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Two-Dimensional Skyrmion Lattice Formation in a Nematic Liquid
Crystal consisting of Highly Bent Banana Molecules
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Junji Watanabe

Abstract: We synthesized a novel banana-shaped molecule
based on a 1,7-naphthalene central core that exhibits a distinct
mesomorphism of the nematic-to-nematic phase transition.
Both the X-ray profile and direct imaging of atomic force
microscopy (AFM) investigations clearly indicates the forma-
tion of an anomalous nematic phase possessing a two-dimen-
sional (2D) tetragonal lattice with a large edge (ca. 59 A)
directed perpendicular to the director in the low-temperature
nematic phase. One plausible model is proposed by an analogy
of skyrmion lattice in which two types of cylinders formed from
left- and right-handed twist-bend helices stack into a 2D
tetragonal lattice, diminishing the inversion domain wall.

The geometrical features of liquid-crystalline (LC) mole-
cules largely decide the form of LC phases. For example, rod-
like molecules exhibit calamitic phases of nematic (N) and
smectic (Sm), whereas disc- and lath-like molecules exhibit
discotic columnar (Colp) and discotic nematic (Np) phases,
respectively. Among the LCs, bent-core liquid crystals
(BCLC) have attracted considerable attention because they
spontaneously form chirality and polarity from achiral
molecules, resulting in unique banana (B) phases, for exam-
ples, various Sm sub-phases constructed as an intercalation or
a frustration in two-dimensional (2D) planes.!l Thus, the
overall molecular shape is thought to largely determine the
mesomorphism. The shape of BCLC can be effectively
designed by controlling the opening angle (OA) of the central
core moiety in a molecular Scheme. The OA that favors the
banana phases has been reported as below 140°.?1 The
mesomorphism of BCLC with smaller bent angles (< 90°),
the so-called “low bent-angle BCLCs”, are apparently less
developed, despite several early reports describing the
formation of calamitic LCs.”) However, we recently found
that low bent-angle derivatives with OA of 60° can form
representative B phases of B2, B4, B7, and a polar SmA
phases.! Furthermore, by combining with long alkylsulfanyl
chains, they can form not only a novel switchable hexagonal
columnar phase but also an optically isotropic phase with
a cubic lattice.”) Notably, the formation of polar B phases
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provides overriding evidence that in these systems, molecules
can pack along the bent direction despite the small OA of 60°.

In typical BCLC with bent angles around 120°, the
N phase is replaced by the B6 phase, an intercalated layered
structure.’! On the other hand, the N phase becomes domi-
native with larger OA (> 120°)® or significant asymmetry in
their schemes, such as hockey-stick-shaped LCs.”)

Among the above formations, the N phase formed by low
bent-angle BCLC is notable because the direction of the n-
director is an additional concern (parallel or perpendicular to
the bent (b) direction). When the b direction is lying along the
n-director, they are known to form calamitic LCs similar to
rod-like LCs.”! In contrast, the perpendicular orientation of
the b direction to the n-director is relatively rare. We have
reported that this arrangement can potentially form B phases
by adopting a seven-membered ring system with a 1,7-
naphthalene core.*) As part of our investigations on an
ultimate structure-LC property, we have prepared a novel low
bent-angle (highly bent) BCLC based on a 1,7-naphthalene
core, 1CI-N(1,7)-O6, which exhibits curious N phases. 1Cl-
N(1,7)-O6 comprises two side wings, each composed of three
aromatic rings with a lateral chlorine substitution and alkoxy
tails with 6-carbon numbers (Scheme 1l and S1 in the
Supporting Information).!®!
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Scheme 1. Chemical structure of 1CI-N(1,7)-O6.

The phase sequential behavior obtained by differential
scanning calorimetry (DSC) upon heating and cooling at
a scanning rate of 10°Cmin ', are presented in Figure 1 and
Table 1. In Figure 1, two peaks appear at 178°C and 212°C on
heating and at 211 °C and 162 °C on cooling. Polarizing optical
microscopy (POM) observations revealed an isotropic (Iso)-
N phase transition. Upon cooling from the Iso, a typical
schlieren texture with two- and four-brush point singularities
appeared under cross-nicol, which flashed under mechanical
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Figure 1. DSC thermogram for 1CI-N(1,7)-O6 (inset: enlargement of
the N1-N2 phase transition).

Table 1: Phase transition behaviors.

Process Transition property

[Temperature (Enthalpy): °C (k) mol™)]
Cooling Cr 162(37.2) N2 178(0.07) N1 211(0.30) Iso
Heating Cr 178(38.0) N1 212(0.29) Iso
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Figure 2. Polarized optical microscope images of N1 and N2 phase
with different sample preparations. a) unrubbed planar alignment and
b) rubbed homogeneous cells. Cell thickness: 5 um.

stress (Figure 2a). In addition, a well-developed uniform
texture was observed in the rubbed cell (Figure 2b). These
features, along with the well-defined response to external
electric and magnetic fields (B; see below), are reminiscent of
a N phase.

Careful observation of the DSC thermogram reveals an
additional exothermic peak at 178°C during the cooling
process (Figure 1, inset). The low-temperature LC phase then
becomes obvious, but is monotropic as it exists in the
temperature region 178-162 °C. The enthalpy change between
the two phases is negligibly small (0.07 kJmol™), indicating
the high similarity of the LC structures. This transition,
however, induced remarkable textural changes in the polar-
ized optical microscope (POM) images. Upon entering the
low-temperature phase below 178°C, the schlieren and
uniform texture (Figure 2top) transformed into a fan-like
texture (Figure 2bottom), respectively. Interestingly, the
longitudinal edge (usually it indicates a direction of 1D
ordering) of the fan-like domain was perpendicular to the n-
director in the preceding high-temperature N phase, as
observed in Figure 2 and S1 (for shear aligned sample and
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optical properties). Thus, we tentatively named the high- and
low-temperature N phases as N1 and N2, respectively. Upon
electro-optical measurements, the dielectric response of the
Fredericks transition was confirmed (Figure S2, S3). No polar
switching behavior (up to 16 Vum™) was detected in both
phases.

The details of the structure were clarified by wide angle X-
ray diffraction (WAXD) and small angle X-ray scattering
(SAXS). Figure 3 shows the oriented 2D WAXD profiles of
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Figure 3. a,b) Oriented 2D and c) 1D profiles of the WAXD measure-
ment. (insets: enlargements of small angle region).

both phases under B (ca. 1 T) during cooling from Iso. There
are two characteristic broad scatterings at g (=2n/d) =2m/
4.5 A" on the equator and g =2m/35.4 A~! in the meridional
line. From these results, we immediately deduce that no long-
range positional order exists along the n-director, implying
a nematic nature (Figure3c). Thus, the 354 A spacing
obtained from the inner diffuse scattering can be interpreted
as the average molecular length (ML) along the director."

The profile differences between the N1 and N2 phases are
more obvious in the oriented SAXS profiles (Figure 4). In
both phases, the scatterings on the equator are prominent,

(b)

Figure 4. Oriented 2D profiles of the SAXS measurement a) N1 and
b) N2 phases.
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which are perpendicular to the n-director (B direction) in

@

FABA
addition to the defuse halo appearing on the meridional line 5 I'Ei’;(‘/\f‘
at ¢ =21/35.4 A~'. In the N1, the profile appears as halos at y‘:ﬂi%
g=2m/57.0 A~', whereas cooling to the N2 yields clear 1332
reflections at ¢ =27/59.0 A~' and 27m/41.0 A~'. These two Aji‘ff
reflections can be indexed as (100) and (110), respectively, gy
assuming a tetragonal lattice with one edge, a =59.0 A. As E:iii
a result, the N2 phase is interpretable as a Pematic phase with n Z:&g{
a definite electron density wave of 59.0 A perpendicular to T

the n-director, whereas the N1 exhibits a more modest
average density wave of 57.0 A. The size and tetragonal
symmetry are unaffected within the range of N1 and N2. The
tetragonal symmetry is also revealed by WAXD and SAXS
with a planar-oriented sample, indicating four orthogonal
spot-like reflections (Figure S4). These results indicate that
the transition from N1 to N2 is followed by a disorder—order
transition of the 2D tetragonal lattice. Assuming a density of
1.0-1.2 gcm 3, lattice parameter a=59.0 A and a molecular
height h=354 A along the director, there are 67-80 mole-
cules in each 2D tetragonal lattice unit.

A tetragonal lattice can be imagined as a discotic
columnar assembly formed by columnar-stacked aromatic
parts surrounded by aliphatic chains, which will lead an
orthogonal arrangement between the molecules and column
axis. However, such arrangements are unlikely in this case
since the molecule and column axis align parallel each other
(The molecular director is perpendicular to the 2D lattice
plane). Furthermore, a Coly, is unlikely to adopt a tetragonal
packing symmetry considering the closest packing. Also, the
isotropization enthalpy of the present phase is 0.3 kJmol ™',
much smaller than 5-7 kJmol ™' for previous reports of Col
phases.

The above results raise two questions. First, can a 2D
lattice perpendicular to the director emerge from the
continuum nematic fluid LC? Second, why is the packing
symmetry tetragonal rather than hexagonal? A satisfactory
candidate demands that the system is chiral and includes a 2D
array of topological defects, as typically observed in blue
phases (BP).

Recently, a twist-bend (TB) nematic (Nz) phase has been
structurally characterized.”” In this phase, achiral molecules in
a unique nematic ground state order into a layer-free,
heliconical LC of nanoscale pitch. The Ny phase was
theoretically predicted ¥ and suggested that the local bend
curvature in the director field of bent-shaped molecules could
stabilize the twist and bend director distributions, with the
molecules recessing on a cone (Figure 5a,b).''l The nematic
features, spontaneous chirality"? and fan-like textures™ of
this phase (but lack of Sm-like layer X-ray diffraction
peaks®™) have been interpreted in terms of the Ny, structure.
The helix periodicity was reported as approximately 8—
14 nm.'" Moreover, the low bend elastic constant™ and
two optically opposite, large chiral domain phases were
reported.”

However, if the domain size reduces below a certain size,
the 1D structure might be less stable than 2D or 3D structures.
This destabilization would depend on the boundary condi-
tions. In other words, double-helix cylinders may assemble
into phases with strong defect density, similar to the blue
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Figure 5. Schematic illustrations of a) conical local director distribu-
tions of n- and bend b-directors. b) a twist-bend director distribution
alike Ny phase forming right-handed (blue) and left-handed (red)
heliconical ordering and c) a possible image of molecular projection
and skyrmion-type 2D tetragonal lattice model based on cylindrical
arrays by neighboring opposite helicity. See text for details.

phase (BP),'! characterized by 3D ordering of the director,
which denotes the average orientation of the LC molecules.
The local preference for a double-twist structure over
a single-twist in the helical phase is delicately balanced
against the global topological constraint that prevents
a double-twist structure from filling the whole space with no
discontinuities. This balance leads to 3D regular stacking of
so-called double-twist cylinder (DTC) and topological defect
lines.l"" DTCs exhibit a m/4 rotation of the directors from the
center in all directions perpendicular to the cylinder; con-
sequently, the n-director field in BP remains continuous at the
contact points between two neighboring orthogonal DTC.

More recently, the nt/4 rotation of DTC has been argued as
a type of skyrmion excitation.'”! Skyrmions, particle-like
topological entities in a continuum field, play an important
role in various condensed matters."® It was confirmed that
a highly chiral NLC accommodating a quasi-2D skyrmion
lattice is thermodynamically stable when confined to a thin
film between two parallel surfaces."”) Skyrmion lattice ground
states may exist in bulk compounds as well as at surfaces and
in thin films.*"

Let us return to the present system. Figure 5c illustrates
a projection of molecules and a possible skyrmion-type 2D
tetragonal lattice, based on the conical twist-bend helix
model. Defect lines with s=+1 (Figure 5¢ solid dot) and
s=—1 (Figure 5c empty dot) reside at the centers and
boundaries of the cylindrical arrays. The right- and left-
handed cylinders regularly alternate in a 2D lattice with
tetragonal symmetry. In this way, the cylinders are embedded
in a regular lattice of topological defects. The red and blue
nails in Figure 5c indicate the handedness of helices. Because
the nails are vectorial, skyrmions with positive chirality must
neighbor those with negative; otherwise, the boundary
between two skyrmions would be discontinuous. Therefore,
a hexagonal symmetry is restricted because it would lead to
frustrations with the inversion domain walls. In contrast,
continuum director fields are allowed in the tetragonal
symmetry, forming disclinations of s=—1. In other words,
chiral interactions prevent a space inversion symmetry. In
fact, such a 2D skyrmion lattice with tetragonal symmetry was
reported for the ground state of magnetic metals.’ Similar
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chiral cylinders might exist in the high-temperature N1 phase,
but the disorder-order transition followed by the negligibly
small transition enthalpy leads to random placement of the
declinations.

The direction of bent axis in the nematic field is not fully
confirmed. However, the averaged ML observed by X-ray,
35.4 A, is satisfactory for the model in Figure 5 since the end-
to-end distance between two terminal carbons can meet the
value!! (Figure S5) while the maximum length of the longer
sidearm remains under 32.7 A which cannot meet the ML
value. It should be also noted that the molecular orientation
(bent direction) in Figure 5b is not an absolute requirement
for the formation of tetragonal structure. If a molecular
packing with the bent axis along the n-director satisfies above
mentioned conditions for the tetragonal lattice, it can also be
a possible candidate until more solid information about their
alignments is obtained.

Finally, a surface morphology of LC film was investigated
by atomic force microscopy (AFM), and a direct imaging of
the tetragonal order (ca. 60 A) was successfully achieved.
Figure 6 and Figure S6 clearly show well-defined stripe
patterns with a periodicity of around 60 A lying along the
shear direction; moreover, the periodicity lies in a direction
perpendicular to the shear direction, which is consistent with
the polarized optical microscope images (Figure 2, S1).
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Figure 6. AFM images obtained for the N2 phase film surface. Clear
stripe lines with a periodicity of approximately 60 A were detected lying
along the shear direction.

In summary, two nematic phases of a novel acute-angle
BCLC were extensively examined by X-ray and AFM
investigations. The result provides clear evidence of a novel
tetragonal lattice order in the low-temperature N2, and its
pre-transitional pseudo-tetragonal structure in the high-
temperature N1 phase. The mesomorphic transition behavior
between the N1 and the N2 phases can be understood as
a disorder-order transition, in which a frustrated structure
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with a 2D tetragonal lattice might be stabilized by chiral
interactions between the right-handed and left-handed cylin-
ders, precluding a space inversion symmetry. This result
exemplifies a crucial step in discovering novel molecular
assemblies in BCLC systems, improving our understanding of
structure—property relationships and offering opportunities
for their control.
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