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Thermotropic Biaxial Nematic Phase in Liquid Crystalline Organo-Siloxane Tetrapodes
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Infrared absorbance measurements have been carried out on two liquid crystalline organo-siloxane
tetrapodes. Results unambiguously show the existence of a biaxial nematic phase below a uniaxial
nematic phase. The three components of IR absorbance are used to calculate the various order
parameters. On cooling, a weak first-order transition from isotropic to nematic is observed, followed
by a second-order phase transition to biaxial nematic where the biaxiality parameters are found to be
significantly large. Results are supported by observations from conoscopy and texture. Temperature
dependences of the order parameters are well explained by the mean-field model for a biaxial phase.
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FIG. 1. Molecular structures of tetrapodes: (a) A and (b) B
with asymmetric and symmetric mesogens, respectively.
(c) Platelet formed by a macromolecule of the tetrapode A.
Through a generalization of the Meier-Saupe theory of
the nematic phase in thermotropic liquid crystals, Freiser
[1] predicted a biaxial nematic phase with two orthogonal
optic axes. This phase was suggested to arise from a
second-order transition from uniaxial to biaxial (NU to
NB) at a temperature lower than the isotropic to uniaxial
nematic (I-NU) phase. The prediction led to a considerable
flurry in both theoretical and experimental works. Yu and
Saupe discovered in 1980 a biaxial nematic phase, in a
lyotropic liquid crystal system, sandwiched in between a
uniaxial positive and a uniaxial negative nematic phase
[2]. Since this discovery, a number of works on biaxiality
in nematics have appeared in the literature and this has
attracted considerable interest; it continues to date to be a
highly debated subject [3–11]. The earlier reports of the
observation of biaxiality in nematics using optical tech-
niques were not confirmed from the results obtained using
NMR spectroscopy [12,13], widely believed to prove
whether or not the biaxiality is present. The molecular
shape is the governing factor for the observation of biax-
iality. It was shown particularly in [7] that a ring shaped
trimeric liquid crystal undergoes a uniaxial-to-biaxial
nematic phase transition as a function of temperature,
though the authors used only qualitative indicators.
Recently, two Letters have reported the detection of a
biaxial nematic phase in thermotropic liquid crystals
composed of bow shaped molecules [14–16]. The biax-
iality has also recently been confirmed in a side chain
liquid crystalline polymer [17].

In this Letter, two liquid crystalline (LC) tetrapodes
with two different mesogen systems [Figs. 1(a) and 1(b)]
are shown to exhibit biaxiality in the nematic phase
experimentally. Polarized IR spectroscopy is used in
determining the biaxiality order parameters, and results
on biaxiality are supported by conoscopy and texture. An
essential aim of this effort has been the investigation of
materials, which are chemically uniform thus avoiding
problems associated with polydispersity and the coil
structure of a linear polymer. For such supermolecular
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systems, the properties are found to be indeed different
from those of low molar mass LCs and related polymers
[18]. The tetrapodes exhibit biaxiality close to the ambi-
ent temperature; the temperature range of both uniaxial
and biaxial phases is quite wide especially for one of the
two tetrapodes studied. This also facilitates the ease by
which a range of complimentary techniques can be used
to explore the biaxiality. The observation of biaxial ne-
matic is the first quantitative observation in a new class of
liquid crystals. In the tetrapodes the mesogens are con-
nected to the siloxane core through four siloxane spacers,
and the system forms a quasiflat platelet [Fig. 1(c)]. In
order to achieve the optimized packing of the constitu-
ents, the mesogens are tilted in the plane of the platelet.
Such a local structure of the LC tetrapodes in the nematic
phase has been confirmed by x-ray diffraction [19] and
molecular dynamics in the PVT conditions [20]. The key
aspect of this approach has been to produce a biaxial
nematic by hindering the rotation of rodlike mesogens
around their respective long axes by linking these later-
ally through flexible siloxane spacers to a fixed siloxane
core [see Figs. 1(a)–1(c)].

Infrared experiments on two tetrapodes [Figs. 1(a) and
1(b)] are used to obtain the order parameters, and results
are analyzed in terms of the mean-field model. In the
-1  2004 The American Physical Society
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FIG. 2 (color online). Absorbance components normalized
with those of the isotropic phase for A: 4, AX; 5, AY ; �, AZ
values for its phenyl ring stretching band 1160 cm�1; �, AY
and , AX values for the carbonyl stretching band 1738 cm�1

AX and AY are measured for the homeotropically aligned
sample.
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model proposed by Straley [21] a general biaxial phase is
described by the four scalar order parameters S, P,D, and
C. Order parameters are defined as [22]

S � SZzz; D � SZxx � SZyy;

C � �SXxx � SXyy� � �SYxx � SYyy�; and P � SXzz � SYzz:

Si�� are the three diagonal Saupe ordering matrices, one
for each of the three axes, i � X; Y; Z (laboratory or phase
axis); � � x; y; z (molecular axes); Si�� � h12 �3li;�li;� �

����i. li;� and li;� are the cosines of the angle between the
molecular axis � and � with the laboratory axis i; z is
fixed to the direction of the long molecular axis. The
order parameter SZzz is a measure of the average direction
of molecular axis z with respect to the laboratory axis Z,
whereas D is a measure of the molecular biaxiality for a
uniaxial phase and is the difference between the distri-
bution of x and y axes with respect to the Z axis. C is an
intrinsic or molecular biaxiality parameter for a biaxial
phase. P (the phase biaxiality of the system) is a measure
of the difference in the probabilities of finding the z axis
along the X and Y axes of the laboratory system. There are
two ways for the system to become biaxial. The distribu-
tion function f is isotropic in ’ (the azimuthal angle of
the long molecular axis) but anisotropic in  (the rotation
of the molecule around the molecular axis being biased,
i.e., D � 0), which leads to P � 0, but C � 0, i.e., intrin-
sic biaxiality that corresponds to a natural tendency of the
biaxial molecules to orient parallel to each other. On the
other hand, a function f anisotropic in’ but isotropic in  
gives P � 0, but C � 0. An extrinsic biaxiality, which
under appropriate external causes can also be exhibited by
cylindrically symmetric molecules, is represented by only
two scalar order parameters, S and P.

The three spatial components of the IR absorbance
have been measured for the planar homogenous and
homeotropic sample geometries: one along and the two
perpendicular to the nematic director. The homogenously
oriented sample was obtained by coating ZnSe windows
with nylon 6=6 solution in methanol. Homeotropic align-
ment was obtained by coating KBr windows by a carbox-
ylatochromium complexes (chromolane) solution. Two
monocrystalline KBr windows with their easy axes ori-
ented parallel to each other were used as the IR cell. The
short axes with intermediate n are aligned along this easy
axis. The phenyl stretching band (1160 cm�1) is found to
be an excellent indicator of both the nematic and the
biaxial ordering. The temperature range of the uniaxial
and biaxial phases is established by direct observation of
the absorbance components AX and AY , as shown in Fig. 2
for tetrapode with asymmetric mesogen [Fig. 1(a), called
A]. Two regions in the nematic phase can easily be dis-
tinguished: one uniaxial where the two perpendicular
absorbance components are equal and the second biaxial
where AX starts to exceed AY . This implies that the
mesogens on the average are tilted along the X direc-
237801
tion, resulting into the biaxial ordering of the tetrapode.
Three components of absorbance are expressed in terms
of these order parameters [22,23]:

AX=A0 � 1� �S� P��32sin
2�� 1� � 1

2�D� C�

	 �sin2� cos2��; (1)

AY=A0 � 1� �S� P��32sin
2�� 1� � 1

2�D� C�

	 �sin2� cos2��; (2)

AZ=A0 � 1� S�2� 3sin2�� �Dsin2� cos2�; (3)

where � is the angle between the transition dipole mo-
ment and the z axis; � is the azimuthal angle of the
transition moment measured with respect to the x axis.
In order to determine whether branches of the tetrapode
are aligned homeotropically, i.e., normal to the substrate,
the absorbance components for the two methylene
stretching bands [symmetric (2900 cm�1) and asymmet-
ric (2800 cm�1)] are examined. The results give S (
0:3),
which is a typical value of S for an orthogonal alignment
of the chain as in the SmA phase, and negligible values for
D, P, and C parameters. These results show that the
alignment of the chain is indeed homeotropic. S and P
for the mesogens are found by employing the phenyl
stretching band (1160 cm�1) for the homeotropic aligned
sample in the equations [(1) and (2)]. First S and P are
calculated for the mesogen using the vibrational fre-
quency of the phenyl stretching band for which � is
zero. P is also given as P 
 4S�1

2 hsin2�i [23]; � is the
tilt angle of the mesogen. Since the transition moment of
the phenyl stretching band is parallel to the mesogen, �
can now be considered to be the polar angle � of the
phenyl stretching band in the platelet system of reference.
-2
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We thus obtain a set of four equations for AX and AY for
the two bands: phenyl (1160 cm�1) and the carbonyl
(1738 cm�1) stretching, and hence four parameters for
the platelet are calculated.

The observed sequence of the phase transitions (Fig. 3)
is found to be the following: transition at a higher tem-
perature leads to the uniaxial-isotropic phase transition
where both S and D are different from zero; the second
transition occurs at a lower temperature, where both P
and C are also nonzero. Relatively large values of the
biaxiality order parameters and their increase with de-
creasing temperature provide the first quantitative proof
for the observation of biaxiality in the nematic phase of a
tetrapode shown in Fig. 1(a). Since the absolute values of
the order parameters have been determined, the mean-
field model for a biaxial nematic phase can therefore be
easily tested. Free energy as a function of the second �
and third � fundamental invariants of the order tensors of
the system [24] is given as

F�
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��

b
3
��

c
4
�2�

d
5
���

e
6
�2�

e0

6
�3� . . . ; (4)

where � � �3S2 � P2�=2 and � � 3S�S2 � P2�=4. In the
simplest form of the model, a is assumed to be a linear
function of temperature, a � ��T � T��, and b and the
higher order coefficients are essentially independent of
temperature. The minimization 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 Fig. 4 the temperature dependences of the invari-
ants � and � are clearly found to be nonlinear, which
signify the importance of the �3 term in F. Only five
factors, c=�, d=�, e0=�, b=e, and d=e, are varied for
fitting the model to the data. Figure 3 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). Results for tetrapode B
[Fig. 1(b)], not given here, are found to be similar to those
for A [Fig. 1(a)] except for a very narrow temperature
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FIG. 3 (color online). Order parameters for the tetrapode
A: �, S; , P; 5, D; �, C; solid line, predicted by the
mean-field model [24].
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range of the NU phase. The fitting shows that the results
can be described by the mean-field model of a biaxial
nematic phase where the last term is also important.

The phase diagram for the tetrapodes can be inter-
preted in terms of the mean-field model of Sonnet et al.
[25], which employs a shape anisotropy & of the biaxial
dielectric susceptibility, and reduced temperature 1=�
(� � U0=kT, U0 is the interaction energy) [25]. In the
plane of �&; 1=��, a sequence of phases dependent on & is
shown in Fig. 5 where solid and broken lines represent the
first- and the second-order transitions, respectively. The
point where these lines meet is the tricritical point
(&t; 1=�) with �t � 7:07. The same sequence of phases
occurs until & � &c � 0:22, and for & > &c a direct first-
order transition from I-NB is observed without an inter-
mediate phase NU. The experimental values of the tran-
sition temperatures for both tetrapodes are shown on the
plot. We introduced interaction energies U0 of 3:01	
10�20 J and 3:82	 10�20 J for tetrapodes A and B in
order to obtain I-N transition temperatures in reduced
units; 1=�c � 0:147 as in the model. If we use these
scaling factors for the NU-NB transition, we obtain
1=�c of 0.128 and 0.146 for tetrapodes A and B, respec-
tively. The corresponding values of & can be read from the
abscissa of the plot shown in Fig. 5 as their NU-NB
transition. These are 0.198 and 0.219 for tetrapodes A
and B. The shape anisotropy factor &, using its definition,
is estimated from the basic dimensions of the platelet
[26]. These are found to be 0.18 and 0.22, respectively;
these 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 tricritical
point, while for B it is first order and close to the triple
point. Thus the model is able to predict the appearance of
the biaxial phase, its stability, and the nature of the phase
transition.

Texture and conoscopy observations in support of the
above findings are given in Fig. 6. Textures for the NB
phase for the two tetrapodes, (a) sandwiched between the
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FIG. 4 (color online). Fundamental invariants of the mean-
field model: � and , experimentally obtained values of � and
�, respectively; solid lines, fits to the mean-field model [24].
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two-glass plates covered by a chromolane solution (cell
thickness �100 *m) and (b) freestanding film of thick-
ness �25 *m, were studied. In order to achieve a
complete homeotropic alignment, the cell was kept for
almost 24 h at a temperature a few degrees below the
I-N transition temperature. Textures for the freestand-
ing film are given here: the Schlieren texture is com-
prised exclusively of two-brush disclinations [defect of
strength s � �1=2; two dark brushes meet at the dis-
clination points; see Fig. 6(a), top]. The transition to
NU was followed with a texture change to a uniform
black state [Fig. 6(c), top]. The NU-NB transition is
confirmed by conoscopy in both cases (Fig. 6, bottom).
The uniaxial cross [Fig. 6(c), bottom] clearly splits
into two isogyres [Fig. 6(b), bottom]. The separation of
the isogyres increases with a decrease in tempera-
ture, which consequently confirms an increase in the
biaxiality [Fig. 6(a), bottom]. The molecular biaxial-
ity in NB seems to play an important role as observed
by the intrinsic biaxiality parameters D and C found
   (a)                (b)              (c) 

FIG. 6 (color online). Textures (top) and conoscopy (bottom)
for a freestanding film of tetrapode A: (a) biaxial nematic
phase; (b) phase transition between the uniaxial and biaxial
nematic phases; (c) uniaxial nematic phase.
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to be significantly large and increasing with decreasing
temperature.
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