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A new bi-1,3,4-oxadiazole derivative (BOXDH-T12) was synthesized. BOXDH-T12 shows very strong gelation ability in DMF and n-oc-
tanol with critical gelation concentrations of 1.1 x 107* and 6.0 x 10~* mol/L, respectively, due to the intermolecular hydrogen bonding.
X-ray diffractions of BOXDH-T12 xerogels from DMF and n-octanol showed different microstructures. Fluorescence enhanced emis-
sions were observed during DMF gel formation of BOXDH-T12, which was attributed to J-aggregation. The emission band 500 nm of
BOXDH-T12 in DMF solutions at 353 K is characterized by a strong excimer emission.

[Supplemental materials are available for this article. Go to the publisher’s online edition of Soft Materials to view the free supplemental

file: Supplemental Figures.]
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Introduction

Organogels, in which organic solvents are gelled by low-
molecular-weight compounds (organogelators), have attracted
much interest as a result of their unique features and poten-
tial applications for new organic soft materials (1-3). These
organogelators create a three-dimensional network by self-
organization through noncovalent interactions such as hydrogen
bonds (4, 5), hydrophobic interaction (6), w-m interaction (7),
van der Waals force (8—11), electron donor-acceptor interaction
(12, 13), and so forth. Therefore, gel ability is always related to
the noncovalent interactions. However, hydrogen bonding is more
meaningful to gel stability due to its directionality and strength.
In this context, we will improve the gel ability by introducing
hydrogen bonding.

A gelator molecule containing well-established fluorophores
has attracted considerable attention over recent years due to its
prospective application in drug delivery and release (14, 15),
photo-responsive materials (16), sensors for chemical surround-
ings (17, 18), organic light-emitting diodes (OLEDs) (19, 20),
and so on. Because organogels are formed through self-assembly

*Address correspondence to: Min Li, Key Laboratory for
Automobile Materials, Ministry of Education, Institute of Materials
Science and Engineering, Jilin University, Changchun 130012, P. R.
China. Email: minli@mail jlu.edu.cn

of low-molecular-mass organogelators, a fluorescent gelator
might exhibit significant fluorescence emission in gel, for exam-
ple, fluorescence enhanced or quenched emissions (21-23).
The fluorescence enhanced emissions of gels were unambigu-
ously assigned to the phenomenon of aggregation-induced emis-
sion (AIE) (24-26), which was attributed to the restricted
intramolecular rotational motions and J-aggregate formation
(27-29).

Recently, we reported that bi-1,3,4-oxadiazole derivatives
(BOXD-Tn) exhibited good emission properties and gelation
ability (12, 13); especially, BOXD-T8 showed prominent gelation
ability and enhanced emission (J-aggregation) in ethanol.
Investigations have revealed that intermolecular electron donor-
acceptor interaction (12, 13, 28) is the main driving force
for gelation, and the coplanar conformation of 2,2’-bi-phenyl-
bi-1,3,4-oxadiazole and J-aggregation are the reasons for the
strong fluorescence emission. We also have reported a series of
hydrazine derivatives (BPH-n) that were super gelators due to
intermolecular hydrogen bonding (29). In the present paper, we
report the synthesis, gelation, and fluorescence properties of a
new bi-1,3,4-oxadiazole derivative (BOXDH-T12) that contains
amide groups (hydrogen bonding group) and a 2,2’-bi-phenyl-bi-
1,3,4-oxadiazole rigid core (well-established fluorophore). The
present molecular design aimed at introducing lateral intermolec-
ular hydrogen bonding to adjust its gel ability and fluorescence
properties. It was demonstrated that BOXDH-T12 behaves as a
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super gelator in DMF and n-octanol, its xerogels, shows different
morphologies (ribbons, fibers). During the DMF gel formation,
enhanced emission was detected.

Results and Discussions

Gelation Properties

The gels were prepared by mixing a weighed sample with solvent
in a sealed test tube and heating the mixture until the solid dis-
solved and then held at room temperature for 30 min. The gelling
properties of BOXDH-T12 in different solvents are summarized
in Table 1. BOXDH-T12 can be dissolved in chloroform easily;
precipitated from acetone, ethanol, and toluene; and gel DMF
and n-octanol with the critical gelation concentrations (CGCs)
of 1.2 x 1073 and 6.0 x 10~* mol/L, respectively. The low
CGC values suggest that BOXDH-T12 behaves as a super gelator
in DMF and n-octanol (30, 31). Figure 1 shows gel-sol phase-
transition temperatures (Tges) of DMF and n-octanol gels of
BOXDH-T12 as a function of concentration (Tgs values were
measured through the “falling drop” method (32)). The Tg value
of DMF gel increases from 293 K at 1.2 x 1073 mol/L to 326 K
at 3.7 x 1073 mol/L, and the Tge of n-octanol gel increases from
293 K at 6.0 x 10~ mol/L to 351 K at 3.2 x 1073 mol/L. Both
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gels could repeat the gel-sol transition process many times, and
they could be stably held at room temperature.

In order to evaluate the driving forces for gelation of BOXDH-
T12, we measured the FT-IR spectra. Figure 2 shows the FT-IR
spectra of BOXDH-T12 film coated from chloroform and the
xerogel from DMEFE. The typical absorption bands of C=0 were
observed around 1680, 1657, and 1649 cm™! in both spectra indi-
cating intermolecular hydrogen bonding participated in forming
supramolecules (33, 34). The absorption bands arising from the
antisymmetric (v,sCH;) and symmetric (vsCH,) stretching vibra-
tions of alkyl chains were observed at 2925 and 2853 cm~! in
the film from chloroform (Fig. 2a), suggesting the presence of
a gauche form alkyl chain. These IR bands appeared at 2918
(vasCH») and 2848 cm™! (vsCHy,) in the xerogel from DMF, cor-
responding to the alkyl chain of the all-trans form. Consequently,
it is clear that the van der Waals interaction between the alkyl
chains is strong in DMF gel. On the other hand, the IR bands of
1598 cm~! assigned to phenyl rings in the film from chloroform
shifted to 1590 cm ™! in the xerogel from DMEF, revealing stronger
7-7 interaction in DMF gel. Furthermore, '"H NMR diluting
experiments of BOXDH-T12 were carried out in CDCl; at room
temperature (Fig. 3). Concentration-dependent 'H NMR spectra
show that increasing concentrations of BOXDH-T12 in CDCl;
from 0.05 to 20 mM caused remarkable broadening and down-
field shift of N-H from 7.89 ppm (non-association) to 8.07 ppm

Table 1. Gelation properties of BOXDH-T12 in different solvents.?

DMF Acetone  Ethanol  Chlorlform  Toluene n-octanol
BOXDH-T12 1.2 x 1073 P P S P 6.0 x 107*
BBOXD-T10 P P P S S 6.7 x 1073
S, soluble; P, precipitation.
#Values denote the minimum gel concentration (mol/L) necessary for organogelation.
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Fig. 1. Concentration-dependent gel-sol phase-transition temperatures of BOXDH-T12 gels in DMF and n-octanol (color figure available

online).
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Fig. 2. FT-IR spectra of BOXDH-T12 films from CHCl; and DMF.
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Fig. 3. Partial 'H NMR spectra (300MHz, CDCI3, 298 K) of BOXDH-T12 at different concentrations. (a: 0.05 mM; b: 3.7 mM; c: 5.3 mM;

d: 9.0 mM; e: 20 mM).

(self-association), suggesting hydrogen bonding between amide
groups participated in forming supramolecules at high concen-
trations. Whereas, slightly upfield shifts for Ar-H1 (8.25 ppm,
Ad ~ 0.04 ppm) and Ar-H3 (7.07 ppm, A3 ~ 0.01 ppm) were
observed, indicating weak -7 interaction between neighboring
phenyl rings.

The FT-IR spectra of the xerogels that form DMF and n-octanol
are shown in Fig. 4. The BOXDH-T12 xerogel from n-octanol
exhibits the N-H stretching vibration at around 3278 cm~' and
amide I vibration bands at 1651 cm~!, which imply that the N-
H groups are associated with C=0 groups via N-H ... O=C

hydrogen bonding (33, 34). The N-H stretching vibration of the
xerogel from DMF locates at 3325 cm ™' and amide I at 1680 and
1651cm™!, which is similar to that at high temperatures (Fig. 1S,
available online), and indicates weak hydrogen bonding formation,
which may result from hydrogen bonding interactions between
C=0 of DMF and NH of amides (35).

Morphologies and Structures

In order to investigate the aggregation morphology of the
gels, the xerogels from DMF and n-octanol were prepared and
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Fig. 4. FT-IR spectra of BOXDH-T12 xerogels from (a) DMF and (b) n-octanol.

NONE S 8.0kV  X3,000

NONE S 80kV  X10,000

Fig. 5. FE-SEM images of BOXDH-T12 xerogels from (a) DMF and (b) n-octanol.

subjected to the scanning electron microscope (SEM) observa-
tion. As shown in Fig. 5a, the FE-SEM image of BOXDH-
T12 xerogel from DMF consists of bundles of flexible ribbons
within a width of 0.5—-1 pwm, while xerogel from n-octanol reveals
a network structure composed of intertwined fibers within width
of 0.4—1 pm (Fig. 5b). The formation of elongated ribbon-like or
fiber aggregates implied that self-assembly of BOXDH-T12 was
driven by strong directional intermolecular interactions. Figure 6
shows the XRD patterns of BOXDH-T12 xerogels from DMF
and n-octanol. The xerogel from DMF exhibited one strong
peak (49.5 A) and four weak peaks (24.3, 12.1, 10.6, 9.3, 8.1
A) in a low-angle range corresponding to a tetragonal colum-
nar arrangement. Several weak peaks in the high-angle range
suggested its crystalline feature (Fig. 6a), while the peak at
4.8 A might be attributed to the repeated distance of bi-1,3,4-
oxadiazole units in stacking. However, the xerogel from n-octanol
showed a tetragonal columnar structure, which is different from
the xerogel from DMF due to a strong peak (41.5 A) and
three weak peaks (20.7, 12.9, 8.3 A) present in the low-angle
range.

Aggregation-Induced Enhanced Emission

Interestingly, enhanced fluorescence emission was observed in
DMF gel of BOXDH-T12, as shown in Fig. 7, the fluorescence
intensity of DMF gel was about 100-fold than in its isotropic
solution. Moreover, the fluorescence efficiency (®r) of the
xerogel was 12%, which is higher than its dilute solution (®g
= 3%). Figure 8 shows different fluorescence lifetime decay pro-
files of the xerogel from DMF at the emission wavelengths of
428, 454, and 484 nm, and the mean lifetimes are 2.23, 3.92, and
5.37 ns (Table 2) respectively, which reveal that more than one
emitting spices coexist in DMF gel.

In order to understand the emitting spices in DMF gel
of BOXDH-T12, detailed concentration-dependent lumines-
cence spectroscopy of BOXDH-T12 in DMF was performed.
Significant changes were observed in concentration-dependent
emission spectra at 353 K (Fig. 9). The emission peak kept con-
stant at 412 nm with concentration increasing from 1.21 x 107°
to 1.10 x 107° mol/L, indicating its monomeric feature.
Whereas, upon concentrating from 1.1 x 107 to 1.2 x 1073
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Fig. 6. X-ray diffraction patterns of BOXDH-T12 xerogels from (a) DMF and (b) n-octanol.
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Fig. 7. Fluorescence spectra of isotropic solution (1.5 x 103 mol/L), gel and xerogel of BOXDH-T12.

mol/L, the emission at 412 nm shifted to 445 nm suggest-
ing aggregation. The intensified obviously long wavelength of
500 nm that was similar to the emission of excimers.

To demonstrate the 412 nm emission band shifted to
445 nm with concentration increasing caused by aggregation,
concentration-dependent excitation spectra of BOXDH-T12 in
DMF were measured at emission band of 412445 nm (Fig. 10).
At a lower concentration (1.0 x 107¢ mol/L), the excitation spec-
trum showed a main peak at around 340 nm, which well-reserved
the shape of the absorption spectrum. Significant broadening
of the excitation peak was observed upon concentrating and

the broad peak split into two new ones at 312 and 354 nm,
respectively. The peak at 312 nm blue-shifted is attributed to
H-aggregates, while the peak at 354 nm red-shifted comes from
J-aggregates (36).

The emission band of 500 nm may be due to the excimer
emission. First, one must be cautious that “excimer” emission
might originate from a classic excimer that forms in and exists
only in the excited state or related species that looks like an
excimer but are preassociated BOXDH-T12 prior to optical exci-
tation (excimer-like species) (37). To distinguish whether this
band is due to ground-state species or not, excitation spectra
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Fig. 8. Fluorescence lifetime decay profiles (1., = 340 nm) of BOXDH-T12 xerogel from DMF monitored at different emission wavelengths.

IRF = instrument response function.

Table 2. Fluorescence and fluorescence lifetime characteristics of BOXDT12 xerogels from

DME.
Aem [nm] Ty [ns] () 72 [ns] (@) <7> [ns] X’
Xerogel from DMF 428 0.59 (88%) 4.15 (12%) 2.33 1.19
454 0.92 (73%) 5.32 (27%) 3.92 1.13
484 1.41 (64%) 6.83 (36%) 5.37 1.06
x 2, fitting parameter; 7 [ns], 72 [ns], fluorescence lifetime in nanoseconds; <7 > [ns], mean (average) fluore-
o . . a112+u2r2
scence lifetime for biexponential decays, (7) = m
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Fig. 9. Concentration-dependent fluorescence emission spectra of BOXDH-T12 in DMF at 353 K (color figure available online).
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Fig. 10. Concentration-dependent excitation spectra for BOXDH-T12 in DMF recorded while monitoring the emission at 412 nm at 353 K

(color figure available online).
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Fig. 11. Normalized emission wavelength-dependent excitation spectra for BOXDH-T12 in DMF recorded while monitoring the emission

at 420 and 500 nm at 353 K. (Concentration = 2.3 x 10~ mol/L).

of DMF solution of BOXDH-T12 at concentration of 2.3 X
10~* mol/L were recorded upon observation at 420 and 500 nm
(Fig. 11). The recognized emission-wavelength-dependent exci-
tation spectra imply that the emission bands of 420 and 500 nm
originated from different emitting species (38, 39). Emission at
500 nm was not observed in THF solution (Fig. 2S, available
online) or in the mixture solvents of THF and DMF (Fig. 3S,
available online), suggesting that the emission at 500 nm is not
attributed to exciplexes or associated species between DMF and
BOXDH-T12. The changes in Ig /Iy observed as a function of
excitation wavelength are shown in Fig. 12. Exciting the DMF

solution (I x 10~* mol/L) of BOXDH-T12 at 335, 350, 370,
375, 380, 385, and 390 nm led to incremental enhancement of
Ig /Iy, and the position of the excimer band was not affected.
Therefore, as stated previously, the likely cause of the emission of
500 nm intensification could be attributed to excimer-like species
formation.

For further investigation of emitting spices in DMF gel,
the temperature-dependent UV-vis and fluorescence spectra of
BOXDH-T12 in high concentration DMF solutions were mea-
sured. As the temperature slowly decreased, the maximum
emission of BOXDH-T12 in DMF solution (8 x 10~ mol/L)
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Fig. 12. Normalized fluorescence spectra of BOXDH-T12 in DMF solution at concentration of 1 x 10~* mol/L with various excitation

wavelengths.

significantly blue-shifted suddenly at 303 K (Fig. 4S, available
online). Figure 13 shows the fluorescence and absorption spectra
of BOXDH-T12 in DMF at 303 K with time aging. Not only were
the blue-shifts of maximum emission and the excimer-like band
observed but also the enhanced emission was detected (Fig. 13a).
Simultaneously, the main absorption peak decreased observably
and red-shifted slightly, while a new shoulder at around 395 nm
intensified with time aging, indicating a J-aggregation feature
(Fig. 13b) (40). J-aggregates can be demonstrated in a low con-
centration DMF solution of BOXDH-T12 at a lower temperature
as well (Fig. 5S, available online).

Discussion

Considering twin-tapered BOXDH-T12 molecules, self-
assembly of the BOXDH-T12 molecules through hydrogen
bonding would cause the approach of neighboring molecules
and induce -7 interactions between phenyl rings, which were
confirmed by the 'H NMR diluting experiment. However,
hydrogen bonding interactions between DMF and BOXDH-
T12 would cause the neighboring BOXDH-T12 molecules to
slip along molecular axes and make the hydrogen bonding
between BOXDH-T12 weak, which were evidenced by the
X-ray diffraction pattern and FTIR spectrum of the xerogel from
DMEF. The first diffraction peak with d-spacing of 49.5 A is
close to the molecular length of BOXDH-T12 (52.6 A). Upon
all of the aforementioned, a J-aggregation packing model of
BOXDH-T12 in DMF gel was proposed as shown in Fig. 14.

Experimental

General Methods

FT-IR spectra were recorded with a Perkin-Elmer spectrometer
(Spectrum One B). The samples were pressed tablets with KBr.

"H NMR spectra were recorded with a Varian-Unity 500MHz or
VARIAN 300 MHz spectrometer, using tetramethylsilane (TMS)
as an internal standard. '*C NMR spectra were recorded with
a VARIAN 300 MHz spectrometer, using chloroform-d as sol-
vent and CDCI3 as an internal standard (8 =77.00ppm). Mass
spectra were obtained by MALDI-TOF mass spectrometry. SEM
observations were taken with a JSM-6700F apparatus or a SSX-
550 apparatus. Photoluminescence was measured on a Perkin-
Elmer LS 55 spectrometer and the absorption measurements
were performed with a UV-2550 spectrometer. Fluorescence
lifetimes were measured using an FL920 time-corrected single
photon counting (TCSPC) system.

Synthesis and Characterizations

The N,N’-(4,4’-(2,2’-bi(1,3,4-oxadiazole)-5,5’-diyl)bis(4,1-phe-
nylene))bis(3,4,5-tris(dodecyloxy)benzamide) (BOXDH-T12) is
outlined in Scheme 1. The 5,5’-bis(4-nitrophenyl)-2,2’-bi(1,3,4-
oxadiazole) was prepared according to previous literature (41).
The 4.8-mmol compound 1 was suspended in 150 mL boil-
ing ethanol and 0.16 mol sodium hydrogen sulfide (NaHS)
in 30 mL water which was added within 20 min (42). After
30 min, the solids were filtered off and washed twice with water
and hot ethanol, respectively, to give 5,5’-di(4-aminophenyl)-
2,2’-bi(1,3,4-oxadiazole). According to the literature (43), 3,4,5-
tri(dodecyloxy)benzoic acid could be obtained from the hydroly-
sis of the synthesized ethyl 3,4,5-tris(dodecyloxy)benzoate (44).
The 2.2-mmol 3,4,5-tri(dodecyloxy)benzoic acid was converted
to corresponding benzoic chloride (45). Then, it was regularly
injected into 100 mL N-methylpyrrolidone (NMP) solution of
compound 2 (1.1 mmol) and vigorously stirred at room tem-
perature for 10 h; then, the solution was poured into 500 mL
distilled water. The solids were filtered off and washed with
water and hot ethanol. The crude dried product was dissolved
into THE, filtered out of insoluble matters, and then the THF
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=9 x 10™*mol/L, A, = 390 nm) (color figure available online).
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Fig. 14. J-aggregation packing mode for BOXDH-T12 gel in DMF (color figure available online).
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Scheme 1. Synthetic route of BOXDH-T12.

solvent was removed by a water bath and recrystallized from
acetone/chloroform (volume ratio of 2:1) two times to obtain
pure compound BOXDH-T12.

N,N’-(4,4°-(2,2’-bi(1,3,4-oxadiazole)-5,5’-diyl)bis(4,1-phen-
ylene))bis(3,4,5-tris(dodecyloxy)benzamide)."H NMR (300
MHz, CDCl;,TMS): 3 ppm 8.24-8.26 (d, J] = 8.67Hz, 4H),
7.93(s, 2H), 7.90-7.88 (d, J = 8.75Hz, 4H), 7.07 (s, 4H),
4.02-4.06(q, J = 6.79Hz, 12H), 1.81-1.86 (m, 8H), 1.73-1.79
(m, 4H), 1.56 (s, 6H), 1.46—1.52 (m, 12H), 1.27-1.36 (m, 90H),
0.88-0.90 (t, J = 6.89Hz, 18H).

3C NMR (300MHz, CDCl;): 8 ppm 165.9, 153.4, 152.8,
142.2, 129.1, 128.9, 120.1, 117.9, 105.9, 73.6, 69.5, 31.9, 30.3,
29.8,29.7,29.6, 29.5,29.4,29.3, 26.1, 22.7, 14.1,

FT-IR: v = 3291, 2955, 2922, 2870, 2852, 1650, 1612, 1593,
1583, 1560, 1521, 1500, 1467, 1428, 1411, 1385, 1339, 1245,
1214, 1183, 1163, 1119, 1080, 1048, 1020, 951, 858, 845, 831,
738, 720.

Anal. Calcd (%) for C102H164N60101 C, 7496, H, 10.11; N,
5.14. Found: C, 74.71; H, 10.39; N, 5.29.

MALDI-TOF MS: m/z: caled for: 1635.3, found: 1635.1.

Conclusion

A novel oxadiazole derivative and BOXDH-T12 was synthe-
sized and has been demonstrated to show gelation property in
DME, n-Octanol. BOXDH-T12 shows very low CGCs of 1.2
x 1073 and 6.0 x 10~* mol/L in DMF and n-octanol, respec-
tively, due to the intermolecular hydrogen bonding. Excimer
emissions and aggregation-induced enhanced emissions were
observed in DMF, and the aggregation-induced enhanced emis-
sions were attributed to J-aggregation, which phenomenon was
confirmed via concentration- and temperature-dependent UV-vis
and fluorescence spectroscopy.
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