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A biaxial nematic phase had been predicted with D,, symmetry, wherein the mesogen’s long and
short transverse axes are simultaneously aligned along the two orthogonal, primary and secondary
directors, n and m, respectively. The unique low-angle x-ray diffraction patterns in the nematic phases
exhibited by three rigid bent-core mesogens clearly reveal their biaxiality. The results of x-ray
diffraction can be readily reproduced by ab initio calculations that explicitly include the bent-core
shape in the form factor and assume short-range positional correlations.
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The existence of a biaxial nematic liquid crystal phase,
which possesses two orthogonal optic axes had been
predicted [1] from symmetry considerations. To date, the
existence of the biaxial nematic phase has been confirmed
[2] only in complex lyotropic mixtures comprised of
micellar aggregates. Although there has been significant
theoretical [3] work and several initial experimental [4]
reports, its existence in a low-molar-mass thermotropic
system has not been confirmed [5]. In recent years, the
discovery [6—9] of novel mesophases formed by the bent-
core molecules has engendered much scientific interest in
the possibility of the biaxial nematic phase. The bent-core
shape of these molecules has often been compared with a
bow, the molecule’s overall long axis with the string
(wingspan), and the apex of the core which defines the
direction of the “bend” (or, dipole moment, if present)
with the direction of the arrow. Computer simulations of
“hard-boomerang fluids” previously suggested [10] that
the bent-core shape could exhibit a stable biaxial nematic
phase. Dingemans and Samulski synthesized a series of
bent-core molecules with a rigid core that exhibit a ne-
matic phase only with 2-brush [11,12] disclinations in
their optical textures. In the uniaxial nematic (V) phase,
the planar 4-brush singularity can be avoided by the
director’s escape in the third dimension. However, in
the biaxial N phase there are three mutually perpendicu-
lar directions (or, directors). If one of the directors es-
capes, then a 4-brush disclination can only be formed by
another director at a high cost in energy [12]. The absence
of 4-brush defects [11] is, therefore, suggestive of the
biaxial N phase.

X-ray diffraction (XRD) patterns of uniaxial N phases
normally exhibit one pair of diffuse spots at small angle
and a second pair at large angle along orthogonal direc-
tions due to short-range positional correlations associated
with molecular length and width, respectively. However,
preliminary x-ray studies [13] of these nematic phases
showed splitting of the small angle reflections into two
pairs suggesting a biaxial N phase. In this Letter, we
present the results of XRD experiments that are in ex-
cellent agreement with the calculated diffraction pattern
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explicitly taking into account the bent-core shape of the
mesogens and, thus, confirm their biaxial nature.
Primary differences between the three bent-core meso-
gens (samples A, B, and C) investigated [11,14], Fig. 1, lie
in their cores and in the nature of the terminal units.
Sample C has the oxazole heterocycle core which shifts
the dipole moment away from the bisector of the bent-
core apex. They possess a rigid bent core with ~140°
apex angle and a large dipole moment (~4D). Two
dimensional XRD patterns were recorded using the
Siemens polymer powder diffractometer which uses the
area detector X-1000 system. An in situ magnetic field
of ~2.5 kG was used to successfully orient the nematic
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FIG. 1. Molecular structure, phase sequence, and transi-
tion temperatures of samples A, B, and C. The arrows show
the direction of the large (~4D) transverse dipole moment.
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director n parallel to the field. In addition, high-
resolution x-ray diffraction measurements were made
using an 18 kW Rigaku rotating anode x-ray source, a
Huber four-circle goniometer, and a pair of Si(111) single
crystals as monochromator and analyzer to select the
CuK, line. Two types of sample cells were used.
Samples filled in capillaries of 1 mm diameter were
aligned in a strong magnetic field of ~50 kG. Thin cells
with sample thickness of 20 um were prepared using
insulated beryllium (Be) plates which are nearly trans-
parent to x rays. They were coated with polyimide (PI)
films and rubbed in antiparallel directions to achieve
homogeneous director orientation (i.e., n || rubbing direc-
tion) for sample B. This cell was used to apply an electric
field between the plates and study the response of the
director. The sample cells were placed in a homemade
oven with temperature stability of =0.1 K and then
mounted onto the x-ray spectrometer.

In the N phase of all samples, XRD patterns, Fig. 2,
show two pairs of diffuse peaks at small angle (~2.2°)
unlike a uniaxial N phase in which only one pair of
diffuse peaks along the primary director is observed.
The diamagnetic anisotropy of these all-aromatic bent-
core mesogens is positive and their bent-core shape aligns
with its wingspans, i.e., n, along the field. The azimuthal
angular separation between the pairs of diffuse peaks is
~80°. The large angle XRD pattern consists of two
diffuse crescents at ~19.1°arising from a liquid-like
structure factor in the direction perpendicular to n.

One can completely rule out the possibility of the four
small angle peaks being due to the presence of the cybo-
tactic groups, i.e., pretransitional fluctuations pertaining
to the underlying smectic-C (SmC) phase, on the basis of
the following four results: (i) cybotacticity, being a tem-
perature dependent pretransitional phenomenon, should
be observed only in a narrow temperature range above the
SmC phase. However, these four peaks (Fig. 2) persist
essentially over the entire range of the N phases (50 K for
sample A, 10 K for B, and 16 K for C); (ii) the positional
order correlation length along n in the N phase, estimated
from the half-width of the high-resolution 26 scans, is
comparable to the molecular length (~44 A) and is tem-
perature independent; (iii) the position of these peaks
corresponds to the molecular length, ruling out any tilt
which accompanies the formation of the cybotactic clus-
ters; and (iv) the single domain SmC phase, occasionally
(and fortunately) obtained by aligning in a 50 kG field,
exhibits only one pair of small angle x-ray reflections and
always reversibly melts into the N phase with four re-
flections. This indicates that the alignment of the nematic
phase is unrelated to the underlying phase.

In order to confirm the biaxial nature of the N phase,
XRD measurements using the Be cell were performed
while orienting both n and m, the latter defined as the
mean orientation of the molecular (dipole or) apex bisec-
tors. Since the sample thickness of ~20 wm in Be cells is
1 order of magnitude larger than the value of smectic
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FIG. 2 (color). The two dimensional XRD pattern in mag-
netic field (H) aligned biaxial N phase of sample A at 195 °C.

correlation lengths (typically =1 wm) in a highly or-
dered and nearly single domain bulk smectic phase [15],
for all practical purposes, it is a bulk sample. The large
transverse dipole moment (~4D) bisecting the oxadia-
zole bent-core mesogen apex will dominate the antici-
pated negative dielectric anisotropy of the mesophase. A
square wave electric field of different strengths is applied
perpendicular to the Be plates to reorient m during XRD
measurements.

With no applied field, the diffraction pattern shows
four diffuse peaks [Fig. 3(a)] very similar to the magnetic
field aligned capillary samples. Their integrated intensity
was ~1 order of magnitude higher than in the capillary
sample, after correcting for the difference in sample
thickness. This increase in intensity is consistent with
the alignment of n parallel to the PI’s rubbing direction
and spontaneous orientation of m parallel to the substrate
and perpendicularly to n. The four peaks arise from the
intrinsic structure of this N phase in the n-m (or, z-x)
plane, as discussed later in this Letter. The intensity of the
four peaks increases gradually with decreasing tempera-
ture, suggesting that either the biaxiality order was in-
creasing or the alignment of m was improving. When an
electric field is applied, no changes occur until the field
strength exceeds a (Frederick’s transition) threshold
value of 6 X 10° V/m at 500 Hz and reorients m perpen-
dicular to the Be substrates. Consequently, the two pairs
of reflections at small angle change to one pair of
(weaker) reflections [Fig. 3(b)] along the rubbing direc-
tion. The large angle reflections at 19.1° remain essen-
tially unchanged confirming that n is still parallel to the
rubbing direction. The two small angle reflections are
weaker due to the nonuniformity of the local electric
field and variations in local anchoring energy. These
factors cause the diffracted x rays to be distributed over
a larger volume of the reciprocal space resulting in lower
intensity. The two distinct diffraction patterns, with
and without applied field, clearly result from different
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FIG. 3 (color). Two dimensional XRD patterns of sample B
aligned between two Be plates along the rubbing direction
represented by R and the green arrows (a) at zero electric field
and (b) with field applied perpendicular to the substrate. Small
angle (shown magnified in middle panels) pattern changes to
two diffuse arcs along R while large angle reflections remain
unchanged. Intensity difference in the two arcs in (b) arises due
to slight instrument misalignment. Schematics at the bottom
represent the corresponding experimental situation and mo-
lecular orientation.

orientations of m associated with the same orientation of
n ruling out the possibility of this being a uniaxial
nematic. In a uniaxial phase, all directions orthogonal
to n are equivalent. The energy of interaction of the
molecular dipole moment of ~4D in a field of 6 X
10 V/m is 2 orders of magnitude smaller than KgT.
This rules out the possibility of the observed reorienta-
tion of m being a field induced phenomenon.

We use a simple model to calculate x-ray scattering
intensity for a large ensemble of such bent-core mole-
cules. The product of the molecular form factor (i.e.,
Fourier transform of molecular electron density), f(q),
and the structure factor (i.e., density-density correla-
tions), S(q), gives the observed diffraction pattern. We
assume the bent-core molecules to be composed of two
solid cylindrical segments of length [/ and radius R,
forming an apex angle ¢ between them. The electron
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density is taken to be uniform over the segment volumes.
The coordinate system is chosen such that the z axis is
parallel to the molecular long axis (i.e., string) and the
apex bisector along the x axis. The form factor for the
bent cylinder is a sum of two Fourier transforms of
electron density, one for each segment, ie., f(q) =
| .[segl TPy + fseg2 e 4T d3r|> where q is the momen-
tum transfer vector. Each of these integrals is evaluated in
the respective segment coordinate systems and then trans-
formed back to the laboratory frame to obtain an ana-
lytical expression for f(q).

For bent-core molecules with their long axis aligned
along the z direction in the N phase, the structure factor
for small q values can be approximated by a [16]
Lorentzian for short-range positional (liquid-like) order
correlation lengths of the order of the molecular
dimensions, S(q) = [1 + £2(q, — qo)* + &2¢3 + &3¢3]7!
where, £’s are the correlation lengths in the respective
spatial directions and g, = 27/L, L being the molecular
length.

Note that, other than imposing the nematic ordering
and asymmetry, i.e., inequality in the correlation lengths
along the x and y directions, we have so far not made any
explicit assumption regarding the biaxial order. The form
factor for small q values in the g,-g, plane gives rise to
four diffuse peaks and reflects the molecular symmetry,
as shown in Fig. 4(a). The angular separation between
these peaks, ¢ = 140°, arises from the molecular struc-
ture, i.e., the angle between two cylindrical segments. On
the other hand, the structure factor [Fig. 4(b)] for small q
exhibits only two peaks at =g, along n. Now if a perfect
biaxial order is imposed by assuming that n || Z and
m || £, the observed x-ray scattering intensity is /(q) =
f(q) X S(q).

Figure 4(c) shows the plot of the intensity I (g, ¢,)
calculated for [ =27 A, R=25A, ¢ =140°, &, =
21sin(¢/2) = 50.7 A, and £, = 16.5 A. It features four
diffuse peaks as observed in the experiment, and a central
bright spot (near q = 0) where the form factor naturally
has a maximum. The angular separation between the two
pairs of diffuse peaks is ~80° in excellent agreement
with the experimental value. It is important to note that
the molecular form factor in the g,-¢, plane does not
show four peaks, since the projection of molecular elec-
tron density onto the y-z plane is rod-like. The intensity
1(gy, q.), calculated ysing the same parameters as for
1(q., q;) and &, = 8 A, is depicted in Fig. 4(d).

If the bent-core molecules have only uniaxial order or
the second axis of the biaxial nematic phase is not
aligned, we have to average the product f(q) X S(q)
over a random distribution of m. In that case, both the
1(g,, q.) and I(q,, g,) plots would be identical and each
would feature four diffuse peaks, though less pronounced
compared to the system with monodomain biaxial order
as the total scattered intensity will then be distributed
over a circle in the reciprocal space. Clearly, while
the existence of four diffuse peaks is not a sufficient

145506-3



VOLUME 92, NUMBER 14

PHYSICAL REVIEW LETTERS

week ending
9 APRIL 2004

0.4

q,(A")
q, (A"

-0.4 0.0 0.4
q, (A"

q,(A")

\ -0.4 0.0 0.4
q, (A7) q, (&Y

0.4 0.0 0.4

FIG. 4 (color). (a) Form factor calculated for a bent-
cylindrical shape molecule. (b) Structure factor for the small
angle reflection. The small angle x-ray pattern calculated from
f(q) X S(q) in (c) the g,-g, plane and (d) the g,-¢, plane for
perfect biaxial order.

condition for biaxiality, the observation of two distinct x-
ray patterns—similar to Figs. 4(c) and 4(d)—in two
orthogonal planes of the reciprocal space unambiguously
proves that this nematic phase possesses biaxial symme-
try. Recent optical measurements [17] on a similarly
prepared and aligned (i.e., with rubbed substrates and
electric field) N phase of sample A revealed that the
two indices of refraction in the plane perpendicular
to n are different suggesting biaxiality. Furthermore,
2D powder NMR spectra [17] yield a biaxiality parame-
ter of ~0.11 and support the inferences drawn here.

In conclusion, the observation of two distinct XRD
patterns with and without applied electric field show
that the N phase of these bent-core mesogens is a biaxial
phase. Orientational correlations transverse to the pri-
mary director are probably driven by excluded volume
interactions and supplemented by electrostatic interac-
tions associated with their large transverse dipole mo-
ments. The existence of the biaxial nematic phase is
confirmed by excellent agreement between the experi-
mentally observed diffraction pattern and calculations
based on the form factor of bent-core shaped molecules
and the structure factor for the N phase. Although pre-
vious investigations [11] suggest only one nematic phase
which we show here to be biaxial, the existence of a
narrow uniaxial nematic phase in these compounds can-
not be completely ruled out.
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