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Chiral random grain boundary phase of achiral hockey-stick liquid crystals showing randomly
oriented smectic blocks with flat smectic layers.
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RGB phase appears dark between crossed polarizers but decrossing the polarizers reveals large
left-

transmission electron microscopy reveals that the RGB phase is an assembly of randomly

www.rsc.org/ and right-handed chiral domains with opposite optical rotation. Freeze-fracture
oriented blocks of smectic layers, an arrangement that distinguishes the RGB from the dark,
chiral conglomerate phases of bent-core mesogens. X-ray diffraction indicates that there is

significant layer shrinkage at the SmA—RGB phase transition, which is marked by the collapse

of layers with long-range order into small, randomly oriented smectic blocks.

Introduction

Molecular structure plays an important role in the self-assembly of
liquid crystal phases.' Due to their anisotropic molecular shape, rod-
like molecules form fluid liquid crystal phases such as the nematic,
smectic A, and smectic C.> When the molecules are chiral, the mirror
symmetry of the liquid crystal phases is removed and molecular self-
assemblies with characteristic properties associated with the chirality
emerge. For example, the molecular chirality is expressed through
the twisting of the director field in the blue, cholesteric, and twist
grain boundary phases and through the formation of a director helix
in the smectic C. Chirality also leads to ferroelectricity in the smectic
C* phase of chiral, rod-like molecules.* In recent years, the self-
organization of bent-core molecules into novel phases different from
those exhibited by rod-like molecules has drawn intense attention,
3678 stimulated early on by the discovery of spontaneous symmetry
breaking in fluid smectics of achiral, bent-core mesogens.” Many
novel phases unique to bent molecules, such as the B1-B8,> helical
nanofilament, '* dark conglomerate, i polar smectic A, 12 biaxial
nematic,'>'* and twist-bend nematic phases **'®'"'*:!° have been
discovered and characterized. When bent-core mesogens self-
assemble into layers, the interplay of molecular tilt and polarization
causes the layers to be chiral.” The helical nanofilament and dark
conglomerate phases of achiral, bent-core molecules are chiral
phases that exhibit large homochiral domains that are dark under
crossed polarizers but transmit light when the polarizers are
decrossed because of optical rotation.'*!!

Hockey-stick molecules, which are structurally intermediate between
rod-like mesogens and true bent-core liquid crystals, also show
unusual phases and are of contemporary interest for the design of
new materials with useful applications and also for the insights they
offer into the fundamental understanding of the self-organization of
soft-matter,?!:?223:242326.27.28:29.30 These molecules typically comprise
a central core to which arms of substantially different length are
attached. Hockey-stick mesogens exhibit several exotic phases and
effects associated with their asymmetric shape, including the dual-
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characteristic nematic phase (which displays both calamitic and
bent-core properties),®! the occurrence of two polymorphic, tilted
smectic phases (the SmCg and SmC, phases) induced by a molecular
conformation change, 3 * the coexistence of two different
molecular tilts at the nematic—-SmC transition,* the macroscopically
chiral nematic and dark conglomerate phases,* the frustrated blue
and twist grain boundary phase induced by chiral, rod-like
mesogens, >’ and a layer thinning transition.*®

In this paper, we report a new hockey-stick mesogen (COBOXD), an
achiral molecule with a flexible alkyl chain attached to one end of an
asymmetric, rigid, bent core. A chiral, dark conglomerate phase of
randomly oriented smectic blocks, which we call the random grain
boundary (RGB) phase, represents a new addition to the rich palette

(a) COBOXD -N

700

Iso (110°C) SmA (100 °C) RGB (95°C) Crystal

Flgure 1: Molecular structure phase sequence and optical textures of
achiral, hockey-stick mesogen. (a) Chemical structure and phase
sequence of COBOXD. (b) Polarized light microscope image of the
SmA phase at T=110°C, showing fan-like texture with dark brushes
parallel to the polarizers. (c) Optical texture of the RGB phase at
T=100°C. This phase appears dark between crossed polarizers but
left- and right-handed chiral domains can be distinguished by
decrossing the polarizers. (d) The crystal phase (bright region) grows
in at lower temperature. The scale bar in (d) is 100 pum. The contrast
in (c) was enhanced in software. The samples are sandwiched
between two planchettes of bare glass spaced about 4 um apart.

J. Name., 2013, 00, 1-3 | 1



Page 3 of 6

6000

4000 d=38.0 )&

] (a) SmA, 110°C

2000

1!

0.178 0356

07112 1.065 1417 1.766

d=33.7A

2113

(b) RGB, 99°C

0.178 0356

(c) RGB/Crystal, 99°C

07112 1.065 1417 1.766 2113

Intensity (a.u.)

0178 0356 07112 1.065

(e) Crystal, 40°C

0.178 0356 07112 1.065

a@"

1417 1.766 2113

Soft Matter

left-handed  right-handed
L343 PP LD
DOV | LCT L

anticlinic, antiferroelectric

right-handed

R{XY | | £EES
R{YY | | FEEE

synclinic, ferroelectric

left-handed

Figure 2: X-ray scattering from COBOXD in (a) the SmA phase, (b) the random grain boundary phase, and (c)-(e) the crystal phase. The
layer peak in the SmA phase is sharp, indicating long-range correlations, whereas the scattering in the RGB phase is diffuse, indicating short-
range layer correlations. The crystal phase shows multiple sharp peaks at both small and wide angles. (f) The layer spacing of the SmA phase
(d~38 A) is larger than the computed molecular length (I~30 A) and an interdigitated, bilayer structure is proposed for this phase. (g) The
layer spacing in the RGB phase (d~33.7 A) is smaller than in the SmA phase (d~38 A), suggesting a tilted phase. The tilt is indicated by the
thin (away from the reader) and thick (close to the reader) lines. The molecular arrangement in the smectic layer must be either anticlinic and
antiferroelectric or synclinic and ferroelectric to produce the layer chirality. The symmetry of the smectic layers made of interdigitated, tilted
hockey-stick molecules is essentially the same as that of bent-core molecules.

of self-assembled microstructures exhibited by liquid crystal
molecules.

Experimental Results and Discussion

COBOXD was synthesized using intramolecular dehydration
cyclization of the dihydrazide derivative, N-(4-cetyloxybenzoyl)-N’-
(4’-biphenyl carbonyl) hydrazine (C16-Ph).* Details of the synthesis
are given in Schematic S.1 (Supporting Information). The chemical
structure and phase sequence of COBOXD are shown in Figure la.
Upon cooling, the SmA phase appears from the isotropic, forming
fan-like focal-conic textures with the optic axis normal to the layers
(Figure 1b). On further cooling, the SmA phase transitions to the
RGB phase, the birefringence disappears, and the cell becomes dark
under crossed polarizers. Macroscopic left- and right-handed chiral
domains may be distinguished by decrossing the polarizers, as
shown in Figures 1c and d. Below the RGB phase, the sample
becomes crystalline (Figure 1d and Figure S.la, Supporting
Information). The texture of the hockey-stick RGB phase resembles
that of the dark, chiral phase of true bent-core mesogens but the
mesomorphism is different,* since with achiral, bent-core molecules
the dark conglomerate phase usually appears directly from the
isotropic and the helical nanofilament phase is typically the lowest
temperature liquid crystal phase.

The x-ray scattering on cooling is shown in Figures 2a-e. The Bragg
reflection from the smectic layers (q~0.164 A, corresponding to a
layer spacing d~38.0 A) in the SmA phase is sharp (Figure 2a),
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indicating long-range ordering of the layers. The observed SmA
layer spacing is substantially larger than the molecular length of
COBOXD, 1~30.2 A obtained from Chem3D (MM2, energy
minimization), suggesting partial overlapping of the hockey-stick
mesogens in this phase (Figure 2f), similar to interdigitated bilayer
structures reported previously.'>*" At lower temperature, in the RGB
phase, the x-ray scattering (Figure 2b) shifts to higher wavevector
(q~0.186 A™', d~33.7 A). The layer spacing in the RGB phase is thus
smaller than that of the SmA phase. The reduced layer spacing could
arise partly from an increase in the degree of intercalation in the
RGB phase. However, since the phase is chiral, the molecules in the
layers must be tilted in order to produce the layer chirality (Figure
2g). If we ignore possible changes of the degree of intercalation, the
reduced layer spacing indicates a large molecular tilt in the RGB
phase of U0 cos(d/[)~27.5°. In addition, the x-ray scattering of
the RGB phase is much more diffuse than that of the SmA phase,
which indicates that the correlation length of the smectic layers in
the RGB phase is finite and is much shorter than that in the SmA
phase. In the crystal phase, sharp x-ray reflection peaks are observed
at both small and large angles (Figures 2c-e), suggesting a three-
dimensional, ordered structure, consistent with the features observed
in free-surface transmission electron microscopy (TEM) images
(Figure S.1b, Supporting Information).

The structures observed at the free surface of droplets of liquid
crystal in air are typically more ordered than in the bulk because of
the lower symmetry imposed by the interface.*’ In the RGB phase,
however, TEM images at the air/liquid crystal interface reveal a
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Figure 3: Free-surface and bulk freeze-fracture TEM images of the
chiral, dark conglomerate RGB phase. (a) At the air/liquid crystal
interface, the RGB phase appears rough, with blocks of smectic
layers oriented in different directions. (b) Higher magnification of
(a) with a tilted smectic block sketched in the inset. (c) FFTEM
image of the RGB phase fractured in the bulk, showing randomly
oriented blocks of smectic layers, consistent with the microstructure
observed at the free surface. (d) Cartoon showing the evolution of
flat, long-range-ordered smectic layers in the SmA phase to
disordered blocks in the RGB phase. At the SmA—RGB transition,
the layers shrink substantially and break into randomly-oriented
blocks. The samples were quenched at T=100°C.

rough surface made of randomly oriented smectic blocks with flat
smectic layers (Figures 3a and b) that is very similar to the bulk
microstructure observed using freeze-fracture TEM (Figure 3c).*
The finite size of the smectic blocks observed using TEM is
consistent with the diffuse x-ray diffraction of the RGB phase. The
orientational disorder of the blocks averages out the birefringence,
causing the phase to be optically isotropic.

The microstructure of the RGB phase is fundamentally different
from the two known dark, chiral phases formed by achiral, bent-core
liquid crystals: the dark conglomerate (DC) phase, made of
disordered focal conics, and the helical nanofilament (HNF) or B4
phase, composed of twisted smectic layer ribbons. The structure of
both of these phases is dominated by saddle-splay curvature of the
layers driven by the intra-layer structural mismatch of the top and
bottom molecular arms.'® ' Though the symmetry of the smectic
layers made of tilted hockey-stick molecules is essentially the same
as that of bent-core molecules (Figure 2g), the molecules are
interdigitated in each smectic layer in the RGB phase and there is no
intra-layer  structural mismatch to drive the saddle-splay
deformation. The layers within each block are essentially flat in the
RGB phase.

The formation of the globally disordered smectic blocks may be
understood by considering the difference in molecular packing in the
SmA and RGB phases. The SmA—RGB phase transition is marked
by the development of large molecular tilt and significant layer
shrinkage, as indicated by the x-ray scattering. We propose that this
causes the long-range ordered smectic A layers to collapse into

This journal is © The Royal Society of Chemistry 2012
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small, randomly oriented smectic blocks (Figure 3d). The size of
each
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Figure 4: Optical rotation of the RGB phase measured at T=100°C in
a 4 um cell. The optical rotation results purely from the layer
chirality, there being no macroscopic twisted structure in this phase.
The left- (orange dots) and right-handed (green dots) screw
dislocations appear as pairs (inset). The measured optical rotation
(OR~0.07 °/um at A~650 nm) is consistent with the theoretical
prediction of bent-core mesogens (OR,,,=0.05°/um, for the SmCgsPr
phase and OR,,,,=0.1°/um, for the SmC,P 5 phase),44 a value much
smaller than observed in the helical nanofilament phase (OR~0.5
°/um at A~650nm'?).

smectic block is about 200 nm, estimated from the FFTEM images.
However, the existence of large chiral domains in the RGB phase
implies that chiral symmetry breaking associated with correlated
tilting of the director at the phase transition occurs over an extended
area before the sample breaks up into blocks.

The smectic layer blocks observed in the RGB phase are reminiscent
of those seen in the twist grain boundary (TGB) phase of chiral, rod-
like molecules. In the TGB phase, the competition between chiral
twisting of the director and the tendency for uniform smectic
layering is accommodated by the creation of blocks of smectic layers
separated by arrays of screw dislocations that form a helical
superstructure with the twist axis parallel to the layers.* While the
hockey-stick molecules themselves are achiral, the RGB phase has
layer chirality, resulting from the interplay of molecular shape, tilt
and polarization familiar from conventional bent-core molecules.?’
The chiral twisting power arising from the layer chirality is
apparently much smaller than that resulting from the molecular
chirality in the TGB phase and no helical superstructure is observed
in the RGB phase.

The optical rotation of the RGB phase, measured by finding the
extinction orientation of polarized, transmitted light by decrossing
the analyzer, is shown in Figure 4. As with many other chiral
molecules and phases, the optical rotation increases at shorter
wavelengths. The origin of the optical activity could be attributed to
either a helical superstructure or the layer chirality produced by
simultaneous tilt and polar ordering of the molecules in the smectic
layers. We have not, however, observed any macroscopic chiral
structures and the left- and right-handed screw dislocations appear as
pairs (Figure 4, inset). The measured optical rotation (OR~0.07°/um
at A=650 nm) is comparable to the experimental and predicted
values of chiral smectic layers of tilted, achiral, bent-core molecules
(OR 11=0.05°/pm, for the SmCgPr phase and OR,,,=0.1°/um, for
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the SmCP, phase*) but is much smaller than in the helical
nanofilament phase (OR=0.5°/um at A=650 nm), where the helical
superstructure contributes substantially to the optical activity. We
conclude that the optical rotation of the RGB phase results only from
the layer chirality and there is no contribution from global chiral
structures.

Dark, chiral conglomerate phases have been reported in other achiral,
hockey-stick molecules.*®*>*® These phases typically occur below a
nematic or smectic A phase, exhibit large homochiral domains that
show optical rotation, and crystallize at lower temperature. It is not
known whether any of these phases might also have the RGB
structure. Some reported features indicate that they are similar. For
example, in the experiments reported by Zafiropoulos et al.,* the
SmA phase (d=37.7 A, corresponding to the molecular length in its
most extended conformation) is well aligned under a magnetic field
of 4 T but the 2D X-ray scattering becomes disordered when it
transforms on cooling into the dark, chiral conglomerate SmX phase
(d=33.7 A, indicating a titled phase). The hockey-stick literature
shows that in additional to the sponge and helical nanofilament
phases of bent-core liquid crystals, the dark, chiral conglomerates
phases adopt several other self-assembled microstructures,
depending on the shape of the molecules. An example is the chiral,
conglomerate phase observed in liquid crystal materials with
azobenzene units,**3*° where it has been shown that the azo groups
favour the formation of a dark conglomerate phase in which the
chains of the azobenzene containing bent-core mesogens are
disordered, allowing a denser and more ordered packing of the
aromatic cores that leads to a reduced molecular twist and a stronger
layer deformation.

Conclusions

The mesophases of an achiral, hockey-stick molecule have been
studied. In the SmA phase, the molecules form an interdigitated
bilayer structure. On cooling, the SmA phase transitions to a
chiral, dark conglomerate we call the random grain boundary
phase. Unlike the chiral, dark conglomerate phases of achiral,
bent-core molecules, which are dominated by saddle-splay
curvature and driven by intra-layer structural mismatch, the
RGB phase is an assembly of blocks of flat smectic layers with
random orientations. Large chiral domains with weak optical
rotation are observed in cells but freeze-fracture TEM reveals
no macroscopic chiral structure. The RGB phase thus shows
optical behavior similar to that of achiral, bent-core mesogens
but has a microstructure more similar to that of chiral, rod-like
molecules, making it different from any previously known
phases. These properties are presumably a manifestation of the
hockey-stick shape of the mesogens, which are an interesting
class of molecules straddling the border between rod-like and
bent-core liquid crystals.
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