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ABSTRACT: This paper reports a possibility of biaxiality in the nematic liquid crystal formed from aromatic poly-

esters, BC-n, which are composed of 1,4-dialkyl ester of pyromellitic acid and 4,40-biphenol. In these BC-n polyesters,

as a general trend, the microsegregation of aromatic backbone and flexible side chains takes place and the nematic liq-

uid crystal appears after these layered phases melt. X-Ray diffraction pattern from oriented nematic fiber shows unusual

inner reflection with a large spacing around 20 Å in addition to normal outer reflection with a spacing of 4.5 Å on equa-

torial line, indicating that there are two types of packing correlation in a direction perpendicular to the director, n, in

other words, there is a biaxiality. Optical microscopic textures exhibit exclusively the two-brush disclinations with

jsj ¼ 1=2, which also conforms to the biaxial nematic order. The spacing of inner equatorial reflection approximates

to the layer spacing in the layered mesophase formed from the same homologues. This strongly suggests that the lay-

ered aggregation is still remained in the nematic liquid crystals, and its board-like shape is responsible for the biaxia-

lity. [doi:10.1295/polymj.38.442]
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The rigid-rod aromatic polymers with long flexible
alkyl side chains are one of the typical types of ther-
motropic polymers.1–5 The most interesting property
of these materials is an ability to form layered struc-
tures in crystals and liquid crystals when the alkyl side
chains reach a critical length. The layered mesophases
are characterized by a packing of the rigid-rod main
chains into layer with the molten side chains occupy-
ing a space between the layers. The driving force for
an adoption of such a layered structure is a type of
microphase separation of the aliphatic and aromatic
domains and the liquid crystallinity is the result of a
partial or total lack of positional order with respect
to the main-chain packing within a layer and the con-
formational disordering of alkyl side chains between
the layers. More recently, new type of mesophase, so
called hexagonal columnar phase, has been found.6,7

This phase is especially interesting since a large num-
ber of molecules are included in a hexagonal lattice.
The number of molecules increases from 7 to 12 with
the increase of the carbon number of alkyl side chain
from 8 to 14. Such a large number indicates a specific
association of molecules. As the side chains are still
conformationally disordered in this phase, a micro-
segregation structure has been proposed in which the
aromatic main chains closely associate with each oth-
er to form a layer, but the layers are interconnected
to form honeycombed network so as to surround the
cylindrical side chain domains.7

In addition to these mesophases based on the micro-
segregation of two components, the polymers can also
form nematic liquid crystal. Interesting is that there is
a possibility of the biaxiality in its orientational field.
Biaxial nematic phases are of great importance for ex-
tending the theory of liquid crystals, for understanding
the molecular dynamic of mesogens, and for opening
the possibility of fabricating new types of liquid crys-
tal materials. In this study, we treat the nematic phase
in BC-n polyesters, which are prepared by the esteri-
fication of 1,4-ditetraalkyl ester of pyromellitic acid
and 4,40-biphenol,
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and discuss the possibility of its biaxiality. This study
will stimulate future recognition of biaxial nematic
phases in the polymer system.

EXPERIMENTAL

Synthesis of BC-n polymers and their characteriza-
tion have been described in a previous paper.3
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Optical microscopic observations of the liquid
crystalline textures were made with an Olympus
BX50 polarizing microscope equipped with a Mettler
FP-82 hot stage. Differential scanning calorimetric
(DSC) measurements were carried out with a Perkin
Elmer Pyris I at a scanning rate of 10 �C/min under
a flow of dry nitrogen. Wide angle X-ray diffrac-
tion (WAXD) measurement was performed using a
Rigaku-Denki RU-200 BH with Ni-filtered CuK�

radiation. Temperature of the sample was controlled
by a Mettler FP-82 hot stage mounted in the beam
path. The film to specimen distance was determined
by calibration with silicon powder.

RESULTS

We first describe the phase behavior and phase
structure in the typical polymer, BC-14. In order to
avoid any thermal prehistory, the sample was first
heated to the isotropic melt before use. DSC scan of
melt-pressed film showed two small transitions on
heating and cooling, respectively.3 On heating, the
transition temperatures are 123 and 179 �C, which
are assigned to T1 and Ti, respectively. On cooling,
the corresponding transitions were observed at 110
and 164 �C. Here, Ti is the isotropization temperature
of the nematic phase, and T1 the transition tempera-
ture from the nematic phase to the layered mesophase.
Transition enthalpies are small for these and are
around 0.1 kcalmol�1.
Figure 1 shows the optical microscopic texture of

the nematic liquid crystal. The typical Schlieren tex-
ture can be seen, confirming the nematic order. Inter-
esting is that the Schlieren texture includes exclusive-
ly the two-brush disclinations with jsj ¼ 1=2, which is
certainly an indication of biaxiality8 as supported by
the topological considerations of Mermin9 and the

computer simulations by Zannoni, et al.10 The free-
standing film also shows only jsj ¼ 1=2 defects, which
eliminates possibility of biaxiality produced by a glass
surface.
X-Ray diffraction pattern was carefully observed to

obtain confirmatory evidence of the biaxial nature.
Figure 2 shows the X-ray pattern taken for the orient-
ed nematic fiber of BC-14 which was spun in the nem-
atic field. It is well known that a uniaxial nematic
gives rise to two liquid-like X-ray diffraction maxima,
one corresponding to mean repeat distance along the
director axis and the other to the mean lateral intermo-
lecular spacing. In a case of the biaxial nematic phase,
one expects three maxima,11 which are just observed
in X-ray pattern of Figure 2. Among three distinct re-
flections, the two appear along an equatorial line and
the one along a meridional line. These can be definite-
ly recognized from intensity profiles observed along
the equatorial line (Figure 3a) and along the meridion-
al line (Figure 3b). The meridional reflection appears
as arc with a spacing of 15.3 Å, which corresponds to
the average repeat distance of polymer backbone.3

The value is somewhat smaller than 16.5 Å, the length
of the repeat unit in fully extended conformation. The
two broad equatorial reflections resulting from the lat-
eral packing structure, appear in the small-angle (in-
ner) and wide-angle (outer) regions. The inner reflec-
tion has a spacing of 23.4 Å, while the outer reflection
has a spacing of 4.5 Å. The outer reflection is usual for
the nematic liquid crystal since its spacing of 4.5 Å
corresponds to the lateral packing distance of aromatic
LC molecules. The additional inner equatorial reflec-
tion, hence, shows the possibility of another order in
lateral packing, i.e. biaxial orientation of molecules.
Similar optical texture and X-ray pattern are ob-

served for the nematic phases of all other BC-n poly-
esters with n of 6 to 20. In Figure 4, the spacings of
the equatorial and meridional reflections are plotted
against the carbon number of alkyl side chain, n, as

Figure 1. Schlieren texture exhibited by the nematic phase

of BC-14 polyester. Only two-brush disclinations, jsj ¼ 1=2, are

observed.

Figure 2. X-Ray photograph of the nematic fiber of BC-14

recorded at 140 �C. Fiber axis is in the vertical direction.
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collected from the nematic phase at 120–140 �C. The
spacing of the inner equatorial reflection increases
monotonically from 16.0 to 28.5 Å when the value
of n increases from 6 to 20, whereas the spacings of

the meridional reflection and outer equatorial reflec-
tion are almost constant at around 15.5 and 4.5 Å,
respectively.

DISCUSSION

Let’s first imagine an ordinary nematic phase, in
which each molecule behaves as a kinetic unit and
therefore rotates freely around its long axis. If such
an ordinal phase is to occur in this system, lateral
spacing should correspond to the average diameter
of molecule. The spacings can be calculated under
the assumption of the density of 1 g/mL, and in
Figure 5, are plotted against n to compare with the
spacings of the inner equatorial reflection. These spac-
ings monotonically increase with the increase of n as
is observed in the spacings of the inner equatorial
reflections, but their absolute values are remarkably
smaller. Thus, we shortly conclude that no ordinal
nematic liquid crystal is formed here.
It is interesting to say that the spacing of inner

equatorial reflection approximates to the layer spacing
of layered mesophase which is formed in the lower
temperature region than the nematic phase.3 The layer
spacings collected from BC-14, BC-16, BC-18 and
BC-20, are plotted against n in Figure 5. Both roughly
correspond to each other although the spacings in the
nematic phase are somewhat larger than the layer
spacings. A similar result has been obtained for the
nematic phase of polyamides with alkyl side chains
as reported by Ebert, et al.12
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Figure 3. Intensity profiles of the oriented X-ray pattern of

Figure 2 measured against diffracting angle (2�): (a) equatorial

scan and (b) meridional scan.
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Figure 4. Variation of the spacings of (a) the small-angle

equatorial reflection (circle), (b) the wide-angle equatorial reflec-

tion (lozenge) and (c) the (001) meridional reflection (square) with

the alkyl side chain length, n.
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Figure 5. Comparison of the spacing of (a) the small-angle

equatorial reflection (circle) with (b) the averaged molecular

diameter (triangle) and (c) the layer spacing of the lower temper-

ature layered mesophase (square) (refer to the text).
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In these characteristic polymers, the aromatic main
chain and the aliphatic side chain micro-segregate
from each domain. The basic segregation takes place
in the layered form in which main chain backbones
are packed into a layer and such a main chain layer
is sandwiched by the aliphatic side chains. This char-
acteristic aggregation leads to the layered and hexag-
onal columnar mesophases as stated in Introduction.
The present nematic liquid crystals can be understood
on the same basis of this type of segregation, such that
the main chains are still associated with each other to
form a layer, but the layers are packed with a greater
degree of disorder. To produce such a disorder, the
layer may be constructed with only short-range corre-
lation length although at present we have no informa-
tion on its length. Then, the additional director lies in
the plane of the layer as illustrated in Figure 6. Thus,
the larger spacing comes from the layer-like packing
while the smaller one corresponds to the lateral pack-
ing distance of main chain within a layer. The density
of nematic phase can be roughly calculated based on
the rectangular lattice. They are ranged from 0.90 to
0.95 g/mL, which are reasonable for the mesophase.
The orientational order parameters, S

S ¼
ð3hcos2 �i � 1Þ

2
ð1Þ

can be determined from an azimuthal scan for the two
equatorial reflections of Figure 2 according to the fol-
lowing equation,13

hcos2 �i ¼

Z �=2

0

Ið�Þ cos2 �j sin�jd�
Z �=2

0

Ið�Þj sin �jd�
ð2Þ

Here, � is the azimuthal angle taken from the equato-
rial line. The order parameter is 0.46 from the outer
reflection, while it is 0.56 from the inner one. The dif-
ference is not negligible, confirming that there are two
types of the orientational order, i.e., those with respect
to polymer chain and layer. The higher order parame-
ter of the layer orientation may be reasonable if the
molecules are packed within a layer with some orien-
tational disordering.
It is reliable that the biaxiality is produced by a hin-

dered rotation of constituent molecules.8,11,14–16 A
convenient way to obtain the biaxial nematic phase
is to bridge the gap between rod-like and disk-like
molecules, i.e., to prepare a mesogen that combines
the features of the rod and the disk. These are called
shape-biaxiality. The banana shaped molecules which
have been studied extensively, also belong to this type
of molecules.17,18 In the present system, the induction
of biaxiality may be due to the aggregation of rod
molecules into a layer. This is completely different
from the systems so far reported, suggesting another
method to attach the biaxiality to nematic liquid crys-
tals. Finally, it should be noted that simple aromatic
polyesters without any side chains may form the biax-
ial nematic LC as well.13,19,20
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Figure 6. Illustration of the biaxial nematic liquid crystal. Here, the main chains are associated with each other to form the layer as in

the lower temperature layered mesophase or crystal (refer to (a)), but the layers are packed with a greater degree of disorder as in (b). To

produce such a disorder, the layer may be constructed with only short-range correlation length. Then, the additional director, c, exists along

the plane of layer.
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CONCLUSIONS

The nematic liquid crystal formed from the BC-n
polyesters showed the characteristic X-ray pattern
including two equatorial reflections. One is the nor-
mally observed reflection with a spacing of 4.5 Å
and another is the unusual reflection with large spac-
ing ranging from 20 to 30 Å. These two reflections
show the biaxiality of the nematic liquid crystal in
which there are two types of packing correlation in
a direction perpendicular to the director, n. Optical
microscopic textures exhibited exclusively the two-
brush disclinations with jsj ¼ 1=2, also supporting
the biaxial nematic order. The spacing of inner equa-
torial reflection approximates to the layer spacing in
the layered mesophase formed from the same homo-
logues. The board-like shape due to the layered aggre-
gation of polymer molecules was considered to be
responsible for the biaxility.
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