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" H-aggregate and slipped aggregate
of BOXDH-T12 could be obtained by
controlling hydrogen bonding
formation.

" Helical fibers of BOXDH-T12 could
be obtained by adding ethanol into
DMSO solution.

" It was demonstrated that the
solvophobic/solvophilic effect
played a critical role in alcohol gels.
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FTIR, 1H NMR, WAXD and TGA results suggested that strong gelator–gelator intermolecular hydrogen
bonding interaction induced H-aggregation of BOXDH-T12 while the interaction between DMSO and
BOXDH-T12 molecules caused the slipped stacking. Adding ethanol into DMSO solution of BOXDH-T12,
morphologies changed from microparticles to helix.
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A bi-1,3,4-oxadiazole derivative (BOXDH-T12) showed intramolecular charge transition at concentrations
lower than 1 � 10�5 mol/L. The self-assembling behaviors of BOXDH-T12 depended on solvents that it self-
assembled into H-aggregates in alcohols and slipped packing aggregates in DMSO. FTIR, 1H NMR and TGA
results revealed that strong gelator–gelator hydrogen bonding interaction induced H-aggregation of BOX-
DH-T12 in alcohols and the interactions between DMSO and BOXDH-T12 molecules caused a slipped stack-
ing. BOXDH-T12 can gel the mixtures of DMSO and ethanol through a cooperative effect of the hydrogen
bonding, van der Waals interaction and p–p stacking forces, furthermore, helical ribbons could be observed
in DMSO/ethanol due to DMSO molecule interacting. In alcohols, solvophobic/solvophilic effect plays a
critical role in gelation behaviors.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction range [1]. For instance, self-assembly of small molecular entities
Self-assembled materials are of special interest since their
aggregate structures and their properties can be steered in a wide
ll rights reserved.
into well-defined supramolecular architectures is involved in elec-
tron-transporting materials [2] and in various vital biological func-
tions in living systems [3]. For a rational design of supramolecular
functionalities, detailed knowledge of the effects determining the
self-assembly process and the optical properties is required. Over
the past decade, noncovalent interactions such as hydrogen
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Fig. 1. Normalized fluorescence spectra of BOXDH-T12 in different solvents at
concentration of 1 � 10�5 mol/L.

Table 1
Photophysical properties of BOXDH-T12 in different solvents (1 � 10�5 mol/L).

Solvent kabs (nm) kem (nm) Stokes shift (cm�1) UF

DMSOa 337 419 5807 0.09
DMF 338 417 5605 0.03
Ethanola 333 409 5224 0.14
n-hexanola 339 410 5108 0.25
THF 337 381, 401, 420 4736 0.3
Chloroform 337 379, 397, 417 4484 0.51
Cyclohexanea 328 364, 381, 401 4241 0.56

a BOXDH-T12 in these solvents were measured at 60 �C.
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bonding, metal-ion-to-ligand coordination, electrostatic interac-
tions, p–p stacking, dipole–dipole interactions, and hydrophobic
interactions, have been identified as enabling the construction of
various superstructures from specifically engineered small mole-
cule building blocks [4]. p-conjugated molecules could provide
highly ordered organized structures through p–p stacking interac-
tions and hydrogen-bonding [4,5]. The directional force such as
hydrogen bonding can control the strength of the interactions be-
tween the p-planes; as a result, the balance between hydrogen
bonding and the p–p stacking would tune the electronic and elec-
trooptical properties and the structures of molecular assemblies in
soft materials. For example, Würthner and co-workers obtained
J-aggregates of PBI by encoding in the molecular building block
[6], whereas Maeda [7] and Bo [8] obtained H-aggregates by
introducing amide groups in gelator molecules. Yagai reported
the transformation from H- to J-aggregated PBI through
hydrogen-bond-directed complexation between melamine and
cyanurate [9]. In some case, the directional forces would cause a
gel formation and are significantly influenced by various condi-
tions including the solvents [7,10]. For a specific gelator, especially
the hydrogen bonding gelator, the forces could be influenced by
solvent–gelator interactions. For example, Dey demonstrated the
gelation of N-(n-alkylcarbamoyl)-L-alanine could be tuned by turn-
ing the intermolecular H-bonding interaction by adding a small
amount of water or methanol [11]. Park reported a nonfluorescent
benzene-1,3,5-tricarboxamide derivative (TOBA) with three 2,5-
diphenyl [1,3,4] oxadiazole arms, which could gel some aprotic or-
ganic solvents and exhibited the enhanced fluorescence emission
in gels due to the face-to face intermolecular H-bonding interac-
tion [12].

On the other hand, the self-aggregate morphologies could be
tuned by changing environments, such as cooling rate, proportion
of binary solvents, additive. Weiss et al. obtained different length
and thickness fibers of anthraquinone-appended steroid-based
gelators by controlling the cooling rate [13]. Wan and coworkers
observed helical ribbons of 400-butoxy-4-hydroxy-p-terphenyl-b-
D-glucoside (BHTG) in1,4-dioxane and the mixture of 1,4-dioxane
and water, and the handedness depended on the rate of gel
formation [14]. In related work, Li reported the structural
transition of an organogel self-assembled form a single dipeptide
building block, diphenylalanine (L-Phe-L-Phe, FF), in toluene into
a flower-like microcrystal merely by introducing ethanol as a co-
solvent [15].

Previously, we reported the synthesis and self-assembly behav-
iors of 1,3,4-oxadiazole derivatives and the results showed that
J-aggregates and supramolecular gels of 2,20-bis(3,4,5-trioctanoxy-
phenyl)-bi-1,3,4-oxadiazole (BOXD-T8) formed in ethanol and
DMSO through the interactions between rod-like p-planes as well
as van der Waals interactions of long alkyl chains [16]. We ex-
pected that the introduction of additional hydrogen-bonding sites
such as amide moieties might influence the supramolecular assem-
blies. In this study, we report the self-assembly of an amide-con-
taining bi-1,3,4-oxadiazole derivative (BOXDH-T12, Scheme 1)
[17] in different solvents and the effect of solvents on its gelation
behavior. Our results indicated that BOXDH-T12 self-assembled
Scheme 1. Molecular structure
to H-aggregates in alcohols and slipped stacking aggregates in
DMSO. Alcohols with long chains and mixtures of DMSO and etha-
nol could be gelled by BOXDH-T12 while precipitates in ethanol
and n-propanol. BOXDH-T12 gel these solvents through a cooper-
ative effect of the hydrogen bonding, van der Waals interactions,
p–p stacking force and solvophobic/solvophilic effect.
2. Results and discussion

2.1. Solvent-polarity-dependent PL

The optical properties of BOXDH-T12 in various solvents
(1 � 10�5 mol/L) are shown in Fig. 1 and Table 1. BOXDH-T12
exhibited strong fluorescence (U = 0.56) with vibronic structure
in cyclohexane. The emission maximum red-shifted from 381 nm
(in cyclohexane) to 419 nm (in DMSO) with an increase of the sol-
vent polarity, meanwhile, the fluorescence quantum yield de-
creased from 0.56 (in cyclohexane) to 0.09 (in DMSO), and no
vibronic structures were observed in polar solvents. In the concen-
tration-dependent emission spectra (Fig. S1), both the shapes and
the maximum of the emissions remained unchanged, moreover,
of the gelator BOXDH-T12.



Fig. 2. UV–vis spectra of BOXDH-T12 in (a) n-hexanol (5.0 � 10�4 mol/L) and (b) DMSO solutions (2.9 � 10�4 mol/L) in 1 mm cell measured by heating to isotropic solution
and holding at 6 �C and 30 �C, respectively, for different time period.
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the intensity of the emissions was nearly proportional to the con-
centrations within the range of 10�5–10�7 mol/L, indicating its
monomeric feature. Thus, observations of the red-shifted and de-
creased fluorescence emission and the unresolved vibronic struc-
ture in the photoluminescence (PL) spectra in polar solvents
suggested the formation of intramolecular charge transitions [18].

2.2. Solvent-dependent self-assembly

BOXDH-T12 with additional hydrogen-bonding sites (amide
groups) may interact with the hydrogen bonding acceptor (HBA)
or hydrogen bonding donor (HBD) solvents through hydrogen
bonding, which may further influence the self-assembly of BOX-
DH-T12. Thus, we investigated its self-assembly in alcohols and
DMSO, whose self-assembly processes were envisioned by the
changes of the UV–vis absorption and Fluorescence emission. The
UV–vis spectra of BOXDH-T12 in n-hexanol (5.0 � 10�4 mol/L)
and DMSO solutions (2.9 � 10�4 mol/L) were shown in Fig. 2.
Blue-shifted UV–vis absorption and weakened Fluorescence emis-
sion of BOXDH-T12 in n-hexanol were observed during storage at
6 �C for 35 min (gel formation) as shown in Figs. 2a and S2a. The
main absorption peak at 341 nm decreased and blue-shifted to
328 nm (Fig. 2a), and the Fluorescence emission weakened
Fig. 3. XRD patterns of (a) BOXDH-T12 xerogel fro
dramatically (Fig. S2a), indicating the characteristic H-type aggre-
gation [19]. A similar H-type self-assembly behavior was also dem-
onstrated in the other alcohols, such as ethanol and n-octanol, due
to the blue-shifted absorption (Fig. S3). In contrast, red-shifted
absorption and intensified Fluorescence emission of BOXDH-T12
were observed in DMSO. As given in Fig. 2b, the main absorption
peak at 337 nm decreased and red-shifted to 345 nm, meanwhile
a new shoulder band at 420 nm intensified during storage at
30 �C for 5 min. Moreover, the Fluorescence emission of BOXDH-
T12 in DMSO intensified and slightly red-shifted (ca. 5 nm)
(Fig. S2b), which implies that more slipped aggregates of BOX-
DH-T12 formed in DMSO. XRD pattern of the xerogel from n-hex-
anol shows five diffraction peaks corresponding to d-spacing of
42.2, 13.2, 8.4, 6.1 and 4.3 Å (Fig. 3a), and the precipitate from
DMSO exhibited a series of diffraction peaks with d-spacing of
55.5, 26.6, 11.7, 10.8, 9.7, 4.3 and 3.9 Å (Fig. 3b), indicating differ-
ent structures in the xerogel and precipitate of BOXDH-T12.

To further explore the mechanism for self-assembly, FTIR spec-
tra of BOXDH-T12 xerogel obtained from n-hexanol and precipi-
tates from DMSO were measured, respectively (Fig. 4a and e).
The BOXDH-T12 xerogel from n-hexanol exhibited NAH stretching
vibrations at 3278 cm�1 (the absence of free NAH, a relatively
sharp peak with the frequency higher than 3400 cm�1) and amide
m n-hexanol and (b) precipitate from DMSO.



Fig. 4. Partial FTIR spectra of BOXDH-T12 precipitates from (a) DMSO and (d) ethanol and xerogels from DMSO/ethanol with volume ratio of (b) 75:25, (c) 50:50, and (e) n-
hexanol.

Fig. 5. TGA curve of BOXDH-T12 precipitates from DMSO. A ramp rate of 10 �C/min
in nitrogen flow.
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I vibration bands at 1651 cm�1 (Fig. 4e), indicating hydrogen bond-
ing formation between NAH and C@O groups [20]. In contrast, the
BOXDH-T12 precipitates from DMSO showed NAH stretching band
centered at 3400 cm�1 and amide I band at 1673 cm�1 and
1650 cm�1 (relatively very weak) (Fig. 4a), suggesting the weak
hydrogen bonding interaction. Additionally, the intensity of
1583 cm�1 was stronger than 1597 cm�1 in the xerogel from n-
hexanol, on the contrary, 1597 cm�1 was more intense in the pre-
cipitates from DMSO, suggesting a considerable dipole-moment
change [21]. 1H NMR spectrum of BOXDH-T12 precipitates from
DMSO shows a new peak at 2.62 ppm which is assigned to the
chemical shift of the CH3A of DMSO (Fig. S4). The area ratio of
the peak at 2.62 ppm to the peak at 4.04 ppm assigned to the
AOCH2A of BOXDH-T12 is one to one, suggesting two equivalents
of residual DMSO molecules in the precipitates. Furthermore, the
thermal gravimetric analysis (TGA) curve (Fig. 5) shows almost
10% losses of thermograms weight at 75 �C, which corresponds to
the weight loss of DMSO and the molar ratio of DMSO/BOXDH-
T12 is 2:1 in the precipitates. Based on the results above, we
proposed that DMSO molecules might interact with NAH of
BOXDH-T12 and induced a slipped aggregation.

Based on above UV–vis, FL, FTIR, TGA and 1H NMR results, two
packing modes were depicted in Fig. 6. The strong gelator–gelator
hydrogen bonding interactions in alcohols caused the formation of
H-aggregate, while the interaction between DMSO molecules and
BOXDH-T12 induced the slipped aggregation of BOXDH-T12 in
DMSO.
2.3. Gelation properties

The gelation properties of BOXDH-T12 were depended on sol-
vents and its gelling properties in different solvents were summa-
rized in Table 2. BOXDH-T12 was insoluble in the solvents at room
temperature, while dissolved to give a clear solution under heating.
Upon being cooled to room temperature, it precipitated from
DMSO and the short alkyl-chain alcohols and immobile gels
formed in the long alkyl-chain alcohols and DMSO/ethanol. The
gels were thermoreversible.

It is interesting that BOXDH-T12 can gel the mixtures of DMSO
and ethanol although it precipitated from DMSO and ethanol. In
the tested mixtures, the CGC of BOXDH-T12 decreased from
2.1 � 10�3 to 1.1 � 10�3 mol/L with the proportion of DMSO/
ethanol changing from 80:20 to 50:50 (Table 2), indicating that sol-
vents influenced the gelation of BOXDH-T12. Moreover, BOXDH-
T12 precipitated from DMSO consisted of microparticles with
diameter of 0.3–2 lm (Fig. S5a) and the precipitates from ethanol
showed short fibrillose with width of ca. 0.5 lm (Fig. S5b). In con-
trast, the xerogels from the mixtures of DMSO/ethanol (75:25)
showed slender and straight fibers (Fig. S5c), which packed or
fused together to form 3D density network. When volume ratio
of DMSO/ethanol changed to 50:50, the xerogel showed both right-
and left-handed helical fibers with widths of 0.5–2 lm (Fig. S5d),
in some cases, the superhelical ribbons were composed of several
helical fibers. The helical structures were also observed by fluores-
cence microscopy (FM) as shown in Fig. 7a, in which the single rib-
bons exhibited alternate light and shade fibers with width of
approximately 1 lm and the size of light nodes were not uniform.
The non-uniform helical pitches and some straight ribbons were
also observed, indicating that helical structures were not from a
molecular chiral center. Further, the XRD patterns of the xerogels
from the mixtures (Fig. S6) differed from that of the precipitates
from DMSO (Fig. 3), indicating a different packing structure. The
FTIR results that the presence of NAH stretching vibrations at
3250–3400 cm�1 and intense absorptions of C@O at 1679 cm�1

and 1650 cm�1 (Fig. 4b and c) indicated the coexistence of both
weak and strong hydrogen bonding in the xerogels from DMSO/



Fig. 6. The schematic representation for the microscopic structure formation of BOXDH-T12 in alcohols, DMSO and DMSO/ethanol.

Table 2
Gelation properties of BOXDH-T12 in mixtures of DMSO/ethanol and primary
alcohols.a.

BOXDH-T12 BOXDH-T12

DMSO/ethanol(v:v) Ethanolb P
100:0 P n-propanol PG
80:20 G (2.1 � 10�3) n-butanolc G (1.2 � 10�3)
75:25 G (1.8 � 10�3) n-pentanol G (6.4 � 10�4)
66:34 G (1.4 � 10�3) n-hexanol G (5.5 � 10�4)
50:50 G (1.1 � 10�3) n-octanolb G (6.2 � 10�4)
34:66 P n-decanol G (6.9 � 10�4)

a Concentration: 2.75 � 10�3 mol/L; G, opaque gel; P, precipitates; PG, partly gel
formation; Values in bracket denote the critical gelation concentration (mol/L).

b Data from the Ref. [17].
c Gel is unstable at room temperature.
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ethanol. The relative intensity of bands at 1679 cm�1 and
1650 cm�1 changed with the mixture component. mas(CH2) and
Fig. 7. (a) Fluorescence microscopic photo of BOXDH-T12 xerogel from DMSO/ethan
ms(CH2) stretching of BOXDH-T12 in the xerogels shifted to 2923
and 2853 cm�1, which centered at 2918 and 2850 cm�1 in the pre-
cipitates from DMSO (Fig. 4a) and ethanol (Fig. 4d), indicating
weaker van der Waals interaction and less ordered alkyl chains
in the xerogels. Thus, the helical fibers might be induced by the
different H-bonding as shown in Fig. 6. However, the exact mech-
anism for the helical fiber formation of BOXDH-T12 in the mixtures
is unclear at this stage.

On the other hand, BOXDH-T12 could form stable gel in long al-
kyl-chain alcohols, such as n-butanol, n-pentanol, n-hexanol, n-
octanol [17] and n-decanol with CGC of 6.4 � 10�4, 5.5 � 10�4,
6.2 � 10�4 and 6.9 � 10�4 mol/L, respectively, suggesting that it
is a supergelator in alcohols. The xerogel from n-hexanol as well
as the xerogels from other alcohols was composed of entangled
3D fibrillar network as shown in Fig. 7b. Although it was found that
the gel formation time of BOXDH-T12 in these alcohols decreased
exponentially with an increase of gelator concentration (Fig. S7),
the gel formation time strongly depended on the solvents. For
ol (50:50) and SEM images of the xerogels from (b) n-hexanol (7 � 10�4 mol/L).
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the studied gelator, the gel formation time increases in the order of
n-pentanol gel < n-hexanol gel < n-octanol gel < n-decanol gel as
shown in Fig. S8. This might be attributed to the stronger solvopho-
bic interactions (weaker interactions between solvents and alkoxyl
chains of gelator) and thus lower tendency of BOXDH-T12 to crys-
tallize in longer alkyl-chain alcohol. FTIR spectra of the xerogels
and corresponding gels show the NAH stretching vibration and
amide I vibration bands at 3279 and 1651 cm�1 (Fig. S9), respec-
tively, which indicate that the alcohol molecules slightly affected
the gelator–gelator hydrogen bonding. However, BOXDH-T12 pre-
cipitated from the short alkyl-chain alcohols (ethanol) showed the
mas(CH2) and ms(CH2) stretching at 2918 and 2850 cm�1 (Fig. 4d),
indicating that the solvophobic/solvophilic effect influenced the
gelling behaviors of BOXDH-T12.

3. Conclusion

BOXDH-T12 showed a monomeric feature and intramolecular
charge transition at concentrations lower than 1 � 10–5 mol/L.
UV–vis and FL spectra of BOXDH-T12 and indicated that H-aggre-
gates formed in alcohols and slipped packing aggregates in DMSO.
FTIR, 1H NMR, WAXD and TGA results of BOXDH-T12 precipitates
and xerogels suggest that the interaction between DMSO and BOX-
DH-T12 molecules caused BOXDH-T12 slipped stacking in DMSO
and induced helical fiber formation in DMSO/ethanol. BOXDH-
T12 can gel the mixtures of DMSO and ethanol and long alkyl-chain
alcohols due to a balance of hydrogen bonding, p–p stacking and
van der Waals interactions. Solvophobic/solvophilic effect influ-
enced the gelling behaviors of BOXDH-T12 in alcohols.

4. Experimental section

Experimental details: BOXDH-T12 was prepared following our
previously work. Fourier transform infrared (FTIR) spectra were re-
corded with a Perkin–Elmer spectrometer (Spectrum One B). The
FTIR spectra of the xerogel and precipitate samples were measured
on silicon wafer. Photoluminescence was measured by a Perkin–El-
mer LS 55 spectrometer and the absorption measurements were
used a UV-2550 spectrometer. 1H NMR spectra were recorded with
Varian-Unity 500 MHz spectrometer, using tetramethylsilane
(TMS) as an internal standard. Thermogravimetric analysis (TGA)
curve was measured by SDTQ600. SEM observations were taken
with a JSM-6700F apparatus. Fluorescence microscopy (FM)
images were carried out with an Olympus BX51TRF microscope.
The light source for fluorescence microscopy observation was a
mercury lump with a fluorescent filter cube, which provides exci-
tation in the range of 330–385 nm, and collects the emission at
>420 nm. Intensity of the fluorescence emission was measured
using the built-in CCD camera along with the associated software.
The samples for SEM and FM measurement were prepared by
dropping a small amount of gel on a silicon and glass wafer respec-
tively, then by lyophilization. X-ray diffraction was carried out
with a Bruker Avance D8 X-ray diffractometer.
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