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Aggregation-induced emissive fluorogens (AlEgens) are promising building blocks for fluorescent
polymeric hydrogels (FPHs) because intense fluorescence intensities are usually guaranteed by
spontaneous aggregates of hydrophobic AlEgens in a hydrophilic polymer network. However, most AlE-
active FPHSs are single-color fluorescent and cannot display tunable emission colors. Additionally, efforts
to produce mechanically strong AlE-active hydrogels have been largely ignored, restricting their
potential uses. Herein, we present the synthesis of an AlE-active methyl picolinate-substituted 1,8-
naphthalimide monomer (MP-NI) for fabricating mechanical tough and multicolor FPHs. Owing to the
introduction of bulky and coordinative methyl picolinate group, these specially designed MP-NI
molecules were forced to adopt propeller-shaped conformation that renders them with intense
aggregation-induced blue emission. Moreover, the MP-NI moieties grafted in a hydrogel matrix can
sensitize red and green fluorescence of Eu**and Tb*" via antenna effect. Consequently, multicolor
fluorescent hydrogels that sustain a high stress of 1 MPa were obtained by chemically introducing MP-NI
moieties into dually cross-linked alginate polymer networks with high-density metal (Ca®*/Tb>*/Eu®")
coordination and hydrogen bonding crosslinks. Their capacity to enable the writing of arbitrary
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Introduction

Fluorescent polymeric hydrogels (FPHs) are the rising stars of
luminescent materials, which can combine the merits of
traditional fluorescent polymers and hydrogels, including
responsive fluorescence, tissue-like modulus, and intrinsic soft
wet nature.'® These advantages make FPHs potentially useful
for various applications ranging from bioimaging and sensing”®
to information encryption®** and soft robotics."*** The past two
decades have witnessed the development of numerous FPHs
based on organic fluorophores,’** luminescent metal
complexes®®>*> and nanoparticles. Aggregation-induced
emissive fluorogens (AIE-gens) are attracting increasing
research attention®*° because hydrophobic AIE-gens are self-
assembled into highly luminescent aggregates in hydrophilic
hydrogel matrix, which is guaranteed to produce FPHs with
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potential uses for smart display and information encryption.

intense fluorescence.**** For example, Yang et al. presented
a series of various colored fluorescent hydrogels with intense
aggregation-induced emission by physically introducing tetra-
phenyl ethylene or its derivative into poly(vinyl alcohol) hydro-
gels.** We have developed a number of highly fluorescent FPHs
via the radical copolymerization of AlE-active hydrophobic
naphthalimide derivatives into cross-linked hydrophilic poly-
mer network.*>*® These recent advances have largely enriched
the family of AIE-active hydrogels and laid a solid foundation
for future applications.

These reported AlE-active FPHs, albeit state-of-the-art, are
found to be primarily single-color fluorescent and fail to display
tunable emission colors that are more promising for many uses.
The synthesis of multicolor aggregation-induced emissive
hydrogels is thus desired but seems quite challenging.*” To do
this, an ideal approach is to directly introduce one single AIE-
gen with responsive emission color changes into cross-linked
polymer networks, but such AIE-gens are quite few and
usually have a limited color change range. Another possible
approach is through the pair use of two or more responsive AIE-
gens in the hydrogel system. However, a careful choice of AIE-
gen pairs is always necessary by elaborately investigating the
complex photophysical interactions between different lumi-
nogens as well as their compatibility in one single hydrogel
matrix. Additionally, most reported FPHs still suffer from
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Scheme 1 Schematic illustration showing the chemical structure of the designed aggregation-induced emissive polymeric hydrogels, and the
procedure to achieve multicolor fluorescent patterning. The AlE-active Ca-Alg/PMA hydrogels with intense blue emission and mechanical
toughness were prepared by incorporating the hydrophilic PMA polymer into the dually cross-linked Alg polymer networks with high-density
Ca?* coordination and hydrogen bonding crosslinks. Because Th*"/Eu®* ions have stronger coordination capacity than Ca", green and red
fluorescent patterns could be facilely written on the Ca-Alg/PMA hydrogels using the Tb**/Eu®* inks to break the Ca®* complexes to form green

and red fluorescent Tb®* and Eu®* complexes.

relatively weak mechanical stress and few systems can sustain
a fracture stress of over 0.5 MPa. Therefore, it is still challenging
to develop multicolor aggregation-induced emissive polymeric
hydrogels with tough mechanical strength.

Herein, we propose to develop a unique type of hydrophobic
AIE-gens with coordinative methyl picolinate groups, which
emit intense blue fluorescence and sensitize Tb** and Eu®*
luminescence to form green and red fluorescent centers in
a single hydrogel system. As illustrated in Scheme 1, when the
hydrophobic AlE-active methyl picolinate-substituted 1,8-
naphthalimide monomer (MP-NI) was first copolymerized into
hydrophilic poly(MP-NI-co-Acrylamide) (PMA) polymer and then
incorporated in the dually cross-linked alginate (Alg) polymer
networks with high-density Ca®" coordination and hydrogen
bonding crosslinks, AlE-active Ca-Alg/PMA hydrogels with
intense blue emission and mechanical toughness were ob-
tained. Similarly, green and red fluorescent Tbh-Alg/PMA and Eu-
Alg/PMA hydrogels could be prepared, respectively, using Tb**
and Eu®* ions to crosslink the Alg and PMA polymer network.
Consequently, multicolor fluorescent patterns were capable of
being facilely written or printed on the Ca-Alg/PMA hydrogels
using aqueous Tb** or Eu®*" solutions as the inks. This is
because Tb**/Eu’* ions have stronger coordination capacity
than Ca®" and easily broke the Ca®* complexes to form green
and red fluorescent Tb*>" and Eu®' complexes. Such facile
capacity to construct arbitrary multicolor fluorescent patterns
has been rarely achieved but is appealing for potential infor-
mation display or encryption uses.
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Results and discussion

Fig. 1a depicts the synthetic route for the AIE-active methyl
picolinate-substituted 1,8-naphthalimide monomer (MP-NI). N-
allyl-4-bromonaphthalimide was first prepared using the re-
ported method* and then allowed to react with methyl 4-
hydroxypicolinate to produce MP-NI as a yellow solid. Its
chemical structure and purity were verified by "H NMR, '*C
NMR, ESI-MS and FT-IR spectra (Fig. S11). As can be observed
from the NMR spectra shown in Fig. 1b and c, the evident
proton signal at 4.0 ppm and carbon signal at 53.4 ppm indi-
cates the successful substitution of methyl picolinate moieties.
There exists only one intense peak in the ESI-MS spectrum,
suggesting high purity of the obtained monomer (Fig. 1d). MP-
NI is insoluble in water but rapidly solves in common organic
solvents, such as ethanol, CHCI;, THF, DMSO and DMF. Its UV-
vis spectrum exhibited a strong absorption band around
350 nm (Fig. S2t), suggesting that its fluorescence can be
excited by low-energy UV light (e.g., 365 nm). Owing to the
introduction of bulky methyl picolinate substituent group, the
MP-NI molecule was forced to adopt a propeller-shaped
conformation that may consume a certain amount of energy
via dynamic intramolecular vibrations and rotations in good
solution.*®* Therefore, its THF solution is moderately fluores-
cent. However, the blue emission intensity could be further
enhanced with increasing content of H,O to induce the gradual
formation of hydrophobic MP-NI aggregates, in which the
intramolecular rotations and vibration were largely restricted.
As shown in Fig. 1e and f, the emission intensity at 428 nm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Synthetic procedure of the AlE-active MP-NI monomer; (b) *H NMR and (c) *C NMR spectra of MP-NI recorded in CDCls; (d) electron
spray ionization mass spectrometry of MP-NI. (e) Fluorescence spectra of MP-NI in mixed THF/H,O solutions when excited at 365 nm; (f) peak
fluorescence intensity of MP-NI as a function of the water content in THF/H,O mixtures (inset photos showing fluorescence of MP-NI in mixed

THF/H,O solutions taken under 365 nm UV lamp).

gradually increased and reached the maximum at 90 vol% water
content. These results suggested the typical aggregation-
induced emission enhancement nature of the newly designed
MP-NI monomer. To facilitate the synthesis of fluorescent
polymeric hydrogel, this hydrophobic MP-NI monomer was next
radically copolymerized with acrylamide (AAm) in 1,4-dioxane
to produce the hydrophilic poly(MP-NI-co-Acrylamide) (PMA)
polymer (Fig. 2a and S37). Owing to the low polymerization
activity of MP-NI monomer, it is essential to completely remove
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Fig. 2 (a) Chemical structure of poly(MP-NI-co-AAm); (b) UV-vis and

fluorescence spectra of aqueous PMA solution (0.01 M); (c) fluores-
cence spectra of PMA in mixed ethanol/H,O solutions when excited at
365 nm; (d) peak fluorescence intensity of PMA as a function of the
water content in mixed ethanol/H,O solutions (inset photos showing
fluorescence of PMA in mixed ethanol/H,O solutions taken under
365 nm UV lamp).

© 2023 The Author(s). Published by the Royal Society of Chemistry

the residual fluorescent monomer to obtain high-purity PMA
polymer. To do this, the polymerized solution was poured into
a large amount of hexane to precipitate the polymer. TLC
experiment was further used to demonstrate that there was
indeed no MP-NI residue in the collected polymer (Fig. S4t). The
hydrophobic MP-NI content was very slight in the polymer, but
PMA was still readily soluble in water. Fig. 2b summarizes the
UV-vis and fluorescence spectra of aqueous solution of PMA.
The existence of clear absorption peak around 271 nm further
indicated the covalent incorporation of MP-NI into the polymer.
Because of the spontaneous aggregation of hydrophobic MP-NI
moieties, its aqueous solution is highly blue fluorescent.
Further fluorescence spectral changes of PMA recorded in the
mixture of water (good solvent) and ethanol (bad solvent)
demonstrated the AIE-active nature of this polymer (Fig. 2c and
d). Based on blue fluorescent polymer with aggregation-induced
emission enhancement characteristics, highly fluorescent
polymeric hydrogels could be facilely constructed by intro-
ducing PMA into cross-linked polymer network. To simulta-
neously improve mechanical strength, sodium alginate (Alg)
polymer bearing high-density ~-OH and COO™ groups was used
as the hydrogel matrix. Fig. 3a depicts the proposed synthetic
procedure, in which mixed solution of PMA and Alg were first
prepared and then cross-liked by the addition of Ca*>" ions.
During the gelation process, vast hydrogen bonds were formed
between PMA and Alg polymer chains, making PMA evenly and
stably distributed in the hydrogel matrix. Moreover, strong Ca**
coordination crosslinks with the COO™ groups of Alg were also
formed, as evidenced by the characteristic peaks at 351.2 eV (Ca
2p1s,) and 347.0 eV (Ca 2pj),) in the XPS spectra (Fig. 3b). Owing
to the coexistence of hydrogen bonded and metal coordinated
polymer networks, the obtained Ca-Alg/PMA hydrogel proved to

Nanoscale Adv., 2023, 5, 725-732 | 727
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Fig. 3 (a) Scheme showing the preparation of dually cross-linked Ca-Alg/PMA hydrogels with Ca®* coordination and hydrogen bonding
crosslinks. (b) High-resolution XPS fitting spectra of Ca 2p; (c) tensile stress—strain curves; (d) rheology properties of Ca-Alg/PMA, Eu-Alg/PMA
and Tb-Alg/PMA hydrogels at 1% strain; (e) normalized fluorescence spectra of the Eu-Alg/PMA, Tb-Alg/PMA and Ca-Alg/PMA hydrogels; and (f)

high-resolution XPS fitting spectra of Eu 3d.

sustain a fracture strain of ~100% and a moderate stress of
~0.8 MPa (Fig. 3c), which is nearly comparable to that of natural
skeletal muscles (~1 MPa). Additionally, intense blue fluores-
cence was observed for Ca-Alg/PMA hydrogel because of the
formed hydrophobic MP-NI aggregates in the hydrophilic
hydrogel matrix (Fig. 3e). For enriching fluorescence colors and
toughening the mechanical strength of the obtained hydrogels,
Tb-Alg/PMA and Eu-Alg/PMA hydrogels were fabricated via
a similar method (Fig. $51). In these hydrogels, Tb*" and Eu**
ions with stronger coordination capacity than Ca®" were utilized
to crosslink the PMA and Alg polymer chains. SEM images of
the obtained Eu-Alg/PMA and Tb-Alg/PMA hydrogel samples
indicated a porous crosslinking structure (Fig. S6t). As can be
observed from the XPS results shown in Fig. 3f, the peaks of Eu

Eu3*

Ca-Alg/PMA

Fig. 4 Fabrication of multicolor fluorescent patterns on the Ca-Alg/PMA
inks.
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3d;/, and Eu 3ds), shifted toward the lower binding energy. This
result demonstrated that Eu®" shared electron pairs with the
COO™ groups of Alg and pyridine groups of PMA through
lanthanide-ligand coordination interactions in the obtained Eu-
Alg/PMA. Similar XPS results were observed for the Tb-Alg/PMA
hydrogel (Fig. S71). Because of these strong lanthanide coordi-
nation crosslinks, the mechanical strengths of the obtained Tb-
Alg/PMA and Eu-Alg/PMA hydrogels were further enhanced
compared with the Ca-Alg/PMA hydrogel. The results shown in
Fig. 3c revealed that Tb-Alg/PMA and Eu-Alg/PMA hydrogels
could sustain a high stress of more than 1 MPa, which is much
higher than most of the reported fluorescent polymeric hydro-
gels. However, the fracture strain maintained about 70%, which
was lower than Ca-Alg/PMA because of higher lanthanide

hydrogel sheet by using (a) Eu**/Tb®* ions or (b) Tb*>*/Eu®* ions as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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coordination strength. Similarly, Eu-Alg/PMA and Tb-Alg/PMA
hydrogels have higher modulus and toughness than Ca-Alg/
PMA hydrogel, clearly demonstrating the formation of strong
lanthanide coordination crosslinks (Fig. 3d). Moreover, the
luminescence intensities of Tb** and Eu®* ions were remarkably
sensitized by the coordinated COO™~ and methyl picolinate
chromophores via resonance energy transfer (RET). As evi-
denced from the fluorescence spectra in Fig. 3e, additional
green and red emission bands also appeared, respectively. The
fluorescence spectra recorded in the Eu-Alg/PMA gels with
increasing water fraction from 0% to 100% in the ethanol/water
gel matrix suggested the AlE-active nature of Eu-Alg/PMA
hydrogel (Fig. S8). Their UV-vis spectra have also been con-
ducted (Fig. S971).

Having obtained the mechanically strong and multicolor
fluorescent hydrogels, we explored the possibility to produce
multicolor fluorescent patterns, which may find broad appli-
cations in smart displays, information encryption and so on. To
this end, the Tb** or Eu®" ink was brushed on Ca-Alg/PMA
hydrogel sheet, instantly transforming the initially blue fluo-
rescence to green or red color (Fig. 4a, b and S107%). This is
because Th** and Eu** ions with stronger coordination capacity
could break the Ca®* complexes and induce the formation of
more Ca>* complexes and induce the formation of more stable
lanthanide complexes through metal ion replacement. Simi-
larly, various types of multicolor fluorescent patterns could be
facilely written or printed on the Ca-Alg/PMA hydrogel sheet
using Tb** and Eu®" ions as the inks, suggesting many potential
applications.

Conclusions

In conclusion, we demonstrated a robust kind of mechanical
tough and multicolor aggregation-induced emissive alginate
hydrogels based on one specially designed AIE-active MP-NI
monomer containing coordinative methyl picolinate group.
The hydrogel materials were constructed by first copolymerizing
hydrophobic MP-NI moieties into the hydrophilic poly(MP-NI-
co-AAm) chain and then co-gelation of poly(MP-NI-co-AAm) and
alginate solutions through high-density metal (Ca*>*, Tb>" or
Eu®") coordination and hydrogen bonding interactions.
Mechanical toughness of these as-prepared alginate hydrogels
were thus guaranteed by the dually cross-linked polymer
networks. Owing to the spontaneous MP-NI aggregation in
hydrophilic polymer network, the as-prepared Ca-Alg/PMA
hydrogels were highly blue fluorescent. Different from Ca-Alg/
PMA hydrogels, Tb-Alg/PMA and Eu-Alg/PMA hydrogels were
found to display additional green and red emission bands. This
is because Tb*" and Eu®*" luminescence could be sensitized by
the coordinated COO~ and methyl picolinate chromophores
grafted in the hydrogel matrix. Based on the established
multicolor and tough hydrogels, we further demonstrated the
possibility to write arbitrary colorful fluorescent patterns on the
Ca-Alg/PMA hydrogel sheet using Tb*" and Eu®" with stronger
coordination capacity as the inks. Because of their modular
design principle and capacity for fabricating various multicolor
fluorescent patterns, these AlE-active hydrogels are expected to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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find many potential uses in smart display and information
encryption.

Experimental details
Materials

Acrylamide (AAm, =98.0%), potassium carbonate (K,COj3,
=99.0%), ethyl alcohol (EtOH, =99.7%), tetrahydrofuran (THF,
=95.0%), dichloromethane (CH,Cl,, =99.5%) and sodium
hydrogen carbonate (NaHCO3, =99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Sodium alginate
(viscosity 200 + 20 mpa s), anhydrous calcium chloride (CacCl,,
96.0%), anhydrous sodium sulfate (Na,SO,, 99%), methyl 5-
hydroxypyridine-2-carboxylate  (97%), dimethyl sulfoxide
(DMSO), 1,4-dioxane (=99.5%), Eu(NO3)3-6H,O (99.9%),
Tb(NO3);-5H,0 (99.9%) and 2, 2-azo diisobutyronitrile (AIBN,
99%) were obtained from Aladdin Chemistry Co. Ltd. 4-Bromo-
1, 8-naphthalene anhydride (=97%) were gotten from Afaisha
(China) Chemical Co., Ltd. Allylamine hydrochloride was
purchased from TCI (Shanghai) Development Co., Ltd. 2, 2-azo
diisobutyronitrile were used after crystallization.

Synthesis of fluorescent monomer (MP-NI)

4-Bromo-N-allyl-1,8-naphthalimide was previously synthesized
based on a reported method.** Methyl 5-hydroxypyridine-2-
carboxylate (0.3092 g, 2.02 mmol), K,CO;3 (0.828 g, 6 mmol)
and 4-bromo-N-allyl-1,8-naphthalimide (0.632 g, 2 mmol) were
dissolved in 60 mL DMSO in a 250 mL three neck flask under N,
protection. Then, the reaction mixture was continuously stirred
for 12 h at 100 °C. After being cooled to room temperature,
200 mL water was added, and the mixture was then extracted by
CH,CI, for three times to obtain the product solution. Next,
anhydrous sodium sulfate was added to the product solution to
remove the residual water. After removing the organic phase
under a vacuum, the obtained solid was washed with deionized
water to remove the residual reactants. Finally, MP-NI monomer
was obtained as a yellow powder after being dried under
vacuum in 50.95% yield.

Synthesis of linear poly(MP-NI-co-AAm) (PMA) polymer

Under N, atmosphere, AAm (2 g), MP-NI monomer (0.02 g,
1 wt% of the AAm monomer) and AIBN (0.02 g) were dissolved
in 80 mL 1,4-dioxane. After being polymerized at 65 °C for 8 h,
the mixture was added to hexane (150 mL) dropwise to precip-
itate the linear polymer. After being dried under vacuum for 6 h,
PMA was obtained as a white solid.

Preparation of Ca-Alg/PMA, Ca-Alg/PMA, and Ca-Alg/PMA
hydrogels

Sodium alginate (Alg, 4 g) and linear PMA polymer (0.2 g) were
first dissolved in deionized water (100 mL) to obtain a viscous
solution. The 9 g solution was added into the self-made molds
consisting of one quartz glass plate and two 1 mm-thick PDMS
films on it. Then, 8 mL aqueous solution of Ca®*" (0.3 M) was
injected on the top side of the viscous Alg/PMA solution. After

Nanoscale Adv., 2023, 5, 725-732 | 729
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1 h, the Ca-Alg/PMA hydrogel was obtained. Eu-Alg/PMA and Tb-
Alg/PMA hydrogels were obtained using a similar method.

Characterization

"H NMR and *C NMR spectra were recorded on a Bruker
Avance III 400 MHz spectrometer in CDCl;. UV-vis absorption
spectra were measured on a UV-vis spectrophotometer (TU-
1810, Purkinje General Instrument Co., Ltd). Steady-state fluo-
rescence measurements were obtained using a fluorescence
spectrofluorometer (FL3-111) at room temperature. Surface
morphology of the freeze-dried Eu-Alg/PMA hydrogel sample
was performed by field-emission scanning electron microscopy
(SEM, S-4800, Hitachi) with an accelerating voltage of 4.0 kV.
Tensile tests of these hydrogels were conducted on a Zwick Roell
Z1.0 universal material testing machine. The strip samples with
a size of 30 mm x 10 mm x 1 mm with a crosshead distance of
10 mm were stretched at a constant speed (30 mm min™").
Dynamic rheological measurements were characterized by
a stress-controlled rheometer (Physica MCR-301, Anton Paar) to
obtain the frequency sweep (strain = 1%) spectra of hydrogels
with 25 mm parallel plates.
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