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Introduction

In the past two decades, design and synthesis of low molec-
ular weight gelators is of increasing interest due to their
potential applications in catalysis, biochemistry, tissue
engineering, pollutant removal and sensing materials."”®
Organic compounds are found efficient gelators in organic
solvents or water due to the dedicate and synergetic inter-
molecular interactions including hydrogen bonding, hydro-
phobic and w-m stacking interaction. For example,
Ajayaghosh et al. report many kinds of = organogelators with
distinct optical properties;'® D. K. Smith demonstrates
a series of 1,3:2,4-dibenzylidene-p-sorbitol (DBS) organolator
with varies applications such as pollutant removal and gel
electrolytes;'* Lu and Xue synthesize the carbazole-based -
conjugated gelator for vapor sensing.'” Fan designs a series of
stimuli-responsive dendritic organogels.*

Recently, using metal complexes to control molecular
assembly is also a well-recognized strategy for constructing
gels, in which the facile and dynamic metal-ligand coordina-
tion interaction endows the gel with unique and new proper-
ties such as enhanced catalytic performance, luminescence, as
well as selective and sensitive sensing.*™® For example,
Bhattacharjee et al. synthesize a novel copper-based hydrogel
for chemical fixation of CO,;" Zhang develops metallogel-base
arrays to sense ions and anions with high sensitivity and
selectivity;®® Liu presents r-histidine based metallogel with
dual self-healing and shrinkage properties.”* However, to date,
it is still difficult to predict the gelation or crystallization
process based on molecular structures, and the gelators that
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approaches. It was also found that the NP/Cd(OAc), metallogel showed multiple stimuli-responsive
properties such as heat, Na,S and shear stress with reversible phase changes.

can both form organogels and metallogels have been scarcely
reported.

In previous works, we also designed many naphthalimide-
based organogelator that can form functional organogels and
hydrogels containing cholesterol and sugar groups respec-
tively.>*>* In consideration of the synthesis of fluorescent
gelator that can form both organogels and metallogels, ter-
pyridine group was introduced in to the naphthalimide back-
bone, a novel gelator NP was designed and characterized,
which contained amide group as hydrogen bonding sites,
naphthalimide unit as 7 segment, and terpyridine group for
binding with metal ions. We anticipated that the binding of
terpyridine with metal ions could change the gelation pathway
via coordination interaction and other cooperatively non-
covalent interactions, for example, easy gel formation just at
room temperature rather than heating—cooling process or
ultrasound treatment, leading to novel functions such as
multiple stimuli-responsive properties. As expected, NP can
form opaque gel in organic solvents such as 1,4-dioxane, 2-
methoxyethanol, and THF via the heating-cooling process
followed by sonication. In the presence of Cd(OAc), or
Cu(OAc),, room temperature gelation of NP was observed just
by staying for minutes or shaking-rest (Scheme 1). Further
study showed that NP/Cd(OAc), metallogel exhibited thio-
xtropic properties and could be responsive to heat and Na,S
reversibly. This work provide a new strategy to the design of
gelators with different gelation pathways tuned by multiple
stimuli such as heat, ultrasound and ions.

H-C process

followed by

ultrasound
—_—

U]

Scheme 1 The chemical structures of NP, photos of NP gel and NP/
Cd(OAc), metallogel.
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Experimental
Materials

All starting materials were obtained from commercial supplies
and used without further purification. 4-Vinyl pyridine, 4-bro-
mobenzaldehyde, Cu(OAc),, 4-Br-1,8-naphthalic anhydride,
phenyl isothiocyanate and other reagents were supplied from
Shanghai Darui Fine Chemical Co. Ltd.

Techniques

IR spectra were recorded by using an IRPRESTIGE-21 spec-
trometer (Shimadzu). SEM images of the xerogels were carried
out by using SSX-550 (Shimadzu) and FE-SEM S-4800 (Hitachi)
instruments. Samples were prepared by spinning the gels on
glass slides and coating them with Au. NMR spectra were per-
formed on a Bruker Advance DRX 400 spectrometer operating at
500 and 125 MHz for '"H NMR and *C NMR spectroscopy,
respectively. Fluorescence spectra were collected on an Edin-
burgh instrument FLS-920 spectrometer with a Xe lamp as an
excitation source. The X-ray diffraction pattern (XRD) was
generated by using a Bruker AXS D8 instrument (Cu target; A =
0.1542 nm) with a power of 40 kV and 50 mA. UV-vis absorption
and fluorescent spectra were recorded on a UV-vis 2550 spec-
troscope (Shimadzu). Sonication treatment of a sol was per-
formed in a KQ-500DB ultrasonic cleaner (maximum power,
100 W, 40 kHz, Kunshan Ultrasound Instrument Co., Ltd.,
China).

Results and discussion

The synthesis and characterization of NP could be seen from
ESI.T The gelation test was carried out in a tube by tube inver-
sion method.** From Table S1, by heating-cooling process, no
gels were observed. Whereas, stable and yellow emissive gels
could be formed when the heated solution was subjected to
ultrasound at room temperature in the solvents of butanol, 1,4-
dioxane, THF and 2-methoxyethanol. Due to the coordination
nature of terpyridine group with metal ions, we also tested the
assembly properties of NP in the presence of metal ions (Table
S27). The formed metallogels in 2-methoxyethanol by heating-
cooling process showed tunable colors (Fig. S17). For example,
the metallogels of NP with Cu(OAc),, FeCl,, and Cd(OAc),
exhibited green, red and yellow color respectively. The counter
anions also had obvious impact on the gel colors. For example,
in contrast to that of NP/Cu(OAc), metallogel, the NP/CuSO,
metallogel showed brown earth color. Such color tunable gels
might be found potential application in special ion salts
sensing.

Notably, NP/Cd(OAc), metallogel (with molecular ratio of
1:1) can form stable and thioxtropic gels just at room
temperature by staying or shaking-rest method, indicating the
spontaneous coordination interaction between NP and
Cd(OAc),, and such coordination interaction was certified by 'H
NMR experiment (Fig. S2t). By heating the gel, it became to
a sol, which reverted to a gel again after cooling. The above
results suggested the tunable gelation approaches of NP in 2-
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Fig. 1 (a) UV-vis spectra of NP solutions (10~* M), gel (25 mg mL™Y),
and NP/Cd(OAc), metallogel (25 mg mL™%, with molecular ratio of NP
and Cd(OAc), = 1:1); (b) corresponding fluorescence spectra of NP
solutions, gel, and NP/Cd(OAc), metallogel.

methoxyethanol triggered by multiple stimuli such as heating,
shaking and ultrasound.

UV-vis and fluorescent studies of both solutions and gels
were performed to examine the aggregation changes. From
Fig. 1a, the organogel NP and the solutions all showed broad
peak at 440 nm and 293 nm, which was attributed to the ICT
process of 4-naphthalimide and pyridyl segments respectively.
The peak of NP/Cd(OAc), metallogel blue shifted from 440 nm
to 342 nm in comparison to that of the diluted solution, indi-
cating the H aggregation mode of fluorophores. In contrast to
the NP/Cu(OAc), metallogel, there was no obvious spectral
changes in UV-vis spectra (Fig. S37).

In diluted solution state, both the solution of NP and NP/
Cd(OAc), aggregates diluted from the metallogel showed
maximum emission peak at 527 nm; while, in contrast to the
emission peak of the solution, the organogel displayed 9 nm red
shift, and 14 nm blue shift were observed in the metallogel
(Fig. 1b). The NP/Cu(OAc), metallogel also had the same
maximum emission peak banded at 541 nm as that of NP/
Cd(OAc), metallogel. As an typical example, the temperature
dependent fluorescent changes of NP/Cd(OAc), metallogel were
studied. In Fig. 2, by heating the gel from 0 to 90 °C, gel-to-sol
transition happened, together with obvious fluorescent
quenching with a factor of 3.3. The result revealed that -7
stacking of NP played an important role for the aggregates in
the metallogels. The fluorescent titrations of NP (10> M) with

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Temperature dependent fluorescent changes of NP/Cu(OAc),
metallogel. Unit for 0-90: °C.

metal ions were also studied. Addition of Cd(OAc), caused
remarkable fluorescence enhancement of NP due to the effi-
cient charge transfer from terpyridine group to Cd** (Fig. 3a).
While, in the presence of Cu** or Fe®" ion, fluorescent
quenching was observed (Fig. 3b and S4t). The method of
continuous variation (job plot experiments of NP with Cd*") in
fluorescent intensity changes revealed a 1 : 1 stoichiometry of
NP with Cd>" (Fig. S51). The corresponding UV-vis titration of
NP with ions could be also seen from Fig. S6,7 it was observed
that NP showed no selectivity toward ions. The above results
indicated that the coordination interaction between NP and
Cd(OAc), had highly impact on both the ICT process and
aggregate mode of NP molecules.

SEM experiments were also examined to check the macro-
changes of NP aggregates. The NP gel from 2-methoxyethanol
and 1,4-dioxane was comprised of densely entangled nanofibers
(Fig. 4a, b and S7t). Porous structure were observed in the NP
gel in butanol (Fig. S81). In the presence of Cd(OAc),, the as
prepared gel showed sphere structure in which spheres were
linked by short nanofibers (Fig. 4c and d). The NP/FeCl, and NP/
CaCl, metallogels exhibited ribbon and ellipse structure
respectively (Fig. S9 and S10t). The NP/Cu(OAc), metallogel was
dominated by very thin nanofibers with diameter of 20 nm
(Fig. S11t). Interestingly, ion coordination induced supramo-
lecular chirality from achiral components in gel system was
observed. Seen from Fig. 5, the organogel and NP/Cu(OAc),
metallogel showed no CD signals. Whereas, the NP/Cu(OAc),
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Fig.3 Fluorescent titrations of NP (10~> M) solution upon the addition
of metal salts; (a) upon the addition of Cd(OAc),; (b) upon the addition
of Cu(OAC),.
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Fig. 4 SEM images of the xerogels. (a) NP xerogel from 2-methox-
yethanol; (b) was the magnification picture of (a); (c) NP/Cd(OAc),
metallogel; (d) was the magnification spectra of (c). Scale bar: 1 um; (b)
500 nm; (c) 5 pm; (d) 2 pm.
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Fig. 5 CD spectra of NP organogel and metallogels.

metallogel of exhibited three positive peaks at 225, 307, 429 nm
and three negative peaks at 284, 382, 473 nm, which might be
resulted from the symmetry breaking of chiral assembly of
terpyridine and naphthalimide units. XRD experiments were
also studied to examine the different aggregation mode of
organogel and metallogel. Seen from Fig. S12,7 the peak of NP
organogel positioned at 3.3 nm was closed to twice the length of
a single molecule, indicating the dimer structure. The d value of
2.1 nm from the NP/Cd(OAc), was rationally ascribed to the
length of NP with Cd(OAc),.

The NP/Cd(OAc), metallogel could also response to both
chemical and physical stimuli such as Na,S and shaking with
reversible phase changes. When coating Na,S on the gel surface,
the gel became red gradually and finally collapsed (Fig. S137).
The gel phase could be reversed by further addition of AgNO;.
Notably, the color changes were irreversible, and the mecha-
nism was unclear. Moreover, by shaking the gels, the gel
transformed to a sol, and it could be reformed by staying for
minutes, indicating the thioxtropic properties of the metallogel.
To further check the thioxtropic properties of the NP/Cd(OAc),

RSC Aadv., 2017, 7, 25673-25677 | 25675
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Fig. 7 (a) Frequency measurements of G’ and G” for NP organogel

with strain at 0.1%; (b) strain sweep experiment of NP organogel with
angular frequency of 10 rad s~ 1.

metallogel, rheological experiments were studied. From the
static frequency measurements, the storage modulus of metal-
logel (G') was much higher than that of the loss modulus (G”),
which was in accordance with the gel state (Fig. 6a). Fig. 6b
showed that the gel to sol transition point was at 6.7% strain.
The recovery experiments could be shown in Fig. 6c. The gel
became to a sol when exposed to 100% strain for 200 s (G’ < G");
when the strain was decreased to 1%, the gel reformed again
within 200 s. The modulus values of NP organogel was much
lower than that of the NP/Cd(OAc), metallogel, which revealed
that the metal salt might also behave as linkers to cross-linked
the assembly, leading to the higher mechanical strength (Fig. 7).

Conclusion

In conclusion, a novel gelator NP containing terpyridine and
naphthalimide fluorophores was designed and characterized,
which can form both organogels and metallogels in 2-methox-
yethanol. Ultrasound was necessary in the organogel formation
process by heating—cooling process. The coordination of NP
with ion salts such as FeCl,, Cu(OAc), and CaCl, can also
promote the gelation without ultrasound. Notably, transparent
and fluorescent metallogel could be obtained by staying or
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shaking-rest just at room temperature in the presence of
Cd(OAc),. The NP/Cd(OAc), metallogel exhibited multiple
stimuli responsive properties such as heat, Na,S, and shearing.
This work provided a good paradigm for understanding how the
gelation process was controlled by multiple stimuli. Although
we and others report many naphthalimide-based gelators, the
naphthalimide-based metallogels were still rare.*
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