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The achiral liquid crystalline materials showing two B4 (HN) phases
have been found to exhibit strong gelation ability for various
organic solvents with reversible sol-gel phase transition. The gel is
formed by helical tubules, which build entangled 3D network,
encapsulating the solvent. The equilibrium of left- and right-handed
tubules is preserved in the gel, even if the chiral solvent is used.

The chemical and physical organogels are formed by the self-
assembly of organic molecules into a 3D fiber network that
entraps different types of organic solvents. The fibers of chemical
gels are built of covalently bonded polymers. In the case of the
physical gels the fibrous aggregates are formed by low mass
molecules connected through the non-covalent interactions such
as hydrogen bonding,"” n-m,° lipophilic,” dipole-dipole inter-
actions,® donor-acceptor exchange,” etc. In recent years growing
interest in gelators with liquid crystalline properties has been
observed. There are several examples of mesogenic materials that
exhibit gelation abilities in organic solvents. Mamiya et al. reported
that chiral azobenzene derivatives, which exhibit smectic phases,
are capable of forming fibrous aggregates with smectic order.?
Hashimoto et al.,'® Isoda et al.** and Yoshio et al.'* described the
liquid-crystalline disc-like compounds that form physical gels in
organic solvents with fibers exhibiting columnar structure. Here we
report a new type of mesogenic gelators, which give the B, phase in
the bulk sample. The B, phase is one of the most unusual liquid
crystalline (LC) phases; it draws a lot of attention because of its
chiral nature and strong optical activity, despite the fact that it is
built of achiral molecules.”® The structure of the phase was
attributed to the local saddle-splay curvature of membranes, made
of a few molecular layers. Such elastic deformation leads to helical
nanofilaments (HN), i.e. twisted ribbons, with single filament
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Fig. 1 General molecular structure of the studied dimers; phase transition
temperatures (°C) and enthalpy changes (J g~") are also given.

having a well-defined diameter.'* Recently it has been shown
that the filament morphology is preserved even if the B,
material is mixed with mesogens forming nematic, smectic or
columnar phases.">™*”

Formation of the gel seems to be a general feature of the B,
materials, independently of their molecular architecture. Here
we describe the gelation ability of symmetric mesogenic dimers
(Fig. 1) made of 4-decyloxy-4’-hydroxybiphenyl units connected
by flexible alkyl spacers with an odd number of carbon atoms
(synthesis described in ESIT).'® These materials are thermotropic
liquid crystals, exhibiting two B,-type phases.

The LC properties for all the studied homologues are presented
in Fig. 1. The formation of the B,type phases was confirmed by
characteristic optical textures, with low birefringence and large
optically active domains observed when the sample is cooled
from the isotropic phase. The optical texture was not affected by
the B,~B,’ phase transition. There were no noticeable changes either
in the optical activity or in the domain shape or size. In both phases
the Xray diffraction measurements revealed a robust lamellar
structure evidenced by up to 7 harmonics of the main signal, related
to the layer thickness (Fig. 2). Significant broadening of these signals
indicates a finite size of a lamellar membrane, from which filaments
of the B, phase are formed (line broadening due to a small size of
crystallites’); the correlation length along the layer normal, deter-
mined from diffraction signals width, is only 3-4 layers. The
reflections observed at high angles confirm that molecules exhibit
long range order within layers (Fig. 2).

Signals in the diffraction pattern for compound n = 9 in the
B, phase can be fitted to the monoclinic crystallographic lattice
with parameters @ = 9.30 A, b = 5.35 A, ¢ = 56.7 A and y = 110°.
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Fig. 2 X-ray pattern of the B, and B4’ phase, xerogel and gel of compound with
n =9 with toluene.

Since a/b = 1.73, one can deduce that molecular mass centres form
nearly ideal hexagons in the smectic planes; the molecules are tilted
to the next nearest neighbour. The observed Akl signals with [ =1
and 2 indicate the presence of some interlayer correlations. The
structure of the B, phase is similar to the B, phase; the same layer
thickness is observed. The changes in the high angle signals show
that the phases differ in their in-plane order of molecules.

All the studied compounds were excellent gelators for various
organic fluids: toluene, nitrobenzene, 3-methylcyclohexanone,
(—)menthone, (+)menthone, chloroform and dichloromethane,
already at concentrations ca. 5 wt%. No gelation was observed for
polar organic solvents (DMF, ethanol, methanol). The gels were
formed when the mixture of LC and solvent is heated and subse-
quently cooled to room temperature; it should be stressed that
gelation occurred in the whole volume of the sample, no precipita-
tion of crystallites from solution was observed (Fig. 3). The gel and
sol states are thermo-reversible with the phase transition tempera-
ture dependent on the organic solvent (Table 1). The sol-gel phase
transition temperatures monitored optically coincide with those
detected by the DSC method (Fig. 4) and are much lower than the
B,-Iso phase transition in pure materials.

The morphology of gels was examined by the scanning
electron microscopy (SEM). The SEM picture (Fig. 3) revealed
formation of a three-dimensional network composed of long,
entangled fibres; the filaments are made of tightly winded,

Fig. 3 SEM image of xero-gel formed from compound n = 7 in (—) menthone,
after evaporation of solvent; enlarged picture shows helical tubular filaments.
Photos of material in vial indicate that sol and gel states have similar volumes.
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Table 1 Sol-gel phase transition temperatures for dimer n = 9 (~5%) in
different organic solvents. In the table only phase transition temperatures are
given (taken as peak position in heating runs), as the enthalpies (~80J g~") are
measured with large error due to some evaporation of the solvent at elevated
temperatures, despite the sealing of the samples

Sol-gel phase transition

Solvent temperature (°C)
Toluene 75.0
Nitrobenzene 85.0
(R)-(+)-3-Methylcyclohexanone 81.0
(+)-Menthone 86.0
(—)-Menthone 86.0
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Fig.4 DSC scans (two consecutive runs, +£10 deg min~') showing reversible
sol-gel transition for dimer n = 9 in (R)-(+)-3-methylcyclohexanone.

helical tubules. The gel is formed by encapsulating the solvent
within the network of percolated gelator and inside the tubes.
Both right- and left-handed helical tubules are present; the
equilibrium between the helices of opposite sense is not broken
even if an optically pure solvent (menthone) is used. The average
diameter, d, of the nanofilament is 50 nm, and the helical pitch,
L, ~40-50 nm, which gives the aspect ratio d/L ~ 1; the values
were not dependent on the homologue used for gel preparation.

The X-ray pattern of the gel (as well as dried xero-gel) (Fig. 2) is
similar to the X-ray pattern of the B,’ phase. It shows signals
coming from the lamellar structure and a few reflections at high
angles. The X-ray signals from the crystal structure disappear at the
gel-sol phase transition, so above T, only a diffused signal from the
solvent is observed. On subsequent cooling below the sol-gel phase
transition temperature the X-ray pattern of the B, phase is
recovered. Therefore, we can conclude that the fibres forming gels
have the structure of the bulk B,’ phase. This also shows that the
material which forms tubules is not diluted by the solvent.

The morphology of the gel was compared with that observed
for the bulk material. The AFM picture of the B,’ phase (Fig. 5)
shows strongly distorted twisted ribbons, made of membranes
5-6 layers thick, with the orientation of the layer normal
perpendicular to the local twist axis. The layer thickness
estimated from the AFM picture is consistent with the spacing
measured by the X-ray method. The AFM picture seems to confirm
the saddle-splay helical structure of the B, phase, proposed by the
Boulder group.™*

The formation of the gel was also checked for a few other bent
core materials (see ESIT). Gel was formed for the compounds

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 AFM picture of the B, phase of compound with n = 9 at room
temperature.

exhibiting the B, (HN) phase, while it was not observed for
materials showing the dark conglomerate (DC) phase. The DC
phase exhibits non-birefringent but optically active texture
similar to the B, phase; however its X-ray pattern is typical
for smectics with liquid like order inside the smectic layers; for
this phase a sponge like structure with saddle-splay curvature
was assumed.”® Thus it seems that for this class of compounds
the crystalline character of the layers is an important factor for
the formation of filaments with gelation ability.

In summary, there are two basic types of a helical filament
structures that can accommodate the local twist of smectic
layers: twisted ribbons and helical tubules.*” The theoretical
model, proposed for amphiphilic systems, predicts that the
helical tubular vs. twisted ribbon morphology should be biased by
the in-plane crystallinity of the membrane, from which filaments
are made.”” This is apparently not the case for the system studied
here, as both types of filaments, tubules and ribbons are formed
from smectic with crystal-like in-plane order. In the studied system
twisted ribbons are formed in bulk (B, phase) while in solvent
helical tubules are favored. This shows that the surrounding is of
primary importance for the morphology of the objects. The result
can be justified if one notices that the formation of tubules in bulk
material would require molecules in the center of the tube being in
a molten state (in the nematic or isotropic phase); that would cost
the system some additional energy; while in the liquid solvent the
inner part of a tube can be filled with the molecules of the solvent.
Additionally, tubes are stabilized in solutions, since the membrane
edge exposed to the solvent is much smaller for tubes than for
twisted ribbons. This mechanism should be especially effective in
systems in which the edges are polar. In isotropic fluid tubular
filaments easily percolate trapping the solvent, forming the gel state.

It was suggested that the helix sense of ribbons is related to the
symmetry breaking at the molecular level - formation of chiral
conformers of achiral bent-core molecules.'* However, helices of
both handedness are observed in the chiral solvent, although in
such an environment stabilization of one of the chiral conformers
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would be expected. Alternatively, left- or right-handed tubules can
be obtained from the membranes when they try to accommodate
the spontaneous splay of polarization, which is an inherent
property of the bent-core liquid crystals and is promoted by the
surfaces (thus by a finite width of the ribbon). A similar effect,
i.e. the variation in the tilt direction in smectic C phase was shown
to promote the formation of cylindrical tubules and helical
ribbons of chiral lipid membranes.*'*
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