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The preparation of multicolor organic room temperature phosphorescence (RTP) materials with flexibility
and second-scale phosphorescence lifetime is highly attractive yet remains extremely challenging. Here,
we synthesize a series of carbazole-functionalized polyacrylamide copolymers P(AM-co-VBC) by free
radical copolymerization, which can show up to 20 s of a bright blue afterglow accompanied by 3.720 s
of the RTP lifetime. After water-dissolution and drying treatments, the bright blue afterglow of W-P(AM-
co-VBCQ) visible to the naked eye is extended to 43 s, while the longest RTP lifetime increases to 4.664 s
due to the self-assembly of carbazole group aggregates inducing an aggregation-induced emission
enhancement effect. Using W-P(AM-co-VBC) as an energy donor and commercially available fluorescent
dyes as energy acceptors, multicolor RTP materials are facilely prepared through a phosphorescence
Forster resonance energy transfer strategy. Notably, flexible multicolor RTP films with high transparency
and long RTP lifetime are conveniently fabricated over large areas by doping the multicolor RTP
materials into sodium alginate matrices with trace amounts of poly(vinyl alcohol) as a regulator.
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Introduction

Organic room temperature phosphorescence (RTP) materials
have attracted significant attention in the fields of sensing,'
data encryption,*® bioimaging,”® and organic light-emitting
diodes.'™ However, the majority of reported organic RTP
materials are currently based on crystalline small molecules.*>**
The drawbacks of small molecule-based RTP materials that
cannot be easily processed and prepared into devices limit their
application scope to some extent, and these limitations provide
impetus for the development of alternative organic RTP mate-
rials. Excitingly, due to their advantages such as low cost, low
toxicity, ease of modification, good processability, and suit-
ability for device fabrication, polymer-based RTP materials have
become another research hotspot.**** The unique long-chain
structure of polymers not only effectively suppresses the
movement of the phosphor molecules, but also mitigates the
quenching effects of environmental oxygen and moisture,
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advanced applications in the fields of information encryption and flexible display.

thereby promoting RTP emission.”?" The selection of the
polymer matrix is crucial for constructing polymer-based RTP
materials. To date, several polymers, including polylactic acid,*
polyacrylamide (PAM),*?* poly(methyl methacrylate),>” poly(-
vinyl alcohol) (PVA),**3° and polyacrylic acid®* have been
adopted as ideal matrices. Doping small organic luminophores
into polymer matrices and covalently bonding small organic
luminophores to polymer chains are the main strategies for
preparing polymer-based RTP materials.***” However, physical
doping systems often suffer from phase separation, which
weakens RTP performance. In contrast, covalent bonding
between small organic molecule luminophores and polymer
chains can form a more stable structure, facilitating efficient
RTP emission. Despite this advantage, the covalent bonding
strategy remains less explored for polymer-based RTP materials
because of the inherent complexity of the synthesis proce-
dures."* To the best of our knowledge, polymer-based RTP
materials with phosphorescence lifetime exceeding 1 s remain
relatively scarce.*>*

Multicolor organic RTP materials have great application
prospects in multicolor display, polychromatic imaging and
anti-counterfeiting.**® Several strategies including designing
the structure of phosphor molecules from different electron
donating/accepting abilities or m-conjugation degrees,*”*®
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regulating molecular arrangement in the crystalline state,*
fabricating multiple phosphorescence emission centers,**** and
controlling the Forster resonance energy transfer (FRET)
process,® have been developed for constructing multicolor RTP
materials. Due to its simplicity and feasibility of the preparation
process, the FRET strategy is particularly advantageous for
preparing polymer-based multicolor RTP materials. The match
between the energy donor and acceptor critically influences the
FRET efficiency, thereby significantly affecting the duration of
afterglow. Wang et al. achieved color-tunable long persistent
luminescence via phosphorescence FRET in three-component
doping PVA systems, using indolocarbazole isomers as energy
donors and commercially fluorescent dyes as acceptors.*® Peng
et al. doped a series of fluorescent emitter guests with varied
emissive colors into PAM-based RTP host materials to achieve
full-color afterglow from blue to red and even white via the
FRET process.> However, despite its potential, the preparation
of multicolor polymer-based RTP materials with ultralong
afterglow time by the FRET strategy remains challenging,
particularly due to the difficulty in optimizing donor-acceptor
pairs and achieving efficient energy transfer.

The reported organic RTP materials including polymer-
based RTP systems are mostly in the form of crystals, powders
or hard flakes, which greatly hinders their flexible applications.
Because some polymers possess inherent flexibility, their use as
matrices for constructing flexible RTP materials has attracted
much attention.>® Ju et al. prepared stretchable PAM hydro-
gels with unique RTP properties by polymerization-induced
crystallization of dopant dibenzo-24-crown-8-ether mole-
cules.”® Wei et al. fabricated a full-color flexible RTP material by
doping different colored PAM-based RTP materials and PVA
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into a polydimethylsiloxane matrix.** Despite the break-
throughs in the research of polymer-based flexible RTP mate-
rials, in-depth development of multicolor and flexible RTP
materials with extremely long afterglow under environmental
conditions is urgently needed due to their vast application
prospects.

Herein, flexible polymer-based multicolor RTP materials
with second-scale phosphorescence lifetime are facilely
prepared over large areas through a convenient doping-coating
method in combination with a phosphorescence FRET strategy.
A series of ultralong RTP materials P(AM-co-VBC) with the
longest bright blue afterglow of 20 s and the longest phospho-
rescent lifetime of 3.720 s are synthesized by radical copoly-
merization of acrylamide (AM) with 9-(4-vinylbenzyl)-9H-
carbazole (VBC). Impressively, after water-dissolution and
drying treatment, the afterglow duration of W-P(AM-co-VBC)
increases to 43 s, accompanied by an unexpectedly extended
RTP lifetime of up to 4.664 s. Multicolor RTP materials are
developed by doping commercially available fluorescent dyes
fluorescein (FL), calcein (CAL), rhodamine 6G (R6G), and sul-
forhodamine B (SRB) as energy acceptors into the W-P(AM-co-
VBC) donor matrix. Interestingly, color-tunable persistent
afterglow emissions from cyan to yellow, pink, and purple with
exciting RTP lifetimes of as high as 3.837, 2.416, 2.452, and
1.993 s are realized through efficient phosphorescence FRET. By
blending ultralong multicolor P(AM-co-VBC)-based RTP mate-
rials into an environmentally friendly natural polymer matrix
sodium alginate (SA) mixed with trace amounts of PVA, colorful
and flexible RTP films with phosphorescence lifetimes of more
than 1 s are successfully fabricated over large areas using
a simple doping-coating-drying process (Scheme 1). Moreover,
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Schematic representation of multicolor RTP materials and flexible multicolor RTP films.
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taking advantage of ultralong afterglow, multicolor, and flexi-
bility, the prepared RTP materials exhibit potential application
value in information encryption and multicolor flexible display.
This work provides an efficient and facile way to guide the large-
area construction of flexible multicolor RTP materials with
ultralong lifetimes.

Results and discussion
Photophysical properties of P(AM-co-VBC)

A novel carbazole-based monomer 9-(4-vinylbenzyl)-9H-carbazole
(VBC) was facilely synthesized at room temperature (Scheme S1),
and characterized by "H-nuclear magnetic resonance (‘"H NMR)
spectroscopy, *>C NMR spectroscopy, and high-resolution mass
spectrometry (HRMS) (Fig. S1-S3). A series of P(AM-co-VBC) with
different AM/VBC feed molar ratios of 100:1,200:1, 300:1,400:
1,500: 1, and 600 : 1 were synthesized by radical copolymerization
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of VBC and acrylamide (AM) (Scheme S2), and the relative
number-average molecular weight and polydispersity index were
determined by gel permeation chromatography (GPC) (Table S1).
The photophysical properties of P(AM-co-VBC) with an AM/VBC
feed molar ratio of 400:1 were first investigated using steady-
state photoluminescence (PL) and phosphorescence spectra
under ambient conditions. The steady-state PL spectrum of P(AM-
co-VBC) exhibits a major emission peak at 371 nm along with
a relatively low peak at 442 nm, whereas the phosphorescence
spectrum shows only one distinct emission peak at 442 nm
(Fig. 1a). It can be inferred that the emission peak at 371 nm
originates from fluorescence, while that at 442 nm corresponds to
phosphorescence. Upon varying the excitation wavelength from
220 to 320 nm, the phosphorescence intensity of P(AM-co-VBC) at
442 nm reaches a maximum at 245 nm, which is therefore
determined as the optimal excitation wavelength (Fig. 1b).
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Fig. 1 Photophysical properties of P(AM-co-VBC). (a) Steady-state PL and phosphorescence spectra of P(AM-co-VBC) with an AM/VBC feed
molar ratio of 400:1 (Aex = 245 nm and delay time = 10 ms). (b) Excitation-phosphorescence mapping of P(AM-co-VBC) with excitation
wavelengths from 220 to 320 nm (delay time = 10 ms). (c) Phosphorescence spectra of P(AM-co-VBC) with different AM/VBC feed molar ratios
(Aex = 245 nm and delay time = 10 ms). (d) Time-resolved decay curves of P(AM-co-VBC) with different AM/VBC feed molar ratios (Aex = 245 nm).
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Under ambient conditions, pure PAM shows negligible RTP
emission with an RTP lifetime of only 2.9 ms (Fig. S4). In
contrast, the P(AM-co-VBC) copolymers exhibit composition-
dependent RTP properties (Fig. 1c and d). Both the phospho-
rescence intensity and lifetime initially increase with the VBC
content, followed by a decrease at higher VBC ratios. P(AM-co-
VBC) with an AM/VBC feed molar ratio of 400 : 1 has the highest
RTP intensity and an exceptionally ultralong RTP lifetime of
3.720 s, accompanied by a considerable RTP quantum yield (QY)
of 10.28% (Table S2). After ceasing 254 nm UV light irradiation,
P(AM-co-VBC) copolymers display bright blue afterglows visible
to the naked eye, with the longest lasting 20 s (Fig. S5 and Video
S1). Among all synthesized copolymers, P(AM-co-VBC) with an
AM/VBC feed molar ratio of 400:1 presents the best RTP
performance (Fig. S6). The excellent RTP properties of P(AM-co-
VBC) may be attributed to the rigid hydrogen-bonding network
between amide groups, which effectively restricts the motion of
carbazole groups and thereby suppresses nonradiative decay.*®

Due to the poor water solubility of the carbazole group, its
amphiphilic copolymers can realize the aggregation of carba-
zole groups through water-induced self-assembly, which trig-
gers aggregation-induced emission enhancement (AIEE).** PAM
and carbazole are both completely soluble in DMSO. However,
P(AM-co-VBC) exhibits only weak fluorescence in its DMSO
solution, whereas it displays extremely strong fluorescence
emission in its aqueous solution (Fig. S7). To investigate its
microstructural changes, we conducted dynamic light scat-
tering (DLS) measurements (Fig. S8). In DMSO, a good solvent
for both PAM and carbazole, P(AM-co-VBC) exhibits a large
average hydrodynamic diameter of 601.3 nm, indicating the
formation of large, potentially disordered aggregates or entan-
gled networks. This state is unfavorable for radiative transitions
of the chromophores, resulting in weak fluorescence. In
contrast, in aqueous solution, the DLS spectrum exhibits a main
peak with an average diameter of 166.2 nm, accompanied by
a minor peak around 9.2 nm. The 166.2 nm nanoparticles
clearly confirm the self-assembly of the copolymer in water,
forming ordered aggregations with hydrophobic carbazole
groups as the core and hydrophilic PAM segments as the shell.
The 9.2 nm component likely corresponds to a small fraction of
unassembled polymer chains. Within the water-induced
aggregations, the hydrophobic carbazole groups are confined
within a rigid, restricted microenvironment. This effectively
suppresses their non-radiative relaxation pathways, triggering
the AIEE effect. The strong fluorescence of P(AM-co-VBC) in
water originates from its water-induced self-assembly,
providing an ideal platform for the AIEE performance of the
carbazole chromophore. A dense polymer stacking can effec-
tively suppress luminophore motion, thereby enhancing RTP
emission.®® Therefore, a series of W-P(AM-co-VBC) with different
AM/VBC feed molar ratios were prepared via water dissolution
followed by drying, aiming to achieve even better RTP perfor-
mance. To our excitement, the phosphorescence intensities of
W-P(AM-co-VBC) obtained from water-dissolution and drying
treatment are substantially increased compared to P(AM-co-
VBC) without water treatment (Fig. 2a and S9). The phospho-
rescence lifetimes and afterglow durations of W-P(AM-co-VBC)
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are all dramatically extended, with the 400:1 AM/VBC ratio
sample achieving the longest RTP lifetime of an astonishing
4.664 s and a bright blue afterglow of up to 43 s (Fig. 2b, ¢ and
Video S2). Furthermore, the phosphorescence QY of W-P(AM-co-
VBC) with the AM/VBC feed molar ratio of 400:1 is as high as
24.63% (Table S3). The enhancement of the superior RTP
properties of W-P(AM-co-VBC) may be attributed to the synergy
between AIEE from the water-induced self-assembly aggrega-
tion of carbazole groups and restriction of molecular motion by
the hydrogen-bonding networks in PAM chains. Following
water treatment, the glass transition temperature (T,) of W-
P(AM-co-VBC) with the AM/VBC feed molar ratio of 400:1
increases from 189.4 °C to 215.6 °C (Fig. S10). This rise is likely
due to water-induced aggregation of the hydrophobic carbazole
groups, which enhances the regular alignment of polymer
chains. Consequently, strengthened intermolecular interac-
tions lead to an elevated T,. Due to the inherently strong
hydrophilicity of the PAM segments, W-P(AM-co-VBC)
undergoes phosphorescence quenching after water vapor
exposure. This is attributed to water molecules disrupting the
hydrogen bond network between polymer chains, thereby soft-
ening its rigid microenvironment. During drying at 120 °C,
water molecules are gradually removed with an extended
treatment time, leading to a corresponding recovery of RTP
performance (Fig. S11). After 25 min of drying, trace water
molecules are largely eliminated, allowing RTP strength to
recover to its initial level. Based on this mechanism, the mate-
rial achieves a “water vapor quenching-heat recovery” switching
cycle. This RTP switching response can be repeated at least six
times, demonstrating excellent reversibility. The recovery effi-
ciency of the RTP intensity exhibits a gradual decline with
repeated cycles. This attenuation is likely due to trace water
molecules remaining within the system in the form of bound
water, which cannot be completely removed under short-
duration heating. The presence of these trace water molecules
disrupts the hydrogen-bonding network among the PAM
chains, thereby impeding the re-establishment of a rigid
microenvironment essential for suppressing non-radiative
decay and, consequently, the full recovery of
phosphorescence.®

To investigate the influence of polymer matrices on RTP
performance, we synthesized three copolymers with distinct
matrices: P(VA-co-VBC), P(VP-co-VBC), and P(MMA-co-VBC).
Only P(VA-co-VBC) exhibits a distinct afterglow of 1 s upon
removal of 254 nm UV irradiation, whereas P(VP-co-VBC) and
P(MMA-co-VBC) show no significant afterglow (Fig. S12). After
water treatment of P(VA-co-VBC) and P(VP-co-VBC), the after-
glow duration of W-P(VA-co-VBC) is remarkably extended to
10 s, while W-P(VP-co-VBC) still displays no afterglow. Consid-
ering that PVA chains are rich in hydroxyl groups capable of
forming dense intermolecular hydrogen bond networks, water
treatment may further optimize this network, resulting in
strong and ordered hydrogen-bonding interactions. Although
PVP can also participate in hydrogen bonding, its molecular
structure may not support the formation of a similarly rigid and
protective network. PMMA lacks strong hydrogen-bonding
capability altogether. Therefore, the significant enhancement

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photophysical properties of W-P(AM-co-VBC). (a) Phosphorescence spectra of W-P(AM-co-VBC) with different AM/VBC feed molar
ratios (Aex = 245 nm and delay time = 10 ms). (b) Time-resolved decay curves of W-P(AM-co-VBC) with different AM/VBC feed molar ratios (Aex =
245 nm). (c) Photographs of W-P(AM-co-VBC) under 254 nm UV light and after ceasing the irradiation.

of afterglow in W-P(VA-co-VBC) also demonstrates that the
synergistic effect of water treatment-triggered hydrogen bond
network strengthening and AIEE contributes to the superior
RTP performance.

Theoretical calculation

To deeply understand the excellent RTP performance of P(AM-
co-VBC), theoretical calculations were performed using isolated
9-benzyl-9H-carbazole (BC) and BC dimer as models. In the
isolated BC, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) electron
densities are localized on the carbazole group (Fig. 3a). As
shown in Fig. 3b and c, the electron clouds of the HOMO and
LUMO are distributed over two molecules in the systems of BC
dimer, and apparent charge transfer (CT) from one carbazole
group to another is observed. The electron cloud aggregation on
the carbazole group and the intermolecular CT both favor the
occurrence of intersystem crossing (ISC) to facilitate RTP

© 2026 The Author(s). Published by the Royal Society of Chemistry

emission. The formation of the molecular dimer is conducive to
the generation of intermolecular CT, which also promotes the
exciton transition from the excited singlet state to the triplet
state.** The HOMO-LUMO energy gaps of two BC dimers are all
reduced compared to the isolated BC. Smaller AEgy (<0.37 €V)
and larger SOC constants (>0.3 cm ') are favorable for
promoting the ISC process to achieve phosphorescence emis-
sion.®® Time-dependent density functional theory (TD-DFT) is
applied to calculate AEgy and SOC constants of isolated BC and
BC dimers (Fig. 3d-f and Table S4). Isolated BC and two BC
dimers all contain multiple triplet states with AEgsy values below
0.37 eV. However, isolated BC has no effective ISC channels
satisfying £(S;-T,,) > 0.3 cm™ ", while the two BC dimers both
have four effective ISC channels. The presence of effective ISC
channels suggests that BC dimers help to promote ISC and thus
extend the phosphorescence lifetime. Meanwhile, the T, states
of the BC dimers exhibit a high degree of (7w, 7*) configuration
characteristics, and therefore the decay rate is relatively slow

Chem. Sci.
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Fig. 3 Theoretical calculation of the isolated BC and BC dimer. The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of (a) isolated BC and (b and c¢) BC dimer. The energy levels of (d) isolated BC and (e and f) BC dimer. The
calculated electrostatic potential (ESP) maps of (g) isolated BC and (h and i) BC dimer.

(Tables S5-S7). The rigid environment, stabilized by stronger
(7t, 70*) interaction between BC molecules and enhanced inter-
molecular interactions, leads to a significantly faster ISC rate
and a slower phosphorescence decay rate, thereby improving
RTP performance.®®” As illustrated in Fig. 3g-i, the isolated BC
and BC dimers all present a dense electron density (the red
region) on the carbazole group, while other parts show a lower
electron density, further indicating the presence of CT in the
excited state of the isolated BC and BC dimers. The intermo-
lecular CT between the dimers contributes to the lowering of the
energy gaps, thereby promoting the ISC process.®® The results
indicate that aggregation facilitates ISC to realize RTP emission,

Chem. Sci.

further demonstrating that the aggregation of carbazole groups
plays a significant role in the superior RTP performance of W-
P(AM-co-VBC).

Color-tunable afterglow through phosphorescence FRET

Benefiting from its broad phosphorescence emission spanning
from 400 to 600 nm and ultralong RTP lifetime, W-P(AM-co-
VBC) with the AM/VBC feed molar ratio of 400 : 1 has potential
as an energy donor for developing color-tunable long afterglow
materials through the phosphorescence FRET strategy. As
shown in Fig. 4a, the UV-vis absorption spectra of the
commercially available fluorescent dyes calcein (CAL),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fluorescein (FL), rhodamine 6G (R6G), and sulforhodamine B
(SRB) exhibit significant overlap with the RTP emission band of
W-P(AM-co-VBC), nicely fulfilling the prerequisite for the
phosphorescence FRET. Therefore, we construct a series of
ternary doping systems using W-P(AM-co-VBC) as the energy
donor and CAL, FL, R6G, and SRB as the acceptors, aiming to
achieve color-tunable long afterglows via phosphorescence
FRET (Fig. 4b).

The phosphorescence FRET of the CAL doped system W-
P(AM-c0-VBC)/CAL is first studied. In contrast to PAM/CAL with
no observable RTP emission peaks, the phosphorescence
spectrum of W-P(AM-co-VBC)/CAL exhibits two delayed emis-
sion peaks at 442 and 554 nm (Fig. S13). The steady-state PL
spectrum of PAM/CAL displays a single peak at 554 nm, which
overlaps well with the phosphorescence peak of W-P(AM-co-
VBC)/CAL. It can be inferred that the phosphorescence FRET
occurs in the W-P(AM-co-VBC)/CAL system with the 442 nm
peak belonging to the phosphorescence of the energy donor W-
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P(AM-co-VBC) and the 554 nm peak originating from the
delayed fluorescence of the energy acceptor CAL. As can be seen
from Fig. 4c, the intensity of the 442 nm emission peak grad-
ually decreases with increasing CAL doping ratio, while the
delayed fluorescence emission peaks originating from CAL
show a tendency of first enhancement and then decrease,
accompanied by an obvious red-shift. At higher CAL doping
ratios, the decrease in intensity and red-shift of the CAL emis-
sion peaks may be attributed to the aggregation of excess CAL.*
Meanwhile, the RTP lifetime at 442 nm decreases mono-
tonically with increasing CAL doping ratio, and the longest
lifetime of the delayed fluorescence from CAL reaches up to
3.837 s (Fig. 4d and e). As the CAL doping ratio increases from
0.11 to 1.98, both the delayed fluorescence QY and the energy
transfer efficiency show significant enhancement, increasing
from 12.60% to 29.63% and from 12.01% to 32.80%, respec-
tively (Table S8). More interestingly, the afterglow color can be
tuned from cyan to yellow-green by precisely adjusting the CAL
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Fig. 4 Color-tunable afterglow through phosphorescence FRET. (a) Phosphorescence spectrum of W-P(AM-co-VBC) with an AM/VBC feed
molar ratio of 400 : 1 and UV-vis absorption spectra of FL, CAL, R6G and SRB. (b) Simplified Jablonski diagram to illustrate the phosphorescence
FRET process. (c) Phosphorescence spectra of W-P(AM-co-VBC)/CAL with different weight ratios (Aex = 245 nm and delayed time = 10 ms).
Time-resolved decay curves of W-P(AM-co-VBC)/CAL at 442 nm (d) and 554 nm (e) (Aex = 245 nm). (f) CIE chromaticity diagram corresponding
to the phosphorescence spectra of W-P(AM-co-VBC), W-P(AM-co-VBC)/CAL, W-P(AM-co-VBC)/FL, W-P(AM-co-VBC)/R6G and W-P(AM-co-
VBC)/SRB with different weight ratios. Photographs of W-P(AM-co-VBC)/CAL (g), W-P(AM-co-VBC)/FL (h), W-P(AM-co-VBC)/R6G (i) and W-
P(AM-co-VBC)/SRB (j) under 254 nm UV light irradiation and after ceasing the irradiation.
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doping content (Fig. 4g and Video S3). The change of the long
afterglow color is also further demonstrated by the progressive
shift in Commission Internationale de I'Eclairage (CIE) coor-
dinates (Fig. 4f). The results unambiguously indicate efficient
phosphorescence FRET in the W-P(AM-co-VBC)/CAL system,
enabling good afterglow color tunability.

Subsequently, a series of doping systems W-P(AM-co-VBC)/FL,
W-P(AM-c0o-VBC)/R6G, and W-P(AM-co-VBC)/SRB were prepared
to study phosphorescence FRET in the case of different energy
acceptors. Similar to the W-P(AM-co-VBC)/CAL system, except for
the phosphorescence peak originating from P(AM-co-VBC), the
phosphorescence spectra of W-P(AM-co-VBC)/FL, W-P(AM-co-
VBC)/R6G and W-P(AM-co-VBC)/SRB all exhibit a strong emis-
sion peak in the 500-700 nm range, which can overlap with the
fluorescence peaks of PAM/FL, PAM/R6G and PAM/SRB, respec-
tively (Fig. S14-S16). The RTP spectra of PAM/FL, PAM/R6G and
PAM/SRB do not show any obvious emission peaks in the 500-
700 nm range under ambient conditions. The emission peaks at
548, 590 and 618 nm in the RTP spectra of W-P(AM-co-VBC)/FL, W-
P(AM-co-VBC)/R6G, and W-P(AM-co-VBC)/SRB are attributed to the

() ‘
Daylight WF 15‘52:;‘ & )
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bending
UV OFF
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Fig. 5 Properties of flexible multicolor RTP films. (

a) Photographs of the flexible SA/PVA/W-P(AM-co-VBC)/FL film under daylight, 254 nm UV
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delayed fluorescence of FL, R6G and SRB, respectively. Therefore,
it can be concluded that the prepared W-P(AM-co-VBC)/FL, W-
P(AM-co-VBC)/R6G, and W-P(AM-co-VBC)/SRB systems are all
capable of achieving delayed long-wavelength fluorescence emis-
sion via phosphorescence FRET. As shown in Fig. S17, the phos-
phorescence emission intensity from W-P(AM-co-VBC) in all three
doping systems decreases progressively with increasing doping
amount of small-molecule fluorescent dyes, while the delayed
fluorescence intensity from small-molecule fluorescent dyes all
initially increases and then declines, accompanied by a red-shift of
the emission peaks. Due to the occurrence of phosphorescence
FRET, the phosphorescence lifetime of W-P(AM-co-VBC) in all
three systems decreases with increasing fluorescent dye doping
content, and the longest delayed fluorescence lifetimes can reach
up to 3.731 s for FL, 3.655 s for R6G, and 2.864 s for SRB (Fig. S18-
S20). The delay fluorescence QYs can surprisingly reach 55.22%,
32.76%, and 46.72% when the doping weight ratios of FL, R6G,
and SRB are 1.06, 1.18, and 1.84, respectively (Tables $9-S11). In
all three systems, the energy transfer efficiency also increases
progressively with the rise in fluorescent dye loading, confirming
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light irradiation and after ceasing the irradiation. (b) Stress—strain curves of SA-based flexible films. (c) Transmittance performance of SA/PVA/W-
P(AM-co-VBC), SA/PVA/W-P(AM-co-VBC)/CAL, SA/PVA/W-P(AM-co-VBC)/FL, SA/PVA/W-P(AM-co-VBC)/R6G and SA/PVA/W-P(AM-co-VBC)/
SRB films. (d) Transparency performance of flexible multicolor RTP films under daylight, 254 nm UV light irradiation and after ceasing the

irradiation.
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Fig. 6 Applications of multicolor RTP materials. (a) Colorful patterns composed of different RTP materials under 254 nm UV light irradiation and
after ceasing the irradiation. (b) Flexible multicolor RTP films with different shapes under 254 nm UV light irradiation and after ceasing the
irradiation. (c) Information encryption applications of multicolor flexible RTP films.

the successful FRET from the phosphorescent donor. Further-
more, by adjusting the doping content of small-molecule fluores-
cent dyes, all three doping systems exhibit multicolor afterglow
tunability, achieving long afterglow color transitions from cyan to
yellow, from blue to rosy red, and from blue to purple, respectively,

© 2026 The Author(s). Published by the Royal Society of Chemistry

under ambient conditions (Fig. 4f, h-j and Videos S4-S6). The
above results demonstrate the feasibility of conveniently con-
structing high-performance multicolor RTP materials through the
phosphorescence FRET strategy using W-P(AM-co-VBC) as
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a universal energy donor and commercial fluorescent dyes as
energy acceptors.

Properties of flexible multicolor RTP films

As a natural polysaccharide extracted from algal organisms,
sodium alginate (SA) has the advantage of being widely avail-
able and biocompatible, and its use aligns with green and
sustainable development. We have previously realized the
transformation of SA films from brittle to flexible by the
modulation of trace polyhydroxy compounds.®” Therefore, SA as
the matrix and trace PVA as the regulator were used to explore
the construction of flexible long-lifetime multicolor RTP films.
As shown in Fig. 5a and S21, large-area multicolor RTP films
from SA/PVA/W-P(AM-co-VBC), SA/PVA/W-P(AM-co-VBC)/CAL,
SA/PVA/W-P(AM-co-VBC)/FL, SA/PVA/W-P(AM-co-VBC)/R6G,
and SA/PVA/W-P(AM-co-VBC)/SRB are prepared by a conve-
nient doping-coating-drying process. All films exhibit excellent
flexibility and can be bent repeatedly without damage. To
evaluate their mechanical robustness for practical applications,
the tensile properties of the flexible multicolor RTP films with
about 20 pm thickness are tested at a stretching rate of 20 mm
min~' under ambient conditions (Fig. 5b). To our excitement,
the fracture strengths of the prepared films all exceed 80 MPa,
with the SA/PVA/W-P(AM-co-VBC)/FL film achieving the highest
value of 110 MPa. Compared with the longer elongation at break
of SA/PVA, the elongation at break of the flexible multicolor film
prepared by doping with RTP materials decrease to a certain
extent, which may be attributed to the increased brittleness
from the incorporation of the rigid multicolor RTP materials.
The tensile stresses of the prepared SA-based flexible RTP films
are higher than those of many previously reported polymer-
based RTP films, indicating their superior mechanical
strength (Fig. S22). The high transmittance of the flexible
multicolor RTP films in the visible region confirms their excel-
lent transparency (Fig. 5c). The transparency of the prepared
flexible multicolor RTP films is further demonstrated through
observation under daylight and 254 nm UV light as well as
afterglow display, and the multicolor afterglows can last for up
to 16 s (Fig. 5d and Video S7). Amazingly, the prepared flexible
multicolor RTP films all have ultralong phosphorescence life-
times of more than 1 s, reaching 4.215, 2.655, 1.905, 1.960, and
2.273 s for SA/PVA/W-P(AM-co-VBC), SA/PVA/W-P(AM-co-VBC)/
CAL, SA/PVA/W-P(AM-co-VBC)/FL, SA/PVA/W-P(AM-co-VBC)/
R6G, and SA/PVA/W-P(AM-co-VBC)/SRB, respectively (Fig. S23).
The prepared SA-based flexible RTP films exhibit superior
phosphorescence lifetime and QY compared to most reported
polymer-based RTP films (Fig. S24). The surface morphology of
the flexible RTP films was characterized by FESEM (Fig. S25).
While pits are present due to water evaporation during drying,
their distribution is homogeneous throughout all films. This
uniform microstructure underlies the consistent performance
of the flexible RTP films. Additionally, the effects of ambient
temperature, humidity, and tensile stress on the phosphores-
cence properties of the prepared films were investigated.
Although phosphorescence typically undergoes thermal
quenching in all flexible films, the SA/PVA/W-P(AM-co-VBC) film
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retains an ultralong phosphorescence lifetime of 380 ms even at
an elevated temperature of 393 K (Fig. S26-S30). Despite the
hydrophilic nature of their components, the phosphorescence
properties of the flexible films show only a slight, humidity-
dependent decrease after 10 min exposure even at a high rela-
tive humidity of 80%, demonstrating moderate moisture resis-
tance (Fig. S31-S35). Even when subjected to a tensile force of
approximately 5 N, the flexible films continue to exhibit a bright
and long afterglow, confirming their mechanical robustness for
practical applications (Fig. S36).

Applications of polymer-based RTP materials

Based on the exceptional properties of the prepared long-
lifetime multicolor RTP materials, their potential applications
in advanced information encryption and multiple flexible
display are demonstrated. We first attempted advanced infor-
mation encryption by drawing patterns on paper using the
multicolored RTP material as ink. As shown in Fig. 6a, an ice
cream pattern is designed by coating the ice cream bucket with
P(AM-co-VBC), two ice cream balls at the bottom with P(AM-co-
VBC)/CAL, and the top ball with P(AM-co-VBC)/R6G. A clear
multicolor ice cream pattern is observed under 254 nm UV light.
After turning off the UV light, the top ice cream ball disappears
within 10 s, while only the bucket's afterglow persists for more
than 20 s, thereby revealing an encrypted pattern (Video S8).
Meanwhile, a rocket pattern is drawn by using P(AM-co-VBC) for
the rocket body, P(AM-co-VBC)/FL for the rocket head and
wings, and P(AM-co-VBC)/SRB for the flame. After turning off
the UV light, the bright multicolor rocket pattern gradually
becomes incomplete. As time progresses, the red flame fades
first, followed by the yellow-green rocket head and wings, and
only the blue rocket body pattern, which is encrypted, remains
visible for over 20 s (Video S9). Furthermore, with a view to
being used for multicolor displays, flexible ribbons cut out from
the large-area flexible multicolor RTP films are assembled into
a colorful lantern that displays bright multicolor afterglows
when the 254 nm UV light is turned off (Fig. 6b and Video S10).
In addition, the prepared large-area flexible multicolor RTP
films can be conveniently tailored into diverse shapes with
different colors as needed, such as birds, balloons, flower
petals, hearts, and leaves, which all display bright colored long
afterglows under ambient conditions (Videos S11-S15). Fig. 6¢
demonstrates information encryption using multicolor RTP
films. Under 254 nm UV light, the films show four identically
shaped patches emitting different colors. After turning off the
UV light, each patch reveals a distinct phosphorescent pattern.
According to the Masonic code, these patterns correspond to
the letters “L” (for pattern @), “0” (@), “V” (®), and “E” (®).
Thus, the decrypted message “LOVE” is disclosed solely by the
afterglow, showcasing a high-level of information concealment.

Conclusions

In summary, we have successfully synthesized bright blue PAM-
based ultralong RTP materials P(AM-co-VBC) by radical binary
copolymerization. After water-dissolution and drying treatment,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the bright blue long afterglow of W-P(AM-co-VBC) extends from
20 to 43 s due to the AIEE effect arising from the self-assembly
aggregation of carbazole groups. The ultralong RTP lifetime of
W-P(AM-c0-VBC) reaches an astonishing 4.664 s with the
phosphorescence QY of up to 24.63%. In addition, the phos-
phorescence FRET strategy is employed to facilely construct
multicolor ultralong RTP materials, using W-P(AM-co-VBC) as
an energy donor and commercially available fluorescent dyes
FL, CAL, R6G, and SRB as energy acceptors. Amazingly, the
constructed multicolor RTP materials show color-tunable
persistent afterglow from cyan to yellow, pink, and purple
with second-scale RTP lifetimes of 3.837, 2.416, 2.452, and
1.993 s, respectively. Using a simple doping-coating-drying
process, flexible multicolor ultralong RTP films are fabricated
over large areas by doping multicolor RTP materials into SA
matrices with trace amounts of PVA as a regulator. Interestingly,
the prepared multicolor RTP films with phosphorescence life-
times of more than 1 s exhibit excellent flexibility and high
transparency. The extraordinary properties make the prepared
multicolor ultralong RTP materials and flexible films promising
for advanced information encryption and multiple flexible
display. This work not only provides guidelines for developing
multicolor RTP materials with second-scale phosphorescence
lifetimes and convenient large-area preparation of flexible
multicolor RTP films, but also expands flexible multicolor RTP
materials to natural polymers.
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