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A novel supramolecular gelator (C11) based on a carboxylic-functionalized benzimidazole was synthesized, which could

form an organogel (C11-0OG) and generate a metallogel (Pb-MG) with Pb>. Both of the two supramolecular gels have

www.rsc.org/

changing of temperature,

1. Introduction

Supramolecular gels are obtained by supramolecular self-
assembly which is a spontaneous process that molecular
aggregates into ordered nanostructures and provides a
bottom-up approach to obtain structural regularity of various
. 1-9
morphologies.”” These self-assembly nanoscale structures of
gelators, such as fibers, rods and ribbons, could entrap a large
amount of organic solvent or water molecules to afford a solid-
like appearance, namely, forming supramolecular organogels
or hydrogels.m'16 Among them, supramolecular organogels or
hydrogels can be formed through non-covalent intermolecular
interactions, such as hydrogen bonding, rt-it stacking, van der
7-20 .
Benefited
from the weak character of these forces, superamolecular gels
21-24 .
and can be used in
chemosensors,25 pollutant capture and removal, drug delivery

. . . 1
Waals, electrostatic interactions, and so on.
have stimuli-responsive abilities

and other applications.26'31 Not only various supramolecular
organogels and hydrogels have been reported so far, but those
employing metal-ligand examples based on the concept of
coordination chemistry have been also widely applied."’z'34

It is widely accepted that heavy metal lead ion (Pb2+) is not
only a serious problem for the environment but also for the
health of human and other higher organisms due to its
toxicity.35 Pb2+, which is well known to act as a cumulative
poison through water intake or food chains, can cause damage
to the central nervous system, dysfunction in the kidneys and
immune system of human beings, especially in children.®®
Therefore, the effective detection and removal of lead ion
from the waste water has great practical interest.

In view of this, we reported a novel gelator (C11) which was
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aggregation-induced enhanced emission (AIEE). The Pb-MG shows outstanding reversible sol-gel transitions induced by
EDTA and Na,S. It has the potential to be widely applied in materials science.

based on a benzimidazole unit as fluorescent signal group and

« . . . . 37 .
carboxylic acid group as binding site.” Moreover, we rationally
introduced the multi-self-assembly driving forces into the
same gelator molecule, such as strong van der Waals existing
in the long alkyl chains, hydrogen bonds existing in the
carboxylic acid group stacking
benzimidazole.

and T existing in

2. Synthesis and characterization of gelator C11

The synthesis of 2-hendecybenzimidazole(A1l) was
accomplished based on previous work® and the synthesis of
C11 is shown in Scheme 1. 2-heptadecylbenzimidazole (1.36 g,
5 mmol) and K,CO; (0.6 g, 5 mmol), ethyl chloroacetate (0.61 g,
5 mmol) and Kl (0.17 g, 1 mmol) were dissolved in appropriate
absolute DMF and stirred 30 mins, respectively. Then they
were blended and stirred at 90 °C for 40 h. After that, 20 mL
NaOH water solution (w=30 %) was added as acid-binding
agent. The mixture was stirred at 110 ‘C for 8 h. After cooling
to room temperature, the solution was dispersed in 200 mL
distilled water, and regulated pH to 1 to precipit product.
Afterwards, the solution was filtered and stoving to obtain a
dry white powdery product Cl11. Finally, the residue was
recrystallized from EtOH/H,0 to give the product C11 (0.76 g,
46 %). m.p.: 149 °C. IR (KBr, cm™): v 3412, 2914, 2848, 1686,
1626, 1464, 1038, 744; 1H NMR (DMSO-dg, 400 MHz) 6 1.59~
1.62(t, 3H), 2.00~2.13 (m, 16H), 3.25~3.26 (m, 2H), 3.50~3.54
(m, 2H), 5.82 (s, 2H), 7.90~8.31 (m, 4H). 13C NMR (DMSO-ds,
400 MHz): 6 20.39, 28.53, 32.66, 33.06, 35.13, 35.17, 35.25,
35.41, 35.45, 35.49, 37.73, 50.76, 116.20, 124.58, 127.73,
128.00, 141.93, 148.34, 161.81, 176.18. ESI-MS: calculated for
(C11+H)+331.2 and found 331.3.
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Scheme 1 Synthesis of gelator C11.

3. Results and discussion

3.1 The formation process of supramolecular gel

The gelation abilities of gelator C11 were examined in
various solvents by means of the “stable to inversion of a test
tube” method. Interestingly, a steady blue-light-emitting
supramolecular gel (C11-0OG) is produced. C11 is found to
form C11-0G in the presence of some protic mixing solvents,
such as MeOH-H,0, EtOH-H,0 and i-PrOH-H,0, and also form
gels in the presence of polar aprotic solvents, such as
acetone-H,0 and DMF-H,0 (Table 1). It may suggest that the
hydrogen bonding between gelator and solvent molecules is
crucial for the self-assembly process required for gelation.39
Meanwhile, the van der Waals interactions between the alkyl
chains of gelator and solvent molecules are equally
_<,ignificant.40'42 The corresponding minimum  gelator
concentrations (MGCs) at room temperature were also
measured. C11 exhibites excellent gelation abilities and low
MGCs in MeOH-H,0 or EtOH-H,0 (v/v=1:1), and the MGCs is
09 % (w/v, 10 mg/mL=1%). The gel-sol transition
temperature (Tg) was measured by using the ‘tilted tube’
method. The highest T, reaches a limit of 40 °C in EtOH-H,0.
This process is thermoreversible and the gels are found to be
stable in closed tubes for at least 3 months in room
temperature.

Moreover, on addition of lead nitrate as Pb%* source to the
C11 organogel (C11-OG) or mixing powder C11 and Pb(NO3),
in EtOH-H,0 (v/v=1: 1), a stable Pb**-coordinated metallogel
(Pb-MG)was formed, accompanied with strong brilliant blue
aggregation-induced fluorescence emission. The gelation
properties of Pb-MG were also examined in different
solvents(Table S1). This process is reversible because heating
of the gel can lead to the formation of a liquid-like material.
Interestingly, Pb-MG exhibites more excellent gelation abilities
such as very low MGC in EtOH-H,0(v/v=1:1), and the MGCs of
Pb-MG and C11-OG are 0.3 % and 0.9 % respectively. The
gelation temperature (Tg) of the Pb-MG reaches 51 °C when
the MGC of Pb-MG is just 0.3 wt %, while the Ty, of C11-0G is
40 °C when the MGC of C11-0G is 0.9 wt % (Fig.1). According
to the MGCs and MGTs of C11-OG and Pb-MG, we can draw a
conclusion that Pb-MG is more stable than C11-OG because of
the coordination effect between C11 and Pb®*. Due to the
existence of the coordination, the gel performance expresses
more stable.*™**

2 | J. Name., 2016, 00, 1-3

Journal Name

Gelation

Gelating

Solvent behavior® time MGC® MGT
MeOH S — — —
MeOH-H,0(V/V=1:1) G 16 min 0.9 48
EtOH S — — —
EtOH-H,0(V/V=1:1) G 15 min 0.9 40
n-PrOH S — — —
n-PrOH-H,0(V/V=1:1) S — — —
i-PrOH S — — —
i-PrOH-H,0(V/V=2:1) G 10 min 1.0 40
n-BuOH S — — —
t-BuOH SP — — —
i-PeOH S — — —
Cyclohexanol S — — —
Acetone — — —
Acetone-H,0O(V/v=1:1) G 9 min 0.9 46
Acetonitrile SP — — —
DMSO S — — —
DMSO-H,0(V/V=1:1) SP — — —
DMF — — —
DMF-H,0(V/V=1:1) G 7 min 1.0 48
Dichloromethane SP — — —
Chloroform S — — —
Carbon tetrachloride SP — — —

G, gel ; S, solution ; SP, solution precipitate.
P MGC is the minimum gelator concentration. ( w/v%, 10 mg m. -

'=1%)

¢ MGT is the gelation temperature("C) at the

concentration.

minimum gelato.

Table 1. Gelation properties of gelator C11
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Fig. 1 Plots of T, at the different concentrations of organogel
C11-0G and metallogel Pb-MG in EtOH-H,0 (v/v=1: 1) (for Pb-

MG, C11: Pb*" =1:1)
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3. 2 Aggregation-induced emission enhancement (AIEE)

As shown in Fig.2, C11-OG and Pb-MG (the concentration of
gelator C11-0OG and Pb-MG is 1 wt % respectively) have weak
fluorescence in hot EtOH-H,0(v/v= 1 : 1) solution (T > Tge ).
However, with the temperature of the hot solution decreasing
(T < Tge ), the emission intensity at 470 nm shows an increase,
which indicated that C11-OG and Pb-MG have aggregation-
(AIEE) properties."s'47 The
photographs of sol-gel transformation illustrate that the
solutions of C11-OG and Pb-MG emit very weak fluorescence,
whereas gels emit strong brilliant blue aggregation-induced

induced enhanced emission

emission fluorescence. The fluorescence intensity of gels at
470 nm is about 5 times higher than that of solutions.
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Fig. 2 The temperature-dependent Fluorescence spectra of
C11-0G (left) and Pb-MG (right,the molar ratio of c11/Pb* =1
1) in EtOH-H,O (v/v= 1 1) excited at 277 nm. The
concentration of C11-OG and Pb-MG in the samples is 1 wt %
respectively. Inset: photograph of the sol-gel transformation
under 365 nm with a hand-held UV lamp.

3. 3 Self-assembly mechanism

Morphological features of the C11 powder, C11-OG and Pb-
MG have been studied by using a field emission scanning
electron microscopy (FESEM). Fig. 3(a) displays a morphology
formed of rodlike aggregates structure of the powder C11. Fig.
3(b) shows overlapping rugate layer structure. The thickness of
each layer was approximately 1 pum of the C11-OG. In
comparison with (a) and (b), we concluded that the
morphology of the C11-OG can be changed by the presence of
the gelation due to the self-assembly. Fig.3(c) shows the
FESEM image of the Pb-MG in the presence of Pb(NO3),. It can
be clearly seen that the SEM image of (c) indicates the fibrous
nature and intertwining of the fibers in 3-dimensions.

X-ray diffraction has also been carried out to understand the
basic structure of the gel state(Fig.4(A)). Fig 4(A) shows the X-
ray diffraction pattern of powder C11l and the dried gel
obtained from Ethanol/water (1/1, v/v). The peak at 26= 25.04°
with the d value is 3.55A of C11-OG suggests the presence of
m-1t stacking interactions in the gel state.*® Compared with the
C11, for Pb-MG, a sharp diffraction peak was obtained in the
big angle region at 2 6 =38.16° which corresponds to a d-
spacing of 2.36A showing the bond length of Pb(ll) and N-atom
of benzimidazole groups, and 2 6 = 32.40° which
corresponds to a d-spacing of 2.76A indicating the bond length
of Pb(ll) and carbonyl oxygen atom of unprotonated carboxyl
functional groups.‘m'50 We also obtained a d-spacing of 3.65A

This journal is © The Royal Society of Chemistry 20xx
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by 2 0 =24.26° of Pb-MG, it suggested the existence of -
1 stacking between aromatic nucleus. What’ s more, the d
value of 17.9A is less than twice as long as the theoretical alkyl
chain length of C11 molecule,”>? belonging to the
combination of two C11 molecules through hydrophobic
interaction in each unit of the arrays.

The supramolecular interaction in the gel state can be
ascertained by comparison of the FT-IR spectra of C11 powder
and the Pb-MG xerogel (Fig4(B)). The strong absorption peaks
at 1686 cm™ can be assigned to combined C=0 stretching
vibrations, indicating the presence of protonated carboxylic
acids. The absorption peak at 1626 cm™ is the characteristic of
C=N of benzimidazole. The peaks at 1686 em™ corresponding
to the carbonyl groups of free C11 showed obvious red shift
after gelation. These changes suggest that metal ions had
coordination with the carbonyl oxygen atom of protonated
carboxyl functional groups and C=N groups of C11, respectively.
The O-H stretching frequency of carboxylic acid of C11 powder
(3412 cm_l) shifts to a lower frequency (3442 cm_l) for the Pb-
MG xerogel, indicating strong intermolecular hydrogen bond.

Fig. 3 Comparative FESEM micrographs of (a) the powder of
C11, (b) xerogel of C11-OG (obtained from 1 % organogel in
EtOH-H,0O(v/v=1: 1)), (c) xerogel of Pb-MG (obtained from 1 %
EtOH-H,O(v/v=1:1; C11/Pb2+= 1:1).
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Fig. 4 (A) Powder X-ray diffraction patterns for powder C11,
xerogel of C11-OG(1 % in EtOH-H,0) and xerogel of Pb-MG (1 %
in EtOH-H,0).(B) FTIR spectra of powder C11 and the xerogels
of Pb-MG.
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3. 4 Sol-gel transformations of Pb-MG by chemical stimuli

As expected, the Pb-MG is sensitive to temperature. Heating
and cooling can result in a reversible gel-sol transition(Fig.5(A)).
The reversible gel-sol transition could also be induced by
adding appropriate chemicals. When the same equivalent
EDTA was added to the Pb-MG, the Pb** in Pb-MG might form
a stable 1:1 complex with EDTA, which caused the complex
between the C11 and Pb®" to disassemble accompanied its
fluorescence intensity quenched when the gel turned into
solution(Fig. S5). Later, when appropriate Pb(NO3), was added,
the supramolecular metallogel Pb-MG was recovered
afterwards its fluorescence intensity enhanced at 468 nm.
Furthermore, the addition of Na,S can also induce gel-sol
transition because of the formation of black PbS precipitate.

New J. Chem., 2015, 00, 1-3 | 3
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The solution gradually returned to the gel state after adding
appropriate equivalent Pb(NO;),(Fig. S6). Finally, the
fluorescence intensity could restore to the original state as
shown in Fig 5(B). Undoubtedly, Pb>* incorporated into the
fibrillar networks, which have imparted the supramolecular
Pb-MG muti-stimuli gel-sol transition sensitivity. Besides, the
Pb** precipitate could be filtered. Therefore the gel can be
used as a material to remove Pb*".

(A)

heat  cool

EDTA
Ph2+
B
(B) S-2 —— Pb-sol
400 Pb-gel | —— Pb-gel
—s-1
EDTA-2 | ——EDTA-2
300+ ——EDTA-1
z —5-2
=
g
Uil
100
EDTA-1 _S-1
Pb-sol
0 T T T
400 500 600

Wavelength(nm)
Fig. 5. (A) lllustration for reversible gel-sol transformation of
Pb-MG by a variety of stimuli (temperature, chemical stimuli).
(B) Fluorescence spectra of metallogels Pb-MG in sol and gel
state (Pb-MG(sol) and Pb-MG(gel): the sol and gel state of

metallogels Pb-MG; S-1: the solution after addition of Na,S; S-2:

the recovered gel after addition of Pb(NO3),. in the solution of
S-1; EDTA-1: the solution after addition of EDTA; EDTA-2: the
recovered gel after addition of Pb(NO3), in the solution of
EDTA-1).

In summary, on the base of the microscopic studies and the
XRD results, it can be concluded that in the gelation process
the C11-0OG is possibly forming repeating bilayers in which are
connected by the hydrophobic interaction in each unit of the
arrays, intermolecular hydrogen bonding and Tm-Tt
stacking(Scheme S1). The possible interdigitated bilayer
packing of the C11-0OG is described in Scheme S1. For the Pb-
MG the possible molecules are connected by metal-
coordination and  supramolecular  self-assembly by
intermolecular interactions, such as m-nt stacking and van der
Waals(Scheme 2; Scheme S2). The results of ESI-MS (calculated
for[C11+Pb(NOs),-2H]: 659.7 and found 659.5) experiments
also support this hypothesis(Fig.54).
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Scheme 2 Schematic representation of possible

arrangement of metallogel Pb-MG.

4. Conclusion

In summary, we fabricated an organogel C11-OG and a
novel metallogel Pb-MG. Both of them have strong blue AIEE
in gel states. The Pb-MG showed efficient gelation ability
toward EtOH-H,0, MeOH-H,0 even at the gelator
concentration as low as 0.3 wt %. We also found that the Pb-
MG exhibits an interesting reversible gel-sol transition in
response to temperature and chemical-stimuli. Based on SEM,
IR and XRD studies, it has been demonstrated that
coordination, hydrophobic interaction and m-nt stacking play a
significant role in promoting the self-organization of C11-0G
and Pb-MG in the gel state. Pb-MG showed good stimuli
responsiveness toward the changes in Na,S and EDTA.
Moreover, because the gel was formed easily by gelator and a
heavy metal ions Pb(ll), it might provide the basis for heavy
metal ion pollutant capture and removal, and also has the
potential to be widely applied in other materials science.
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Graphical Abstract

A carboxylic acid functionalized benzimidazole-based
supramolecular gel with multi-stimuli responsive properties

Hong Yao, Hong-Ping Wu, Jing Chang, Qi Lin, Tai-Bao Wei* and You-Ming Zhang*

We fabricated an organogel C11-OG and a novel metallogel Pb-MG, both of the gels

have strong blue AIEE in gel states.



