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We constructed a novel supramolecular gelator (G3) by using
acylhydrazone, which exhibited excellent selectivity and ultrasen-
sitive sensing properties toward Mg2* in ethanol as well as showed
excellent gelation abilities in glycol-H,O. Meanwhile, an efficient
artificial light-harvesting system (ALHS) has been successfully con-
structed between G3@Mg-sol or G3@Mg-gel and a hydrophobic
fluorescent dye (RhB).

The development of fluorescent chemosensors for selective
recognition of different metal ions has drawn wide attention
with their instant response and simple operation, high sensi-
tivity and selectivity." Tremendous amounts of effort have been
made toward the development of new fluorescent sensors for
metal ions over the past few decades. At present, fluorescent
probes have been researched extensively in the fields of analy-
tical and bioimaging, as well as environmental sciences.” As an
important cation in the human body, Mg** participates in a
variety of physiological activities and plays a prominent role in
many biological processes.> Therefore, selective detection of
Mg>* ions is of particular significance to the design and
synthesis of sensitive and selective sensors. However, designing
reliable and sensitive analytical methods for Mg>" is still a
challenging subject in supramolecular chemistry.
Supramolecular gels are an interesting sort of soft material
that display moderate flexibility, which readily allows them to
change their shape and properties according to the external
conditions, like heat, solvents, pH, light, cations/anions and
oxidative/reductive reactions.? The key to gel formation is the
self-assembly of the low molecular weight gels (LMWGs), inter-
connected via a variety non-covalent interactions, such as
hydrogen bonding, van der Waals interactions, n-n forces,
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Efficient artificial light-harvesting systems with gel
properties formed by ion recognitiont
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metal coordination and hydrophobic effects.” These excellent
properties offered supramolecular gels extraordinary ability to
act as smart materials, which has kept on attracting substantial
research interest for promising application prospects in tissue
engineering, microfluidic devices, chemosensors, drug deliv-
ery, optoelectric devices, smart films and biomaterials etc.®

Inspired by photosynthesis in nature, artificial light-
harvesting systems (LHSs) can be constructed, which rely on
the Forster resonance energy transfer (FRET) processes from
donor to acceptor for harvesting, funneling and utilizing light
energy.” In order to achieve an artificial supramolecular LHS,
two key factors are considered for an efficient FRET system: (1)
the emission spectra of the donor fluorophore must overlap
well with the absorption spectrum of the acceptor fluorophore;
and (2) the donor and acceptor should be close to each other
(within 10 nm).® Li and Yang et al. constructed artificial light
harvesting systems based on lower-rim dodecylmodified sulfo-
natocalix arene (SC,AD) and a naphthyl-1,8-diphenyl pyridi-
nium derivative (NPS) with AIEE as a donor and Nile blue
(NiB) as an acceptor. Meanwhile, the NPS-SC4AD-NiB system
exhibits an ultrahigh antenna effect (33.1) at a donor/acceptor
ratio of 250:1.° Yang and co-workers reported a dual-donor
(TPE-containing metallacycle 3 and DSA-containing dinitrile
guest 4) supramolecular artificial LHS through host-guest
interactions, metal-ligand coordination interactions and
hydrophobic interactions. Remarkably, the dual-donor artificial
LHS exhibited higher energy transfer efficiency and antenna
effects."”

In this work, we proposed and reported a structurally simple
and novel gelator (G3, Scheme 1) based on our previous
literature."* The gelator G3 could self-assemble to form a
supramolecular gel G3-gel in glycol and water solvents that
showed excellent selectivity and sensitivity for identifying Mg>".
Based on the above characteristics, we designed two novel
efficient artificial light-harvesting supramolecular assembly
systems with G3@Mg-sol and RhB, G3@Mg-gel and RhB.

The response properties of G3 in ethyl alcohol were
researched by adding positive ions: K*, Na*, Mn>*, Ni**, Pb*",
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Scheme 1 Construction of the G3@Mg-sol/RhB and G3@Mg-gel/RhB light-harvesting system.

cd*, co*, Zn**, Hg*", Cr**, Mg>", Cu®’, Fe’", A’ and Ag" by
fluorescence spectra. Only Mg>* could induce the fluorescence
intensity of G3 to turn on obviously. As depicted in Fig. 1a,
gelator G3 showed a faint blue fluorescence emission at 450 nm
in the ethanol medium. However, the addition of Mg**
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Fig. 1 (a) Fluorescence spectra of G3 (1 x 107> mol L™Y) in ethanol with
different metal cations (Zn?*, AI®*, Cu?*, Cd?*, Co?*, Fe3*, Cr**, Fe?*,
Hg?*,Mg®*, Mn?*, Na*, Ni?*, and Pb?*, excited at 374 nm); (b) a Job's plot
indicating the 1:1 stoichiometry of G3@Mg-sol (the total concentration of
G3 and Mg®* is 1 x 107% mol L™Y; (c) time-dependent fluorescence
spectra of the G3@Al-sol complex; (d) time-dependent fluorescence
spectra of the G3@Mg-sol complex.
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displayed a bright blue fluorescence and led to a distinct
increase in the corresponding emission intensity, but the
concentration increases of other positive ions couldn’t trigger
any significant changes in the fluorescence spectrum when
excited at 374 nm. Interestingly, AI’** causes fluorescence
enhancement on the emission intensity compared with the
primitive emission spectrum. But, the emission peak at 450 nm
was significantly weakened as time goes by, as illustrated in
Fig. 1lc. Simultaneously, the emission peak was slightly
enhanced when Mg”>* was added under the same conditions
above, as illustrated in Fig. 1d. Therefore, G3 exhibited specific
selectivity for Mg®". The detection limit of the G3 for Mg>" is
1.0 x 10°® mol L', which was obtained by fluorescence
titrations and demonstrated high detection sensitivity for
Mg>". In order to understand the binding stoichiometry
between G3 and Mg”*, the Job’s plot (Fig. 1b) was revealed
based on a continuous variation method. The maximum emis-
sion value appears at the mole fraction of 0.5, which exhibited
that G3 and Mg®" formed a 1:1 ligand-metal complex. Accord-
ing to the IR spectra (Fig. S4, ESIt), the binding mode between
the G3 and Mg>* was investigated. In the IR spectrum of G3, the
peaks at 3182 cm ™" and 3066 cm " were ascribed to the phenol
-OH and -NH stretching, respectively. It was found that the
peak would move after Mg”* binding, indicating that the
phenol O and imino N atoms complexed with Mg>*. And, we
hypothesized the possible luminescence mechanism of the
G3@Mg-gel in Fig. S5 (ESIf). In order to study the self-
assembly driving forces of G3 and G3@Mg-sol, X-ray diffraction
analysis was carried out. The XRD patterns of G3@Mg-gel
(Fig. S6, ESIT) showed a characteristic peak at 20 = 28.806 with
d-spacings of 0.31 nm, supporting the presence of n-n stacking.
The gelator G3 and G3@Mg-gel showed d-spacings of 1.639 nm
and 1.82 nm at 20 = 5.384° and 5.41° in addition to remarkable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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n-n interactions. These results show that the self-assembly
mode of G3@Mg-gel is different from that of G3, and this is
due to the coordination effect of G3 with Mg>".

Considering an efficient FRET system, we initially measured
the emission spectrum of G3@Mg-sol and the absorption of
RhB to construct a supramolecular light-harvesting system. As
demonstrated in Fig. 2a, the fluorescence emission of the
G3@Mg-sol complex overlaps well with the absorption band
of RhB, ensuring that efficient FRET occurs. Hence, an efficient
light-harvesting system (G3@Mg-sol/RhB) is expected to occur
when RhB could be loaded into the G3@Mg-sol assembly.
Actually, as shown in Fig. 2b, with the increase of the ratio
[G3@Mg-sol]/[RhB] from 1000:1 to 100:1, the fluorescence
emission of G3@Mg-sol at 450 nm decreased gradually, and
the emission intensity of the RhB at 575 nm increased
obviously when excited at 374 nm. Simultaneously, a remark-
able color change was observed from blue to pink by the naked
eye (Fig. 2b, inset). The fluorescence decay of G3@Mg-sol was
fitted by a double-exponential decay with the fluorescence
lifetime of t1 = 0.51 ns and 7, = 2.43 ns (Fig. S7 and S8a, ESIY).
In the G3@Mg-sol/RhB assembly, the fluorescence lifetimes
changed into 7, = 2.31 ns followed a double exponential decay
(Fig. S7 and S8b, ESIt). Furthermore, the fluorescence quantum
yield of G3@Mg-sol/RhB was 15.46% (Fig. S9, ESIt), probably
due to efficient energy transfer to RhB rather than direct
emission of G3@Mg-sol. In addition, the energy transfer effi-
ciency (PET) and antenna effect (AE) are primary empirical
parameters for evaluating the performance of such artificial
light-harvesting systems. In particular, the ®ET and AE of
G3@Mg-sol/RhB were calculated as 44.9% (Fig. S11, ESIT) and
5.3 (Fig. S12, ESI{) at the donor/acceptor molar ratio = 50: 1.
Such results demonstrate that the G3@Mg-sol/RhB is an effi-
cient light harvesting system.

Initially, we researched whether the gelator is able to
assemble gels in various solvents (Table S1, ESIt). The com-
pound G3 was added to diverse solvents, the mixed solution
was heated until it dissolved, then was left standing and cooled
to room temperature, forming a stable gel. The gel character-
istics of compound G3 were examined according to the inverted
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Fig. 2 (a) Normalized absorption and emission spectrum of G3@Mg-sol,

and absorption spectrum of RhB. (b) Fluorescence spectrum of G3@Mg-
sol/RhB ([G3@Mg-sol] = 1 uM, [RhB] = 0.02 puM) in ethanol and water with
different concentrations of RhB (Inset: photographs of G3@Mg-sol and
G3@Mg-sol/RhB).
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Fig. 3 (a) Gelator G3, (b) G3-gel, and (c) G3@Mg-gel. Inset: Photographs
of the G3-gel and G3@Mg-gel upon irradiation using 365 nm UV light.

tube method. Among these solvents, it's worth noting that
gelator G3 could self-assemble into a stable supramolecular
gel G3-gel in ethylene glycol and aqueous solution (volume
ratio = 7:3) with the lowest critical gelation concentration
(CGC) of 2.5% (10 mg mL™" = 1%) and the highest gel-sol
transition temperature (Ty.;) of about 85 °C. However, it takes
about six hours to complete it, which is a long process. Besides,
the G3-gel was thermally reversible (Fig. S13a and b, ESIY).
Interestingly, G3 showed excellent gelation abilities in glycol
and H,0 when Mg>" was added. Compared with the G3-gel, the
G3@Mg-gel exhibited a distinct fluorescence color change from
pale blue (Fig. 3b) to bright green (Fig. 3c) when irradiated with
UV light at 365 nm. The morphological structure of the G3-gel
was further investigated by SEM (scanning electron micro-
scopy), and a loose fibrous sheet nature was observed, as shown
in Fig. S13c and d (ESI¥).

Compared with the solution state (G3@Mg-sol), the max-
imum absorption of G3@Mg-gel manifested a bathochromic-
shift (Fig. S14, ESI{), indicating that a J-type n-n aggregation
effect exists in self-assembly. Considering the eminent lumi-
nescence performance of G3@Mg-gel, RhB as an acceptor could
be loaded into the supramolecular gel to achieve efficient
energy transfer, because the absorption of G3@Mg-gel overlaps
with the emission of RhB (Fig. S15a, ESIt), which makes a
supramolecular gel light harvesting system from G3@Mg-gel to
RhB (G3@Mg-gel/RhB). As shown in Fig. S15b (ESI}), the
fluorescence intensity at 512 nm decreased and a new emission
peak at 610 nm appeared simultaneously with 410 nm excita-
tion, when the acceptor RhB was added into G3@Mg-gel. The
Stokes shift reached 35 nm and a remarkable color change was
observed from pink to orange by the naked eye, compared with
the light-harvesting system G3@Mg-sol/RhB. The decay curve of
G3@Mg-gel followed a double exponential decay with a fluores-
cence lifetime of 7; = 1.18 ns and 7, = 6.83 ns (Fig. S16 and S17a,
ESIT). In the G3@Mg-gel/RhB system, the fluorescence lifetimes
decreased to t; = 1.14 ns and 1, = 6.05 ns (Fig. S16 and S17b,
ESIt). Furthermore, the fluorescence quantum yield of G3@
Mg-gel/RhB was 30.66% (Fig. S17, ESI{), and the ®ET of
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G3@Mg-gel/RhB was calculated as 99.99% at the donor/accep-
tor molar ratio = 50: 1.

In summary, we have explored and developed an efficient
artificial light harvesting system with gel properties formed by
ion recognition. We developed a fluorescent probe which dis-
played a distinct response to Mg”*. The G3@Mg-sol/RhB artifi-
cial light-harvesting system was successfully constructed and
presented the highest fluorescence quantum yield and energy
transfer efficiency at the donor/acceptor molar ratio = 50:1.
Besides, G3@Mg-gel showed green fluorescence in glycol-H,O
under 365 nm UV light. At this optimal ratio, the artificial light
harvesting system (G3@Mg-gel/RhB) exhibits better fluores-
cence quantum yield (30.66%) and higher energy transfer
efficiency (99.99%) with G3@Mg-gel as the donor. This work
associates ion recognition of the gel with light-harvesting
systems.
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