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Developing supramolecular network materials with controllable phosphorescence behavior constitutes a

highly active research frontier. Herein, the preparation of a high-efficiency room-temperature

phosphorescence (RTP) supramolecular polymer network (SPN) via the post-polymerization assembly

strategy is reported, through sequential polymerization of naphthalimide pyridinium derivatives and

spontaneous aqueous self-assembly with exfoliated LAPONITEs (LP) nanosheets. Initially, thermally

initiated copolymerization of cationic naphthalimide pyridinium derivatives with acrylamide produces

transparent swollen hydrogels by solvent replacement, exhibiting emergent RTP with a lifetime of

29.1 ms governed by hydrogen-bonding confinement. Subsequent electrostatic integration of negatively

charged LP nanosheets into hydrogels can tightly anchor cationic naphthalimide pyridinium moieties,

thus extending the phosphorescence lifetime to 923 ms by further suppressing the non-radiative

transition of triplet excitons. Crucially, dual spatial confinement—from both interwoven hydrogen-

bonding networks coupled with rigid LP nanosheet architectures—synergistically elevates the RTP

lifetime to 316.0 ms with an excellent phosphorescence quantum yield of up to 67.5% in free-standing

dehydrated SPN films, representing a 340-fold improvement over the pristine hydrogels by

circumventing aqueous-mediated quenching pathways. This hierarchical confinement strategy enables

dynamic information processing and penetrated bioimaging applications, offering a versatile platform for

designing RTP materials with tailorable photophysics.

Introduction

Supramolecular polymer networks (SPNs) mediated by reversible
non-covalent interactions represent an attractive frontier in modern
materials science and biomedical research due to their unique self-
assembly capabilities and stimuli-responsive behaviors.1–5 In parti-
cular, the elegant incorporation of functional luminophores into
SPNs can endow the resultant supramolecular systems with fascinat-
ing photoluminescence properties, which hold tremendous promise
in critical applications including controlled drug release,6,7 chemical
sensors,8–10 light-harvesting systems,11–13 adhesives,14,15 optoe-
lectronic devices,16,17 information encoding,18–20 adsorptive
separation materials,21,22 and so on. Synthetic macrocycles

have played important roles in the construction of fluorescent
SPNs with the aid of host–guest interactions of different
recognition pairs, not only promoting the formation of dense
polymer networks through the tight encapsulation of guest
fluorophores in their intrinsic cavities,23–25 but also inducing
or improving the photoluminescence performance such as high
quantum yields of the guest molecules through spatial confine-
ment effects.26–28 For example, Yang and co-workers reported
highly emissive SPNs with an extremely high fluorescence
quantum yield of up to 98.22% by utilizing the combination
of pillar[5]arene-functionalized copolymers and tetrapheny-
ethylene-based tetratopic guests via supramolecular host–guest
interactions.29 Yan and co-workers also prepared clusterization-
triggered emissive SPNs through pillar[5]arene-grafted poly-
(methyl methacrylate) and merocyanine-containing guest polymers
whose fluorescence could be reversibly regulated by adjusting pH
conditions.30 Liu et al. reported supramolecular hydrogel networks
with multicolor emissions especially white light based on the
orthogonal supramolecular self-sorting recognitions of adamantyl
and sulfonatocalix[4]arene moieties.31 Conclusively, these
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aforementioned studies have offered unique viewpoints for the
creation of new supramolecular matter with favorable fluorescence
performance based on SPNs.

Different from conventional fluorescence from excited singlet
excitons, organic room temperature phosphorescence (RTP) ori-
ginates from the slow radiative transition of triplet excitons and
therefore has the unique characteristics of longer lifetime and
larger Stokes shift,32–34 and is widely utilized in anticoun-
terfeiting,35–38 bioimaging,39–41 information encryption,42–45 and
optoelectronic display applications.46–49 Consequently, the
exploration of SPNs with RTP behavior has become an active
research area, which is of great practical significance for further
expanding their photonic applications. Departing from conven-
tional RTP systems reliant on physically doped luminophores
prone to aggregation-induced quenching and spectral shifts, the
covalently engineered SPNs achieve molecular-level precision via
in situ integration of luminophores during polymerization.50–52

This synthetic strategy eliminates concentration-dependent
optical degradation through spatial control of chromophore
distribution.53–55 Moreover, the hierarchically rigid architecture
further imposes three-dimensional confinement by combining
covalent immobilization of phosphors in optimized geometries,
hydrogen-bond-reinforced chain packing, and oxygen-blocking
nanodomains, collectively suppressing nonradiative relaxation
pathways.56–58 For instance, Ma and co-workers prepared self-
healable near-infrared RTP emitting gels from the polymerization
of ureidopyrimidone moieties and the iodine substituted boro-
ndipyrromethene.59 Yang et al. reported a flexible cross-linked
polymer network from the polycondensation reaction between
multifunctional aromatic amine, a crosslinker and a curing agent,
which showed high phosphorescence quantum efficiency as well
as thermo-responsive phosphorescence behavior.60 Despite signif-
icant progress in the construction of cross-linked RTP networks
being achieved, it is still highly desirable to seek out a facile and
universal method to realize efficient phosphorescent SPNs in both
hydrogel and solid states.

In this study, we report a class of high-efficiency phosphores-
cence naphthalimide pyridinium-based SPNs via a post-
polymerization assembly strategy in aqueous solution (Fig. 1).
Firstly, two different monoalkene-functionalized naphthalimide-
pyridinium derivatives were designed for the one-pot thermally
initiated free-radical copolymerization with acrylamide (AAm),
which can form transparent hydrogels after solvent exchange
with emergent RTP (t = 29.1 ms) by virtue of the hydrogen-
bonding confinement. Moreover, benefiting from the strong
electrostatic interactions, negatively charged LAPONITEs (LP)
nanosheets were further introduced to anchor a cationic
naphthalimide-pyridinium moiety thus endowing the hydrogels
with an improved RTP lifetime of 923 ms. Owing to the coopera-
tive spatial confinement combining persistent hydrogen-bond
networks with rigid LP nanosheet architectures, the RTP lifetime
was ultimately improved to 316.0 ms in freestanding solid SPN
films, which were successfully applied in afterglow patterns for
information encryption and penetrated bioimaging. This study
presents a novel supramolecular paradigm to create RTP SPN
materials through rational hierarchical confinement engineering.

Results and discussion

Two distinct heavy-atom-free, bromo-substituted N-pyridyl-1,8-
naphthalimide derivatives were designed and synthesized
(abbreviated as GH and GBr, respectively). In these compounds,
the nitrogen atom position in the pyridine moiety was function-
alized with vinyl aliphatic chains. The synthesis of the corres-
ponding naphthalimide pyridinium derivatives GH and GBr is
systematically outlined in Scheme S1, with their molecular
structures unequivocally confirmed by comprehensive spectro-
scopic characterization, including 1H NMR spectroscopy, 13C
NMR spectroscopy, and HR-MS (Fig. S1–S6). It was expected
that the monoalkene-functionalized, positively charged pyridi-
nium salt could participate in radical copolymerization with
acrylamide (AAm), followed by electrostatic assembly with
negatively charged LP nanosheets. It has been reported that
the bromine atoms in the N-pyridyl-1,8-naphthalimide deriva-
tive promoted efficient intersystem crossing (ISC) to the triplet
state via the heavy-atom effect, relative to heavy-atom-free
counterpart.61–63 To investigate the co-assembly process of
GBr with LP in aqueous solution, UV-Vis spectroscopy was first
performed. As shown in Fig. 2a, the UV-Vis absorption spec-
trum of GBr initially exhibited a maximum peak at 350 nm.
Upon the gradual addition of LP, this peak red-shifted to
354 nm due to the rigid confinement effect of nanosheets,
and the absorption intensity gradually increased, reaching
saturation at an LP concentration of 6.0 mg mL�1 (Fig. S7).
The photoluminescence (PL) spectrum of free GBr displayed a

Fig. 1 Schematic depiction of the synthesis of phosphorescence SPN
films based on naphthalimide pyridinium derivatives through a post-
polymerization aqueous assembly strategy.
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broad emission peak at 411 nm with a lifetime of 0.55 ns which
belonged to fluorescence emission (Fig. S9a). After LP addition,
the emission peak blue-shifted to 408 nm and the lifetime
increased to 0.92 ns (Fig. S8 and S9b), while an emergent
emission peak was observed at 585 nm/615 nm. Time-gated
spectroscopy also revealed new emission bands at 585 nm and
615 nm upon LP addition, with emission intensities plateauing
at an LP concentration of 6.0 mg mL�1 (Fig. 2a, b and Fig. S10).
As the LP concentration increased, the lifetimes at 585 nm and
615 nm increased from 0.71 ms/0.71 ms to 1.84 ms/1.91 ms,
respectively (Fig. 2c and Fig. S11). These results indicated that
the new peak at 585 nm/615 nm originated from aqueous
phosphorescence emission. Consistent with the PL spectral
changes, a distinct luminescence color change was observed
under UV light, with the solution color shifting from initial blue

to reddish upon assembly with LP (Fig. 2f, inset). The CIE 1976
chromaticity diagram confirmed this color shift, showing coor-
dinate movement from (0.19, 0.15) to (0.27, 0.48) (Fig. 2f). The
emergence of phosphorescence emission could be attributed to
the co-assembly mediated by electrostatic interactions between
positively charged GBr and the complementary negatively
charged LP nanosheets. The confinement effect of the rigid
LP matrix could tightly rigidify the chromophores which was
beneficial for the restriction of the phosphor motion and
reduction of the non-radiative decay pathways thereby inducing
phosphorescence. The synergy between the intramolecular
heavy-atom effect and the LP-based rigidity confinement
enabled effective RTP emission in aqueous solution.

Unlike the GBr-substituted analogue, the co-assembly of GH

with LP produced different photoluminescence behavior in
aqueous solution due to the lack of an intramolecular heavy
atom for the GH derivative. As depicted in Fig. 2d, free GH

exhibited a primary absorption peak at 345 nm in its UV-Vis
spectrum, which almost remained unaltered upon LP addition
(Fig. S12). The PL spectrum of free GH showed a broad fluores-
cence emission peak at 400 nm with a lifetime of 2.26 ns.
Following LP incorporation, this emission peak shifted to a
shorter wavelength at 393 nm, accompanied by a slight lifetime
reduction to 2.06 ns (Fig. S13 and S14). In contrast to the single
emission band at 393 nm observed in the steady-state PL
spectrum of the GHCLP complex, time-gated spectroscopy
(100 ms delay) uncovered additional emission bands at
585 nm and 720 nm. Their intensities reached saturation at
an LP concentration of 1.50 mg mL�1 (Fig. S15). The lifetimes at
585 nm/720 nm of GHCLP assembly increased from 0.088 ms/
2.67 ms to 0.502 ms/4.25 ms, respectively (Fig. 2e and Fig. S16).
However, these lifetimes were significantly shorter than those
observed for GBrCLP assembly, which likely attributable to
lower ISC efficiency in GH, stemming from the absence of
bromine atoms in its molecular structure. Therefore, the GH

solution still maintained a blue emission color under UV
irradiation after assembly with LP, with the CIE 1976 chroma-
ticity coordinates showing a subtle shift from (0.15, 0.32) to
(0.18, 0.24) (Fig. 2f, inset). Although the supramolecular assem-
bly between GH and LP paralleled that of GBr, with both systems
relying on electrostatic interactions combined with LP-induced
rigid confinement to activate aqueous phosphorescence. However,
the absence of bromine atoms in GH decreased its ISC efficiency
relative to GBr, which led to the insufficient RTP emission in
aqueous solution compared with GH under the same ambient
conditions.

After fully characterizing the assembly-induced aqueous
RTP behaviors of cationic GBr/GH and LP, these two naphtha-
limide pyridinium derivatives were further employed as func-
tional monomers to copolymerize with acrylamide (AAm) and
N,N0-methylenebisacrylamide (bisAAm) via free radical poly-
merization, in anticipation of constructing three-dimensional
phosphorescent supramolecular hydrogel networks. The reac-
tion was conducted in a DMSO/H2O (7 : 3, v/v) mixed solvent
system using potassium persulfate as a thermal initiator at
70 1C. After polymerization, the homogeneous solution yielded

Fig. 2 (a) Normalized absorption spectra of GBr and GBrCLP, prompt
photoluminescence spectra of GBr and GBrCLP, and the gated emission
spectrum (delay 100 ms) of GBrCLP in aqueous solution at 298 K ([GBr] =
1.0 � 10�5 M, [LP] = 6.0 mg mL�1, and lex = 350 nm). (b) Phosphorescence
emission spectra (delay 100 ms) of GBr in aqueous solution upon the addition
of 0, 0.08, 0.75, 1.50, 3.00, and 6.00 mg mL�1 LP at 298 K ([GBr] = 1.0 �
10�5 M, lex = 350 nm). (c) Time-resolved photoluminescence decay spectra of
GBr at 585 nm upon the stepwise addition of 0.08, 0.75, 1.50, 3.00, and
6.00 mg mL�1 LP in aqueous solution at 298 K, respectively. (d) Normalized
absorption spectra of GH and GHCLP, prompt photoluminescence spectra of
GH and GHCLP, and the gated emission spectrum (delay 100 ms) of GHCLP in
aqueous solution at 298 K ([GH] = 1.0� 10�5 M, [LP] = 1.50 mg mL�1, and lex =
345 nm). (e) Time-resolved photoluminescence decay spectra of GH at
585 nm upon the stepwise addition of 0.08, 0.75, and 1.50 mg mL�1 LP in
aqueous solution at 298 K, respectively. (f) The CIE 1976 chromaticity diagram
of GBr, GBrCLP, GH, and GHCLP in aqueous solution. Inset: the corresponding
photographic images of (I) GBr and (II) GBrCLP (III) GH and (IV) GHCLP upon
illumination with UV light.
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a uniform gel, which was purified by washing with DMSO and
water several times to remove unreacted monomers. Subse-
quently, the resulting gels were separately immersed in an
excess amount of pure aqueous solution or treated with an LP
aqueous solution for 48 h to reach equilibrium, which finally
produced the GBr/GH gel and GBr/GHCLP gel by a solvent
replacement method, respectively. To screen for the optimal
concentration of the aqueous LP solution, a series of PL
performance tests were conducted on the resulting swollen
hydrogels. Steady-state PL measurements showed an emission
peak at 412 nm for the GBr gel (Fig. 3a). In contrast, the GBrCLP
gel exhibited a red-shifted emission peak at 418 nm (Fig. S17).
Notably, significant differences were observed in their time-
gated emission spectra (delay time = 100 ms). The GBr gel
displayed weak dual emission peaks at 585 nm and 620 nm,
whereas the GBrCLP gel showed strong dual emissions
(Fig. S18). Further time-resolved PL decay analysis confirmed
that the 412 nm emission in the GBr gel corresponded to short-
lived fluorescence with a lifetime of 2.68 ns. The emissions at

585 nm and 620 nm were assigned to emergent phosphores-
cence, exhibiting lifetimes of 29.1 ms and 66.0 ms, respectively.
This newly appeared phosphorescence stemmed from the
effective spatial hydrogen-bonding confinement effect within
the rigid and compact 3D supramolecular polymeric networks.
Similarly, the GBrCLP gel also exhibited nanosecond-scale
fluorescence (t = 3.07 ns) at 418 nm, while its phosphorescence
lifetimes at 585 nm and 620 nm were significantly prolonged to
0.923 ms and 0.892 ms, respectively (Fig. 3b, c and Fig. S19).
These observations indicate that negatively charged LP
nanosheets successfully assembled into the cationic polymer
networks via electrostatic interactions, thereby enhancing the
phosphorescence performance of the GBrCLP gel. Furthermore,
the CIE 1976 chromaticity diagram revealed that the color coordi-
nates of the GBr gel (0.18, 0.18) and GBrCLP gel (0.16, 0.28) are
closely positioned, suggesting the similar emission colors
(Fig. 3d).

For the GH-based hydrogel system, both the GH gel and the
GHCLP gel exhibited a steady-state PL emission peak at 397 nm
(Fig. 3e). However, their delayed spectra showed distinct differ-
ences; no delayed emission was observed for the GH gel, while
the GHCLP gel displayed a weak emission peak at 585 nm
(Fig. 3e and Fig. S20, S21). Lifetime measurements revealed that
the 397 nm emissions for both the GH gel and the GHCLP gel were
short-lived fluorescence, with lifetimes of 2.31 ns and 2.11 ns,
respectively (Fig. 3f). Nevertheless, the GHCLP gel exhibited
microsecond-scale phosphorescence (t = 23.1 ms) at 585 nm,
confirming its long-lived luminescence characteristics (Fig. S22).
The CIE chromaticity diagram further demonstrated nearly over-
lapping color coordinates for the GH gel (0.14, 0.34) and GHCLP
gel (0.16, 0.34), indicating highly consistent emission colors
(Fig. 3d). The GBrCLP gel and GHCLP gel exhibited significantly
weaker emission intensities and phosphorescence lifetimes com-
pared to the GBrCLP and GHCLP assemblies in aqueous solution.
This attenuation is presumably attributed to the insufficient
adsorption of LP nanosheets within the hydrogel matrix, a phe-
nomenon primarily arising from the spatial constraints imposed
by the hydrogel’s intricate three-dimensional network. These
structural limitations hinder the full and effective assembly
between the cationic naphthalimide-pyridinium functional moi-
eties distributed throughout the polymer network and the
negatively charged surfaces of LP nanosheets, thereby impeding
the formation of robust electrostatic and interfacial interactions
that are critical for stabilizing the composite structure. At an LP
aqueous concentration of 5.0 mg mL�1, the swollen hydrogel
exhibited maximal phosphorescence performance; thus, this
concentration was consequently designated for above and subse-
quent experiments. Additionally, in contrast to the GBr gel and GH

gel, the obvious enhancement in phosphorescence performance
particularly the prolonged lifetimes observed in the GBrCLP
gel and GHCLP gel, suggesting that the supramolecular architec-
ture formed between the LP nanosheets and the polymer network
created a relatively rigid microenvironment. This microenviron-
ment effectively suppressed molecular vibrations and non-
radiative relaxation processes, stabilizing the triplet excited state
and thereby significantly improving the phosphorescence

Fig. 3 (a) Normalized prompt photoluminescence spectra of the GBr gel
and GBrCLP gel, and the gated emission spectrum (delay 100 ms) of the GBr

gel and GBrCLP gel at 298 K (lex = 350 nm). Time-resolved photolumi-
nescence decay spectra of the GBr gel at (b) 412 nm (c) 585 nm and the
GBrCLP gel at (b) 418 nm and (c) 585 nm at 298 K. (d) The CIE 1976
chromaticity diagram of the GBr gel, GBrCLP gel, GH gel, and GHCLP gel.
Inset: The corresponding photographic images of the (I) GH gel and (II)
GHCLP gel and (III) GBr gel and (IV) GBrCLP gel upon illumination with UV
light. (e) Normalized prompt photoluminescence spectra of the GH gel and
GHCLP gel, and gated emission spectrum (delay 100 ms) of the GH gel and
GHCLP gel at 298 K (lex = 345 nm). (f) Time-resolved photoluminescence
decay spectra of the GH gel at 397 nm and GHCLP gel at 397 nm at 298 K.
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properties of the hydrogels. This finding provides important
insights for designing novel long-lived luminescent materials
through an eco-friendly post-polymerization assembly strategy.

Subsequently, rheological characterization was conducted to
assess the mechanical properties of these supramolecular
swollen hydrogels. Photographs of completely shrunken and
fully swollen hydrogels are presented in Fig. 4a, b and Fig. S23.
All of the resulting hydrogels were transparent and colorless,
where the prepared hydrogels presented high transparency
under ambient conditions, and the transmittance of hydrogels
in the visible wavelength almost reached 90% (Fig. S24). Com-
pared with GBr/GH gel, the swelling ratio of the GBr/GHCLP gel
was increased from 3.23 and 3.51 to 4.12 and 4.25, respectively,
when they were fully swollen in water. The better swelling
properties of the GBr/GHCLP gel were attributed to the presence
of LP nanosheets which generated strong electrostatic repulsion
between polymer chains due to their negatively charged feature.
Rheology experiments illustrated that the fully swollen hydrogel
had certain mechanical strength. The dynamic strain sweep tests
(fixed angular frequency of 6.28 rad s�1) showed that all hydro-
gels maintained a constant storage modulus (G0) and a loss

modulus (G00) within the strain range of 0.1–3000%, confirming
the structural stability of the physically crosslinked supramole-
cular network. When the strain exceeded the critical value
(GBr gel, g = 4418.3%; GBrCLP gel, g = 4359.4%; GH gel, g =
3456.1%; GHCLP gel, g = 3002.5%) the decline rate of G0 was
significantly faster than that of G00, indicative of the network
collapse (Fig. 4a and b). Notably, the mechanical properties of
the LP-integrated GBrCLP gel and GHCLP were enhanced, with
both G0 and G00 being higher than those of the free GBr gel. The
dynamic frequency sweep curves showed that G0 remained larger
than G00 within the range of tested angular frequency and did not
change obviously with the fixed 1% strain (Fig. S25), implying
the good stability of the hydrogels towards frequency oscillation.
Step-strain tests further verified the excellent structural
reversible recovery properties of the hydrogels (Fig. 4c, d and
Fig. S26, S27), which showed the rapid self-healing capability
after damage and this process could be repeated for several
times. Scanning electron microscopy (SEM) images showed that
the lyophilized GBr gel and GH gel exhibited typical three-
dimensional porous network structures (Fig. S28 and S29), while
a number of lamellar sheets with poriferous structures were
observed for GBrCLP gel and GHCLP gel, suggesting the retention
of the sheet-like structure of LP in the hydrogel (Fig. 4e and f).
These results jointly confirmed the successful integration of
negatively charged LP nanosheets into cationic polymer hydrogel
networks through electrostatic interactions, which resulted in the
better swelling properties and improved mechanical strength for
the GBrCLP gel and GHCLP gel.

Although LP-integrated GBrCLP and GHCLP hydrogels
exhibited improved RTP compared to GBr and GH hydrogels,
attributable to the synergistic dual hydrogen-bond cross-
linking network and non-covalent assembly confinements, they
remained susceptible to quenching of triplet excitons by high
concentrations of water molecules. This further led us to
investigate whether slow drying hydrogels to form homoge-
neous films could enhance their intrinsic phosphorescence
performance. The free-standing films were conveniently
obtained by drying the hydrogels to fully remove any moisture.
SEM images revealed a flat and smooth film interface for all
films, signifying the formation of a highly uniform and com-
pact structure (Fig. 5a and b, inset and Fig. S30 and S31). These
observations prompted us to perform an in-depth investigation
into their luminescence properties. Both the GBr film and the
GBrCLP film showed two distinct emission bands at about
398 nm and 575 nm in steady-state PL spectra, but the PL
intensity of the GBrCLP film was significantly enhanced in
comparison to the GBr film (Fig. 5a, b and Fig. S32). Time-
resolved PL decay analyses further confirmed that the lifetimes
at 398 nm for both the GBr film and the GBrCLP film were 1.82
ns and 2.74 ns at a nanosecond-scale, respectively (Fig. 5f and
Fig. S33), which suggested that the emissions at 398 nm were
attributed to short-lived fluorescence. Time-gated emission
spectra (delay time = 100 ms) unveiled differences in long-
lived luminescence: the GBr film exhibited dual phosphores-
cence peaks at 575 nm and 610 nm, whereas the GBrCLP film,
despite similar peak positions, showed significantly prolonged

Fig. 4 (a) Dynamic strain sweep curves at g = 0.1–10 000% with fixed o =
6.28 rad s�1 at 298 K (red, GBr gel; black, GBrCLP gel). Inset: Photographs of
the initially prepared gel, swollen GBrCLP gel, and dried GBrCLP gel,
respectively. (b) Dynamic strain sweep curves at g = 0.1–10 000% with fixed
o = 6.28 rad s�1 at 298 K (red, GH gel; black, GHCLP gel). Inset: Photographs
of the initially prepared gel, swollen GHCLP gel, and dried GHCLP gel,
respectively. (c) Continuous step strain curves of the GBrCLP gel at g = 1 and
100% with fixed o = 6.28 rad s�1 at 298 K. (d) Continuous step strain curves
of the GHCLP gel at g = 1 and 100% with fixed o = 6.28 rad s�1 at 298 K.
Scanning electron microscopy (SEM) images of the lyophilized (e) GBrCLP
gel and (f) GHCLP gel.

Materials Chemistry Frontiers Research Article

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/2
3/

20
26

 7
:2

0:
43

 P
M

. 
View Article Online

https://doi.org/10.1039/d5qm00579e


3144 |  Mater. Chem. Front., 2025, 9, 3139–3148 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

phosphorescence lifetimes (increasing from 5.19/5.26 ms to
6.52/6.38 ms) and improved phosphorescence intensities
(increasing 2.5 times) (Fig. 5c and Fig. S34, S35). It was noted that
the GBrCLP film presented an extraordinary phosphorescence
quantum yield of up to 67.5% under ambient conditions
(Fig. S36). CIE 1976 chromaticity coordinates showed that the PL
coordinates of the GBr film were (0.29, 0.53), with phosphorescence
coordinates of (0.30, 0.55), appearing orange-red color under UV
light and exhibiting a slight shift in afterglow upon UV cutoff
(Fig. S37). In contrast, the GBrCLP film had PL coordinates of
(0.28, 0.52) and phosphorescence coordinates of (0.30, 0.55),
emitting orange-red light under UV irradiation and transitioning
to yellow afterglow upon UV removal (Fig. 5e). Therefore, it can be
inferred that, LP as a layered nanoclay possessing hydroxyl-rich
surfaces, could serve as hydrogen-bonding sites after dehydration,
mediating extensive networks between organic phosphorescent
molecules and polyacrylamide chains, thus suppressing nonradia-
tive decay and improving their phosphorescence performance.

Analogously, both the GH film and the GHCLP film dis-
played fluorescence peaks at 398 nm with nanosecond-scale
lifetimes (t = 2.40/2.32 ns) (Fig. 5f and Fig. S33), whereas their
delayed spectra featured phosphorescence peaks at 550 nm and
596 nm (Fig. 5b and Fig. S38–S39). Notably, the phosphores-
cence lifetimes of the GHCLP film (316.0 ms/313.8 ms) were
significantly prolonged compared to those of the GH film
(266.0/258.8 ms) (Fig. 5d and Fig. S40). The phosphorescence
quantum yield of the GHCLP film was determined to be 18.0%
under ambient conditions (Fig. S41). In terms of CIE coordinates,
the GH film had PL coordinates of (0.21, 0.28) and phosphores-
cence coordinates of (0.25, 0.55) (Fig. S37), appearing blue under
UV excitation and transitioning to yellow afterglow after UV
removal; the GHCLP film showed a similar trend, with PL
coordinates of (0.21, 0.29) and phosphorescence coordinates of
(0.25, 0.55) (Fig. 5e). These results demonstrated that the enhanced
structural density and rigidity by forming free-standing films as
well as the introduction of LP nanosheets could effectively sup-
press non-radiative transitions and mitigated quenching induced
by the surrounding environment, therefore resulting in the

Fig. 5 (a) Normalized prompt photoluminescence spectra of the GBr film
and GBrCLP film, and the gated emission spectrum (delay 100 ms) of the
GBr film and GBrCLP film at 298 K (lex = 350 nm). Inset: SEM image of the
GBrCLP film. The scale bar is 30 mm. (b) Normalized prompt photolumi-
nescence spectra of the GH film and GHCLP film, and the gated emission
spectrum (delay 100 ms) of the GH film and GHCLP film at 298 K (lex =
345 nm). Inset: SEM image of the GHCLP film. The scale bar is 30 mm.
(c)Time-resolved photoluminescence decay spectra of the GBr film and
GBrCLP film at 575 nm at 298 K. (d) Time-resolved photoluminescence
decay spectra of the GH film and GHCLP film at 550 nm at 298 K. (e) The CIE
1976 chromaticity diagram of the GBrCLP film and GHCLP film. Inset:
Photographs of the luminescence of the (I) GBrCLP film and (II) GHCLP film
before and after switching off UV light. (f) Time-resolved photoluminescence
decay spectra of the GBrCLP film and GHCLP film at 398 nm at 298 K.

Fig. 6 (a) Afterglow patterns prepared using the (I) GBrCLP film and (II)
GHCLP film. (b) Schematic illustration of the information data processing
based on the GHCLP film. (c) Afterglow display of different UV moving
paths (lex = 365 nm). (d) The photographs captured behind a piece of the
skin from a (I) chicken (thickness: 0.8 mm) or (II) pork (thickness: 1.2 mm)
(scale bar = 1 cm).
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stabilization of triplet excitons for efficient RTP emission via
synergistically covalent and non-covalent confinement effects.

Given the excellent RTP properties of SPN films, their
applications in information data processing and bioimaging of
penetrating a piece of skin were further investigated. Specifically,
irradiation of a GBrCLP film through a pineapple-shaped photo-
mask with 365 nm UV light produced a corresponding pineapple
pattern exhibiting pale yellow afterglow upon UV removal, while
irradiation of a GHCLP film through an apple-shaped photomask
yielded an apple pattern with yellow afterglow (Fig. 6a). This
enabled on-demand customization of phosphorescent patterns
through varied photomask designs. Furthermore, leveraging the
reversible water-quenching characteristic of the phosphorescence,
water served as ‘‘ink’’ for rewritable encryption; writing the letter
‘‘V’’ on a GHCLP film created a quenched region that contrasted
sharply with the surrounding phosphorescence, with the informa-
tion erasable and afterglow recoverable via thermal treatment
(Fig. 6b). However, the letter ‘‘V’’ on the GHCLP film was very
difficult to identify under UV light. The material also enabled
dynamic light-path tracking: scanning with a mobile 365 nm UV
source resulted in time-dependent afterglow intensity, where
previously irradiated points showed weaker emission and later
points exhibited stronger emission, clearly visualizing the light
path A and B (Fig. 6c). In addition, both chicken and pork skin
exhibited blue autofluorescence under UV light; however, upon
lamp extinction, a persistent orange afterglow from the GHCLP
film can be clearly seen through the tissue, demonstrating its
effectiveness in eliminating tissue autofluorescence and back-
ground fluorescence interference (Fig. 6d). These functionalities
collectively highlight the significant potential of SPN films in
rewritable information storage, dynamic optical recording, and
deep-tissue penetrated bioimaging.

Conclusions

In conclusion, we have constructed an efficient dual-
confinement room-temperature phosphorescence (RTP) supra-
molecular polymer network (SPN) via a post-polymerization
assembly strategy. The SPN systems were based on the copoly-
merization of naphthalimide pyridinium derivatives with acryla-
mide, followed by the electrostatic incorporation of exfoliated LP
nanosheets, enabling hierarchical confinement regulation from
hydrogels to freestanding films. The results demonstrated that
the synergistic effect of hydrogen-bonding networks and rigid LP
sheet architectures significantly suppressed non-radiative transi-
tions of triplet excitons, extending the phosphorescence lifetime
from initial 29.1 ms in the hydrogel state to 316.0 ms in
dehydrated films with an extraordinary phosphorescence quan-
tum yield of up to 67.5%. With these high-performance SPN
systems, multifunctional dynamic information data processing
and bioimaging of penetrating a piece of skin by employing the
organic afterglow are successfully achieved. The proposed dual-
confinement SPN fabricated by an eco-friendly and controllable
method provides an alternative direction for designing high-
efficiency supramolecular RTP materials.
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