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Abstract: Bent-core materials exhibiting lamellar crystals (B4
phase), when dissolved in organic solvents, formed gels with
helical ribbons made of molecular monolayers and bilayers,
whereas strongly deformed stacks of 5-6 layers were found in
the bulk samples. The width and pitch of the helical filaments
were governed by molecular length; they both increased with
terminal-chain elongation. It was also found that bulk samples
were optically active, in contrast to the corresponding gels,
which lacked optical activity. The optical activity of samples
originated from the internal structure of the crystal layers
rather than from the helicity of the filaments. A theoretical
model predicts a strong increase in optical activity as the
number of layers in the stack increases and its saturation for
few layers, thus explaining the smaller optical activity for gels
than for bulk samples. A strong increase and redshift in
fluorescence was detected in gels as compared to the sol state.

Organogels of small molecules have attracted much atten-
tion!"! owing to their complex morphology® and functions.®!
Another interesting topic is the chirality of self-assembled
fibrils that form gels,* in which rods, tapes, or tubes may be
helically twisted, coiled, or wound, and the length, diameter,
and chiral pitch of the fibers are highly variable: from
approximately 10 nm to 1 mm. The chirality expressed at the
nano- and microscales might result from the molecular
chirality,”™ but also achiral molecules can form helical super-
structures, for example, through hydrogen bonding!® or the
existence of conformational chirality.”]

Herein we focus on achiral bent-core mesogens, which are
able to form hierarchical chiral structures. Among them, the
B4 phase is particularly intriguing. This lamellar crystalline
phase is assumed to have a morphology consisting of helical
twisted ribbons built of just a few molecular layers. The chiral
symmetry breaking that occurs in the B4 phase at the
microscale results in the formation of large homochiral
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optically active (OA) areas. Recently, excellent gelation
ability was reported for B4 materials made of rigid bent-
core molecules®® and flexible dimers.”! Mixtures of com-
pounds exhibiting the B4 phase and organic materials are
phase-segregated; therefore, helical nanofilaments can be
expected to remain in the gel in their original morphology.!'”!

In this study, to correlate gelation ability with the
crystalline structure of filaments, we investigated a bent-
core molecular system that exhibits the metastable B4 phase
upon rapid cooling from the isotropic liquid. The morphology
of the B4 phase was found to be different for bulk and gel
samples, despite the same crystallographic structure. The
optical activity of the B4 phase is discussed in relation to the
morphology of the samples.

A series of bent-core molecules with the same mesogenic
core and a variety of end chains, including chiral end chains,
was synthesized (see the Supporting Information). The
studied compounds are new, although molecules with the
same bent mesogenic core have been already reported, with
unsaturated terminal chains!"! or bulky substituents at the
central ring.™ The chemical structures and the phase
sequences are summarized in Table 1. On cooling from the
isotropic liquid, compound 11, with a nitro group at the
central ring, showed characteristic textures with spiraling
features suggesting the B7 phase.™™ X-ray crystallographic
studies revealed a structure made of smectic layer fragments
arranged in a 2D oblique lattice!™ with a primitive crystallo-
graphic unit cell: a=8.60 nm, » =3.73 nm, and y =109.2° at
120°C (see the Supporting Information). The other studied
materials exhibited no liquid-crystalline phases but a compli-
cated polymorphism of crystal types depending on the cooling
rate. The crystals obtained by slow cooling (< 10°Cmin ')
were birefringent and optically inactive. However, if the
samples with linear n-alkyl tails (compounds 2-5) were
rapidly cooled (>20°Cmin™') from the isotropic melt,
textures characteristic of the B4 phase, with large domains
that were not or were only weakly birefringent and optically
active (optical rotatory power, ORPa1degum™), were
formed (Figure 1a,b). X-ray crystallographic studies per-
formed for quickly cooled samples showed the structure
typical for a lamellar crystal, with up to six harmonics of
a main signal related to the layer thickness (being close to
molecular length). The structure was distinctly different from
those of crystal forms obtained by slow cooling (see the
Supporting Information). For compounds 1 and 10, a birefrin-
gent texture coexisting with some optically active domains
was observed in quickly cooled samples. X-ray crystallo-
graphic measurements confirmed that for these materials
a lamellar crystal coexisted with other crystal forms. Appa-
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Table 1: Differential scanning calorimetry data for the materials studied. The transition temperatures are given in °C, the transition enthalpies (in
parenthesis) in Jg~". Bold rows indicate compounds that formed the B4 lamellar-type crystal upon fast cooling (>50°Cmin").

PS-atee-¥

Compound G R' R? Phase sequence Gelation

1 H CHyy CHyy Cr1 1125 (210.6) Cr2 178.5 (64.3) Iso +

2 H CgH,, CgH,y Crl1 146.4 (5.8) Cr2 159.3 (71.1) Iso +

3 H CiHys CiHys Cr 145.6 (44.2) Iso +

4 H Cy,Hys Cy,Hys Cr 143.6 (58.1) Iso + (precipitation)
5 H CiHss3 CiHss3 Cr1 127.5 (11.3) Cr2 141.8 (66.2) Iso + (precipitation)
6 H CigHss (R) CH(C,Hs)CsHy, Cr 79.4 (45.8) Iso -

7 H (R) CH(C,H5)CsHy,y (R) CH(C,H5)CHy,y Cr74.2 (45.2) Iso -

8 H CieH3s (R,S) CH,CH(CyoHy1)CipHys Cr 84.8 (36.4) Iso -

9 H (R,S) CH,CH(CroHa1)CisHas  (RS) CH,CH(CioHy)CioHys  Cr 44.7 (41.6) Iso -

10 NO, CH,, CgHyy Cr 139.4 (57.5) Iso +

1 NO,  CyHy CiHy Cr103.4 (23.3) B7 129.2 (31.1) Iso -

xerogel
— B, crystal

Figure 1. a,b) Optical textures of compound 3 quickly cooled from the
isotropic phase to room temperature, as observed with slightly
decrossed polarizers. c) Sol and d) gel states for a solution of
compound 2 in hexane. e) Circular dichroism spectra for samples of
compound 2 in the gel, xerogel, and B4 crystal.

rently kinetic effects play an important role in the formation
of the B4 phase for the studied compounds. For symmetrical
homologues with branched terminal chains (compounds 7 and
9) the isotropic phase was overcooled to room temperature.
For asymmetric molecules with linear and branched terminal
alkyl groups (compounds 6 and 8), slow recrystallization was
observed, and only optically inactive crystals were formed.
All the studied compounds with n-alkyl terminal chains
showed gelation ability (at a concentration of ca. 1mg/
100 pl); the gelation occurred in just a few minutes in
cyclohexane, and in more than an hour in toluene. The gels
were nearly optically transparent (Figure 1c,d). The sol-gel
phase transition took place at approximately 50°C in
cyclohexane and at approximately 70°C in toluene. For the
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longer homologues 4 and 5§, the gelation in toluene took place
together with the precipitation of crystallites. For compounds
with an NO, substituent at the central ring, gelation was
observed only for a shorter homologue 10, whereas for
a longer homologue, 11, microcrystals precipitated from
solutions in both cyclohexane and toluene. None of the
compounds with branched terminal chains showed gelation in
any of the tested organic solvents; the compounds were well
soluble in cyclohexane, hexane, and toluene. In more polar
solvents, such as dichloroethane, no gelation was observed for
any of the studied materials owing to their perfect solubility.
The observations show that the ability to form a gel is mainly
determined by the solubility of materials in a given solvent.
Solubility decreases with elongation of the terminal n-alkyl
chains, thus causing the precipitation of crystals, and increases
with branching of the terminal alkyl chains.

X-ray crystallographic studies performed for the xerogel
of 3 (after slow evaporation of the solvent) revealed its
lamellar-type crystalline structure (see the Supporting Infor-
mation). A significant broadening of the X-ray signals
provided evidence that filaments forming gels consisted of
stacks of a limited number of layers. The xerogel sample,
which was heated to the isotropic phase and quickly cooled to
form an optically active crystal, had a similar X-ray pattern
with slightly sharper signals, thus suggesting that the crystal is
built of aggregates with larger numbers of stacked layers.
None of the xerogels were optically active. Moreover, for the
gels and xerogels, no circular dichroism (CD) signal was
observed at the molecular absorption band (ca. 300 nm), in
contrast to the recrystallized samples, which showed a clear
Cotton effect (Figure 1e).

The studied materials, although weakly fluorescent in
a solvent (quantum yield: ca. 0.1 for 6) or the sol state,
became highly fluorescent in the gel (an increase by two
orders of magnitude as compared to the sol; see the
Supporting Information) with redshifted emission (for com-
pound 1 in cyclohexane, for the gel: A.,, =372 nm, for the sol:
Aem =353 nm). Thus, the studied compounds belong to the
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relatively rare group of materials that become highly lumi-
nescent upon the formation of aggregates.!"”! The redshift of
the emission is evidence of favorable interactions between
dipole transition moments of molecules within the crystal
layers (J-aggregates),® whereas strongly enhanced fluores-
cence is likely a result of different molecular conformations in
the sol and the gel. In aggregates, the intramolecular rotations
of the molecules are strongly restricted, which blocks non-
radiative pathways of energy dissipation and favors the light-
emission pathway.

The morphology of both gels and crystals was studied by
atomic force microscopy (AFM; Figure2). The xerogels
prepared from cyclohexane and toluene had similar morphol-
ogy, thus suggesting that it is determined mainly by the crystal
structure of the material rather than by interactions with the
solvent. Interestingly, for gels of all studied compounds, apart
from multilayer structures, monolayer and bilayer objects
were also visible (Figure 2b; see also the Supporting Infor-
mation); regions with saddle-splay deformed layers and well-
developed helical ribbons were observed. The handedness of
ribbons was correlated over at least a micron range. The

Figure 2. AFM images of a) an optically active crystal (B4) of com-
pound 5, and b) the xerogel made from compound 2 (inset: xerogel of
compound 3).
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geometrical parameters of helical filaments were found to
depend on the molecular structure, that is, filaments were
wider and helix pitches were longer for molecules with longer
terminal chains (1 (n=5): w=7-10 nm, p =50-60 nm; 2 (n =
8): w=15-20nm, p=70nm; 3 (n=11): w=20-30 nm, p =
80 nm; 4 (n=12): w=30-35 nm, p =90 nm). Since only the
central part of the helical filament has an ideal saddle-splay
curvature that minimizes the elastic energy,'® and surfaces of
the filament have slightly higher energies, twisting is less
favorable for thicker slabs. Therefore, longer helix pitches are
expected for molecules with longer tails, as experimentally
observed. The dependence of the width of the filament on the
molecular length can be explained by the tendency for
spontaneous splay (in the orientation of the molecular tips),
characteristic for bent-core systems, which leads to either the
undulation of smectic layers or the breakdown of layers into
columns.'"”! The increase in the filament width, w, with
increasing length of the terminal chains suggests that the
elastic constant for splay deformation increases with the
length of the terminal chains. Thus, splay deformation appears
to be driven by entropic effects (longer tails obtain more
space for fluctuations) rather than by steric effects (splay as
a result of the greater thickness of the molecular cores as
compared to the ends).""

If the xerogel was heated to the isotropic phase and
subsequently quickly cooled, optically active crystals were
grown. For such samples, twisted stacks of few layers (ca. 5-6)
were observed in AFM images (Figure 2a), with a layer
periodicity that agreed well with that determined by the X-ray
diffraction studies. For recrystallized samples, usually no well-
defined structure of filaments was found, but some areas with
saddle-splay deformations could be clearly distinguished.
Thus, it is likely that the optical activity is caused by the
internal layer structure (layer optical activity, LOA)!! rather
than by the helicity of the ribbons. The LOA is a result of
a strongly inhomogeneous distribution of electron density
inside the layers. Moreover, it is known that the optical
activity is negligible for nematic or smectic phases with short
helical structures, such as ferroelectric chiral smectic
phases,™ if the wavelength of light is much longer than the
helix pitch (4 > 5p), which is the case for the filaments in this
study. It can be expected that the magnitude of LOA is related
to the number of stacked layers. Calculations for slabs made
of a limited number of layers (see the Supporting Informa-
tion), according to the model proposed by Hough and
Clark™ to explain the optical activity of the SmCsPy and
SmC,P, smectic phases, show that the ORP quickly increases
as the number of layers increases and saturates for slabs with
few layers (Figure 3). By inserting typical values for the
refractive index and layer thickness, it was found that the
saturated value of ORP is of the order of degrees per micron,
comparable to the value measured in bulk samples of the
materials. For gels (and xerogels), this value is likely to be
considerably lower, since they are built up of thinner slabs.

It was expected that the filament nanostructures, owing to
their high surface-to-volume ratio, can enhance the dissoci-
ation of excitons and promote the conduction of holes in
photovoltaic devices.”!! The photovoltaic properties of xero-
gels composed of mixtures of compound 1 or 5 with
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Figure 3. Calculated optical rotatory power (y) as a function of the
number of layers (N) in the slab. The arrangement of molecules in the
layer is also shown; the molecules form a lamellar crystal with

a monoclinic structure.

approximately Swt% of a fullerene derivative (see the
Supporting Information for the molecular structure) were
tested; the fullerene unit is well-known for its electron-
accepting properties.”! The gels were prepared in toluene,
and the solvent was evaporated. The obtained xerogels were
examined by X-ray diffraction and AFM. The lack of X-ray
signals other than those related to the crystal structure of
bent-core compounds indicated that the fullerene derivative
was encapsulated in its liquid (or glassy) state between the
filaments made of bent-core molecules. Upon irradiation with
UV light, the xerogels showed strongly quenched fluores-
cence (see the Supporting Information), thus suggesting the
deactivation of the excited state by a nonradiative process,*!
possibly by electron transfer from the bent-core molecules to
fullerene molecules, resulting in the formation of an inter-
molecular charge-separated state. Unfortunately, no photo-
current was registered, showing that the conducting proper-
ties of the ribbons are very weak, either because of their
monolayer structure or because of the presence of a large
number of defects.

To summarize, although the B4 lamellar crystal structure
is essentially the same in gel and bulk samples, the morphol-
ogy is different. In bulk samples, strongly distorted stacks of
a few (5-6) molecular layers are formed, whereas in the gel
a considerable number of objects made of monolayers and
bilayers were found. The filaments that are formed in gels
have the width and pitch dependent on the molecular
structure. Although in both the bulk and the gel samples
the chiral symmetry is broken at microscale, their optical
activity is different, as it is related to the arrangement of
molecules and the number of layers in stacks, rather than to
the helicity of the filaments; the optical activity increases with
an increasing number of layers and saturates for 3—4 layers in
stacks. The large number of monolayers and bilayers are
likely to be responsible for the lack of optical activity and
a CD signal in gels (and xerogels). The optical activity appears
for the bulk sample owing to the greater thickness of slabs.
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