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Evolution from Lyotropic Liquid Crystal to Helical Fibrous Organogel of an
Achiral Fluorescent Twin-Tapered Bi-1,3,4-oxadiazole Derivative
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Introduction

Chirality is one of the most fascinating features commonly
found in nature, which appears hierarchically at both molec-
ular and supramolecular levels.[1] By introducing chirality
into functional materials, new properties can be created.[2]

Chiral assemblies are generally obtained through noncova-
lent interactions between chiral molecules or between chiral
building blocks. In some cases, achiral molecules can be in-
duced to form various chiral architectures by chiral mole-
cules or a chiral matrix.[3] The preparation of functional
chiral architectures from achiral molecules without the in-
troduction of any chiral species and understanding the
origin of the chirality of these peculiar chiral assemblies is a
current “hot topic”.[4–8] Among the most interesting chiral
architectures derived from achiral molecules are those
based on achiral bent-core liquid crystals (LC), the chirality
of which is thought to originate from tilting of the molecule
with respect to the layer normal producing the mirror
image, or twisting of the layers to counteract spontaneously
induced polarization.[5] Rib� et al. reported achiral diproto-
nated porphyrins that formed homoassociates in aqueous so-
lution, thereby leading to spontaneous chiral symmetry

breaking.[6] The authors proposed that the achiral dye mole-
cules form supramolecular fibers during unidirectional stir-
ring, and the presence of a vortex in the stirring solution
was suggested to induce chirality in the originally achiral
system. Liu et al. reported that by compressing Langmuir
films spread at an air/water interface, symmetry breaking
can occur in some molecular films composed of achiral mol-
ecules.[7] Lu et al. reported that by tuning the length of
alkoxy side chains, achiral discotic p-conjugated triphenyl-
benzene derivatives can form helical fibrous organogels.[8]

The authors proposed that the helices originated from a pro-
peller-like conformation and defects in the molecular pack-
ing.

Lyotropic LCs, which typically consist of self-assembled
amphiphilic associated structures, have been well document-
ed and are widely used in the fields of materials synthesis,
biology and life sciences, pharmaceuticals, foods, cosmetics,
and so on.[9] Organogels are materials in which 3D networks
are formed by the self-assembly of low-molecular-weight ge-
lators (LMWGs) through noncovalent interactions, and
these networks can absorb large amounts of solvents.[10]

Great efforts have been made to fabricate fluorescent or LC
organogels with attractive optical, electronic, or sensing
properties.[11] For example, Ajayaghosh and co-workers re-
ported a series of oligo(p-phenylenevinylene)-derived
LMWGs with tunable emissions, utilizing the absorption
spectral shifts after gelation and an effective fluorescence
resonance energy transfer (FRET) process in the organogel
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scaffold.[11a–g] Ajayaghosh, Kato, and co-workers reported
the preparation of aligned LC physical gels with polarized
photoluminescent properties by the simple mixing of an
oligo(p-phenylenevinylene)-based gelator (OPV) with nem-
atic and smectic liquid crystals.[11h] Park and co-workers de-
scribed the emission tuning of organogels by light irradiation
rather than heating through the incorporation of a photo-
chromic compound.[11i] It is considered to be very difficult to
find low molecular weight compounds that are capable of
gelling solvents and displaying lyotropic and thermotropic
mesomorphic behaviors.[12]

In our previous work, we reported a series of fluorescent
liquid-crystalline bi-1,3,4-oxadiazole derivatives.[13] Among
these bi-1,3,4-oxadiazole derivatives, an achiral fluorescent
twin-tapered bi-1,3,4-oxadiazole derivative (BOXD-T8) was
found to exhibit a thermotropic
LC phase and various self-as-
sembled structures in solution,
such as nanoparticles, helical
nanobelts, and flat nano-
belts.[13b] In this work, we report
an unprecedented hierarchical
self-assembly of achiral BOXD-
T8, which forms layer-struc-
tured lyotropic liquid crystals,
and these in turn form a helical
fibrous organogel in DMF at
concentrations above 0.6 wt %.
The novelty of this work is that
the helical structure of BOXD-
T8 is dependent on the solvent,
the concentration, and the in-
termediate layer-structured lyo-
tropic liquid-crystalline state,
which provides an interesting
case for investigating the chiral
phenomena.

Results

Self-assembly process in DMF :
The lyotropic LC phase of BOXD-T8 is formed upon cool-
ing of its solutions in DMF at concentrations above
0.4 wt %. The lyotropic LC of BOXD-T8 is not stable, and
can evolve into an organogel at concentrations above
0.6 wt %. The procedure for lyotropic LC formation and lyo-
tropic LC to organogel transition of BOXD-T8 in DMF
(1.0 wt %) is outlined in Figure 1. We have used optical mi-
croscopy, polarized optical microscopy (POM), photolumi-
nescence microscopy (PLM), and scanning electron micros-
copy (SEM) to investigate the self-assembly process of
BOXD-T8 in DMF at 1.0 wt %. Upon cooling of the isotrop-
ic solution in DMF, circular domains with birefringence
were observed under POM observation, which are charac-
teristic of lyotropic LC phase formation (Figure 2a). Under
PLM observation, the circular lyotropic LC domains exhibit-

ed blue fluorescence (Figure 2b). The LC phase can be ob-
tained by quickly evaporating the solvent in this situation.
We refer to it as the “solvent-free lyotropic LC phase”.
Upon holding for more than 15 min, helical fibers began to
develop from the lyotropic LC phase, as identified by POM
observation,[14] in which the single fibers exhibited periodical
repetitions of strongly birefringent regions and dark regions
(Figure 2d). On quickly evaporating the solvent in this situa-
tion, in preparation for SEM observation, the circular lyo-
tropic LC domains became balls of entwisted helical nano-
belts (Figure 2e). Upon further holding for more than
30 min, a stable organogel composed of helical fibers devel-
oped, which could be observed by optical and polarized op-
tical microscopies (Figure 2f, g). Under PLM observation,
the individual fibers exhibited periodical spots of deep-blue
fluorescence (Figure 2h). The BOXD-T8 xerogel from DMF

Figure 1. Photographs showing the progressive formation of lyotropic
liquid crystal and organogel from BOXD-T8 in DMF at 1.0 wt % upon
heating to obtain an isotropic solution and holding at room temperature
for different time periods.

Figure 2. Images of BOXD-T8 in DMF at 1.0 wt % upon cooling from an isotropic solution and holding at
room temperature for 10 min: a) POM image, b) PLM image, and c) SEM image; 20 min: d) POM image,
e) SEM image; and 30 min: f) optical image, g) POM image, and h) PLM image; i) SEM image of BOXD-T8
xerogel from a 1.0 wt % gel in DMF. Black areas in the POM and PLM images correspond to the solvent
DMF.
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was seen to exhibit both right- and left-handed helical fibers
of widths 0.3–1 mm under SEM observation (Figure 2i). The
helical pitches in these samples were non-uniform. Further-
more, left- and right-handed helical fibers were present in
equal quantities, thus resulting in overall racemic mixtures
without any CD signals. At concentrations below 0.4 wt %,
the lyotropic LC was not formed, but a flocculent precipi-
tate appeared during storage. For example, a BOXD-T8 so-
lution in DMF at a concentration of 0.15 wt% was isotropic
at room temperature. During storage at 4 8C for more than
2 h, a flocculent precipitate developed. Under SEM observa-
tion, this flocculent precipitate was seen to consist of entan-
gled flat fibers of widths 0.2–0.4 mm (Figure 3). The forma-
tion of elongated fibrous aggregates indicates that the self-
assembly of BOXD-T8 is driven by strong directional inter-
molecular interactions. It can be concluded that the helical
structure of BOXD-T8 in DMF is dependent on the concen-
tration and the intermediate lyotropic liquid-crystalline
state.

XRD investigations : To reveal the structure of the lyotropic
LC phase, a drop of BOXD-T8 solution in the lyotropic LC
state was placed on a glass slide and the solvent was quickly
evaporated under vacuum. The residue was then subjected
to XRD investigation. The XRD profile of BOXD-T8 in the
solvent-free lyotropic LC phase consists of one strong (100)
(d=23.2 �) peak and one weak (200) (d=11.8 �) peak in
the small-angle region and no additional peak in the wide-
angle region, which is similar to the profile of its thermo-
tropic LC columnar phase, suggesting a lamellar structure
(Figure 4a). The solvent-free lyotropic LC phase of BOXD-
T8 proved to be unstable, and crystallization was observed
upon storage at room temperature for more than one day.
The XRD profile of the BOXD-T8 crystalline phase that de-
veloped from the solvent-free lyotropic LC phase consists of
one strong (d=20.5 �) peak and several peaks in both the
small- and wide-angle regions (Figure 4b), which is similar
to the profile of its crystalline phase developed from the
thermotropic columnar LC phase,[13a] indicating similar crys-
talline structures. In contrast, the XRD profile of the
BOXD-T8 helical fibrous xerogel that developed from the
lyotropic LC phase consists of three peaks (d=17.6, 13.1,

and 12.1 �) in the small-angle region and several peaks in
the wide-angle region (Figure 4c).

Fluorescence and fluorescence lifetime decay spectral inves-
tigations : The self-assembly process of BOXD-T8 in DMF is
accompanied by a change in its fluorescence. The fluores-
cence properties of BOXD-T8 in DMF (1.0 wt %) in the
various aggregation states are summarized in Table 1. At

1.0 wt %, the maximum emission of BOXD-T8 in isotropic
DMF solution was observed at 480 nm. During storage at
room temperature, the maximum emission was blue shifted
to about 460 nm in the lyotropic LC state, and was further
enhanced and blue shifted to 403 nm during formation of
the organogel (Figure 5). The maximum emissions of the

Figure 3. SEM image of BOXD-T8 precipitate from a 0.15 wt % solution
in DMF.

Figure 4. XRD patterns of BOXD-T8: a) solvent-free lyotropic LC from
DMF, b) xerogel from a solution in DMF (1.0 wt %), and c) crystalline
phase from solvent-free lyotropic LC.

Table 1. Fluorescence and fluorescence lifetime characteristics of
BOXD-T8 in DMF (1.0 wt %) and different aggregation states.

lem,max

[nm]
t [ns][a] c2 [b]

isotropic state in DMF 480 2.96 1.06
holding at RT for 5–10 min 465 2.56 (66 %) 1.02

6.11 (34 %)
holding at RT for 10–15 min 460 2.41 (56 %) 1.00

5.91 (44 %)
gel from DMF 403 1.52 1.10
xerogel from DMF 397 1.36 0.87
solvent-free lyotropic LC 432 2.12 (41 %) 1.01

5.1 (59 %)
crystals from solvent-free
lyotropic LC

396 0.93 1.10

[a] t [ns]= fluorescence lifetime in nanoseconds; [b] c2 = fitting parame-
ter.
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solvent-free lyotropic LC and the xerogel from DMF
(1.0 wt %) were observed at 432 and 397 nm, respectively.
The maximum emission of the crystals derived from the sol-
vent-free lyotropic LC was observed at 396 nm (Figure 6).

Fluorescence lifetime decay spectra were measured to
obtain further information about the self-assembly process
of BOXD-T8 in DMF (Figure 7) and the various solid states
(Figure 8). The fluorescence decay profile of BOXD-T8 in
the isotropic state in DMF (1.0 wt %) showed a monoexpo-
nential decay with a lifetime of 3.0 ns. After holding at
room temperature for 10–15 min, the fluorescence decay
profile of BOXD-T8 in the lyotropic LC state showed a
double-exponential decay with an average lifetime of about
3.2 ns. The fluorescence decay profile of BOXD-T8 in the

solvent-free lyotropic LC state showed a double-exponential
decay with an average lifetime of 3.5 ns. The profile of
BOXD-T8 organogel in DMF (1.0 wt %) showed a monoex-
ponential decay with a lifetime of 1.5 ns, whereas that of its
xerogel showed a monoexponential decay with a lifetime of
1.4 ns. The profile of BOXD-T8 crystals from the solvent-
free lyotropic LC showed a monoexponential decay with a
lifetime of 0.9 ns. The different fluorescence lifetimes in the
various aggregation states indicated different aggregation
patterns.

Variable-temperature 1H NMR spectral investigations : To
investigate the intermolecular interactions of BOXD-T8 in

Figure 5. Fluorescence emission spectra of BOXD-T8 in DMF (1.0 wt %)
upon heating to obtain an isotropic solution and then holding at room
temperature for different time periods.

Figure 6. Fluorescence emission spectra of BOXD-T8 in solvent-free lyo-
tropic LC (dashed line), xerogel from DMF (1.0 wt %; dotted line), and
crystals from solvent-free lyotropic LC (solid line).

Figure 7. Fluorescence lifetime decay profiles (lex =340 nm) of BOXD-
T8 in DMF (1.0 wt %) in the isotropic state (!; emission monitored at
480 nm), after holding at room temperature for 5–10 min (~; emission
monitored at 460 nm) and for 10–15 min (*; emission monitored at
460 nm), and in the gel state (&; emission monitored at 400 nm). IRF=

instrument response function.

Figure 8. Fluorescence lifetime decay profiles (lex =340 nm) of BOXD-
T8 in solvent-free lyotropic LC (~; emission monitored at 430 nm), xero-
gel from DMF (1.0 wt %; &; emission monitored at 400 nm), and crystals
from solvent-free lyotropic LC (*; emission monitored at 400 nm).
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polar aprotic solvents, temperature-dependent 1H NMR ex-
periments were performed on a 5 � 10�5 mol L�1 solution of
BOXD-T8 in [D6]DMSO (Figure 9). At 50 8C, a sharp peak
at was seen at d= 7.37 ppm, attributable to the protons of
the aromatic rings (Ar�H) of the BOXD-T8 monomers.
Upon cooling to 25 8C, 30 % of the Ar�H signal was ob-
served at d=7.37 ppm and 70 % of the Ar�H signal was ob-
served at d=6.88 ppm, indicating the coexistence of another
species in slow exchange with the monomeric entity on the
NMR time scale. It was concluded that the Ar�H signal ob-
served at higher magnetic field (d= 6.88 ppm) corresponded
to the aggregates, the upfield shift resulting from p-stacking
interactions between the aromatic segments of BOXD-
T8.[15]

Discussion

In our previous work, we reported the formation of an orga-
nogel consisting of straight fibers from fluorescent BOXD-
T8 in ethanol and an evolution from nanoparticles to helical
fibers.[13b] The XRD profile of BOXD-T8 xerogel derived
from ethanol indicated a lamellar structure, which is similar
to those of its thermotropic LC columnar phase and the sol-
vent-free lyotropic LC phase. The XRD profile of the
BOXD-T8 helical fibrous precipitate that developed from
nanoparticles in DMSO is different from that of the BOXD-
T8 helical fibrous xerogel from DMF, indicating different
aggregation patterns, although the morphology is similar.
Considering the differences between the XRD profiles of
the stable helical fibrous xerogel developed from the lyo-
tropic LC phase in DMF and the stable crystalline phase de-
veloped from the solvent-free lyotropic LC phase, it could
be concluded from these peculiar self-assembly processes of
BOXD-T8 that the helical self-assembly process is depen-
dent on the intermediate metastable state and the nature of
the solvent molecules. Thus, it would seem that the helical
assembly not only originates from a chiral conformation of
BOXD-T8 molecules, but might also be due to the solvent
participating in crystalline transitions from the intermediate

metastable states. We have attempted to predict the aggre-
gation patterns based on the XRD profiles by computational
calculations, but this approach has not yet produced a rea-
sonable aggregation pattern. It is truly difficult to delineate
the underlying mechanism responsible for the formation of
the helical fibers from achiral BOXD-T8. Computational
calculations indicate that the rigid backbone of the BOXD-
T8 molecule is coplanar and fully conjugated, which might
be beneficial for self-assembly of these molecules to supra-
molecules through intermolecular p–p interactions between
the aromatic segments. A possible packing motif of BOXD-
T8 in the lyotropic LC and a mechanism for the formation
of the helical fibers in DMF are illustrated in Scheme 1. In

the lyotropic LC phase, BOXD-T8 molecules are tilted by a
large angle to form a layered structure through intermolecu-
lar p–p interactions between aromatic segments and van der
Waals interactions between the alkyl chains. During storage,
DMF solvent molecules penetrate into the interfaces be-
tween the layers that are sustained by the weak van der
Waals interactions between alkyl chains in adjacent layers,
and separate these layers. Considering the different
strengths of interactions in continuous parts and separated
parts of the layers following the inclusion of some DMF sol-
vent molecules, helical twisting would seem to be a reasona-
ble means of balancing the stresses in the separated single
or multiple layers. This, together with the further formation
of helical fibers through intermolecular p–p interactions be-
tween the aromatic segments, might be the origin of the hel-
ical structure. At lower concentrations (<0.4 wt %) in DMF,
BOXD-T8 molecules directly aggregate into straight fibers
through directional intermolecular p–p interactions during
storage.

Figure 9. Temperature-dependent 1H NMR spectra of BOXD-T8 in
[D6]DMSO at 5 � 10�5 mol L�1.

Scheme 1. A possible packing motif of BOXD-T8 in the lyotropic LC
and a mechanism for the formation of helical nanofibers in DMF.
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Conclusion

An unprecedented hierarchical self-assembly of achiral fluo-
rescent twin-tapered BOXD-T8 from lyotropic liquid crystal
to helical fibrous organogel was demonstrated in DMF at
concentrations above 0.6 wt %. The self-assembly process of
BOXD-T8 in DMF is accompanied by a change in its fluo-
rescence. The pitches of the helical fibers are non-uniform,
and both left- and right-handed helical fibers are observed
in equal quantities. Intermolecular p–p interactions between
aromatic segments were identified as the driving force for
the aggregation. The helical structure of BOXD-T8 is de-
pendent on the solvent, the concentration, and the inter-
mediate liquid-crystalline state. The peculiar helical self-as-
semblies of BOXD-T8 provide an interesting case to investi-
gate chiral phenomena.

Experimental Section

Experimental details : BOXD-T8 was prepared according to our previ-
ously published procedure.[12] PL spectra were collected using a Hitachi
F-4500 spectrometer. FE-SEM observations were made with a Hitachi S-
4800 apparatus. Optical, polarized optical, and fluorescence microscopy
images were acquired with an Olympus BX51TRF microscope. The light
source for fluorescence microscopy observation was a mercury lamp with
a fluorescent filter cube, which provided excitation in the range 330–
385 nm and collected the emission at >420 nm. The intensity of the fluo-
rescence emission was measured using a built-in CCD camera in conjunc-
tion with the associated software. Fluorescence lifetimes were measured
using an FL920 time-corrected single-photon counting (TCSPC) system.
XRD analysis was carried out with a Bruker Advance D8 X-ray diffrac-
tometer. 1H NMR spectra were recorded with a Bruker Avance 500 MHz
spectrometer with [D6]DMSO as the solvent and tetramethylsilane
(TMS) as an internal standard (d =0.00 ppm).
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