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A B S T R A C T   

Luminescent polymeric gels (LPGs) are promising for wide high-tech applications due to their hydrated state, 
tunable emission and similarity to bio-tissues. However, most LPGs only exhibit visible luminescence below 630 
nm and cannot emit the preferred near-infrared (NIR) luminescence (650 ~ 900 nm). Herein, we report red-to- 
NIR aggregation-induced emissive LPGs based on supramolecular co-assemblies of cationic terpyridine platinum 
(II) luminogen (TPY-Pt) and anionic alginate (Alg) with unexpected large red emission shift (~100 nm). Com
bined analyses of UV–Vis/emission spectra, transmission electron microscopy (TEM), dynamic light scattering 
(DLS), zeta potential results, and density functional theory (DFT) calculations suggested that such large red- 
shifted emission derived from coupling of the dyes’ transition dipole moments in TPY-Pt/Alg co-assemblies. 
Interestingly, red-to-NIR luminescence was well-preserved after TPY-Pt/Alg co-assemblies were physically 
incorporated into crosslinked poly(vinyl alcohol) (PVA) networks. Consequently, PVA organohydrogels and 
hydrogels with red-to-NIR emission bands respectively centered at 698 nm and 708 nm were obtained. After 
further mechanical training to induce anisotropic orientational structures, these PVA organohydrogels were able 
to bear a high stress of 1.4 MPa. They also had pH-responsive emission, self-healing and remolding capacities, 
and biocompatibility. The developed red-to-NIR luminescent organohydrogels with these integrated merits have 
been seldom reported and are expected to find many potential applications.   

1. Introduction 

Luminescent polymeric gels (LPGs) are an important type of lumi
nescent soft matters with crosslinked 3D polymer networks swollen by 
solvent (e.g., water, ethylene glycol, or their mixtures) [1,2]. They can 
thus combine the advantages of luminescent materials and polymeric 
gels, including tunable emission, hydrated state and flexible nature 
[3,4], which makes them have broad applications such as optical sensing 
[5–7], bio-imaging [8], visual electronics [9] and soft actuators/robotics 
[10,11]. Usually, most LPGs are directly prepared by introducing the 
readily available luminogens (e.g., organic luminogens [12–14], metal 
complexes [15,16], luminescent proteins [17] or nanoparticles [18,19]) 

that are soluble in the solvent into crosslinked polymer matrix by the 
approaches of either physical blending or chemical bonding. But LPGs 
can also be obtained from the insoluble luminogens, through pre- 
polymerizing them into soluble polymer chains [20], or pre-designing 
microstructures (e.g., micelles or fibers) that can accomdate them 
[21,22]. Based on these well-established strategies, a large number of 
elegant luminescent gels have been reported and aroused global 
research interests [23,24]. Nevertheless, most of them show short 
emissive wavelengths with primary emission bands below 630 nm. With 
the advances in optical techniques for detecting and imaging, polymeric 
gel materials with low-energy near-infrared (NIR) luminescence (650 ~ 
900 nm) are more preferred owing to less interference from background 
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auto-fluorescence, less light scattering and minimized absorption by 
environment water [25–27]. However, despite many advances in red-to- 
NIR luminogens [28,29], such red-to-NIR luminescent polymeric gels 
are still quite few [30–32] primarily owing to the difficulties of syn
thesis. Specifically, although nearly all red-to-NIR luminogens can be 
physically incorporated into crosslinked polymer matrix to produce the 
corresponding gels, these luminescent molecules usually have large 
conjugated structure and are thus prone to form π-π stacked aggregates, 
which may not only affect their luminescence properties, but also cause 
varying and heterogeneous distribution of these luminogens in the gels. 
Chemical copolymerization is a good approach to ensure the composi
tion and luminescence stability of red-to-NIR luminescent gels, but 
usually requires multistep organic synthetic procedures to introduce 
additional polymerizable groups into the red-to-NIR luminogens. It 
significantly raises the difficulties to obtain red-to-NIR luminescent gels 
and thus largely restricts their intensive studies, especially for the re
searchers with material science or biological backgrounds, who are 
usually not familiar with organic synthesis. 

Supramolecular assembly of common luminogens may be a more 
promising and easier solution to prepare red-to-NIR luminescent gels. As 
is well known, the luminescent dyes are usually brought into close 
proximity in supramolecular assemblies and thus favorable for coupling 

of these dyes’ transition dipole moments [33], possibly leading to 
remarkable red shift in emission to long-wavelength or even the NIR 
range. For example, Wu et al. [34,35] recently copolymerized the hy
drophobic 4′-(N-vinyl benzyl-4-pyridinyl)-2,2′:6′,2′’-terpyridine 
perchlorate (VPTP) chromophore with short unimer emission band 
(~450 nm) into hydrophilic polymer networks to produce a series of 
polymeric gels with low-energy dimer emission band (~570 nm). 
Although emission of such gels still falls far from the NIR range, the 
observed large red-shift emission of supramolecular VPTP assemblies is 
highly inspiring. Furthermore, if the luminogens with aggregation- 
induced emission (AIE) characteristics were employed to form supra
molecular assemblies in polymeric gels [36,37], significantly enhanced 
and red-shifted luminescence would be guaranteed because of the close 
aggregation of these AIE-active molecules in polymer networks. Despite 
the great potential of this supramolecular assembly strategy, it is still a 
challenging task to develop robust AIE-active polymeric gels with the 
preferred red-to-NIR emission. In addition, other features such as self- 
healing, remolding and especially mechanical toughness, are also ex
pected for enhancing the functions of such red-to-NIR luminescent gels. 

Herein, we propose to utilize polymer-induced supramolecular as
sembly of AIE-active (2,2′:6′,2′’-terpyridine) platinum(II) chloride (TPY- 
Pt) luminogen to develop a robust type of red-to-NIR luminescent 

Scheme 1. Schematic illustration indicating the construction of red-to-NIR luminescent supramolecular TPY-Pt/Alg co-assemblies and PVA organohydrogels. (a) 
AIE-active TPY-Pt luminogens were positively charged and spontaneously self-assembled with Alg polymer via electrostatic interactions to form red-to-NIR lumi
nescent TPY-Pt/Alg co-assemblies. (b) Physical incorporation of TPY-Pt/Alg co-assemblies into crosslinked PVA networks led to red-to-NIR luminescent organo
hydrogels whose mechanical strength could be largely enhanced by mechanical training to induce the formation of anisotropic structures. 
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polymeric organohydrogels. As illustrated in Scheme 1a, the TPY-Pt 
luminogen is positively charged and thus readily soluble in water. It is 
nearly non-luminescent in aqueous solution, but emits intense orange 
luminescence with a broad emission band around 595 nm when self- 
aggregated in poor solvent, indicating its typical AIE nature. Upon 
addition of the negatively charged alginate (Alg) polymer into TPY-Pt 
aqueous solution, the intra-molecular motions of TPY-Pt are largely 
restricted owing to its electrostatic interaction with the carboxyl groups 
of Alg chain, resulting in turn-on luminescence response. The close 
proximity of these TPY-Pt dyes around Alg polymer chain is favorable 
for the coupling of the dyes’ transition dipole moments, resulting in an 
unexpectedly large red shift in emission (~93 nm) to the red-to-NIR 
range (Scheme 1a). Interestingly, such intense red-shifted emission is 
capable of being finely retained in crosslinked poly(vinyl alcohol) (PVA) 
networks and even can be reversibly regulated by pH variation. Owing 
to their totally physical crosslinking nature, the obtained organo
hydrogels also have satisfying self-healing and remolding capacities. 
After being subject to mechanical training [38], mechanically tough and 
red-to-NIR luminescent PVA organohydrogels with biocompatibility 
were produced (Scheme 1b). Such multi-functional red-to-NIR lumi
nescent organohydrogels are expected to find wide application poten
tials in fields of luminescence imaging, sensing, secure information 
display and encryption. 

2. Experimental section 

2.1. Materials 

Potassium tetrachloroplatinate (K2PtCl4, 98%), 2,2′:6′,2′′-terpyridine 
(98%), 1799 poly(vinyl alcohol) (1799 PVA, Mw = 44.05, alcoholysis 
degree = 98 ~ 99%), dimethyl sulfoxide (DMSO, >99%), ethylene 
glycol (EG, >99%), ethyl acetate (99%), sodium hydroxide (NaOH, 
97%) and anhydrous sodium acetate (reagent grade) were provided by 
Aladdin Biochemistry Co., Ltd. Sodium alginate (Alg, ≥99.5%) and hy
drochloric acid (HCl, 36 ~ 38%) were commercially provided by Sino
pharm Chemical Reagent Co., Ltd. 

2.2. Synthesis and characterization of (2,2′:6′,2′’-terpyridine) platinum 
(II) chloride complex (TPY-Pt) 

Potassium tetrachloroplatinate (0.372 g, 0.9 mmol) was dissolved in 
7 mL of deionized water, and then 400 μL DMSO and 2,2′:6′,2′′-terpyr
idine (0.208 g, 0.9 mmol) were added successively. The mixture was 
stirred at 110 ◦C (refluxing condition) for about 3 h until the red mixture 
became clear. The clear solution was cooled down to room temperature 
and acidified with four drops of concentrated HCl solution. Then it was 
left overnight for total precipitation of product. After being filtered, 
washed by ethyl acetate and finally dried under vaccum, the orange 
solid was obtained in 90% yield (0.4 g). 

2.3. Preparation of red-to-NIR luminescent organohydrogels 

After totally dissolving PVA in mixed deionized water and EG at 
100 ◦C, aqueous Alg solution and EG solution of TPY-Pt were succes
sively added and thoroughly mixed respectively. Then, stirring was 
stopped to remove air bubbles in the mixture. Subsequently, the mixture 
was cast into self-made molds and cooled down to room temperature. 
Finally, the above system was left in refrigerator at − 20 ◦C for 20 min to 
produce red-to-NIR luminescent organohydrogels. The organohydrogels 
used in this work were prepared with PVA concentration of 108.37 mg/ 
mL, TPY-Pt concentration of 0.2515 mg/mL (cationic concentration 
with 0.5 mM) and Alg concentration of 0.15 mg/mL (carboxylate radical 
concentration with 0.75 mM). The volume ratio of EG and water was 
3:2. 

2.4. Preparation of patterned red-to-NIR luminescent organohydrogels 

Paper stamps were produced by completely soaking patterned filter 
paper in 1 M HCl solution, which were taken out and dried in a 60 ◦C 
oven. They were placed on red-to-NIR luminescent organohydrogels 
with dry surface for 3 min to avoid pattern from being smudged, during 
which pressure was applied to make the pattern printed evenly. 

2.5. Investigation into self-healing property of red-to-NIR luminescent 
organohydrogels 

The original red-to-NIR luminescent organohydrogel samples with 
different shapes were cut into several pieces. In the self-healing exper
iments, the separated gel surfaces were re-contacted and a drop of so
lution (volume ration of EG and water = 3:2) was added on the cut. The 
joint was heated at 90 ◦C under pressure for 2 h and then cooled down to 
room temperature. 

2.6. Investigation into remolding property of red-to-NIR luminescent 
organohydrogels 

The organohydrogel pieces were first melted at 100 ◦C, and then 
poured into new molds. After being cooled at − 20 ◦C for 20 min, red-to- 
NIR luminescent organohydrogels with different shapes were remolded. 
This process could be repeated for at least 5 times. 

2.7. Preparation of anisotropic red-to-NIR luminescent organohydrogels 

The as-prepared red-to-NIR luminescent organohydrogels were 
stretched to 2.3 times of original length at a speed of 1000 mm/min, 
held for 30 s and then unloaded. Such mechanical training process was 
repeated for 20, 50, 100 or 300 times. 

2.8. Characterization 

1H NMR spectrum of TPY-Pt was measured on Bruker Advance AMX 
spectrometer at 400 MHz in D2O. ESI mass spectrum of TPY-Pt was 
recorded on a mass spectrometer (AB Sciex, 4600). Emission spectra, 
luminescence decay curve and average lifetime were recorded by a 
spectrofluorometer (HORIBA, FL3-111) equipped with a xenon (Xe) 
lamp (450 W). Internal quantum efficiencies of the solid TPY-Pt powder 
and red-to-NIR luminescent PVA gels were measured using an inte
grating sphere apparatus by the absolute method on a quantum effi
ciency tester (Otsuka Photal Electronics, QE-2100), and the wavelength 
range of signal reception was from 510 nm to 850 nm. UV–Vis absorp
tion spectra were recorded on a spectrophotometer (Perkin-Elmer, 
Lambda 950). TEM images were acquired by a transmission electron 
microscope (JEOL2100, JEM2100). Dynamic light scattering and zeta 
potential were carried out at Malvern Zetasizer Nano ZS. Confocal im
ages of organohydrogels in wet state were obtained by a confocal laser 
microscope (LEICA, TCS SPS) and the data were collected from 415 nm 
to 705 nm. Images showing self-healing process were taken by a 
polarizing microscope (OLYMPUS, BX51). Rheological property of 
organohydrogels was characterized by a rotational rheometer (TA, HR- 
3). SEM images were acquired by a scanning electron microscope 
(Hitachi, S4800). Mechanical training and mechanical tests of NIR 
luminescent organohydrogels were carried out on a universal testing 
machine (Zwick/Roell Z1.0). All digital photos were taken by a Sony 
camera (IMX 315) on iPhone 7. 

3. Results 

3.1. Red-to-NIR luminescent supramolecular TPY-Pt/Alg co-assemblies 

TPY-Pt was designed as a cationic luminogen by coordinating Pt2+

with terpyridine (TPY) and one Cl− ion (Fig. S1) [39]. Its chemical 
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structure was clearly confirmed by proton (1H) nuclear magnetic reso
nance (NMR), electro spray ionization-mass spectroscopy (ESI-MS) 
(Fig. S2 ~ S3). Solid TPY-Pt luminogen emits at around 630 nm with the 
internal quantum efficiency of 11.53% and average luminescence life
time of 707.4 ns (Fig. S4 ~ S5). The positively charged TPY-Pt is readily 
soluble in deionized water, but insoluble in 1,4-dioxane (Fig. S6). Under 
365 nm UV light, it is nearly non-luminescent in water or water/1,4- 
dioxane mixtures, but begins to emit orange light around 595 nm 
when the content of 1,4-dioxane is above 93 vol% (Fig. 1a-c). With 
increasing 1,4-dioxane content to induce more TPY-Pt aggregates, the 
orange emission intensity rapidly rises and reaches the maximum in 94 
vol% 1,4-dioxane solution. But when the 1,4-dioxane content reaches 
97 vol%, the TPY-Pt aggregates will be large enough to form pre
cipitations in the bottom of cuvette (Fig. S6), resulting in decreasing 
intensity of the suspension. These results clearly indicate the AIE nature 
of the designed TPY-Pt luminogen. No obvious luminescence is observed 
in aqueous solution of TPY-Pt because the excited state of luminogen is 
rapidly quenched by solvent or oxygen through non-radiative deacti
vation [40], while the bright emission appears in the aggregation states 
due to the largely reduced exposure to solvent and oxygen [41]. 

The AIE-active and cationic characteristics of TPY-Pt molecules 
further encouraged us to explore their aggregation along negatively 
charged Alg polymer chain for developing highly luminescent supra
molecular TPY-Pt/Alg co-assemblies. As a comparison, addition of 

negatively charged small-molecule sodium acetate into the TPY-Pt so
lution still exhibited no obvious emission (Fig. S7). Unexpectedly, red- 
to-NIR luminescence, rather than the expected orange emission, was 
immediately observed upon the addition of Alg into aqueous TPY-Pt 
solution (Fig. 1d), as evidenced by appearance of new red-to-NIR 
emission band around 688 nm (Fig. 1e). Compared with the AIE emis
sion band that was expected to appear around 595 nm, a red-shifted 
emission as large as 93 nm was observed. As shown in Fig. 1e, with 
increasing Alg concentration, this new red-to-NIR emission band grad
ually increased and reached the plateau when the molar ratio of nega
tive carboxyl groups in Alg was above 1.5 times that of TPY-Pt. This was 
because increasing Alg amount would result in the formation of more 
supramolecular TPY-Pt/Alg co-assemblies through electrostatic in
teractions. But when the content of Alg was too high (i.e., the molar ratio 
of negative carboxyl groups in Alg was above 2 times that of TPY-Pt), the 
supramolecular TPY-Pt/Alg co-assemblies may decompose, resulting in 
the reduction of emission intensity at 688 nm. Meanwhile, the UV–Vis 
titration spectra revealed noticeable decrease of the absorption peak of 
TPY-Pt at 328 nm and slight increase of the shoulder peak above 350 nm 
(Fig. 1f). Additionally, an obvious Tyndall effect was observed for the 
TPY-Pt/Alg suspension (Fig. S8). All these results suggested the forma
tion of supramolecular TPY-Pt/Alg co-assemblies. Direct evidences for 
the co-assemblies came from TEM image (Fig. 1g) and dynamic light 
scattering result (Fig. 1h), which demonstrated the formation of quasi- 

Fig. 1. Luminescent properties of the TPY-Pt luminogen and supramolecular TPY-Pt/Alg co-assemblies. (a) Photos of TPY-Pt (0.047 mM) in the water/1,4-dioxane 
mixtures, (b) their emission spectra (λex = 365 nm) and (c) emission intensities at 595 nm as a function of the volume content of 1,4-dioxane. (d) Photos of TPY-Pt 
aqueous solution (0.05 mM) with increasing concentration of COO− in Alg polymer, and the corresponding (e) emission spectra (λex = 365 nm) and (f) UV–Vis 
spectra. (g) TEM image and (h) size distribution of the TPY-Pt/Alg co-assemblies in aqueous suspension with 0.01 mM TPY-Pt and 0.015 mM COO− in Alg polymer. 
(i) Relative Gibbs free energies, ΔG, of TPY-Pt in the form of stacked arrangement. All luminescent photos were taken under a 365 nm UV lamp (8 W). 
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sphere TPY-Pt/Alg assemblies with average size of ~ 200 nm in sus
pension. Zeta potential of the suspension was − 7.6 mV (Fig. S9), indi
cating excess anions on the surface of TPY-Pt/Alg assemblies. Also, 
density functional theory calculation results suggested that the stacked 
arrangement of TPY-Pt luminogens had relatively lower Gibbs free en
ergy (Table. S1, Fig. 1i, S10 and S11). On the basis of these results, it was 
reasoned that the red-shifted emission band around 688 nm derived 
from the coupling of the dyes’ transition dipole moments in the supra
molecular TPY-Pt/Alg co-assemblies [33]. 

3.2. Red-to-NIR luminescent PVA organohydrogels 

The intense red-to-NIR emission of supramolecular TPY-Pt/Alg co- 
assemblies further encouraged us to develop the rarely reported red-to- 
NIR luminescent polymeric organohydrogels or hydrogels. As a proof-of- 
concept, PVA was herein chosen as the gel matrix because it was un
charged and expected to have little influence on the stability of TPY-Pt/ 
Alg co-assemblies. In a typical example, the PVA powder was firstly 
dissolved in mixtures of ethylene glycol and water at 100 ◦C, and was 
uniformly mixed with suspension of TPY-Pt/Alg co-assemblies. The 

mixture was then poured into the self-made mold and frozen at − 20 ◦C 
for 20 min to induce the physical crosslinking between PVA polymer 
chains via crystalline domains and hydrogen bonds. During the freezing 
process, there formed strong hydrogen bonds and intermolecular 
interaction between the PVA and Alg molecular chains [42], making the 
luminescent TPY-Pt/Alg co-assemblies evenly and stably distributed in 
the organohydrogel matrix (Fig. S12). As a result, the red-to-NIR lumi
nescence of supramolecular TPY-Pt/Alg co-assemblies was not only 
well-retained in the PVA organohydrogels, but also further red-shifted to 
show an intense red-to-NIR emission band centered at 698 nm (Fig. 2a, 
2c, S13a and S14) with internal quantum efficiency of 2.84%. When 
physically incoporating TPY-Pt/Alg co-assemblies into aqueous PVA 
solution and then subjecting them to five freezing/thawing cycles, red- 
to-NIR luminescent PVA hydrogels were obtained with a primary 
emission band centered at 708 nm (Fig. 2b, S13b and S15) with internal 
quantum efficiency of 1.63%. Note that the preparation of red-to-NIR 
luminescent PVA organohydrogels is much easier than that of PVA 
hydrogels, because EG has smaller chemical polarity than H2O and thus 
is capable of forming vast hydrogen-bonding interactions between PVA 
chains, which facilitates the formation of PVA crystalline domains 

Fig. 2. Construction of red-to-NIR luminescent PVA organohydrogels and their pH-triggered red-to-NIR luminescence response. (a-b) Photos of the prepared red-to- 
NIR luminescent suspensions and gels (thickness: 7 mm). (c) Emission spectra of the obtained organohydrogels before and after being treated by paper stamps soaked 
with 1 M HCl. (d) Schematic illustration of method for pattern printing. (e) Photos of several patterned red-to-NIR emissive organohydrogels (thickness: 0.3 mm) with 
information of different types and complexity. (f) Photos and proposed mechanism of red-to-NIR emissive organohydrogels (thickness: 0.3 mm) successively treated 
by paper stamps soaked in H+ and OH− solutions with equal 0.05 M concentration. All photos were taken under a 365 nm UV lamp (8 W). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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through one simple freezing step instead of repeated freezing/thawing 
cycles [43]. Compared with suspension of TPY-Pt/Alg co-assemblies, 
both the normalized UV–Vis absorption bands (Fig. S16) and NIR 
emission bands of the gels exhibited gently bathochromic shifts, leading 
one to speculate the formation of more compact TPY-Pt/Alg co-assembly 
structures in gel networks caused by stronger coupling of the dyes’ 
transition dipole moments [33]. 

Since the red-to-NIR luminescence of PVA organohydrogels was 
derived from the supramolecular TPY-Pt/Alg co-assemblies stabilized by 
the electrostatic interaction between cationic TPY-Pt luminogens and 
anionic Alg polymer, it was possible to modulate the red-to-NIR lumi
nescence by utilizing H+ to acidify Alg polymer that decomposed the 
supramolecular TPY-Pt/Alg co-assemblies. To prove this, the paper 
stamps soaked with 1 M HCl was carefully placed on the PVA organo
hydrogels for 3 min, during which time H+ had diffused into the gel 
matrix to tranform anionic Alg polymer to protonated alginic acid, 
significantly reducing the intensity of red-to-NIR emission (Fig. 2d). This 
observation was consistent with the recorded emission spectra, which 
showed the disappearance of red-to-NIR emission band around 698 nm 

(Fig. 2c). On the basis of this pH-triggered red-to-NIR luminescence 
response, various luminescent patterns could be easily created on the 
PVA organohydrogels, including English letters “NIR” (Fig. 2e-i), Arabic 
numbers “2023” (Fig. 2e-ii), Chinese character “福” (blessing) and the 
rose painting (Fig. S17). In view of its operational simplicity, more 
complex red-to-NIR luminescent patterns with the twelve Chinese 
zodiac signs were further readily printed by the ion-printing method 
(Fig. 2e-iii). For demonstrating the reversibility of red-to-NIR lumines
cence response, HCl-printed luminescence quenching parts of the PVA 
organohydrogels were re-printed by the paper stamp containing equiv
alent amount of NaOH. As depicted in Fig. 2f, the luminescence was 
quickly recovered. Besides, the luminescence response processes after 
acid/base treatments can be repeated (Fig. S18). These results expanded 
the possibility to produce red-to-NIR luminescent patterns on gel sys
tems, holding great potential for biological sensing or information 
decryption uses. 

Other significant characteristics of the red-to-NIR luminescent PVA 
organohydrogels included the self-healing and remolding properties 
owing to their completely supramolecular crosslinking interactions 

Fig. 3. Self-healing and remolding properties of the red-to-NIR luminescent PVA organohydrogels. (a) Proposed self-healing mechanism of the PVA organohydrogels. 
(b) Microscopic images of the cut before and after self-healing process. (c) Rheological properties of the PVA organohydrogels under alternating strain of 1% and 
300% at a constant frequency of 1 Hz and temperature of 90 ◦C. (d) Photos showing that several organohydrogel slices (thickness: 2 mm) could be healed together to 
form integrated object which can be lifted up. (e) Photos showing that organohydrogel pieces could be remolded as distinct intact gel structures after being heated at 
100 ◦C for a short time (e.g., 2 min) and reshaped at − 20 ◦C for 20 min in the pre-designed molds (thickness: 7 mm). All luminescent photos were taken under a 365 
nm UV lamp (8 W). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 3a). The optical images in Fig. 3b showed that the cut between two 
organohydrogel blocks would disappear after being heated at 90 ◦C for 
2 h, demonstrating its self-healing capability. Rheological tests were 
further examined by applying alternating strain of 1% and 300% at a 
constant frequency of 1 Hz and temperature of 90 ◦C. At higher 300% 
strain, loss modulus (G′′) was larger than storage modulus (G′), indi
cating liquid-like behavior of organohydrogels caused by the disruption 
of dynamic crosslinking networks. At lower 1% strain, G′ was larger than 
G′′ and both of them recovered nearly to the original values, suggesting 
the gel-like behavior due to the reconstruction of supramolecular net
works (Fig. 3c). On this basis, it was demonstrated that several orga
nohydrogel slices could be fully self-healed together to form different- 
shaped integrated objects such as Chinese knot (Fig. 3d), auspicious 
cloud and lantern (Fig. S19). Furthermore, the red-to-NIR luminescent 
organohydrogels also exhibited superb thermoplasticity. Organo
hydrogel pieces were able to be remolded as distinct intact gel structures 
after being heated at 100 ◦C for a short time (e.g., 2 min) and reshaped at 
− 20 ◦C for 20 min in the pre-designed molds (Fig. 3e and S20). Inter
estingly, such remolding process could be repeated for many times 
without affecting the intense red-to-NIR luminescence of the organo
hydrogels. These results indicate that our organohydrogels could be self- 
healed and remolded into different shapes. 

3.3. Anisotropic PVA organohydrogels with red-to-NIR emission 

Owing to the presence of dual crosslinking structures via crystalline 
domains and hydrogen bonds, the as-prepared red-to-NIR luminescent 
organohydrogels with solvent content ~ 90% could bear a moderate 
stress of 0.2 MPa (Fig. 4b), which was still far inferior to that of skeletal 
muscles (~1 MPa) [44]. Biological studies revealed that tough strength 
of natural muscles is largely attributed to the aligned nanofibrils struc
tures, which have seldomly been reproduced in synthetic gels. Inspired 
by this finding, we further proposed a mechanical training strategy (Sch. 
S1) to induce anisotropic orientational structures in the crosslinked PVA 
polymer networks. To this end, the as-prepared red-to-NIR luminescent 
organohydrogels were subject to repeated prestretching for hundred 
times (Fig. 4a, S21 and S22). SEM images of the prestretched 

organohydrogels shown in Fig. 4c and S23 indicated that the crosslinked 
polymer networks indeed became anisotropic and formed orientation 
structures along the prestretching direction. Note that, although the 
polymer networks mostly recovered to the initial random distribution 
elastically after each prestretching experiment, repeated prestretching 
for a large number of times will accumulate enough plastic deformation 
to elongate and preserve the polymer networks along the prestretching 
direction. Consequently, the orientation structure was increasingly 
evident with more prestretching times (from 50 to 300 times). Accord
ingly, mechanical strength of the organohydrogels was gradually 
enhanced with increasing prestretching times and was able to bear a 
high stress of 1.4 MPa after 300-time prestretching operations (Fig. 4b, 
S24 and S25). Besides, biocompatibility of the as-prepared red-to-NIR 
luminescent gels had been demonstrated (Fig. S26 and S27). 

4. Conclusions 

We have reported a robust type of AIE-active supramolecular TPY- 
Pt/Alg co-assemblies with intense red-to-NIR luminescence, followed 
by their physical incorporation into crosslinked PVA polymer networks 
to produce red-to-NIR luminescent polymeric organohydrogels. The 
supramolecular TPY-Pt/Alg co-assemblies were prepared from the self- 
assembly of cationic TPY-Pt luminogens and anionic Alg polymer via 
electrostatic interactions. Owing to the coupling of the dyes’ transition 
dipole moments, unexpected and large red emission shift (~93 nm) was 
observed for the TPY-Pt/Alg aggregates. Importantly, such red-to-NIR 
emission could be well-preserved and further enhanced after physi
cally introducing TPY-Pt/Alg co-assemblies into PVA organohydrogels 
and hydrogels. Additionally, the developed red-to-NIR luminescent 
organohydrogels had good self-healing and remolding abilities. Upon 
further mechanical training, mechanically tough PVA organohydrogels 
with intense red-to-NIR luminescence and biocompatibility were ob
tained, suggesting their possibility to be processed into arbitrary-shaped 
materials suitable for wide potential bio-related uses. Moreover, 
considering the facile preparation of the present system and its modular 
design principle, the proposed strategy is expected to be generally 
applicable for many other luminogens and potentially inspire the future 

Fig. 4. Anisotropic and tough PVA organohydrogels with red-to-NIR emission. (a) Photos of one PVA organohydrogel sheet before (thickness: 2 mm) and after 
(thickness: 1 mm) 300-time mechanical training (prestretching). (b) Tensile stress–strain curves of the PVA organohydrogel samples after prestretching for different 
times (the tensile direction is parallel to the direction of orientation). (c) SEM images of the freeze-dried PVA organohydrogel samples after prestretching for different 
times. All luminescent photos were taken under a 365 nm UV lamp (8 W). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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development of numerous NIR luminescent materials. 
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