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A multi-responsiveness supramolecular metal-organic gel (MOG) has been prepared by using silver (I) nitrate and a simple
ligand (L17) based on a biscarboxyl-functionalised benzimidazole derivative. The MOG that displays the formation of well-
developed nanofibrillar networks composed of intertwined fibres was characterised by using field emission scanning
electron microscopy (FESEM), Fourier transform infrared (FT-IR) spectroscopy and powder X-ray diffraction (XRD)
techniques. The FT-IR spectra and XRD show that supramolecular MOG was formed through an effective coordination of
the ligand and Ag™. This MOG reveals outstanding reversible sol—gel transitions induced by changes of temperature and
pH, as well as by addition of NH4,OH, ethylene diamine tetraacetic acid and Na,S. In addition, the MOG also shows a good
ability in dye sorption. These results demonstrate that this multichannel responsive smart MOG has the potential to be

widely applied in materials science.

Keywords: supramolecular metal-organic gel; benzimidazole derivative; reversible change; stimuli responsive;

dye sorption

1. Introduction

Low molecular weight organogels (LMWGs) represent an
important type of soft materials, in which the organic or
aqueous phase is immobilised in a nanofibrillar network
formed from self-assembled nanostructures of gelator
molecules (/, 2). The non-covalent interactions, such as
hydrogen bonding, w—m stacking, hydrophobic inter-
actions and van der Waals interactions, play an important
role in self-assembling LMWGs to form entangled
nanostructures (3, 4). Recently, LMWGs have received
more attention than their polymeric analogues for a large
amount of scientific applications, such as food (5), tissue
engineering (6), pollutant capture and removal (7), optical
devices, drug delivery vehicles (8, 9) and so on. In spite of
supramolecular organogels or hydrogels using molecules
containing diverse functional groups, which have been
well researched (2—-4, 10, 11), metal-organic gels (MOGs)
or metallogels based on metal coordination bonds have
also been concerned by Rowan et al. (/2, 13). In general,
metal—ligand coordination is used to enhance the
intermolecular interactions. In addition, ligand molecules
that initially could not form gels must be gelated by the
addition of metal ions (/4). Nowadays, there have been
reported organogels and metallogels that are responsive to
ultrasound (/5-18), mechanical stimulation (/9), sound
(20, 21), metallic cations (22), temperature (23), anions

(24, 25) and light (26, 27); however, only a few reports
currently exist on controllable gelation systems based on
reversible changes in metallogels induced by pH, Na,S
and ethylene diamine tetraacetic acid (EDTA) (28).

Recently, it has been explored that the molecules
including pyridyl bis (urea), terpyridyl or bis (benzimida-
zole). Show good properties in gelating with metal ions
(29-31). For instance, the terpyridyl-based ligands have
been effectively shown to form gels with platinum salts
and their photophysical properties were investigated. The
pyridyl bis (urea)-based ligand has been shown to form a
shear-induced MOG with Cu(Il) bromide salt (24).
Recently, the catalytic activity of imidazole-based gels
has also been researched (32). In very few cases, dye
sorption (/3, 33) phenomena have also been studied with
the gel materials. Among all the above-mentioned MOGs,
the N-containing unit of the gelator molecule plays an
important role in the formation of gel. To date, a few
examples of biscarboxyl-functionalised benzimidazole
derivatives as gelators have been reported (34, 35).

In this paper, we designed and synthesised a biscarboxyl-
functionalised benzimidazole derivative with a simple
structure (Scheme 1) on the basis of our previous work
(34-36). As aresult, the experiments showed that ligand L17
as an LMW gelator could be induced to form MOG with
selectivity for Ag(I). The L17 MOG also revealed a
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Scheme 1. Synthesis of Gelator L17.

reversible sol—gel transition induced by the changes of
temperature, pH, NH,OH, EDTA and Na,S. Moreover, it can
also be used in dye sorption (methyl orange). We believe that
the multichannel responsive smart silver (I) nitrate MOG of
L17 has the potential to be widely applied in materials
science.

2. Experimental
2.1 General experimental section

Melting points were measured on an X-4 digital melting
point apparatus (uncorrected). '"H NMR spectra were
recorded with a Mercury-400BB spectrometer (VARIAN,
USA, http://www.varian.com) at 400 MHz, with tetra-
methylsilane as an internal standard. NMR spectra were
referenced to the solvent. The infrared spectra were
recorded on a Digilab FTS-3000 Fourier transform
infrared (FT-IR) spectrophotometer (Digilab Inc, USA,
http://210028.us.all.biz). Mass spectra were recorded on
an esquire 6000 MS instrument (Bruker Daltonics Inc,
http://www.bruker.com) equipped with an electrospray
(ESI) ion source with version 3.4 of Bruker Daltonics Data
Analysis (Bruker Daltonics Inc, http://www.gongchang.
com/Bruker_Daltonics_Inc-company) as the data collec-
tion system. The 1:1 xerogel of MOG was coated on a
glass plate and the solvent was slowly evaporated. The
glass plates with dry gels were then fixed on a sample
holder and subjected to X-ray diffraction (XRD) analysis
at room temperature on a Japan Rigaku D/MAX-2400/PC

(0]
HO\I‘(\/ N YNULO -
o

(o]
HiCOL A~ NYNL)J\OQHs
0
Ci7Has
Br
Cc17

—_—
P

L17

diffractometer (Japan Rigaku, http://www.rigaku.com).
XRD patterns were recorded at a scanning rate of 5° per
minute in the 20 range of 2—50° with Cu Ka radiation. The
morphologies and sizes of the xerogels were characterised
using field emission scanning electron microscopy
(FESEM, JSM-6701F) at an accelerating voltage of 8 kV.
All reagents of analytical grade were purchased from Alfa
Aesar.

2.2 Synthesis of compound L17

The synthesis of 2-heptadecylbenzimidazole (A17)
was accomplished on the basis of previous work (37).
2-Heptadecylbenzimidazole (6.88g, 20 mmol), methyl
acrylate (2.07g, 24mmol) and a catalytic amount of
K3PO4 (1.33g, S5Smmol) were combined in absolute
acetonitrile (60 ml). The solution was stirred at 80°C for
10h. After cooling to room temperature, the white
precipitate was filtered and the filtrate was evaporated
(using a rotary evaporator) to obtain a brown oily liquid
B17 (4.64 g, 54%). A mixture of compound B17 (4.30g,
10mmol) and bromoacetate (2.00g, 12mmol) in dry
absolute acetonitrile (60 ml) was stirred at 80°C for 24 h.
After cooling to room temperature, the solution was
evaporated (using a rotary evaporator) to obtain a damp-
dry white solid, and the white solid was evaporated under
reduced pressure and washed with absolute acetone
several times, after stoving to obtain a dry white powdery
product C17 (3.05g, 50%). After further purification,
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Table 1. Gelation properties of MOG.

Solvent Gelation behavior Gelating time MGC/mgml ™! Toe/°C
MeOH G 15 min 5.00 18
MeOH-H,0 (V/V = 1:1) G 10 min 1.51 19
EtOH S - - -
EtOH-H,O (V/V = 1:1) G 2h 2.67 28
nPrOH S - - -
nPrOH-H,0 (V/V = 1:1) S - - -
iPrOH G 19 min 4.17 33
iPrOH-H,O (V/V = 1:1) G 14 min 1.57 25
nBuOH S - - -
tBuOH SP - - -
iPeOH SP - - -
Cyclohexanol Sp - - -
Benzene SP - - -
Acetone SP - - -
Acetone—H,0 (V/V = 1:1) G 6 min 3.64 16
Acetonitrile SP - -
Acetonitrile—H,O (V/V = 1:1) G 14 min 3.33 18
DMSO S - - -
DMF G 18 min 9.52 19
DMF-H,O0 (V/V = 1:1) WG ca.l day 4.76 16
Dichloromethane SP - - -
Chloroform SP - - -
Carbon tetrachloride SP - - -

Note: G, gel; WG, weak gel; S, solution; SP, solution precipitate.

compound C17 (6.09 g, 10 mmol) was dissolved in 50 ml
of hot HCI (4 mollfl), and the solution was stirred at
110°C for 12 h. The solution was evaporated under reduced
pressure, and the residue was recrystallised from EtOH—
H,O (1:10 V/V) to give the product L17 (2.77 g, 57%).
Mp: 203-205°C. "H NMR (400 MHz, DMSO de): & (ppm)
0.85-0.86 (t, 3H), 1.15-1.23 (m, 26H), 1.43 (t, 2H), 1.65
(t, 2H), 2.88-2.90 (t, 2H), 3.25-3.27 (t, 2H), 4.68-4.71
(t, 2H), 491 (s, 2H), 7.57-7.58 (m, 2H), 7.82-7.84 (d, 1H),
8.01-8.03 (m, 1H), 12.13 (s, 1H). IR (KBr, cm ™ '): v 3421,
3055, 2921, 2851, 1726, 1671, 1526, 1470, 1211, 755. ESI-
MS: calculated for (L17 + H)*487 and found 487.6.

3. Results and discussion
3.1 The forming process of the gel

A simple LMW gelator L17 was designed and synthesised,
which included two carboxyl functional groups. Accord-
ing to the literature, carboxyl is very easy to coordinate
with metal ions (34, 35); thus, the gelation ability was
tested by mixing ligand L.17 and various metal salts with a
1:1 molar ratio in the component solvents such as MeOH -
H,O (V/V = 1:1), heating to dissolve and then cooling to
room temperature. .17 was found to form MOG at 1 wt%
after Smin in the presence of Ag(I). The gelation was
confirmed by resistance to flow upon inversion of the
screw-capped vials. Moreover, the individual L.17 was not
able to gelate in any solvent.

3.2 Gelation behaviour of MOG in selected solvents

The gelation abilities of MOG were researched in a variety
of polar, non-polar organic and component solvents
(organic solvents—H,O (V/V = 1:1)), respectively. Gela-
tion experiments with 1wt% MOG in a selection of
solvents were summarised in Table 1. As a result, MOG
forms thermoreversible opaque gel within a few minutes in
some polar solvents, such as DMF, MeOH and iPrOH.
Firm gels were obtained not only from some pure
solutions, such as MeOH, iPrOH and DMF, but also from
some component solvents, such as MeOH-H,O
(V/V =1:1), EtOH-H,O (V/V =1:1), iPrOH-H,0O
(V/IV =1:1), acetone-H,O (V/V = 1:1), acetonitrile—
H,O (V/V = 1:1) and DMF-H,O (V/V = 1:1). It may be
suggested that van der Waals interactions between the
alkyl chains of gelator and solvent molecules were crucial
for the self-assembly process required for gelation (38,
39). However, gelatin cannot be observed in non-polar
solvents such as dichloromethane, chloroform and carbon
tetrachloride. These results indicate that the polarity of the
solvents has a significant effect on the formation of the gel.

In order to investigate the gelating abilities of MOG,
minimum gelator concentration (MGC) values (Table 1),
which is defined as the minimum amount of gelator
required to gelate a given volume of solvent, have been
determined for MOG. The thermal stability of the MOG
was researched by measuring the gel-sol transition
temperature (Tge). It was determined by heating the
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Figure 1. FESEM micrographs of the MOG. (a) MOG; (b)
Xerogel of MOG on the glass sheet.

sample vial in the temperature-controlled water bath until
tube inversion showed that the gel had melted. The higher
thermal stability of the MOG in different solvents is shown
by the high T, values (Table 1) and can be attributed to
the stronger hydrogen bonding interaction among gelator
molecules (40). The time of gel formation was also tested
(Table 1).

Morphological features of the MOG have been studied
using a FESEM. Figure 1 shows the FESEM image of the
MOG in the presence of AgNO3. It can be clearly seen that
MOG forms nanofibrillar network structures from the
FESEM, which might be responsible for encapsulating a
large volume of solutions to form gels (Figure 1(a)).
However, when the gel was dried onto the glass sheet, the
FESEM image showed a discrete nanofibrillar network
structures (Figure 1(b)). We proposed that the reason was
the coordination ability of L17 and Ag* became weaker
when the gel was dried. As a result, L17 was self-
assembled in the presence of selective valence metal ion
Ag™ to form a nanofibrillar network structure that enables
the trapping of a large volume of molecule containing
solutions to form MOG. It may be suggested that metal ion
chelation, intermolecular hydrogen bonding and w—m
stacking play a significant role in promoting the self-
organisation and self-association of the L17 in the gel
state.

To confirm whether cross-linking of gel fibres via
metal coordination could have a significant strengthening
effect, we compared the FT-IR spectra of the free L17 with
its xerogel (Figure 2). The FT-IR spectra for xerogel of
L17 showed distinct and interesting changes relative to the
free L17. The strong absorption peaks at 1726.29 and
1211.29cm ™" can be assigned to combined C=0O and
C—O stretching vibrations, indicating the presence of
protonated carboxylic acids. A strong absorption peak at
1670.67 cm ™', which is the characteristic of deprotonated
carboxylic acids, was observed for free L17 (Figure 2(a)).
The peak at 1726.29 cm ™' corresponding to the carbonyl
groups of free L17 decreased significantly in magnitude
after an increase in AgNO; content (Figure 2(b)). In
addition, the C=0 band shifted to lower wavenumbers
when carboxyl groups coordinate with silver, from
1726.29 to 1719.14cm™'. On the other hand, after an

i?{ —T— "
—, ’_"‘“--._/’ 1 i !
N VAN '[JLMI
v i A
'| Y
1 1726.29=" \ v
2 | N
g (b) ” o / — 1670.67 f
E .Ii | Nt I ]I'
] ¥l | \l }
RS | A W a A
| 1719.1 ], \/
I !
I 1678.04
|
|

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm )

Figure 2. FTIR spectra of (a) L17 and (b) xerogel.
increase in AgNO; content, the peak at 1670.67cm '
corresponding to the carbonyl groups of free L17
increased significantly in magnitude (Figure 2(b)).
Besides, the C=0 band shifted to higher wavenumbers,
from 1670.67 to 1678.04cm ™ '. These changes suggest
that silver ions had coordination with the carbonyl oxygen
atom of protonated carboxyl functional groups and oxygen
anion of deprotonated carboxyl functional groups of L17,
respectively. These IR data suggest that Ag(I) has a very
different effect on the L17. It also suggests that silver ion
coordinated with the carboxyl groups of L17 induced the
gel formation.

In order to establish the formation mechanism of
xerogel, the XRD of L17 and MOG was determined
(Figure 3). Compared with the L.17, a sharp diffraction
peak was obtained in the big angle region at 20 = 39.7°,
which corresponds to a d-spacing of 2.27 A, indicating the
bond length of Ag(I) and carbonyl oxygen atom of

4000
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g I
< H JI \ I It
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Figure 3. XRD diagram of L17 and xerogel.
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Figure 4. Schematic representation of the possible arrangement of molecules during MOG.

protonated carboxyl functional groups, and 26 = 37.9°
which corresponds to a d-spacing of 2.38A showing the
bond length of Ag(I) and oxygen anion of deprotonated
carboxyl functional groups (41, 42). The 26 =32.1°
corresponds to a d-spacing of 2.79 A, signifying the
hydrogen bonding between unprotonated carboxyl func-
tional groups and others; we also obtained a d-spacing of
3.92A by 26 = 22.7°, which suggested that it was a w—1r
stacking between aromatic nucleus (38). Besides, the
20 = 19.5° corresponds to a d-spacing of 4.56 A,
expressing the van der Waals interactions between the
long alkyl chains.

Thus, on the basis of the above spectroscopy,
microscopic studies as well as the XRD results, it can be
concluded that in the gelation process the MOG possibly
forms repeating bilayers in which the molecules are
connected by intermolecular hydrogen bonding and m—1
stacking (43). The possible interdigitated bilayer packing
of the MOG is described in Figure 4. It has been shown
that 1:1 complexes of L17 and silver ion can be
prepared. The results of ESI-MS (calculated for
(L17 + Ag"™ + 4H,0) 665.8 and found 665.6)
experiments also support this hypothesis.

3.3 Sol-gel transformations of MOG by chemical
stimuli

The transformation of gel—sol—gel has been observed by
the addition of reasonable chemicals. For instance, the

addition of a few drops of NH,OH to MOG resulted in
clear colourless solutions (Figure 5). This transformation
could be the result of the formation of the metal ammonia
complex breaking the metal-ligand (L) coordination,
which resulted in the clear solutions. The above result
indicated that we should study the effect of the metal
trapping reagent to trap the metal atoms in gel matrixes.
In view of that purpose, we chose a well-known chelating
agent EDTA. The same equivalents of EDTA were added
to the gel as the equivalents of the metal salt in the gel. The
vial was sealed and placed at room temperature. For MOG,
which contains Ag(I) metal, the solid EDTA was found to
penetrate slowly into the gel and thereby gradually transfer
the gel into sol from top to bottom. About two days later,
the whole gel turns into a clear transparent solution with a
white coloured precipitate at the bottom of the vial. Our
investigations present that the white coloured precipitate is
an EDTA and L complex of Ag(I), while the clear solution

Figure 5. [llustration for gel—sol transformation of MOG by the
addition of external chemical stimuli (ammonia).
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Figure 6. Illustration for reversible gel—sol transformation of
MOG by the addition of EDTA and AgNO?, respectively. (a) The
1:1 gel formed at 0.4 wt%; (b) immediately after addition of solid
EDTA (1 equiv.); (c) after 1h; (d) after Sh; (e) after 12h; (f)
immediately after addition of AgNOs5 (1 equiv.) to the above
obtained solution; (g) after 30 min; (h) the ‘stable-to-inversion
test’ succeeds after ultrasound.

5=
—
(a)

Figure 7. Illustration for reversible gel—sol transformation of
MOG by the addition of Na,S and AgNOs3, respectively. (a) The
1:1 gel formed at 0.4 wt%; (b) immediately after addition of solid
Na,S (1 equiv.); (¢) after 4 min; (d) after 30 min; (e) after 12 h; (f)
Ag,S grecipitate from (e); (g) immediately after addition of
AgNO” (1 equiv.) to the above obtained solution; (g) after 2 h; (h)
after 6 h; (i) the ‘stable-to-inversion test’ succeeds.

(by (e} (d) (e M (2 (h

is the acetonitrile—H,O (V/V = 1:1) solution of the
remaining ligand. Moreover, if we added AgNOj; into
the clear solution again, it could be turned into a white
coloured thick gel, similar to the beginning. It confirms
that the colourless solution is the solution of the
L (Figure 6). The same result could be observed if the
same equivalents of Na,S were added to the gel as
the equivalents of the metal salt in the gel (Figure 7).
Observably, the MOG responded to Na,S rapidly. The gel
surface immediately changed from white to colourless
when it was exposed to Na,S. After several hours of
exposure, the MOG completely transformed into a

transparent sol, and the sol could transform into a gel
again if we added silver ion to the solution after the black
precipitate has been filtered off. The change from a gel to a
sol could be evidently confirmed by SEM measurement.
In the beginning stage of the complex gel being exposed
to the Na,S, we could see that the long and entangled belt-
like fibres rapidly break into short and untangled fibrils
(Figure 8(a)). Because the short belt-like fibres cannot
keep the 3D network structure, which is crucial for the gel,
the gel—sol transformation takes place. Substantially, the
gel—sol transformation is evidently derived from the
reaction of the S> with silver ion, which relieves
the coordination of silver ion with L17 and thus destroys
the gel structure. This was confirmed by the dark
precipitate of silver sulphide after a longer time of
exposure. If we add excess silver ion to the fluid solution
again after the precipitate has been filtrated off, the gel
re-forms (Figure 8(b)).

The pH responsiveness of the MOG was also
investigated. This MOG showed a quick gel—sol transition
upon addition of either base or acid (Figure 9). Added
HCIO; (I1mol/l) to the 1:1 gel (1wt%) at ambient
temperature resulted in a gradual decomposition of the
gelatinous state in about 10 min. Finally, we obtained a
colourless, transparent solution (Figure 9(a)). Probably,
this was due to carboxyl group protonation, causing
breakage of the L.17—Ag complexation and physical cross-
linking. After stoichiometric addition of NaOH (1 mol/l) to
the solution obtained from the HC10, disintegrated MOG,
the stable sol state was completely converted into a gel
after sonication for a few seconds. However, by adding
NaOH (1mol/l) to the 1:1 gel, small amount of
white colour precipitate was observed in the sol state
(Figure 9(c)). We attributed this to the formation of silver
hydroxide, resulting in a transformation from the gel to
sol. After stoichiometric addition of HCIO,4 (1 mol/l) to
this solution followed by sonication for a few seconds, the
solution turned back to gel rapidly. These pH-dependent
gel—sol transformations came from the reversible proto-
nation reactions of the carboxyl groups. The pH cycling
experiments showed that the process was repeated at least

Figure 8. SEM images corresponding to the Ag,S precipitate in (a) and the reform gel (b), respectively.
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Figure 9. Illustration for pH reversibility and
thermoreversibility of MOG.
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Figure 10. UV -—vis spectra of dye solution (black line) after the
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two times. Besides, when the temperature reached a limit
of 80°C, the gelation of a 1:1 gel was observed in all
heating—cooling cycles, suggesting the thermoreversibil-
ity of the MOG (Figure 9(b)).

3.4 Dye sorption by MOG

The elimination of toxic dye substances from wastewater
has been a major concern. There are several types of smart
materials, such as clays, dendritic polymers and supramo-
lecular gels, which were shown to act as efficient dye
sorbent in the literature (44, 45). Universally, the dye
sorbent should include two domains: hydrophilic domain
to interact with water and hydrophobic domain to absorb
the dye. The ligand L17 possesses both features, so the
MOG of L17 may have a potential to act as a dye sorbent.
For this purpose, xerogel of the MOG was tested for
methyl orange dye sorption. A total of 6 mg of methyl
orange dye was dissolved in 500 ml of distilled water to
prepare the stock solution of dye. In a typical reaction,
5mg of xerogel was immersed in 7ml of the above
solution in a vial and left undisturbed for 3 h. After 3 h, it
was shown that almost the whole dye was transferred from
aqueous solution to xerogel, resulting in an almost clear
water solution in the vial. At various time intervals during
3 h, the sorption of dye from aqueous solution by xerogel
was detected by UV —visible spectra (Figure 10).

In order to understand the sorption mechanism
clearly, the sorption capacity of sorbent that was affected
by the pH change in the solution has been investigated
(Figure 11(a)). It is well known that methyl orange can
exist in both anionic form at basic pH and cationic form
at acidic pH (Figure 11(b)), and the benzimidazolium in
MOG is positively charged, so the initial pH of the dye
solution plays a significant role in the sorption process.
Lower sorption at pH <4 is due to the interionic
repulsion between the positively charged dye molecule
and the sorbent. At pH > 4, the methyl orange molecules
were deprotonated, which results in an electrostatic
attraction between negatively charged dye molecule,

(b)
HaC,
{N—©—N=N—@—SO3'
H,C
OH H*

HiC, H
H3C

Methyl orange

Figure 11. (a) Dye adsorption onto MOG as a function of pH. (b) Structure of methyl orange at different pH.
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positively charged sorbent and silver ions to the
maximum removal. As pH increased from 11 to 12, the
formation of silver hydroxide resulted in the collapse of
the 3D network. It indicates that the electrostatic
mechanism is not the sole mechanism for dye sorption,
in that the 3D networks are also responsible for sorption.
We had also researched the sorption of gel for methyl
orange dye, the result indicated that gel has weak
sorption capacity as compared with xerogel in a same
time. It must be that there are a large number of solution
molecules in the nanofibrillar network structures, so it
will decrease the sorption capacity of gel for methyl
orange.

4. Conclusions

The gelating properties of L17 ligand in the presence of
transition metal salt (AgNO;z) have been thoroughly
investigated. It was suggested that the coordination of
metal to ligand plays a key role in the formation of MOG.
Compared with previous literature about stimuli respon-
sive of MOG, it was found to be a multi-responsiveness
supramolecular MOG and showed good stimuli respon-
siveness towards the changes in pH, EDTA, Na,S and NH;3
solutions. These results proved the importance of the
coordination bond in the gelation process. We can also use
the xerogel for the methyl orange dye sorption and then
obtain a desired result. Finally, the application of the gel in
sewage purification, which contains some dye molecules,
becomes possible.
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