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Organic—Inorganic Hierarchical Self-Assembly into Robust
Luminescent Supramolecular Hydrogel

Zhigiang Li, Zhaohui Hou, Hongxian Fan, and Huanrong Li*

Luminescent hydrogels are of great potential for many fields, particularly
serving as biomaterials ranging from fluorescent sensors to bioimaging
agents. Here, robust luminescent hydrogels are reported using lanthanide
complexes as emitting sources via a hierarchical organic-inorganic self-
assembling strategy. A new organic ligand is synthesized, consisting of a terpy-
ridine unit and two flexibly linked methylimidazole moieties to coordinate with
europium(Il1) (Eu3) tri-thenoyltrifluoroacetone (Eu(TTA);), leading to a stable
amphiphilic Eu3*-containing monomer. Synergistic coordination of TTA and
terpyridine units allows the monomer to self-assemble into spherical micelles
in water, thus maintaining the luminescence of Ln complexes in water. The
micelles further coassemble with exfoliated Laponite nanosheets coated with
sodium polyacrylate into networks based on the electrostatic interactions,
resulting in the supramolecular hydrogel possessing strong luminescence,
extraordinary mechanical property, as well as self-healing ability. The results
demonstrate that hierarchical organic—inorganic self-assembly is a versatile
and effective strategy to create luminescent hydrogels containing lanthanide
complexes, giving rise to great potential applications as a soft material.

1. Introduction

Luminescent organogels containing organic dyes, quantum
dots, or metal complexes as emitting sources have attracted
broad attention due to their unique optical properties and func-
tional versatility.!! Particularly, due to their functional versatility
and synthetic simplicity, luminescent organogels employing
metal complexes as the emitting sources have shown great
potential applications in fluorescent sensors, bioimaging
agents, display and light devices, and electrophotonic devices.!?!
In principle, incorporation of lanthanide (Ln) complexes into
matrices, such as polymers and ionic liquids, allows for creation
of luminescent organogels exhibiting narrow, tunable emission
bands and long radiative lifetimes.’l However, preparation of
such luminescent hydrogels possessing extraordinary photo-
physical and mechanical properties along with self-healing fea-
ture still remains challenging.”! On the one hand, the excited
state of Ln complexes can be significantly quenched by water
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through the excitation of O—H vibra-
tions.P! On the other hand, the mechanical
properties of supramolecular gels typically
suffer from the relatively weak noncova-
lent interactions among the constituent
components.l®l This drawback also limits
construction of free-standing objects from
the luminescent gels.”) Herein for the first
time, we report on robust, self-healable
luminescent hydrogels based on the self-
assembly of metal-organic complexes and
inorganic components into hierarchical
nanostructures driven by metal coordina-
tion and electrostatic interactions.

To address the problem of lumi-
nescence quenching in hydrogels, we
designed and synthesized one func-
tional organic ligand consisting of a ter-
pyridine moiety and two flexibly linked
3-methylimidazolium  bromide units
(tpy-mim,). In our study, -exfoliated
Laponite nanosheets coated with sodium
polyacrylate (ASAP) was employed as the
inorganic components to improve the mechanical property of
hydrogels,®l while europium(I1I) (Eu") tri-thenoyltrifluoroace-
tone (Eu(TTA);) was utilized as the emission precursor whose
luminescence is usually quenched in the presence of ASAP.!
Coordinating the precursor with the terpyridine moiety of
ligand tpy-mim, led to formation of an stable amphiphilic
monomer Eu(TTA)stpy-mim, by overcoming the competitive
coordination of ASAP and water. This amphiphilic monomer
self-assembled into supramolecular micelles in water where
the Eu*" complexes were buried in hydrophobic microenviron-
ment, thus maintaining the luminescence of Eu** ions and
rendering the hydrogels radiative with a long lifetime. Asso-
ciation of Laponite nanosheets coated with oxyanions with
the imidazolium salts on the surface of the supramolecular
assemblies via electrostatic interactions resulted in formation
of robust luminescent hydrogels (Scheme 1).B10 It is worth
noting that the surrounding rich noncovalent interactions
among different components within the hybrid organic—inor-
ganic hierarchical hydrogels give rise to their rapidly and quan-
titatively self-healing property.

2. Results and Discussion

Ligand tpy-mim, was synthesized by a four-step procedure
and comprehensively characterized, while the FEu(TTA),
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Scheme 1. A) Graphical representation of ASAP exfoliated Laponite, chemical structure
of Eu(TTA)stpy-mim, complexes, and the schematic illustration of the micelles formed by
Eu(TTA);tpy-mim, complexes. B) Proposed structures for the formed supramolecular hydrogels
from the micelles and the ASPA exfoliated Laponite nanosheets, where C) a magnified subunit
of the supramolecular hydrogels was shown.

was prepared according to a reported method.'] The
lanthanide-containing amphiphilic monomer Eu(TTA);tpy-
mim, (Scheme 2) was prepared straightforwardly by coor-
dination of tpy-mim, with Eu(TTA); in MeOH and fully
characterized with regard to its chemical structure and purity
by 'H nuclear magnetic resonance (NMR) spectroscopy, elec-
trospray ionization mass spectroscopy, and elemental analysis
(Figures S1-S11, Supporting Information).

We initially characterized the photoluminescent property
of Eu(TTA)stpy-mim, and its counterparts in both the solid
state and solution. As shown in Figure 1, while Eu(TTA);
(Figure 1A(iii)) exhibited the typical characteristic color and
brightness of Eu(IIl) complexes upon irradiation at 365 nm
light, a more intensive luminescence of Eu(TTA);tpy-min,
compared to that of Eu(TTA); was observed (Figure 1A(i)).
Improvement of the brightness of Eu(TTA);tpy-min, could be
potentially attributed to the successful coordination of Eu**
with ligand tpy-mim,. To confirm this hypothesis, we synthe-
sized another compound Eu(TTA)stpy that possesses the same
coordination mode with Eu(TTA)stpy-mim,, while lacking
the alkyl tail-connected imidazole units. In the solid state,
Eu(TTA);tpy displayed a comparable luminescence intensity
to that of Eu(TTA)stpy-mim, (Figure 1A(ii) and the blue line in
Figure 1B). This indicates that coordination of Eu*" ions with
terpyridine and TTA units synergistically results in their strong
luminescence.
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We subsequently investigated the photo-
luminescent  properties of  solid-state
Eu(TTA);tpy-mim, and its counterparts by
probing the °Dy—F, transition (Figure 1B).
The excitation spectrum of Eu(TTA);
showed a broad band in the range of 240-
450 nm ascribed to the absorption of TTA
ligand, suggesting occurrence of the ligand
(TTA) to metal (Eu*") energy transfer.[?l
Coordinating Eu(TTA); with ligands tpy-
mim, or terpyridine led to an intensive
characteristic excitation for both TTA and
terpyridine units, suggesting the syner-
gistically cochelating effect on efficiently
exciting Fu’t ions. These results directly
support the formation of Eu(TTA)stpy-min,
and Eu(TTA)s;tpy based on the complexa-
tion between precursor Eu(TTA); and the
terpyridine moiety, thus leading to ternary
lanthanide complexes.'l In addition, the
emission spectrum of Eu(TTA); (the black
line in Figure 1B), Eu(TTA);tpy (the blue
line in Figure 1B), and Eu(TTA);tpy-mim,
(the red line in Figure 1B) powder dis-
played five sharp peaks at 579, 592, 614,
650, and 698 nm, which could be assigned
to the 5D0—>7F] (J = 0—4) transitions. Among
the peaks, the *Dy—’F, band at 614 nm is
predominantly responsible for the lumi-
nescence emission in red. Compared to
precursor Eu(TTA);, an enhanced lumi-
nescence intensity for the coligand system
Eu(TTA)stpy-mim, and Eu(TTA)stpy was
observed. Fitting the photoluminescent emission decay
curves to a monoexponential function yields the decay time
of the photoluminescence of Eu(TTA);, Eu(TTA);tpy, and
Eu(TTA)s;tpy-min, to be 0.371, 0.604, and 0.652 ms, respec-
tively (Figures S13-S15, Supporting Information). These
results demonstrate that the luminescent property of solid
Eu*" complexes is significantly improved by chelating Eu®*
ions with TTA and terpyridine units synergistically (Table 1
and Table S1 (Supporting Information)).

We also probed the photoluminescent features of Eu(TTA),
(Figure 1A(vi)), Eu(TTA)stpy (Figure 1A(v)), and Eu(TTA);tpy-
mim, (Figure 1A(iv)) in aqueous solution. Interestingly, we
found that the strong luminescence of Eu(TTA);tpy-mim,
in water was maintained, while dissolving Eu(TTA); and
Eu(TTA);tpy in aqueous solution led to a dramatic decrease
of their luminescence (due to the lack of imidazolium salt,
Eu(TTA); and Eu(TTA);tpy are not soluble in neat water, we
chose mixed solvent EtOH/H,0, v:v = 1:9 instead). Although
Eu(TTA);tpy has the same coordination parameters with
Eu(TTA)stpy-mim,, the presence of water molecules leads to
obvious luminescent quenching. These results suggest that
synergistically coordinating TTA and tpy-min, units with Eu**
ions enables the retaining of the luminescence of Ln com-
plexes in the aqueous phase by shielding them from water mol-
ecules and avoiding the luminescence quench of the complexes
caused by the strong Eu*"-OH coordination.
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Scheme 2. The synthetic routes of amphiphilic monomer Eu(TTA)stpy-mim,, chemical structure of Eu(TTA);tpy and Cgmim.
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Figure 1. Optical properties. A) Digital photos of (i, iv) Eu(TTA)stpy-mimy, (ii, v) Eu(TTA);tpy, and (iii, vi) Eu(TTA)3 in solid state and in solution upon
exposure to UV light (365 nm). While Eu(TTA)stpy and Eu(TTA); were dissolved in mixed ethanol and water (EtOH/H,0, viv = 1:9), Eu(TTA)3tpy-mim,
was dissolved in neat water. The concentration of the solutions was 0.5 mmol L™'. B) Excitation (left) and emission (right) luminescence spectra of the
powder Eu(TTA); (black), Eu(TTA);tpy (blue), and Eu(TTA)stpy-mim, (red). (A, = 380 nm). C) Hydrogelation by mixing ASAP exfoliated Laponite and
Eu(TTA)stpy-mim, micellar binder in water. Pictures of (i )Lapomte/ASAP/ Eu(TTA);tpy-mim, = 2.9/0.087/0 wt%; Laponite/ASAP/ Eu(TTA)stpy-mim, =
2.9/0.087/0.077 wt% ([Eu(TTA)stpy-mim,] = 0.5 mmol L™") under (ii) daylight and (i) 365 nm UV lamp illumination. (iv) Supramolecular hydrogels
after addition of Cgmim. (The scale bar is T cm). D) Excitation (left) and emission (right) luminescence spectra of the supramolecular hydrogel (red)
and physical mixture of Eu(TTA)stpy (blue) or Eu(TTA); (black) water suspension with ASAP exfoliated Laponite at the same Eu®" concentration. (A, =
380 nm).
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Table 1. Luminescence lifetime T and the number of water molecules
coordinated to Eu**.

Sample Ty [ms] Tp [ms] q
Eu(TTA);tpy-mim, dissolved in 0.542 0.652 0.07
Eu(TTA);tpy dispersed in 0.413 0.604 0.61
Eu(TTA); dispersed in 0.221 0.371 1.93
Supramolecular hydrogel 0.524 0.625 -
Physical mixture of Eu(TTA);tpy water 0.271 0.339 -

suspension with ASAP exfoliated Laponite

Physical mixture of Eu(TTA); water 0.108 0.115 -
suspension with ASAP exfoliated Laponite

To gain insight into the mechanism of retaining strong lumi-
nescence of Eu®' ions in water, we further characterized the
assembling behavior of the amphiphilic monomer Eu(TTA);tpy-
mim, in water by transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and dynamic light scat-
tering (DLS). Conventional TEM showed formation of uniform
spherical micelles by Eu(TTA)stpy-min, in water with an average
diameter of 27 nm (Figure 2A). DLS determined the average
hydrodynamic radius (Ry,) of the assemblies to be 30.4 nm with
a narrow distribution (Figure 2B), which is comparable with
that obtained from the TEM experiment. In addition, the ratio
Ry/Ry, (Ry: gyration radius) was calculated to be 0.79 based on
a reported reference method,™ which is a characteristic fea-
ture for spherical micelles (Rg/Ry, < 1). This result confirms
the formation of spherical micelles by Eu(TTA)s;tpy-mim, in
water. We proposed that monomer Eu(TTA)s;tpy-mim, formed
spherical micelles in water, where the Eu*" complexes are local-
ized within the hydrophobic core of the micelles and positively
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charged imidazolium salts cover their surface. Hence, the
extraordinary luminescent properties of micellar Eu(TTA)stpy-
mim, in water can be attributed to two facts. On one hand,
synergistic coordination of Eu** with TTA and terpyridine units
increases the coordination number of Eu®" ions. This increase
of the coordination number physically shields Eu** ions from
water.*?l On the other hand, formation of spherical micelles
by the monomer creates a hydrophobic microenvironment for
Eu’t ions within the assemblies, thus preventing diffusion of
water molecules to Eu** complexes. Overall, our results clearly
demonstrate the luminescent property of Eu** complexes can
be maintained in water by synergistically chelating with TTA
and tpy-mim,.

To verify our hypothesis on shielding the Eu®" com-
plexes from water in spherical micelles, the number of water
molecules in the first coordination sphere of Eu*" ions in
Eu(TTA);tpy-mim,, Eu(TTA)stpy, and Eu(TTA); can be esti-
mated by using the following equation!'”!

-1 -1

q=12(ty —1p —0.25) (1)

Where q represents the coordinated water molecules, and 74
and 71p is the luminescence lifetime measured in H,0 and D,0,
respectively. The luminescence lifetime of Eu(TTA); dispersed
in H,O decreased significantly compared to that observed in
the D,0 medium (Table 1). Based on these values, the coor-
dinated water number g in Eu(TTA); was determined as 1.93,
indicating that almost two water molecules coordinate to Eu*"
ions in the Eu(TTA); complexes.'®l Although synergistically
coordinating with TTA and tpy units, the coordinated water
number of Eu(TTA);tpy was determined to be 0.61, leading to
an obvious luminescence lifetime decrease in H,O (Table S1,

1004 B

Intensity

Figure 2. Morphological features. A) TEM images and B) diameter distributions of Eu(TTA)stpy-mim, in neat water at a concentration of 0.5 mmol L.
C) TEM and D) SEM images of supramolecular hydrogels. Laponite/ASAP/Eu(TTA);tpy-mim, = 2.9/0.087/0.077 wt%.
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Supporting Information). In contrast, the luminescence decay
rate of Eu(TTA)stpy-mim, in H,O only decreased slightly com-
pared to that in D,0, leading to a small coordinated water
number of 0.07 in the first coordination sphere of Eu** ions
in Eu(TTA)s;tpy-mim, complexes. Our results confirm that syn-
ergistically coordinating TTA and terpyridine moieties with
Eu’* ions, in combination with the hydrophobic microenviron-
ment in the spherical micelles, results in decrease of the water
number in the first coordination sphere of Eu** ions signifi-
cantly, thus retaining the strong luminescence of Eu(ITTA);tpy-
mim, complexes in water.

Mixing Eu(TTA)stpy-mim, solution with ASAP exfoliated
Laponite nanosheets in neat water led to formation of lumi-
nescent hydrogels, which can be molded into free-standing
objects easily (Figure 1C(ii) and Figure 4). The composition
of organic and water components in the hydrogels was deter-
mined to be 0.16% and 97%, respectively. The high water con-
tent in the resulting hydrogels renders their feature analogues
to aqua materials. However, mixing Eu(TTA); or Eu(ITTA)stpy
water suspension with ASAP exfoliated Laponite nanosheets
did not result in gelation (Figure S16, Supporting Information).
Moreover, the presence of ASAP quenched the luminescence of
Eu?* dramatically, implying the existence of competitive coor-
dination of ASAP with Eu*" ions (Figure S16c,d, Supporting
Information). In addition, adding of a 1-hexyl-3-methylimi-
dazolium bromide (Cgmim) (Scheme 2) (2 molar equivalents
to Eu(TTA)stpy-mim,) into the supramolecular hydrogels
(Figure 1C(iii)) gave rise to the gel-sol transition, due to the
competitive electrostatic interaction between the imidazole
salt and ASAP exfoliated Laponite nanosheet (Figure 1C(iv)).
These results suggest that the micelles interact with Laponite
nanosheets via electrostatic interactions. Overall, our results
indicate that the gelation proceeds following a hierarchically
self-assembling process. Initially, Eu(TTA);tpy-mim, spontane-
ously aggregates into spherical micelles coated with positively
charged imidazole units in water. The micelles subsequently
serve as the binders and undergo coassembly with the ASAP
exfoliated Laponite nanosheets into the hierarchical supra-
molecular hydrogels, driven by the electrostatic interactions
between the positively charged imidazoles and the negatively
charged Laponite nanosheets. Moreover, the zeta potential of
the pristine Laponite nanosheets was measured as —37.5 mV
(Figure S17a, Supporting Information), and the zeta poten-
tial of the ASAP exfoliated Laponite nanosheets underwent a
further negative shift to —-54.6 mV (Figure S17b, Supporting
Information), indicating that ASAP is wrapped at their positive-
charged edge parts.®¥ Accordingly, these negatively charged
Laponite nanosheets would facilitate the attraction of positive
charge.

We characterized the morphological feature of the supra-
molecular hydrogels by TEM and SEM (Figure 2C,D). In great
contrast to the spherical micelles formed by Eu(TTA)stpy-
mim, alone, we observed 2D nanoflakes in micrometer size
by TEM in the supramolecular hydrogels, where the Laponite
nanosheets were homogenously dispersed. This morphology
was confirmed by SEM, which clearly showed flat flakes in
the dried hydrogels. The dried and ground xerogels were also
characterized by powder X-ray diffraction; the broad diffrac-
tion pattern of pristine Laponite at =26 = 6.96° implies that the
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interlayer space in pristine Laponite is =1.3 nm (Figure S18a,
Supporting Information), which is in good agreement with
the reported value.'”] The addition of ASAP does not affect the
interlayer space of the Laponite nanosheet (Figure S18b, Sup-
porting Information); this phenomenon further confirmed that
ASAP is site-specific wrapped at their positive-charged edge
parts, but not located at the interlayer of Laponite. However,
after introducing Eu(TTA)stpy-mim,, the broad peak shifted
to 20 = 4.94°, revealing a 1.8 nm interlayer space (Figure S18c,
Supporting Information). The enlarged Laponite interlayer
space in supramolecular xerogels confirmed Eu(TTA);tpy-mim,
located in between the interlayer space of Laponite.'® These
results demonstrate that the spherical micelles self-assemble
with ASAP exfoliated Laponite nanosheets into high dimen-
sional networks.

We investigated the photoluminescent property of the
supramolecular hydrogels and the mixture of Eu(TTA);tpy or
Eu(TTA); water suspension and ASAP exfoliated Laponite
nanosheets. Although Eu(TTA)s;tpy and Eu(TTA)stpy-mim,
exhibited comparable luminescence in the solid state, only
the supramolecular hydrogel (the red line in Figure 1D,
Figure 1C(iii)) showed a strong luminescence, while the
luminescence of the mixture of Eu(TTA);tpy (the blue line in
Figure 1D) or Eu(TTA); (the black line in Figure 1D) water sus-
pension and ASAP exfoliated Laponite nanosheets containing a
same Eu?* concentration with the hydrogel was quenched sig-
nificantly. In addition, the luminescence lifetime and quantum
efficiency of Eu*" ions in the supramolecular hydrogels are
comparable to those of Eu(TTA)stpy-mim, solution. However,
mixing Eu(TTA); or Eu(TTA)stpy water suspension with ASAP
exfoliated Laponite nanosheets led to a dramatic decrease of
the luminescence lifetime and quantum efficiency of Eu’*
ions compared to those of the related water suspension alone
(Table S1, Supporting Information). These results clearly sug-
gest that the luminescence of Eu** complexes in the supramo-
lecular hydrogels can be retained following the addition of the
ASAP exfoliated Laponite nanosheets.

To reveal the reason for the luminescence difference vari-
ation of the samples involving ASAP exfoliated Laponite
nanosheets, and to verify the existence of competitive coordi-
nation of ASAP with Eu*" ions, we prepared the supramolec-
ular hydrogel and the mixture Eu(TTA); or Eu(TTA);tpy D,0O
suspension with ASAP exfoliated Laponite nanosheets in D,0
medium. The luminescence lifetime and quantum efficiency
of Eu*" ions in the physical mixtures decreased dramatically
compared to that of the powder Eu(TTA); and Eu(TTA)stpy
dispersed in D,0. This can be attributed to the competitive
complexation of acrylate on ASAP with Eu*" ions. Meanwhile,
the presence of ASAP did not affect the luminescence lifetime
and quantum efficiency of Eu?* ions in the supramolecular
hydrogel using D,0 as the media (Table 1 and Table S1 (Sup-
porting Information)). These results confirm the collaborative
protection effect of the spherical micelles and synergistic coor-
dination of Eu?* in the supramolecular hydrogels. The syner-
gistic chelating of terpyridine and TTA units, in combination
with the hydrophobic microenvironment for Eu* ions, can not
only prevent the infiltration of water molecules but also shield
the lanthanide emitting center from the competitive coordina-
tion with acrylate units on ASAP.
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We carried out rheological experiments to estimate the
mechanical properties of the supramolecular hydrogels
(Figure 3). The storage modulus (G’) value was larger than
the loss modulus (G”) value over a wide frequency range (® =
0.05-100 rad s71), indicating the characteristic of a stable gel-
phase material, indicating the hydrogelation of the micelles
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Figure 3. Rheological properties. A) Frequency () sweep tests at @ =
0.05-100 rad s™' and strain (}) = 0.5% of the supramolecular hydrogels
at 25 °C; B) strain sweep tests at y=0.05%-100% with @ = 6.28 rad s™';
C) continuous step strain tests at y=0.1% and 100%.
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and ASAP exfoliated Laponite nanosheets in water. In addition,
the moduli of the hydrogels is only slightly dependent to the
applied angular frequency (Figure 3A). Note that the G’ value
of our hydrogels reaches 11 KPa, which is comparable to the
Laponite-containing hydrogels utilizing dendrimers as the
binders, and an order of magnitude larger compared to that
of traditional supramolecular hydrogels.'”) The corresponding
strain sweeps for the supramolecular hydrogels are shown in
Figure 3B, at fixed strain amplitude sweep, the storage modulus
remains constant until the yield strain is reached at the critical
strain region (y = 31.7%), implying the destruction of the gel
network and a gel-to-quasi-liquid state transition. This y value
is larger than the reported Laponite nanoclay supramolecular
hydrogels, verifying that our supramolecular hydrogels pos-
sess better damage resistance ability compared to the reported
Laponite nanoclay supramolecular hydrogels.*1%] We also
tested the recovery property of the supramolecular hydrogel by
employing alternating strain amplitudes of 100% and 0.1% at
a fixed frequency (1.0 Hz). As shown in Figure 3C, the supra-
molecular hydrogel behaves as a liquid and solid alternately
(30 s) with a quick recovery to the original values of the moduli
in the two regimes.

In addition, we characterized the thermal stability of our
supramolecular hydrogels. We also determined the rheo-
logical properties of our supramolecular hydrogels at 70 °C
(Figure S19, Supporting Information). No obvious change was
observed in both G”and G” values compared to room tempera-
ture, indicating that the mechanical properties of the hydrogels
once formed hardly depend on the temperature. In addition,
supramolecular hydrogels did not show thermal-induced phase
transition until heating to 70 °C (Figure S20, Supporting Infor-
mation), suggesting an excellent thermal stability for the hydro-
gels. It is worth noting that the heating—cooling process does
not affect the luminescent properties of the supramolecular
hydrogels. These results demonstrate that coassembly of the
spherical micelles formed amphiphilic monomer Eu(TTA);tpy-
mim, and exfoliated Laponite nanosheets allow for creating a
robust hydrogel with strong luminescence in water.

Based on the rheological study, we demonstrated the self-
healing ability of the supramolecular hydrogel by cutting a
disk-shaped hydrogel into two half pieces by using a razor
(Figure 4). The two closely placed pieces rapidly recombined
into one entire piece, which is strong enough to be lifted
up under shaking in 1 min (see Video S1 in the Supporting
Information). After aging for 1 h, the crack in the reproduced
hydrogel disappeared completely, leading to a healed hydrogel.
It remains a daunting challenge to achieve fast and efficient
healing for tough hydrogels,?% which usually happened in soft
host-guest supramolecular hydrogels.' However, our supra-
molecular hydrogels are not only mechanically tough but also
have a fast-recovery capability. The mechanical properties origi-
nate largely from the toughness of Laponite nanosheets and the
self-healing ability result from the hierarchical self-assembly
strategy. Our study demonstrates that organic-inorganic hier-
archical self-assembly is a versatile and effective strategy to
readily create self-healable luminescent hydrogels with high
mechanical strength and extraordinary photophysical property.
Our hydrogels utilize the relatively cheap Ln complexes with
large Stokes shifts, sharp and tunable emission profiles, and
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Figure 4. Self-healing experiments of the organic—inorganic hybrid hydrogels. A) Original
hydrogels Laponite/ASAP/Eu(TTA)stpy-mim, = 2.9/0.087/0.077 wt% ([Eu(TTA)stpy-mim,] =

mmol L), Pictures B) before and C) after adhesion freshly cut surfaces at 25 °C; A’) Original
hydrogels, Pictures B’) before and C’) after adhesion freshly cut surfaces under 365 nm UV
lamp illumination. The diameter of the petri dish is 9 cm.

long-lived excited states as the emitting source, thus rendering
them broadly applicable for fabrication of many devices.

3. Conclusion

In summary, we have reported on robust luminescent hydro-
gels using lanthanide complexes as emitting sources via a
hierarchical organic-inorganic self-assembling strategy. A new
organic ligand consisting of a terpyridine unit and two flex-
ibly linked methylimidazole moieties has been designed and
synthesized to coordinate with Eu(TTA);, yielding a stable
amphiphilic Eu**-containing monomer. Due to the synergistic
coordination of TTA and terpyridine units, the monomer forms
spherical micelles in water, thus maintaining the luminescence
of Ln complexes in water. The micelles further coassemble with
exfoliated Laponite nanosheets coated with sodium polyacrylate
into networks based on the electrostatic interactions, resulting
in the supramolecular hydrogel. Our results indicate that the
strong luminescence of Eu*" ions can be retained in hydro-
gels containing ASAP. Incorporation of inorganic Laponite
nanosheets allows for improvement of the mechanical property
of the supramolecular hydrogel substantially. Our study dem-
onstrates that the hierarchical self-assembly is a versatile and
effective strategy to readily create self-healable luminescent
hydrogels with high mechanical strength and extraordinary
photophysical property.

4. Experimental Section

Materials: All chemicals were commercially available unless noted
otherwise. 2-thenoyltrifluoroacetate (TTA) was purchased from Aldrich
and used as received. The layered clay (Laponite XLG), was purchased
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from Rockwood Additives Ltd and was used as
received without further purification.

Measurements: Rheological tests of hydrogels
were carried out by using an Anton Paar model
MCR-301 rheometer, with a 25 mm diameter parallel
plate attached to a transducer. The gap was set at
1.0 mm. TEM experiments were performed using
a Tecnai 20 high resolution transmission electron
microscope operating at an accelerating voltage of
200 keV. The sample for TEM measurements was
prepared by smearing the hydrogel onto a copper
grid. The grid was then air-dried and imaged.
SEM images were recorded on a Hitachi S-3500N
scanning electron microscope. The sample for SEM
measurements was prepared as follows: the dried
xerogel was first ground to powder, and then the
powder was dispersed onto a coverslip. The sample
solution for DLS measurements was prepared by
filtering the solution through a 450 nm Millipore
filter into a clean scintillation vial. The samples were
examined on a laser light scattering spectrometer
(BI-200SM) equipped with a digital correlator
(TurboCorr) at 532 nm at a scattering angle of 90°.
The hydrodynamic radius (R,) was determined
by dynamic light scattering experiments, and the
radius of gyration (R;) was obtained from static light
scattering data at different scattering angles. The
steady-state luminescence spectra were measured
on an Edinburgh Instruments FS920P near-infrared
spectrometer, with a 450 W xenon lamp as the steady-state excitation
source, a double excitation monochromator (1800 lines mm™), an
emission monochromator (600 lines mm™), a semiconductor-cooled
Hamamatsu RMP928 photomultiplier tube.

Preparation of Supramolecular Hydrogel: Laponite XLG (150 mg) was
suspended in 3.5 mL water and stirred for 10 min at room temperature,
and an aqueous solution of ASAP (4.5 mg, 0.5 mL) was added to the
resulting suspension. After stirring for 10 min, an aqueous solution of
Eu(TTA);tpy-mim, (4.0 mg, 1.0 mL) was added, and then the mixture
was stirred for 3 min and then allowed to self-standing.

Preparation of Eu(TTA)stpy-mimy: Tepy-mim; (415 mg, 0.5 mmol) and
Eu(TTA); (408 mg, 0.5 mmol) were suspended in MeOH (10 mL). The
reaction mixture was heated to 80 °C for 4 h and poured into 100 mL
ether. The precipitate was collected by filtration, washed with ether, and
dried, and final product was obtained in 90% yield. '"H NMR (400 MHz,
Deuterated dimethyl sulfoxide (DMSO-d6), ppm) & 9.13 (s, 2H), 8.76
(d, J = 4.7 Hz, 2H), 8.68 (d, J = 7.9 Hz, 2H), 8.64 (s, 2H), 8.06 (td,
J=178,1.7 Hz, 2H), 7.78 (d, J = 7.2 Hz, 2H), 7.71 (d, J = 1.6 Hz, 2H),
7.55 (dd, J = 6.9, 5.3 Hz, 2H), 7.37 (m, 3H), 6.96 (d, J = 2.0 Hz, 2H),
6.63 (s, TH), 6.46 (s, 3H), 6.35 (s, 3H), 4.49 (s, 3H), 4.18 (t, J = 7.1 Hz,
4H), 4.08 (t, ] = 6.3 Hz, 4H), 3.84 (s, 6H), 1.83 (m, 4H), 1.75 (m, 4H),
1.49 (m, 4H), 1.34 (m, 4H). Matrix Laster Desorption Time of Flight
Mass Spectrometry (MALDI-MS) [M-2Br]* calcd for CgsHgoEuFgN;05S5*
1486.2734; found: 1486.2665; Anal Calcd for Cg5HgoBr,EuFgN;O3S;: C,
47.43; H, 3.67; N, 5.96; Found: C, 47.29; H, 3.72; N, 5.75.
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