorbances in the plane of the substrate, are shown in

Figure 14. AZZ can be calculated using Equation (6) and
this is found by measuring the total absorbance, A0, in

reference to the isotropic phase. AXX and AZZ are com-

parable but both are larger than AYY. The cores of the

mesogenic groups are tilted by an angle of ,55–60�

measured with respect to the normal to the substrate.

The results given in Figure 15 appear at first instance

to be confusing. The nematic order parameter S is very

small and is even negative at higher temperatures. This
is presumably because of strong fluctuations of the

z-axis, which is supposed to be the main director.

Also, the value of the C parameter is much higher than

obtained for tetrapode A.

The results obtained for terminal chains show quite

large values of the phase biaxiality parameters P and C,

see Figure 15. Gorkunov et al. [48] have shown that by

increasing the tilt of the mesogens (here ,55�), the
dimensions a and c become comparable to each other

and both are larger than the dimension b. Thus the

system may behave rather like a distorted discotic,

which is possible if the system is on the other side of

the triple point. Gorkunov et al. [48] have also shown

that the definition of the order parameter is not intrinsi-

cally symmetric with respect to the exchange of the

molecular axes. They point out that it is essential to
select the primary molecular axis, say z, and then the

two remaining secondary axes are treated in a symme-

trical way. We select the z-axis as the nematic director as

in the uniaxial nematic phase. For the case of rod-like

molecules, where the primary axis is that of a biaxial
ellipsoid with semi-axes a, b, c, the latter is parallel to the

axis z if c . b and c . a. For the tripode with four

mesogen rings, however, the tilt is larger and the frame is

altered to a disc-like structure. For the case of a discotic,

however, the shortest of the three semi-axes, say again

the dimension c, is chosen as the z-axis. The other two

axes lie in the plane of the distorted disc and one of them

is slightly larger than the other. The results for the order
parameters of the mesogens are converted into that of

the frame of the platelet of a disc-like structure.

Also, the symmetry of the experimental results for the

absorbance of the stretching phenyl dipole (,1600 cm-1)

of the mesogens indicates such a case (AZZ ’ AXX ..

320 330 340 350 360 370

0.0

0.1

0.2

0.3

0.4

using

CH2symstr. 2855 cm–1

CH2as str. 2926 cm–1

P
, 
C

T (K)

P for chains

C for chains

Figure 16. The order parameters P and C for the chains of
the tripode (colour version online).
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X
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Y
Y

T (K)

Figure 14. Normalised absorbance components for the
mesogens of the tripode scaled with respect to those in the
isotropic phase: &, AXX; *, AYY for 1605 cm-1 phenyl
stretching band and: �, AXX; ,, AYY for 1738 cm-1, C¼O
stretching band. AXX and AYY are measured for the
homeotropically aligned sample: AXX is the absorbance
along the rubbing direction and AYY is normal to it (colour
version online).
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Figure 15. Order parameters of the tripode platelet with
respect to the frame shown in Figure 11: &, S; *, D; �, -P
and ,, C. Note that P is negative. All mesogens are assumed
to be tilted in the x–z plane of the platelet, the y-axis of the
platelet is chosen perpendicular to the tilt plane of the
mesogen (colour version online).
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AYY). AXX and AYY are the experimentally measured

absorbances in the plane of the substrate. AZZ is the

value calculated using Equation (6). A0 is found by mea-

suring the total absorbance in the isotropic phase.

Therefore it is convenient to convert results to another

frame, ( z) x, x) y, y) z ) that reflects the symmetry

of the disc-like system (now z is along the smallest dimen-

sion), which is a physically meaningful picture. We
obtain S, P, D and C as shown in Figure 17 using the

formulae derived by Gorkunov et al. [48].

7. Relationship between the biaxiality and the order

parameters

In this section we wish to connect the scalar order para-

meters with the refractive index anisotropy. The analysis

of nematic biaxiality in terms of the order parameters is
based on some of the formulae derived by Song et al.

[49]. We assume the z-axis of the molecular axis to

be the axis of the highest polarisability; the mini-

mum polarisability lies along the x-axis. Then the

molecular polarisability tensor is written as

amol ¼
axx

0
0

0

ayy

0

0

0
azz

0
@

1
A: ð11Þ

On averaging over the molecular orientations, we can

consider that each molecule has, at the centre of its

gravity, the effective polarisability tensor

a ¼
aXX

0

0

0

aYY

0

0

0

aZZ

0
@

1
A: ð12Þ

The principal values aii (i ¼ X, Y, Z) are given by

Dunmur and Toriyama [50]

aXX ¼ �a� 1

3
�aðS � PÞ þ�a?

ðD� CÞ
2

� 
; ð13Þ

aYY ¼ �a� 1

3
�aðS þ PÞ þ�a?

ðDþ CÞ
2

� 
; ð14Þ

aZZ ¼ �aþ 2

3
�aS þ�a?

D

2

� 
; ð15Þ

where �a is the average polarisability, and �a and �a? are

the birefringence and the transverse anisotropy of the

molecular polarisabilities, respectively. These are given by

�a ¼ ð1=3Þðaxx þ ayy þ azzÞ;
�a ¼ azz � ð1=2Þðaxx þ ayyÞ;
�a? ¼ ðaxx � ayyÞ:

ð16Þ

We now examine the relationship between the effective
polarisability tensor with the principal axes (X, Y, Z) and

the dielectric permittivity tensor with principal axes (X0, Y0

and Z0) by considering the local field effect. In general,

X
0
�X; Y

0
�Y ; Z

0
�Z. In the approximation of the

isotropic local field, introduced by Vuks [51],

n2
ii � 1

n2 þ 2
¼ 4pNaii

3
; ð17Þ

where N is the number of molecules per cm3.

n2 ¼ ð1=3Þðn2
XX þ n2

YY þ n2
ZZÞ is the mean square refrac-

tive index. We find

nXX � nYY ¼
4pN

3

n2 þ 2

2n?
ðaYY � aXX Þ; ð18Þ

nXX � nYY ¼
4pN

9

n2 þ 2

2n?
ð2�aPþ�a? CÞ; ð19Þ

where

n? ¼
nXX þ nYY

2
: ð20Þ

Normally, �a>>�a?, by a factor of at least 10.

Equation (19) shows that if P ’ 0, then the refractive

index anisotropy comes mainly from C, the biasing of

rotations along the long molecular axes. On knowing

330 340 350 360 370 380
0.0

0.2

0.4

0.6
S

, D
, P

, C

T (K) 

S

D

P

C

Figure 17. Order parameters for the tripode platelet with a
converted frame of reference with reference to that shown in
Figure 12 such that (z) x, x) y, y) z): &, S; *, D; �, P
and ,, C. All mesogenic groups are now assumed to be tilted
in the x–y plane of the platelet, the z-axis of the platelet is
chosen to be normal to the platelet. The transformation
equations derived in Gorkunov et al. [48] are used to
calculate these parameters (colour version online).
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�a? and n?, we can determine the biaxialityðnX � nYÞ. P

can be positive or negative, depending on the relative

fluctuations of the long molecular axes along the X and

Y directions. However, C is generally positive. This can

be negative for some compounds in the SmC* phase [49],

where the shortest axis of polarisability is normal to the

tilt plane. In most compounds, the shortest axis of polari-
sability lies in the tilt plane. It should be noted that

Equation (19) for the phase biaxiality is not explicitly

dependent on the parameter D, but D contributes to C,

which is explicitly included in the expression for the

biaxiality in the refractive index.

8. Discussion of the order parameters

We find that the orientational order parameter S is

discontinuous for the tetrapode A at the I–NU transition,

confirming the first-order transition. The molecular
biaxiality parameter D is small but finite in the NU

phase. At the NU to NB transition, the biaxial order

parameters P and C increase rather continuously, indi-

cative of the second-order NU–NB transition. P increases

to ,0.35, whereas C increases only to ,0.1. The surpris-

ing aspect of our results for the tetrapode having asym-

metrical mesogens is that C is much smaller than either P

or D. For a perfect nematic ordering, i.e., for S ! 1,
Sonnet et al. [52] predict that C based on its definition

should be C! 3 and P � 0.1 as P is a measure of the

difference in the fluctuations of the long molecular axis

in the X–Y and Y–Z planes. The discrepancy in the

predicted and experimental results shows that the sys-

tem is not close to the perfect nematic ordering. The

packing of these tetrapodes may be such that P stays

higher than calculated theoretically in the temperature
range of experimental investigations. The interaction

parameter controlling the rotation of the short axes is

likely to be very small. This implies that in many mole-

cular systems fluctuations are larger than the entropic

and other considerations that keep the minor director

staying completely aligned. The main reason for an

unambiguous observation of a biaxial nematic phase in

the literature may lie in the fact that the ordering of the
short axes as shown in Figure 1(a) is not perfect, and the

fluctuations arising from thermal energy alone are large

enough to disturb the perfect biaxial ordering, thus pre-

venting the biaxial structure being maintained over the

time period of investigations in a number of systems.

9. Testing of the mean field model of de Gennes for

biaxial nematics

Since the absolute values of the order parameters have

been determined, the mean field model of de Gennes [3]
for a biaxial phase can easily be tested. The free energy

density, as a function of the second, �, and third, �,

fundamental invariants of the order tensors of the system

[3] is given as

F ¼ a

2
� þ b

3
�þ c

4
�2 þ d

5
��þ e

6
�2 þ e0

6
�3

þ����; ð21Þ

where � ¼ ð3S2 þ P2Þ=2 and � ¼ 3SðS2 � P2Þ=4. In the

simplest form of the model, a is assumed to be a linear

function of temperature, a ¼ aðT � T�Þ, and further-

more b and the higher order coefficients are essentially

independent of temperature. The minimisation of F with
respect to the invariants gives the critical temperature T*.

For the phase to be biaxial, the condition �3�6�2 must

be satisfied. From Figure 8 in Section 5, the temperature

dependencies of the invariants � and � are clearly found

to be non-linear, which signify the importance of the �3

term in F. Only five factors, c/a, d/a, e0/a, b/e, and d/e, are

varied when fitting the model to the data. Figure 18

shows that S and P are reproduced extremely well by
the model (except for a narrow range of temperatures at

the I–N transition due to a weak first-order transition).

The fitting shows that the results can be described by the

mean field model of de Gennes for a biaxial nematic

phase, where the cubic term in the free energy given by

Equation (21) is also important.

Triple

point

0.12 0.16 0.20 0.24 0.28

0.10

0.12

0.14

0.16

1/βc = 0.147

λ = 0.219λ = 0.198

Tetrapode A Tetrapode B

Tricritical

point

NU NB

I

λ

1
/β

Figure 18. (colour version online). Plot of reduced
temperature (1/b) versus the shape anisotropy l. This is
calculated as 0.198 and 0.219 for the tetrapodes based on
their dimensions. The triple point defines the coexistence of
the three phases I, NU and NB. The tricritical point is
different from the triple point by the range of values of l
that determine where the first-order NU to NB meet with the
second-order NU to NB transitions. Figure redrawn, with
permission from Merkel, K.; Kocot, A.; Vij, J.K.; Korlacki,
R.; Mehl, G.H.; Meyer, T. Phys. Rev. Lett. 2004, 93,
237801–1–4. Copyright 2004 by the American Physical
Society1.
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The phase diagram for the tetrapode can be inter-

preted in terms of the molecular-field model of Sonnet

et al. [52], which employs a shape anisotropy l of the

biaxial dielectric susceptibility, and the reduced tem-

perature 1/b (b ¼ U0=kBT , where U0 is the molecular

interaction energy). In the (ðl; 1=bÞ) plane, a sequence

of phases dependent on l is shown in Figure 18, where
the solid and broken lines represent the first- and

second-order phase transitions, respectively. The

point where the line for the first-order NU to NB

meets with that for the second-order NU to NB is called

the tricritical point. For the given phase diagram,

in the ðl; 1=bÞ plane, the tricritical point occurs when

bt ¼ 7.07. The same sequence of phases occurs until

l ¼ lc.0:22 and for l . lc, a first-order direct transi-
tion from I–NB is observed without an intermediate

NU phase. The experimental values of the transition

temperatures for both tetrapodes are shown on the

plot. We assign molecular interaction energies, U0, of

3.01 	 10-20 J and 3.83 	 10-20 J for tetrapodes A and

B in order to obtain the I–N transition temperatures in

reduced units; 1/bc ¼ 0.147 as in the model. If we use

these scaling factors for the NU–NB transition, we
obtain 1/bc of 0.128 and 0.14 for tetrapodes A and B,

respectively. The corresponding values of l can be

read from the abscissa of the plot shown in Figure 18

as their NU–NB transition. These are 0.198 and 0.219

for tetrapodes A and B. The shape anisotropy factor l,

using its definition, is estimated from the basic dimen-

sions of the platelet. l is calculated to be 0.18 and 0.22

for A and B, and these values agree reasonably with
those obtained from the phase diagram. For tetrapode

A, the NU–NB transition appears to be second order

and is close to the triple point. Thus the model is able

to reasonably predict the appearance of the biaxial

phase, its stability, and the nature of the phase transi-

tions for both tetrapodes. This analysis is to be

extended to the tripode.
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