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Chiral bisoxalamide 1 shows remarkable gelling capacity of the nematic and smectic B liquid-crystalline
phases of heptylcyclohexanecarboxylic acid (HCCA). Chiral nematic-containing left-handed helical fiber
bundles are formed if the gelator is present in amounts higher than 0.55 wt %. With lower amounts of
1, no nematic gel forms, however, a nematic to smectic B phase transition triggers instantaneous self-
assembly of gelator molecules into aligned fibers. The latter liquid crystalline gel system represents an
example of controlled self-assembly induced by a liquid crystalline phase transition.

� 2009 Elsevier Ltd. All rights reserved.
Research has shown that a small quantity of low molecular Here, we report on the gelation of nematic and smectic B LC

weight organic gelators can gel large volumes of various organic
solvents or water, efficiently, giving organogels and hydrogels,
respectively.1 In addition, the group of Kato has reported on the
formation of liquid crystalline gels (LC gels) where a liquid crystal-
line phase was gelled playing the role of an ordinary solvent.2 The
latter systems represent a new type of soft materials which may
possess induced or enhanced electro-optical,3 photochemical,4

and electronic5 properties which are useful for the construction
of supramolecular devices for advanced applications. LC gels repre-
sent more complex systems consisting of a mesogen and a gelator
each capable of giving different types of supramolecular organiza-
tion at a specific temperature. Usually, the LC gels exhibit random
or ordered phase-separated structures depending on the relation
between sol–gel (Tsol–gel) and isotropic-LC (Tiso-lc) transition tem-
peratures. When Tsol–gel is higher than Tiso-lc (Type I), a randomly
dispersed network of gelator fibers is formed in the isotropic state
of the liquid crystal.6 In contrast, when Tiso-lc is higher than Tsol–gel

(Type II), the anisotropic LC media serves as a template for aniso-
tropic growth of gel fibers.7,3a Until now, LC gels of nematic, smec-
tic A and C, and discotic columnar phases have been reported
which in some cases formed at a gelator concentration as low as
0.25 wt %. However, the behavior of gelator molecules in an orga-
nized smectic B phase and its unexpected influence on the self-
assembly of gelator molecules resulting in formation of highly
aligned fibers have not been reported to date.
ll rights reserved.
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phases formed by mesogen heptylcyclohexanecarboxylic acid
(HCCA) and provide evidence that gelation of each phase depends
substantially on the concentration of chiral gelator 1. When 1 is
present in concentrations higher than 0.55 wt % it induces initially
the transformation of the nematic phase into a chiral nematic (cho-
lesteric) phase which upon further cooling is gelled by 1. In con-
trast, with 1 present in the concentration range 0.025–0.5 wt %,
neither chiral induction nor gelation of the nematic phase was ob-
served. However, the subsequent transition, at lower tempera-
tures, of the nematic phase containing 1 into a homeotropically
oriented smectic B phase triggers instantaneous self-assembly of
the gelator molecules into aligned fibrous aggregates. We provide
differential scanning calorimetry (DSC), FTIR, and electron micro-
scopic evidence that the LC phase transition from nematic to orga-
nized and viscous smectic B phase is able to trigger
instantaneously the self-assembly of gelator molecules into fibrous
aggregates and also serves as a template for their alignment.

In continuation of our studies on oxalamide gelators,8 a new
type of chiral bisoxalamide gelator has been designed and their
gelation ability and sol–gel transcription into various silica fibers
examined9 (Scheme 1). We also found that chiral gelator 1 shows
remarkable gelation capacity for the liquid crystalline (LC) phases
of HCCA. It is known that HCCA displays two mesophases, nematic
and smectic B.10

Addition of various amounts of gelator 1 resulted in the forma-
tion of type II LC gels (Tiso-lc > Tsol–gel). When 1 was used in the con-
centration range 0.55–5.5 wt %, the mixture, upon cooling from an
isotropic liquid displays a chiral (cholesteric) nematic phase



Scheme 1. Structures of bisoxalamide gelator 1 and mesogen HCCA.
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characterized by the typical fingerprint texture shown in Figure 1a
(polarizing optical microscope; cooling rate 5 �C min�1).

Formation of the chiral LC phase can be explained by the pres-
ence of chiral dopand 1 initially dissolved in the isotropic state of
HCCA. By further cooling of the cholesteric phase it hardens due
to gelation by 1. As the polarizing optical photomicrograph shows,
the fingerprint texture remains in the newly formed LC gel
Figure 1. Polarizing optical photomicrographs for the mixture containing 3 wt % of 1 in
99 �C, and (b) the chiral nematic gel state at 81 �C, and for the mixture containing 0.3 w
nematic to a homeotropically oriented smectic B phase at 77.8 �C visible by the appearan
homeotropically oriented smectic B phase at 77.5 �C, and (f) fibrous aggregates and doma
76.5 �C. No rubbed surfaces were used in these experiments.
(Fig. 1b). However, when 1 is present in a lower concentration
range (0.025–0.5 wt %) no chiral induction was observed. Monitor-
ing of the cooling process throughout the latter concentration re-
gime using a polarizing optical microscope shows initial
formation of a nematic phase (Fig. 1c), however, formation of a
gel was not observed in this case. Further cooling of the sample re-
sults in the formation of the homeotropically oriented smectic B
phase; Figure 1d shows initial transition of nematic to the homeo-
tropically oriented smectic B phase appearing as dark regions in
the micrograph. Upon further cooling, the optical micrographs
show the formation of a gel network consisting of thick gel fibers
with diameters of 1–2 lm (Fig. 1e and f); several domains contain-
ing aligned fibers can be clearly seen in the micrographs. It should
be noted that the formation of fibrous aggregates in the smectic B
phase can be observed even in the presence of only 0.025 wt % of 1
(Fig. 2).

Besides polarizing optical microscopy, the LC and sol-to-gel
phase transitions were monitored by DSC calorimetry. Measure-
ments performed with a cooling rate of 5 �C min�1 gave only broad
overlapped peaks for nematic to smectic B and sol-to-gel transi-
tions. However, at a cooling rate of 2 �C min�1, well-separated
peaks for LC and sol-to-gel transitions were obtained (Fig. 2).
HCCA, showing (a) the fingerprint texture of the chiral nematic phase observed at
t % of 1 in HCCA showing (c) a nematic phase at 93 �C, (d) initial transition of the

ce of dark regions (arrows), (e) domains of aligned fibers (arrows) formed within the
ins of aligned fibers (arrows) in fully homeotropically organized smectic B phase at



Figure 2. DSC cooling curves (cooling rate, 2 �C min�1) for 1/HCCA mixtures: (a)
0.025–0.5 wt % of 1 (smectic B gels), and (b) 0.7–5.5 wt % of 1 (chiral nematic gels).

Figure 3. (a) Phase diagram for the cooling cycle for various compositions of 1/
HCCA mixtures constructed by DSC measurements (cooling rate 2 �C min�1); (b)
enlarged region of the diagram for the concentrations of 1 between 0.025 and
1.0 wt%.

Figure 4. Phase diagram for the heating cycle of 1/HCCA mixtures.
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DSC measurements of 1/HCCA mixtures with 1 present in the lower
concentration regime (0.025–0.5 wt %) showed one strong peak
corresponding to a nematic to smectic B transition and a shoulder
at slightly lower temperatures due to the sol-to-gel transition
(Fig. 2a). Clearly, the DSC results prove that at low concentrations
of 1, the transition of the nematic into a smectic B phase precedes
the sol-to-gel transition. On the other hand, at concentrations of 1
in the range of 0.55–5.5 wt %, DSC shows broad peaks at higher
temperatures corresponding to the sol-to-gel transition within
the chiral nematic phase followed by a strong peak for the chiral
nematic to smectic B transition (Fig. 2b). The phase diagram con-
structed on the basis of DSC measurements in the cooling regime
for various 1/HCCA mixtures is shown in Figure 3. It should be
emphasized that for all the reported examples of LC gels, the sol-
to-gel transition curves were hyperbolic in shape for the entire
range of gelator concentrations independently of the LC phase
transitions.5,7

However, the phase diagram in Figure 3 clearly shows two dis-
tinctly different sol-to-gel transition curves for chiral nematic and
smectic B phases at higher and lower concentration ranges of 1.

It should be noted that the sol-to-gel transition in the smectic B
phase occurs at considerably higher temperatures than those that
would appear by extrapolation of the hyperbolic chiral nematic
curve into the smectic B region, which also contrasts the results re-
ported until now. Apparently, the self-assembly of gelator mole-
cules is forced to occur at higher temperatures in the much more
organized and more viscous smectic B phase compared to the less
organized and more fluid nematic phase.

The phase diagram of the heating regime constructed from DSC
measurements of different 1/HCCA mixtures shows the hyperbolic
shape of the gel-to-sol transition curve (Fig. 4) in contrast to that
obtained for the cooling regime.

The transition temperature of the smectic B phase-containing
gel network to nematic gel state is lower than the gel-to-sol tran-
sition temperature for the entire concentration range of 1. The gel-
to-sol transition in the entire concentration range occurs within
the nematic and isotropic phases and gives a hyperbolic curve. In
contrast to the cooling cycle, here the LC phase transition has no
effect on the gel-to-sol transition.

To identify intermolecular interactions that stabilize gelator
assemblies in liquid crystalline gels the corresponding FTIR spectra
were analyzed. At room temperature, the NH band appears at
3293 cm�1, the amide I at 1654 cm�1, and the amide II at
1522 cm�1 corresponding to the hydrogen-bonded NH and C@O
functionalities of the oxalamide units. In the spectra of the isotro-
pic solution of gelator 1 in the mesogen HCCA at 110 �C, the NH,
amide I, and amide II bands were shifted to higher wavenumbers
(NH 3397 cm�1, amide I is overlapped with the CO(OH) band of
the LC compound at 1700 cm�1 and amide II is at 1506 cm�1) indi-
cating disassembly and disruption of the intermolecular hydrogen
bonds between oxalamide units. The LC gel-to-sol transitions are
thermoreversible and could be followed by the observed shifts of
the FTIR bands.

SEM images of the remaining fiber network after washing out
the HCCA (hexane) in the chiral nematic gel (3.0 wt % of 1;
Fig. 5a), and the smectic B gel (0.1 wt % of 1; Fig. 5b), reveal dis-
tinctly different morphologies characterized by the presence of



Figure 5. SEM images of 1/HCCA LC gels obtained after washing out the HCCA with
hexane: (a) gel network image of the chiral nematic gel containing 3 wt % of 1; (b)
gel network image of the smectic B gel containing 0.1 wt % of 1.

Figure 6. TEM images (Pd shadowing) of 1/HCCA LC gels: (a) image of the chiral nemat
fiber assemblies formed in the smectic B gel at 0.5 wt % of gelator 1.
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long and heavily entangled fibers in the first system and much
more oriented fibers in the second.

The TEM image of the chiral nematic gel shows that the net-
work consists of helical left-handed fiber bundles with diameters
of 40–100 nm (Fig. 6a) composed of much thinner fibers, with
diameters of around 10 nm. In contrast, much shorter and highly
aligned fibrous aggregates with diameters of 10–20 nm and
lengths between 80 and 700 nm were observed in the smectic B
gel (Fig. 6b; fibers of similar dimensions were also observed by
atomic force microscopy (AFM); see Supplementary data). It should
be emphasized that no oriented surfaces were used in these
experiments.

In summary, the results show that using HCCA as the mesogen,
which is capable of giving two different liquid crystalline phases
(nematic and smectic B), and chiral gelator 1, two distinctly differ-
ent liquid crystalline gel systems are obtained, depending on the
concentration of the gelator. The two LC gel systems differ in the
morphology of the gel assemblies: (i) left-handed helical bundles
are formed in the chiral nematic LC gel at concentrations of 1 high-
er than 0.55 wt %, and (ii) straight and highly aligned fibrous
assemblies form in the smectic B phase at 0.025–0.5 wt % of 1. At
the higher concentration regime, the chiral nematic phase is gelled,
which upon cooling, transforms into a smectic B gel retaining a
typical gel network morphology consisting of heavily entangled fi-
ber bundles. Once a gel network is formed in the chiral nematic
phase, its transition to the smectic B phase does not affect the orga-
nization of gelator molecules.

In the lower concentration range of 1, the nematic phase was
not gelled, but aligned fibrous gelator aggregates formed instanta-
neously after the nematic-to-homeotropically oriented smectic B
phase transition had occurred. In contrast to the less organized
and more fluidic nematic phase, the self-assembly of gelator mol-
ecules within the much more organized and viscous smectic B
phase occurred at concentrations of 1 at least 20 times lower
(0.025 wt %) than those necessary for gelation of the chiral nematic
mesophase (0.55 wt %). Apparently, the organized and viscous
smectic B phase serves as a template triggering the self-assembly
of gelator molecules into aligned fibrous aggregates. The results
described herein may open new possibilities for the preparation
of LC phase-controlled self-assembled systems and production of
ic gel showing left-handed helical bundles, (b) TEM image showing highly oriented
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unidirectionally aligned assemblies. The latter may be of interest
for production of nano-sized aligned functional assemblies with
potential application in optoelectronic, photochemical, or catalytic
nano-devices.
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9. Šijaković-Vujičić, N.; Ljubešić, N.; Žinić, M. Croat. Chem. Acta 2007, 80, 591–598.
10. Phase transitions for HCCA: Cr2 31 (13.46 kJ/mol) Cr1 54 (5.20 kJ/mol) B 77

(2.43 kJ/mol) N 104 (1.25 kJ/mol): Billard, J.; Mamlok, L. Mol. Cryst. Liq. Cryst.
1978, 41, 217–222.


