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Surface Alignment, Anchoring Transitions,
Optical Properties and Topological Defects in
Nematic Bent-Core Materials C7 and C12

B. SENYUK,! Y.-K. KIM,' L. TORTORA,' S.-T. SHIN,?
S. V. SHIYANOVSKIL' AND O. D. LAVRENTOVICH!

"Liquid Crystal Institute and Chemical Physics Interdisciplinary
Program, Kent State University, Kent, OH, USA

Liquid Crystal Display Research and Development Center, Samsung
Electronics Corporation, Korea

We address the status of oxadiazole mesogens, C7 and CI2, reported to show the
biaxial nematic phase, by exploring material aspects (chemical stability, surface
anchoring, optical and dielectric properties, topological defects) linked to the type
of nematic order. We demonstrate that the isogyres splitting in conoscopic patterns
of homeotropic state depends on sample thickness and is associated with variations
of molecular tilt along the normal to substrates. We observe isolated topological
point defects (boojums and hedgehogs), as well as nonsingular “escaped” disclina-
tions pertinent only to the uniaxial nematic order. Our conclusion is that C7 and C12
feature only a uniaxial nematic phase and the apparent biaxiality is caused by sur-

face effects.

Keywords Anchoring transition; bent-core nematics; biaxial phase; conoscopy;
topological defects

1. Introduction

Many of current liquid crystal (LC) electro-optics and display applications use ther-
motropic uniaxial nematics (N,) showing anisotropy of physical properties with two
principal directions, along and perpendicular to the director n = —n [1]. For a long
time, attention has been drawn to a hypothetical biaxial nematic (V;), on the ground
of fundamental interest and the promise of faster switching times in display applica-
tions [2-4]. The N, phase was theoretically described by Freiser [5] as being of
orthorhombic symmetry with physical properties different along three mutually per-
pendicular directors n = —f, m = —m and 1= —1. The existence of N, was first
shown in a lyotropic LC [6] but in thermotropic systems, N, remained elusive,
despite the intense search [7—13].
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The current focus of the search is on materials with molecules of unusual shape.
First, Li et al. [14] demonstrated the N, phase in the nematic material formed by
cyclic (ring-like) molecules. The search expanded to the broad class of bent-core
molecules after Niori et al. [15] had shown that they can form a biaxial smectic
phase. As a result, a number of symmetric [16] and asymmetric [17] bent-core
nematic compounds was synthesized and recently reported to exhibit N, [17,18].
N, was also detected in the liquid-crystalline polymers [19] and organo-siloxane tet-
rapodes [20], adding to the expansion of this field of LC research [21]. However,
identification of the N, phase in bent-core mesogens [4,17,18,22-25] is not univer-
sally accepted, and alternative, non-biaxial explanations of the observed features
are offered [26-32].

The first bent-core materials for which the existence of the N, phase has been
reported on the basis of NMR [18c] and X-ray diffraction (XRD) [18a] studies were
oxadiazole compounds ODBP-Ph-C; (C7) and ODBP-Ph-O-C;, (C12) [16]. The stu-
dies by Vaupotic¢ et al. [29] on a different bent-core compound suggested that the
XRD features attributed to N, can be caused by pretransitional smectic C (SmC)
order fluctuations (“‘cybotactic clusters”) that develop in N, over an extended tem-
perature range. Francescangeli and Samulski [31] performed an XRD study of a
nematogen ODBP-Ph-O-C4Hy, which belongs to the same series ODBP-Ph-O-
C.H»,1 as Cl12. They concluded [31] that “the cybotactic clusters of stratified
and tilted mesogens embedded in an otherwise translationally disordered nematic
host medium would engender motionally averaged second rank tensorial attributes
that are biaxial, and this may account for the NMR biaxiality observed in nematic
phases of ODBP mesogens” [18c].

In the present work, we address the status of the uniaxial vs. biaxial nematic
order in two bent-core oxadiazole materials C7 and C12, by exploring their stability
at high temperatures, their optical and dielectric properties, as well as surface align-
ment and features of topological defects. We show that the experimentally observed
features of C7 and C12 are consistent with the uniaxial N, order.

2. Experiment
2.1. Materials

The two studied compounds, 4,4'(1,3,4-oxadiazole-2,5-diyl) di-p-heptylbenzoate
(ODBP-Ph-C;) and  4,4'(1,3,4-oxadiazole-2,5-diyl)  di-p-dodecyloxybenzoate
(ODBP-Ph-O-C),) [16,18], were synthesized by Merck Corp. (Germany), Figure 1.
We studied two types of samples: samples AR (as received from the manufacturer)
and samples REC obtained by recrystallization of AR samples as described in Ref.
[16]. In all our experiments, contact of REC samples with oxygen was minimized by
using a special nitrogen-filled box (Fig. 2). The molecular structure and purity of AR
and REC samples were verified by high-resolution "H and '>*C NMR spectroscopy,
high performance liquid chromatography/mass spectroscopy (HPLC/MS) and
elemental analysis (see Appendix), which showed no distinction in the composition
of the two. However, the samples did show different behavior depending on whether
they were exposed to the contact with oxygen and elevated temperatures, as
described in details below.

The phase diagrams for C7 and C12 are the same for AR and REC samples
(Fig. 1). The phase diagrams were obtained during cooling and are shown in
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Figure 1. Molecular structure, model and phase sequence of thermotropic bent-core liquid
crystals C7 and C12. The arrow shows the direction of the dipole moment. Molecular model
shows space-filling structure. (Figure appears in color online.)

Figure 1 in terms of the reduced temperature t = T'— TN, where T is the actual tem-
perature and Ty is the temperature of the isotropic (Zso) to nematic (N) phase tran-
sition. For C7, Tty =222°C and for C12, Tixy=204°C. One or more smectic phases
with a tilted orientation of molecules within the smectic layers are denoted as Sm.
XRD and NMR studies [18] suggested that N, in C7 and C12 is stable over the entire
temperature range of the nematic phase but subsequent electrooptic experiments
[4,24b] suggested that N, exists only at low temperature (below ¢t =—12°C for C7),
so that the nematic range is split between the uniaxial and biaxial phases.

The experimental cells for optical and electrooptical studies were assembled
from parallel glass plates with transparent indium tin oxide (ITO) electrodes. The
tangential alignment was achieved by spin-coating polyimide films of PI2555 (HD
MicroSystem), AL22620 and AL60702 (JSR Corp.) [24a] onto the ITO layers; the
baking temperature was (220-275)°C. The tangential alignment of i at unrubbed
PI12555, AL22620 and AL60702 was established by observing half-integer disclina-
tions in Schlieren textures [33]. For planar (unidirectional) alignment, the polyimide
layers were rubbed 3-5 times with pressure (800-850) Pa and the cells were
assembled in an ‘“‘antiparallel” fashion. This resulted in a small pretilt angle (1-2)°
between the substrate and the director n measured by a crystal rotation method
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Figure 2. Experimental setup for studying optical properties and textures of C7 and C12 in the
oxygen-free environment: 1 — vinyl glove box; 2 — polarizing microscope; 3 — hot stage with
samples; 4 — CCD camera; 5 — computer with image acquisition software. (Figure appears
in color online.)

[34]. To achieve a homeotropic alignment, we used an inorganic passivation layer
NHC AT720-A (Nissan Chemical Industries, Ltd.) as well as freshly cleaned
ITO-coated glass plates. Note that the terms “homeotropic” and “planar” alignment
refer to the normal and unidirectional planar alignment of the main director .

The cell thickness d = (5-55) um was set by glass spacers mixed with temperature
cured epoxy paste EPO-TEK B9021 (Epoxy Technology) with a small coefficient of
thermal expansion 6 x 107°°C~', which was used for sealing the cells. The actual
thickness d was measured using the interference method [35]. The LC materials were
filled into the cells in the isotropic phase, and all the experiments were performed by
cooling from their Iso phase and keeping them within the N temperature range away
from smectic phase.

2.2. Experimental Methods

The temperature was controlled with a Linkam controller TMS94 and a hot stage
LTS120 (Linkam Scientific Instruments) with precision 0.01°C. An ac or dc voltage
was applied to the cells using a function generator DS345 (Stanford Research Sys-
tem) and a wide band amplifier 7602 (Krohn-Hite). We used an impedance analyzer
SI1260 (Schlumberger) for the dielectric spectroscopy measurements.

A polarizing microscope OptiPhot2-Pol (Nikon Instruments, Inc.) was used for
orthoscopic observations. The image acquisition was realized with a CCD camera
and image analyzing software ImagePro Plus 6.1 (Media Cybernetics, Inc.). Cono-
scopic studies under the microscope were performed with a Bertrand lens and high
power objectives Nikon MPlan 20 x /NA=0.4, 40 x /NA=0.5, 60 x /NA=0.7
ELWD (extra large working distance) with large numerical aperture (NA). A laser
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conoscopic setup was built using the laser (Ion Laser Technology) with tunable
wavelength (4 =514 nm). To increase the quality of conoscopic observations, we also
often used a “frosted” glass placed before the sample [36,37]. We used single wave (1)
and quarter wave (4/4) plates with A=530nm to determine the sign of birefringence
and to characterize small variations of optical retardation [36,38]. A thick Berek
compensator (Nikon Instruments, Inc.) was used to determine the direction of “slow
axis” and measure birefringence. The spectral properties of C7 and C12 were studied
with a microscope-mounted Photometry System P100S (Nikon Instruments, Inc.);
the transmitted signal was measured from a circular area of diameter 40 pm. In the
studies of topological defects, we used cylindrical glass capillaries of inner diameter
10 and 50 pm (VitroCom) and glass spheres of diameter 10 um.

To study the samples REC of C7 and C12 in the oxygen-free environment,
~(10-100) ppm, we used the vinyl basic glove box (Coy Laboratory Products,
Inc.) filled with dry nitrogen (Fig. 2). The experimental equipment and materials
were loaded into the glove box prior to sealing and filling the nitrogen. The tempera-
ture (~30°C) and relative humidity (<10%) inside the glove box were measured with
the conventional digital thermometer and hygrometer. The volume of oxygen was
detected with the Quantek oxygen analyzer, model 200 (Quantek Instruments).
The optical and conoscopic observations were performed via the CCD camera
Micropublisher 5.0 RTV (QImaging).

High resolution NMR spectroscopy of studied materials was carried out in the
Magnetic Resonance Center (The University of Akron, USA) using Varian Inova
(750 MHz) for proton NMR and Varian NMRS (500 MHz) for carbon NMR experi-
ments. The HPLC/MS analysis of the samples has been performed in the Chemistry
Research Facilities of The University of Akron by using a liquid chromatograph
Agilent 1100 (Agilent Technologies, Inc.) coupled with an Esquire ion trap mass
spectrometer (Bruker Daltonics, Inc., Billerica). A C18 column was used for liquid
chromatography separation and the mobile phase was THF-H,O (tetrahydrofuran-
water).

3. Results and Discussion
3.1. Chemical Stability

The bent-core materials C7 and C12 form the nematic phase at very high tempera-
tures (Fig. 1) [16,18]. We explored the chemical stability of these compounds by
keeping them at an elevated temperature 200°C for 2 hours. The AR samples were
kept in the regular conditions (with an access of oxygen), while the REC samples
were kept in the oxygen-free environment. The treatment did not cause any changes
in the appearance of REC samples, but changed the color of AR samples from white
to brownish, for both C7 and C12 compounds (Fig. 3).

Figure 4 demonstrates the effect of high temperature treatment on the NMR
spectra of C7 samples. The NMR spectra of AR and REC samples before heating
are the same (Fig. 4a). After heating in the oxygen-free environment, the spectrum
of REC sample did not change (Fig. 4b). However, the spectrum of AR sample
heated in the presence of oxygen (Fig. 4c) did change, revealing new peaks that indi-
cate chemical degradation/decomposition.

The thermal gravimetric analysis (TGA) performed for the AR sample of C7 in
the presence of oxygen shows significant weight loss with time when kept at high



Downloaded by [University of California, San Diego] at 12:12 07 August 2012

Topological Defects in Nematic Bent-Core Materials 25

Figure 3. Samples of liquid crystals C12 (1, 2) and C7 (3, 4) after being kept in the nematic
phase at 200°C for 120 min in the room (1, 3) and oxygen-free (2, 4) environment. Samples
1 and 3 show brown colors. (Figure appears in color online.)

temperature (Fig. 5). The weight loss increases when the temperature increases and is
most significant in the Iso phase (Fig. 5). In contrast, TGA of C7 kept in the nitrogen
atmosphere, did not show any significant weight losses even after the sample was
kept at 195°C for ~20 hrs.

The experiments above show that C7 and C12 are chemically unstable and prone
to degradation when kept at high temperatures in the presence of oxygen. Chemical
degradation within the temporal scales of ~1h can profoundly affect the properties
of the materials (as we demonstrate below for the case of diclectric permittivity).
Because of this, we performed our experiments not only in normal environment with

AR and REC before heating
(a)
REC after heating
(b)
AR after heating
(c) /
ppm 8 6

Figure 4. "H NMR (200 MHz) spectra of samples AR and REC of C7 before (a) and after
(b,c) heating. Arrows show new peaks in the NMR spectrum of heated AR sample.

4
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Figure 5. TGA for sample AR of C7 performed in the room and oxygen-free environment.

oxygen, but also in the nitrogen-filled glove box (Fig. 2) in which the contact with
oxygen and degradation were minimized.

3.2. Dielectric Properties

We measured the dielectric dispersion of C7 and C12 (Fig. 6) and its temperature
dependence. The dielectric measurements (Fig. 6a, b) in the nematic phase were
made in the frequency range (0.1-1000) kHz on cooling the samples in the room
environment. The measured real and imaginary dielectric permittivities ¢ and ¢” have
very large values at frequencies lower than 10 kHz, similar to ferroelectric LCs [39].
The “cybotactic clusters” with smectic C order [29,31,32] existing in the nematic
phase of bent-core materials could be the reason for the large values of dielectric per-
mittivity. The dielectric dispersion curves of C7 and C12 show Debye-like behavior
[40] but the temperature dependencies are highly unusual. Namely, the relaxation
time 1.=(2nf,)"', where f. is a relaxation frequency at which ¢’ reaches its
maximum, decreases when 7 decreases (Fig. 6a, b), which is opposite to the standard
trend [41,42]. We attribute this unusual dependence to the chemical degradation at
high T rather than to the temperature changes themselves. To confirm it, we mea-
sured the dielectric permittivities at 7'= const; the data revealed a strong dependence
on time (Fig. 6¢, d); ¢ increased and t.. decreased with time. Our interpretation is in
agreement with NMR and TGA experiments (see Sec. 3.1) and with the notion that
chemical degradation generates shorter fragments of main constituents and ionic
impurities that reduce 7. [43].

The dielectric constants ¢, and ¢ (parallel and perpendicular to n) were mea-
sured in the cells with AT720-A and PI2555 alignment layers, respectively. To avoid
chemical degradation of the materials, we measured the dielectric constants at 1 and
10 kHz in the Iso phase right after the filling materials into the cells and then in the N
phase during the first 15min of the experiment (Table 1). Both materials, C7 and
C12, have a negative dielectric anisotropy As:sh—a’L<O and, thus, the method
for identification of the N, phase based on conoscopic observations under the
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Figure 6. Dielectric properties of nematics C7 and C12 measured in the planar cell (d =11 um)
with PI2555 alignment layers: a, b) dielectric permittivities ¢ and &’ vs. frequency; ¢, d) dielec-
tric permittivity ¢ changes with time at constant temperature.

applied electric field, suitable for the materials with positive Ag [28], is not applicable
in this case.

3.3. Optical Properties and Surface Memory Effect in Planar Cells

The orientation of the director i in the planar cells with C7 and C12 was along the
rubbing direction for the alignment agents P12555, AL22620 and AL60702. We mea-
sured the temperature dependence of birefringence An=n—n, of C7 and C12
(Fig. 7), using the linearly polarized light beam propagating normally through the
cell (with the wavevector k L n). The refractive indices 7 and n, are measured for
light polarization € ||n and € L i, respectively, and, in the N, phase, are associated

Table 1. Dielectric permittivities measured for compounds C7 and C12

C7 C12
f=1kHz f=10kHz f=1kHz f=10kHz
t=5°C &l 10.2 6.3 7.7 6.9
am 7 5 6.5 4.9
t=-2°C ¢ 24.1 7.2 23 7.8

Ae —-17.1 22 —16.5 -2.9
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Figure 7. Birefringence An vs. temperature as measured with Berek compensator at 546 nm in
the planar cells with C7 (a) and C12 (b). Error bar accounts for experimental error due to the
cell thickness and measurement error of Berek compensator.

with the extraordinary n, and ordinary n, refractive indices, respectively. Using the
Berek compensator, the birefringence An was determined as positive in the entire
temperature range of the nematic phase. The temperature dependence follows an
empiric law An=A-(—t/T w)? [44] with two adjustable parameters 4 and f and
no abrupt changes (Fig. 7).

We observed a surface memory effect [45] in C12 planar cells with PI2555 align-
ment layers (Fig. 8). The unidirectionally aligned samples (Fig. 8a) were cooled down
below the temperature fns to the Sm phase (Fig. 8b) and then reheated back into the
N phase (Fig. 8c). The texture of reheated sample (Fig. 8c¢) preserves some features of
the Sm texture (Fig. 8b), clearly visible when the polarizers are uncrossed (Fig. 8d, e).
These smectic texture features persist even after heating the sample into the Iso phase
and then cooling back into the N phase. Although the effect is of interest by itself, it

80pm °
= i—1

Figure 8. Surface memory effect in the planar cell with C12 and PI2555 alignment layers: a)
planar alignment at = —5°C; b) Sm focal conic texture at t =—14°C; c, d, e) nematic texture
obtained upon heating from Sm phase, t=—5°C. (Figure appears in color online.)
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interferes with the proper identification of the nematic ordering; because of this, we
always kept the samples above the temperatures at which the materials form the Sm
phase(s).

3.4. Homeotropic Alignment and Its Temperature Dependence

Homeotropic alignment in flat sandwich-type cells offers a straightforward approach
to discriminate between N, and N, in optical observations. In the homeotropic N,
the director n is normal to the bounding plates. Orthoscopic transmission of linearly
polarized light through such a cell does not depend on polarization € and the refrac-
tive index n, measured in this geometry is the ordinary index n,. However, in the
homeotropic N, state, the refractive index for the linearly polarized light should
depend on the direction of e. The difference between the principal values of the
refractive indices in such a biaxial cell, Any, =n, —ny is proportional to the degree
of biaxial order. Therefore, one expects to observe a birefringent texture (Any, #0)
if the order is biaxial and an extinct homeotropic state if the order is uniaxial.

In the experiment, we observe the classical homeotropic texture with An,, =0 in
some temperature region ¢, < t <0 below the Iso-N phase transition, where ¢, is in the
range —(22-38)°C for C7 (AR samples) and —(4-9)°C for C12 (AR samples), chan-
ging from sample to sample. The REC samples studied in the oxygen-free environ-
ment showed a higher 7,, in the range —(2-5)°C for both C7 and C12.

Below ¢,, the dark homeotropic textures (Fig. 9a, d) change to the textures of
bright domains with random azimuthal orientations (Fig. 9b, e). One might attribute
this transformation to the appearance of the N, phase. Alternatively, the effect can

S50pm £ S0pm
L

Noom eotropic

80pum
e

(d)

Figure 9. Anchoring transition in homeotropic cells between crossed polarizers. Top row
shows REC sample of C7, d~9 um: a) homeotropic orientation at t=—3°C; b) beginning
of the anchoring transition at t,= —4°C; c) tilted alignment at = —8°C. Bottom row shows
AR sample of C12, d=~ 12 um: d) homeotropic orientation at t=—1°C; e) beginning of the
anchoring transition at t,=—4°C; f) tilted alignment at t=—6°C. (Figure appears in color
online.)



Downloaded by [University of California, San Diego] at 12:12 07 August 2012

30 B. Senyuk et al.

be caused by a surface anchoring transition (molecular tilt at the substrates). The
retardation (Anyd) increases as temperature decreases (Fig. 9b, c, e, f), reaching
the values Any, ~ An characteristic for the tilted or even tangential orientation of
the uniaxial phase. In temperature cycles, the bright domains nucleate repeatedly
at the same irregularities (Fig. 9b, c, e, f); Any,d is not uniform over the cell area.
Bright and dark domains coexist showing well defined boundaries (Fig. 9b, ¢). To
explore the issue further, we used conoscopy [38].

3.5. Conoscopic Observations of Homeotropic Samples

Within the temperature range ¢, < ¢ < tyn, both C7 and C12 show conoscopic images
with isogyres that are slightly split by a small distance 2a (Fig. 10), even though the
orthoscopic transmission of linearly polarized light through the cells did not depend
on the direction of polarization €. Below ¢,, the conoscopic images become fuzzy with
no distinct features due to the small azimuthally degenerate domains (Fig. 9b, e).
One could estimate the possible biaxial optical anisotropy of the materials by
assuming for a moment that the nonzero 2« is caused by biaxiality. In a uniformly
aligned homeotropic N, slab with three refractive indices n; < n, < n3, the small value
2a is expressed through the so-called optic angle ®: sin®/2 = 2a - NA/(2R - i) [46]
and cos ®/2 = (m /ny) - [(n% — n2)/(n2 — n3)]"/? [38], where R is the radius of the field

of view (Fig. 10d) and 72 = / (ng + 2n(2,) /3 ~ 1.6 is the average refractive index [47].

Then from the expression 2a/2R = (7/NA) - (n3/ny) - [(n3 — n?)/(n3 — n3)]"/%, one
can estimate Any, =n,—n;. For the purpose of estimate, we associate the largest
refractive index n3 with the extraordinary index n. measured in planar cells for &||n

P

Figure 10. Conoscopic images for C7 material in the 52 um thick homeotropic cell obtained
with (a, b) laser conoscopic setup (A=514nm) at r=—5°C and (c, d) taken under the
microscope with objective Nikon MPlan 20 x /NA =0.4 at t=—37°C: (a, c) “cross” orien-
tation; (b, d) sample is rotated 45° clockwise from “‘cross’ orientation. P shows direction of
polarizer, A shows direction of analyzer. (Figure appears in color online.)
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and n; with the ordinary index n, measured for ¢ 1 n. We can use An measured in the
C7 and CI12 planar cells (Fig. 7) and determine n. and n, as n, ~ n+ 2An/3 and
n, ~n—An/3. With An~0.22 (Fig. 7a), a/R=0.138 measured at r=-37°C
(Fig. 10d) and NA =0.4 (Fig. 10c,d) we estimate Any, =2 x 10~ for C7, indicating
a very small degree of in-plane optical anisotropy as compared to An=0.22. In a
similar way, for C12 with An =~ 0.18 (Fig. 7b), a/R=0.18 measured at t=—-7°C
and NA =0.4, we estimate An,, =3 x 107% In principle, nonzero values of 2a and
Anyy estimated above for C7 and C12 might be considered as a feature of the (very
weak) biaxial nematic order. An alternative explanation is that the two features are
caused by a nonuniformity of the director tilt 6(z) along the normal (axis Z) to the
bounding plates. In particular, the non-zero director tilt 6(z), in addition to causing
the in-plane optical anisotropy, leads to a split of isogyres that can be estimated as
2a/2R = (i/NA) - (4 [ [0 — 0(z)) dz)"?, where 0 =1 [ 0(z)dz; 0() is the angle
between the director and the axis Z. To distinguish between these two interpreta-
tions, one based on the idea of a homogeneous N, and another one on the idea of
inhomogeneous N, we study the conoscopic images in cells of different thickness d.

In a uniform “homeotropic’ slab of N,, the isogyres separation 2a represents the
angle ® between two optic axes that does not change with d [36,38,46]. Using
the extended Jones matrix approach [48], we numerically simulated the intensity dis-
tribution in conoscopic images of hypothetical “homeotropic” (in the sense of the
main director) biaxial samples of different thickness but with the same small
Any, =0.00264 (® =15°) and verified that in the N, cells, the separation 2a between
the intensity minima is constant and independent of d (Fig. 11a—d).

We also simulated conoscopic images of N, sample with a nonuniformly tilted
n(z), representing a thick homeotropic bulk region 0(z) =0 sandwiched between
two subsurface layers with a non-zero 0(z) and birefringence (Fig. 11e-h). Two poss-
ible mechanisms can cause the formation of subsurface layers with a non-zero 0(z).
First, the nematic phases in contact with a solid substrate are known to develop a
density modulation along the normal to the cell, i.e., a layered smectic ordering
which might propagate through several hundred nanometers [49]. In C7 and C12,
this smectic ordering is expected to be of the tilted smectic C type, as the bulk smectic
C phase appears below the nematic phase [16,18]. The second mechanism is related
to the bent shape of C7 and C12 molecules and an ambiguity in the alignment of
their two arms. In the N, phase, vertical orientation of n implies that each arm
(Fig. 1) should make a non-zero angle ¢/2~20° with the normal to the substrate,
where ¢ ~n— and =~ 140° is the apex angle of the bent core of C7 and C12
[16,18]. However, if the surface sets a vertical alignment of one arm, then the second
arm would have a tilt ¢ rather than ¢/2. The bulk of the sample and the subsurface
layers might thus have a different tilt in the cell, stabilized by the smectic order near
the substrates (and absence of such an order in the bulk). Figure 11e-g shows the
conoscopic images calculated for such uniaxial (An ~ 0.2) cells with thick homeotro-
pic bulk and two subsurface layers of thickness 500 nm each with the director tilted
from the normal by 20°.

Our experimental conoscopic measurements (Fig. 12) show that the splitting 2a
decreases when the cell thickness d increases, for both C7 and C12, studied in the
room (Fig. 12d-f) and oxygen-free (Fig. 12a—c, g-i) environment. This behavior is
consistent with the idea that the splitting is caused by the director field variation
along the axis Z rather than by the bulk biaxiality. The surface-induced variation
of the director is short ranged and in the cells with a macroscopic d in the range
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Figure 11. Calculated conoscopic images for the homeotropic biaxial (a,b,c) and vertically
non-uniform homeotropic uniaxial (e,f,g) liquid crystal samples of different thickness d. Plots
(d,h) show the transmitted intensity profile along the diagonal line in conoscopic images.
Objective with NA =0.4 and optic angle ® =15° were used in calculations. (Figure appears
in color online.)

of micrometers and tens of micrometers, the spatial scale of these distortions should
be d-independent. When d increases, the main result is in the extension of the region
in which the director remain parallel to the axis Z; as a result, the splitting distance
2a is expected to decrease in thicker cells, as observed.

3.6. Topological Defects in Confined C7 and CI2

The N, and N, phases have different sets of topological defects, i.e., configurations
of the order parameter (i in N, and n, m, lin Nj) that cannot be continuously trans-
formed into a uniform state [33,50]. Let us describe the distinctive features concern-
ing the point (hedgehogs and boojums) and line (disclinations) defects.

In the bulk of N,, topologically stable are point defects, such as a “hedgehog”
with a radial n(r), and disclinations of strength |s|=1/2; s is defined as a number
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Figure 12. Experimental conoscopic images from the homeotropically aligned REC sample
of C7 (a, b), AR sample of C7 (d, ¢) and REC sample of C12 (g, h) in the cells with dif-
ferent thickness; a, b, g, h) t=—1°C; d, e) t=—-35°C. Plots (c, f, i) show the transmitted
intensity profile along the diagonal line in conoscopic images. Objective with NA =0.4 was
used in the experiment. Open and filled circles show the measured data. Solid lines are eye
guides to the experimental points and resulted from smoothing the data. (Figure appears in
color online.)

of director turns by 2z when one circumnavigates the defect core once. Disclinations
of strength |s| =1 are not topologically stable. Even if the configuration with |s| =1
is enforced by boundary conditions, for example, by confining N,, into a round capil-
lary, i would realign along the axis of the capillary [51a,52], a process called by
Meyer an “escape into the third dimension” [52].
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In the N, phase, isolated point defects cannot exist: a radial configuration of one
director implies that the two other directors are defined at a spherical surface and
thus should form additional singularitics emanating from the center of the defect,
similarly to the “Dirac monopole” structure with a radial magnetic field and
vector-potential perpendicular to it [33]. The disclinations can be of strength 1/2
and 1. In the case |s| =1, the escape of one director does not remove the defect core,
as two other directors restore the singularity.

At the surface of both N, and N, one can observe surface point defects - boo-
jums. The strength s, of a boojum at a surface of N, with a tangential f is defined
by the number of director turns by 2z when one circumnavigates the defect core
along the pathway at the surface; the smallest value is s, = 1 as 1/2 would correspond
to an end of a disclination [53]. In the N, phase, the smallest value of s;, is 2; a defect
with s, =1 represents an end of a singular disclination with s=1.

3.6.1. Escape of Director in a Round Capillary with C7 and C12. We studied round
capillaries with diameters 10 and 50 um filled with C7 and C12 in their Iso phase and
then slowly cooled (0.1°C/min) down into the N phase. To prevent the optical
distortions caused by the round shape of glass capillary we placed them between
two flat glass plates and filled the gap with an immersion oil of a refractive index
1.51 [51b]. The glass capillary provided homeotropic alignment and thus a radial
director orientation near the walls, as established by polarizing microscopy. In the
center of capillary, f realigns along the axis, as expected for the N, phase [51,52].
Since the two possible directions of the escape are of equal probability, cooling
from the Iso phase results in a number of point defects-hedgehogs, of radial and
hyperbolic type, separating the zone of different direction of escape (Fig. 13). The
defects annihilate with each other, but this process slows down as the separation
between the points become much larger than the diameter of the capillary, and
thus interactions between them become weaker.

The textural features with the escaped non-singular core and isolated point
defects do not change upon cooling the sample over the entire N temperature range;
Figure 13a—c shows the typical textures for both materials at lower temperatures of
the N phase. In the N, phase one would expect the non-singular escaped configur-
ation (Fig. 13a—d) either to transform into a single s =1 defect line (Fig. 13e) with
a singularity in the secondary directors [54], or to split into two lines with s=1/2

50 i 50,
(bI|(c)-> | e H % H %

Figure 13. C12 at t=—-6°C (a) and C7 at t=—-35°C (b, ¢) in a round capillary (diameter
50 um): a, b) crossed polarizers; c) parallel polarizers; (d) schematic of escaped director con-
figuration in N, showing point defects “hedgehogs” (black filled circles); (e) a hypothetical
scheme of directors configuration in N, with a nonsingular line defect of strength s=1 with
a singularity in the secondary directors (thick black line): solid lines show fn and short normal
segments show one of the secondary directors. (Figure appears in color online.)
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(a)

Figure 14. Sample REC of C7 in a round capillary in oxygen-free environment at t = —42°C:
a) crossed polarizers; b) parallel polarizers.

each, as observed in the biaxial smectic A [55]. We observed neither of these N, sce-
narios (Fig. 13a—c), despite our efforts to enhance the visibility of defects by using
optical compensators. The textures in a capillary did not change their appearance
below ¢,. Thus the topological features of textures in cylindrical capillaries are con-
sistent with the N, order in the entire range of the nematic phase.

The REC samples of C7 and CI2 filled in capillaries and studied in the
oxygen-free environment showed similar uniaxial features of defects, with
well-defined nonsingular disclinations and isolated point defects within the entire
N temperature range (Figs. 14, 15). The REC sample of C7 showed no change of tex-
ture with isolated point defects (Fig. 14) above and below ¢,. The textures of capillary
filled with REC sample of C12 below #,= —3°C are distorted by the surface anchor-
ing transition (Fig. 15b,c.e,f) rather than by transition into the biaxial phase, because
the escape line preserved its internal structure and all changes occur near the surface.
Comparing Figures 15b,c and 15e,f, one can see that distortions of the defects pat-
tern reproduced themselves when the sample is heated above and cooled back below
t;, indicating the prime role of the surface interaction.

3.6.2. Point Defects at Colloidal Spheres in C7 and CI2. We also explored the
behavior of surface point defects-boojums and isolated point defects-hedgehogs formed
at spherical inclusions immersed into the N phase [56,57]. Small spherical particles of

(c) -
(f) -

44‘ (e)

Figure 15. Sample REC of CI2 in a round capillary in oxygen-free environment: a, d)
t=-2°C; b, e) first cooling, t=—6°C; c, f) second cooling, = —6°C.
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isolated point defect
(a) (b) “hedgehog”

(c) line defect with singular core (d)

Figure 16. Colloidal solid glass spheres (diameter 10 um) in a planar cell (d =25 pm) with C12 at
t=—10°C (a); (b) scheme of director configuration around the particle in N,; (c, d) a hypotheti-
cal schemes of director configuration around the particle in N,,. (Figure appears in color online.)

borosilicate glass (diameter 10 um) and polystyrene (diameter 5 and 8 um) were added to
C7 and C12 and studied in planar cells of thickness d= 25 pm (Figs. 16, 17).

The glass spheres provided homeotropic alignment for C7 and C12 and the tex-
tures show a dipolar symmetry of distortions of i with point defect, hedgehog, at one
pole of the sphere (Fig. 16a, b), along the axis that is parallel to the direction of iy set
by rubbing. This texture with hyperbolic hedgehog is valid for the N, phase, but iso-
lated point defects can not exist, as discussed above, in the N, phase. Two solutions
are possible, either a single line with singularity in minor directors emanating from
the poles of the sphere parallel to the direction iy (Fig. 16¢) or the surface boojum of
s, =2 [33] with the emanating defect line with singularity in m and 1 (Fig. 16d). We
did not observe any changes of dipolar textures (Fig. 16a, b) above and below ¢,.
Also, characteristic arrangements of spheres (Fig. 16a) remained unchanged in the
entire N temperature range.

The samples with polystyrene spheres with tangential anchoring produced tex-
tures with a quadrupolar symmetry of distortions of n, with two point defects, boo-
jums, at the poles of the sphere (Fig. 17a—c), along the axis that is parallel to ny.
Their existence is dictated by the topological requirement: a director field tangential
to the surface of a sphere, should contain singularities with the total strength equal
to the Euler characteristic of the sphere, which is 2: > s, ;=2 [33]. The texture with
two isolated boojums at the poles is allowed in the N, phase, but not in N,. In the N,
phase, the relationship ) s, ;=2 is still valid, but the isolated boojums of strength
s, =1 cannot exist, as they should represent the ends of disclination lines of strength
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(c) point defects “boodjums” (d) line defect with singular core

Figure 17. Colloidal solid polystyrene spheres in the planar cells (d =25 um): a) C12, diameter
8um, t=—6°C; b) C7, diameter 5um, t=—42°C; (c) scheme of director configuration with
“boojums” around the particle in N,; (d) a hypothetical scheme of director configuration
around the particle in N,. (Figure appears in color online.)

s =1 terminating at the surface of the spherical particle. The texture with boojums in
our samples remained the same at all temperatures and did not extend into two
singular lines s = 1 (Fig. 17a, b). There was also no tendency of the boojums to merge
into a single boojum with s, =2 that is allowed in the N, phase (Fig. 16d). Cooling
down in the N temperature range did not perturb arrangements of particles with
quadrupolar distortions (Fig. 17b). If there were disclinations terminating at the
boojums, one would expect a rearrangement that would change the direction of par-
ticles’ chains with respect to ny aimed at shortening the length of disclinations. Such
rearrangements of colloids should be detectable even if the core of the disclinations
are invisible under the microscope.

We facilitate the formation of equilibrium topologically non-trivial states even
more by filling the capillary with glass spheres with homeotropic boundary

(b) —>P,noA r—————

Figure 18. C12 in capillary at t=—6°C with glass spheres (diameter was 5pm): a) crossed
polarizers; b) no analyzer. (Figure appears in color online.)
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conditions (Fig. 18) as in Ref. [58]. In the N, phase, such geometry is expected to
show the texture with defect lines, singular in m and I, connecting the spheres along
the capillary axis. However, cooling down to #ys did not result in any textural change
and the N, texture with escaped director and isolated point defects (Fig. 18)
remained unchanged in both materials, C7 and C12.

Thus, the features of topological defects in samples with the three-dimensionally
distorted n considered above are fully consistent with the features of the uniaxial N,
phase but not with the expected properties of the N, phase.

4. Conclusions

We studied dielectric dispersion, optical properties and topological defects of two
thermotropic bent-core materials C7 and C12, to determine whether these materials
have a biaxial nematic order. We found that the features of C7 and C12 are consist-
ent with those of a uniaxial nematic N, in the entire temperature range of the nematic
ordering. The materials are unstable and prone to chemical degradation/decompo-
sition at high temperatures (above 150°C) when studied for a long time (hours) in
regular environment with oxygen.

We achieved a uniaxial homeotropic alignment of C7 and C12 using thin layers of
AT720-A, in which case an orthoscopic light transmission does not depend on the
direction of polarization in the plane of the cell, which is inconsistent with the presence
of secondary directors of a biaxial phase. The homeotropic texture of C7 and C12 is
stable within a certain range between the N-Iso phase transition and some temperature
t, that varies in a broad range depending on the substrate and presence of oxygen.
Below ¢, the homeotropic texture changes to the texture of bright domains with ran-
dom azimuthal orientations. Using conoscopy, we attribute this textural transform-
ation to a surface anchoring transition rather than to the transition into the biaxial
phase. The main feature of conoscopic textures is a small splitting of isogyres that
decreases as the thickness of cell increases. The isogyres splitting is typically attributed
to the biaxial order, but in our case, the splitting is associated with the non-uniform
tilt of the uniaxial director along the normal to the plates. The nonuniformity along
the normal to the bounding plates can be caused by surface-induced smectic layering
and tilt of bent core molecules that is different from their orientation in the bulk.

We observed topological defects such as isolated point hedgehogs and boojums
and nonsingular disclinations with an escaped director configurations that are
characteristic of the N, phase in the entire nematic temperature range and cannot
be associated with the N, phase.

After this manuscript has been accepted for publication, Francescangeli et al.
published a paper [Francescangeli, O., Vita, F., Ferrero, C., Dingemans, T. &
Samulski, E. T. (2011). Soft Matter 7, 895] presenting an X-ray diffraction (XRD)
study on liquid crystals C7 and C12. The conclusion was that ““the XRD data does
not provide any direct support of the existence of a molecular biaxial nematic
phase”, similar to the conclusion achieved in our work.
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Appendix
Chemical Compounds Characterization Data

C7, samples AR and REC: 'H NMR (750 MHz, CDCl;): 6 =8.21 (d, 4H, ArH), 8.11
(d, 4H, ArH), 7.41 (d, 4H, ArH), 7.32 (d, 4H, ArH), 2.71 (t, 4H, o-CH,), 1.65-1.67
(m, 4H, B-CH,), 1.27-1.35 (m, 16H, 7.,6,¢,(-(CH),-CH3), 0.89 (t, 6H, »-CH;3) ppm;
13C NMR (CDCly): 6 =162.94 (C6), 162.33 (C1), 152.26 (C2), 148.4 (C10), 129.35
(CB), 127.82 (C9), 127.42 (C3), 125.57 (C7), 121.87 (C4), 120.65 (C5), 37.26, 33.01,
32.36, 30.51, 30.42, 24.09, 15.71 ppm; HPLC/MS (m/z): caled. for C4oH4sN,OsH
[M + H], 659.34; found, 659.5; elemental analysis (Micro-Analysis, Inc.) for sample
REC (caled. /found for C4,H4N,05): C (76.57/76.27), H (7.04/6.97), N (4.25/4.19),
O (12.14/12.27).

C12, samples AR and REC: '"H NMR (750 MHz, CDCls): 6 =8.2 (d, 4H, ArH),
8.14 (d, 4H, ArH), 7.4 (d, 4H, ArH), 6.98 (d, 4H, ArH), 4.05 (t, 4H, «-CH,),
1.82-1.84 (m, 4H, -CH,), 1.27-1.49 (m, 36H, 7,9,¢,(,n,0,1,x,A-(CH),-CHj3), 0.89 (t,
6H, w-CHs) ppm; *C NMR (CDCly): 6 =162.64 (C6), 162.36 (Cl), 162.1 (C10),
152.34 (C2), 131.37 (C8), 127.4 (C3), 121.9 (C4), 120.57 (C5), 120.23 (C7), 113.82
(C9), 68.83, 31.16, 30.95, 30.93, 30.88, 30.85, 30.66, 30.4, 27.36, 24.14, 15.75 ppm;
HPLC/MS (m/z): caled. for Cs;HggN,O;H [M + H], 831.49; found, 831.7.
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