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Programmable Wavelength- and Time-Dependent Multicolor 
Afterglow in Polyvinyl Alcohol via Synergistic Ion-Bridging and 
Crosslinking Interactions
Shukang Yang,a Ying Lv,a Guorui Zhai,a Xiaohui Yu,b Jinmei Du,a Yang Jiang,a Dagang Miao,a Guowei 
Xiao,a* Changhai Xua*

Time-dependent multicolor afterglow (TDMA) introduces a temporal dimension to optical encoding, enabling dynamically 
distinguishable visual outputs beyond the capability of static emission or single-color persistent luminescence. Nevertheless, 
the rational construction of TDMA systems remains highly challenging. Because it requires the simultaneous generation and 
precise regulation of multiple long-lived emissive states within one material. Herein, we propose a strategy of introducing 
ion-bridging interactions into a covalently crosslinked monochromatic persistent luminescence system. The ion-induced 
interactions partially reorganize the original covalent/hydrogen-bonding network and generate new rigid 
microenvironments, these Na+-associated microdomains, together with the pre-existing crosslinked domains, cooperatively 
generate emissive centers to form dynamic phosphorescent polymer. As a result, the initially static single-color afterglow 
evolves into wavelength- and time-dependent dynamic multicolor afterglow maintaining an ultralong RTP lifetime of 1.06 s. 
Notably, by tuning the excitation wavelengths within a narrow 15 nm window (385-400 nm), the afterglow can be modulated 
over more than 100 nm (460-563 nm), affording a distinct color evolution from yellow-green to cyan to blue. This work 
provides a practical framework for achieving wavelength/time regulation of dynamic multicolor afterglow in host–guest 
systems and offers a visual platform for accurate energy discrimination, with promising potential in multilevel information 
encryption and optoelectronic applications.

Introduction 
The rapid advancement of information technology has led to 

an exponential surge in the volume of information, making it 
increasingly challenging to discern its authenticity and 
accuracy.1-3 As the cornerstone for driving the iterative 
upgrading of information encryption technologies, advanced 
intelligent information encryption materials urgently require 
further development. In the realm of photo-functional 
materials, the relentless pursuit of advanced information 
security and photonic technologies has driven the evolution of 
luminescent materials from static emitters to dynamic, multi-
dimensional systems.4, 5 Particularly, luminescent materials 
represented by organic room-temperature phosphorescence 
(RTP) materials have become a research hotspot in the field of 
optoelectronic materials owing to their notable advantages 
such as high design flexibility in molecular structure, excellent 
mechanical flexibility, and outstanding biocompatibility.6, 7 
Among these, materials exhibiting TDMA have emerged as a 
particularly compelling class.8, 9 These materials display visually 
distinguishable color evolution after removal of the excitation 
source, can introduce a temporal dimension into optical 

readout and thus significantly enhance the level of information 
encryption, anti-counterfeiting, and dynamic display.10, 11, 12

Current TDMA strategies generally rely on constructing 
multiple phosphorescent centers with distinct emission 
energies and decay kinetics in a single system.13, 14 Early 
examples were mainly based on the physical mixture of 
inorganic phosphors containing rare earth, although effective in 
producing multicolor afterglow, such systems often suffer from 
phase separation, uncontrolled energy transfer, and poor 
processability.15-17 Organic RTP systems have emerged as 
promising alternatives owing to their structural tunability and 
molecular-level designability.18 At the single-molecule level, 
conformational engineering has enabled intrinsic dual long-
lived emission and time-dependent color evolution. For 
instance, Zhu et al. realized red-to-green afterglow conversion 
by integrating flexible C-S-C rotors into a rigid aromatic 
framework, where different conformers generated emissive 
states with distinct lifetimes.19, 20 Chi et al. achieved TDMA by 
coupling thermally activated delayed fluorescence (TADF) and 
RTP within one molecular system.11 However, in such a system, 
a tightly bound singlet-triplet energy gap (ΔEST) is needed to 
couple TADF from the excited single state (S1) with RTP from the 
excited triplet state (T1), leaving limited freedom for spectral or 
kinetic modulation.21, 22 Beyond single-component systems, 
crystal engineering,23 polymerization,24-26 host-guest doping 
and matrix engineering27 have also been reported to construct 
the TDMA materials. In particular, the rational design and 
precise modulation of organic host–guest systems offer 
significant potential for realizing TDMA properties.6, 24, 28 
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As a common water-soluble polymer, poly(vinyl alcohol) 
(PVA) contains a large number of hydroxyl groups (-OH) in its 
molecular chain, which can form stable composite systems with 
guest luminescent molecules through hydrogen bonding or 
covalent bonding. In addition, PVA-based films possess good 
flexibility and transparency, facilitating subsequent processing 
and application, and have been widely used to construct flexible 
RTP materials.29-31 Among the color regulation strategies of 
organic RTP materials, metal ion regulation has attracted much 
attention due to its simplicity and significant regulation effect.32, 

33 Existing studies mainly focus on transition metal ions (such as 
Cd2+, Zn2+) changing the electronic configuration and excited-
state energy levels of guest molecules through coordination, 
thereby realizing color regulation.26, 32 In contrast, alkali metal 
ions (such as Na+, K+) have not been fully developed in RTP 
regulation due to their small ionic radius, moderate charge 
density, wide availability, and low cost. Previous studies have 
shown that alkali metal ions can affect the stacking state and 
excited-state dynamics of guest molecules through ion-dipole 
interactions,34-36 but their application in RTP modulation of 
polymer materials, especially by regulating the triplet energy 
levels to achieve color control, is still scarce. In addition, the 
color regulation of most polymer-based RTP materials relies on 
complex molecular design or harsh preparation conditions, 

which are difficult to meet the requirements of large-scale 
applications.37-39 Therefore, developing color-tunable RTP 
materials based on simple blending and low-cost regulators is 
of great practical significance.40-42

Herein, we adopt a salt-induced network-reorganization 
strategy to realize wavelength- and time-dependent multicolor 
afterglow in a PVA-based host-guest system. We soaked the 
PVA polymer solutions in the NaCl solutions, Cl- can polarize the 
hydration water molecules via the Hofmeister effect, which 
break hydrogen bond between the hydroxyl groups, hydroxyl 
oxygen further binds to 4-(bis(4-
methoxyphenyl)amino)phenylboronic acid (4-omPA) through 
Na+-bridging interactions, breaking the original covalent 
crosslinking system PVA/4-omPA and constructing new multiple 
triplet states, thereby obtaining a multi-channel dynamic color 
adjustable afterglow from yellow green to blue and cyan to blue 
under different excitations, and finally to blue within the 
polymer matrix (Fig. 1 and S1). In contrast, PVA/4-omPA with 
only covalent crosslinking and hydrogen bonding does not 
possess such tunability. This study provides a new idea for the 
development of multifunctional and low-cost flexible RTP 
materials, and the prepared color-tunable RTP films have 
potential applications in flexible displays, information anti-
counterfeiting, and other fields.

Fig. 1 Schematic representation of the synthesis of PVA/4-omPA and PVA/4-omPA@Na+, and their corresponding afterglow images after 
turning off the 365 nm and 395 nm UV lamp.

Results and discussion
Photophysical Properties

The photophysical properties of 4-omPA, the optimized 
PVA/4-omPA and PVA/4-omPA@Na+ films were studied via 
photoluminescence (PL) spectroscopy under both prompt and 

delayed (acquired after 1 ms of excitation) modes. For 4-omPA, 
under 365 nm excitation, the powder exhibits blue fluorescence 
(FL) at 450 nm. After removing the excitation, the 
phosphorescence intensity of 4-omPA is weak and no 
phosphorescence emission is observed (Fig. S2). For PVA/4-
omPA, the film shows blue FL at 450 nm under 365 nm 
excitation (Fig. S3a), after removing the excitation, the PVA/4-
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omPA film shows only a long-lived blue afterglow. The delayed 
PL mapping spectra indicates the phosphorescence emission 
peaks consistently appear within the 460-465 nm by increasing 
the excitation wavelengths from 280 nm to 395 nm (Fig. 2a). 
This behavior is consistent with the corresponding Commission 
Internationale de l'Eclairage (CIE) coordinates, which remain in 
the blue region irrespective of excitation wavelength, indicating 
that PVA/4-omPA behaves as a monochromatic RTP system (Fig. 
2b and Table S2). The observed behavior originates from the 
cooperative covalent crosslinking and hydrogen bonding 
between PVA and 4-omPA, which rigidifies the matrix and 
suppresses molecular motion, thereby stabilizing a single triplet 
emissive state in PVA/4-omPA. Meanwhile, the N/O/B-
containing framework favors n-π* orbital mixing and promotes 

intersystem crossing, enabling efficient population of long-lived 
triplet states with a lifetime of up to 1.38 s (Fig. 2c and Table 
S1). For PVA/4-omPA@Na+, the fluorescence of the film 
remains blue emission (Fig. S3b). In contrast to the single 
phosphorescence emission peak observed in PVA/4-omPA, the 
delayed PL spectra of PVA/4-omPA@Na+ exhibit new emission 
peaks at 460 nm, 530 nm and 563 nm (Fig. 2d). After removing 
the 365 nm and395 nm UV lamp, the phosphorescent emissions 
show cyan and yellow emission, respectively, exhibiting 
excitation wavelength-dependent afterglow (Fig. 2e and Table 
S3). The decay curves of PVA/4-omPA@Na+ for the two 
emissions exhibit 1.06 s and 0.794 s at 460 nm and 530 nm, 
respectively (Fig. 2f).

Fig. 2 Photophysical properties of 4-omPA-doped materials under ambient conditions. (a) Excitation-phosphorescence mapping of PVA/4-
omPA under ambient conditions. (b) CIE coordinate diagram of PVA/4-omPA by changing the excitation wavelengths. (c) Time-resolved decay 
profiles at 460 nm. (d) Excitation-phosphorescence mapping of PVA/4-omPA@Na+ under ambient conditions. (e) CIE coordinate diagram of 
PVA/4-omPA@Na⁺ by changing the excitation wavelengths. (f) Time-resolved decay profiles at 460 nm and 530 nm. 

To deeply investigate the dependence of dual emission peaks on 
excitation wavelength, phosphorescence spectra were recorded 
across excitation wavelengths ranging from 280 to 400 nm. Under 
excitation wavelengths between 280 and 385 nm, the emission peak 
at 460 nm exhibited strong intensity, whereas the emission peaks at 
530 nm and 563 nm were comparatively weak (Fig. S4). As the 
excitation wavelengths is increased to 390-395 nm, however, the 
relative intensities are reversed and the 530 nm emission becomes 
predominant, while the 460 nm band is markedly attenuated (Fig. 
2d). The PVA/4-omPA@Na+ films can be excited by a narrow 
wavelength range from 385 nm to 395 nm, and shows its sensitivity 
to energy. More interestingly, PVA/4-omPA@Na+ film not only 
exhibits excitation wavelength-dependent afterglow but also shows 
dynamic color evolution over time. After the UV lamp is removed, 
the afterglow evolves from bright cyan to blue under 365 nm 
excitation and from yellow-green to cyan to blue under 395 nm 

excitation, with the dynamic process remaining visible for up to 30 s 
under ambient conditions (Fig. 1).

TDMA of PVA/4-omPA@Na+ Film

To investigate the dynamic evolution characteristics of afterglow 
in PVA/4-omPA@Na+, the time-resolved delay spectra confirm the 
TDMA evolution from cyan to blue and yellow-green to blue in the 
PVA/4-omPA@Na+ films under 365 nm and 395 nm excitation, 
respectively (Fig. 3). Under 395 nm excitation, at a delay time of 0.5 
s, the main emission peaks are observed at 460 and 530 nm, 
displaying a yellow-green phosphorescent color due to the 
combination of yellow and blue light. As the delay time continued to 
increase, the relative intensity at 460 nm further increased, and the 
phosphorescent color shifted toward blue. At a delay time of 2 s, 
displaying a cyan mixed phosphorescent color due to the comparable 
intensity of yellow and blue light. When the decay time reaches to 5 
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s, only a blue 460 nm phosphorescence peak is displayed, exhibiting 
a blue phosphorescence color (Fig. 3a and 3c). The phosphorescence 
lifetime at 530 nm (green emission) is relatively shorter (0.79 s), 
whereas the lifetime at 460 nm (blue emission) is longer (1.06 s) (Fig. 
2f). Thus, yellow-green phosphorescence emission initially 
dominates but quickly decays. Over time, the intensity of the blue 
phosphorescence surpasses that of the yellow emission leading to a 
significant yellow-green to blue TDMA. This results in a wavelength 
shift of up to 70 nm, consistent with the color change path in the 
corresponding CIE chromaticity diagram (Fig. 3b and Table S4). Under 
365 nm excitation, the phenomenon of TDMA was also observed in 
the PVA/4-omPA@Na+ films, and its time-resolved delay spectra 
showed a significant color change in the afterglow color from cyan to 
blue as the delay time increased from 0.5 s to 5 s (Fig. 3d, 3e, 3f and 
Table S5).

Importantly, the introduction of NaCl did not reconstruct the main 
chromophore itself, but further reshaped the local electronic 
environment and network rigidity through ion-bridging interactions 
between Na+ and oxygen-rich sites. This reorganization generates 
the formation of multiple distinct microenvironments and 
subsequently generating different triplet energy levels. Different 
excitation wavelengths can preferentially excite energy matched 
excited states, and based on the decay rates of different lifetimes, 
PVA/4-omPA@Na+ exhibits significant excitation wavelength-
dependent multicolor phosphorescence and dynamic afterglow 
evolution on a time scale. To evaluate the generality of this strategy, 
Na+ was replaced by K+ and Mg2+, both PVA/4-omPA@K+ and PVA/4-
omPA@Mg2+ likewise exhibit wavelength- and time-dependent 
multicolor afterglow, supporting the broader applicability of this ion-
regulated approach (Fig. S5 and S6).

Fig. 3 (a, d) Unnormalized time-resolved emission spectra recorded after switching off the 395 nm and 365 nm UV lamp. with delay times 
from 0.5 to 5.0 s.(b,e) Corresponding CIE chromaticity coordinates derived from the spectra (a) and (d), illustrating the time-dependent color 
evolution. (c, f) Normalized time-resolved emission spectra at selected delay times (0.5-5.0 s) under 365 nm and 395 nm excitation, revealing 
the gradual spectral shift during the decay process, with inset photographs showing the afterglow emission at different delay times.

Structural Characterization

To elucidate the origin of the afterglow emission, the samples 
were systematically investigated using multiple 
characterization techniques. As shown in Fig. 4a, the UV-vis 
spectrum of pristine PVA shows absorption features centered at 
224 and 285 nm, which are typical of defect-related transitions 
in PVA, assigned to n → π* transitions. In contrast, 4-omPA 
exhibits a 390 nm dominant long-wavelength absorption. Given 
its triphenylamine-derived electron-donating core and aryl 
boronic acid substituent, this band is assigned to a charge-

transfer-dominated (π-π*) transition with significant 
intramolecular charge-transfer (ICT) character. After reaction 
with PVA, the maximum absorption of the film shifts from 390 
nm for 4-omPA to 355 nm for PVA/4-omPA. This substantial 
blue shift strongly suggests that 4-omPA is not merely physically 
dispersed in PVA, but instead experiences a distinct electronic 
reorganization upon incorporation into the polymer matrix. It is 
the formation of boronate ester linkages between the boronic 
acid moiety and PVA diols, which changes the boron-centered 
electronic environment, attenuates the original donor–
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acceptor ICT character, and simultaneously constrains 
chromophore relaxation within the network. For PVA/4-
omPA@Na+, the absorption maximum moves only slightly from 
355 to 359 nm. This much smaller shift indicates that Na+ does 
not generate a new chromophoric skeleton, but instead tunes 
the local environment of the pre-existing emissive network by 
ion-bridging interactions.

Subsequently, the intermolecular interactions within the 
three films were investigated by Fourier transform infrared (FT-
IR) spectra (Fig. 4b). Pristine PVA shows a broad and intense 
band centered at 3260 cm-1, which is assigned to O-H stretching 
of the hydroxyl-rich polymer networks,43 together with a 
characteristic band at 1144 cm-1 corresponding to C-O 
stretching in the PVA backbone.44, 45 Upon covalent cross-linking 
with 4-omPA, the intensity of the O-H stretching band at 3260 
cm-1 is significantly diminished. This reduction confirms the 
consumption of hydroxyl groups through the formation of 
boronate ester bonds (B-O-C) between PVA and the boronic 
acid moieties of 4-omPA.46 The intensity of the C-O stretching 
vibration peak at 1144 cm-1 in the PVA main chain decreases, 
indicating that the cross-linking effect has disrupted some 
crystalline regions of the PVA main chain. At the same time, a 
new peak at 1327 cm-1 is observed, which is attributed to the 
asymmetric stretching vibration of the B-O-C bond in the borate 
ester, indicating that 4-omPA has successfully covalently cross-
linked with PVA. Following the introduction of NaCl to form 
PVA/4-omPA@Na⁺, the further attenuation of the O-H band at 
3260 cm-1 suggests that Na⁺-bridging interactions also 
influences the hydrogen bonding network of the remaining 
hydroxyl groups.47 The B-O stretching peak at 1327 cm-1 shifts 
to a lower wavenumber of 1270 cm-1. This red-shift is attributed 
to the ion-bridging interactions of Na+ with the boron atoms, 
which alters the electron density of the B-O bonds within the 
boronate ester groups. 

Powder X‑ray diffraction (XRD) was employed to characterize 
the structural evolution of PVA, PVA/4‑omPA, and 
PVA/4‑omPA@Na+ (Fig. 4c). The PVA displays the characteristic 
broad diffraction peak at 19.5°, corresponding to its 
semicrystalline hydrogen-bonded packing. After incorporation 
of 4-omPA, additional shoulder features emerge at 
approximately 23°, indicating that the PVA packing is 
reorganized and new short-range ordered domains are 
generated upon boronate-ester-mediated crosslinking. Upon 
NaCl treatment, sharp reflections appear at around 31° and 45°, 
matching well with the characteristic diffraction peaks of 
crystalline NaCl. Therefore, NaCl not only adjusts the 
crosslinked polymer network but also exists in part as 
crystalline. DSC-TGA further demonstrates that both PVA/4-
omPA and PVA/4-omPA@Na+ decompose more gradually than 
pristine PVA, as evidenced by their reduced mass-loss rates 
during thermal degradation (Fig. S7). This behavior indicates 
that in the PVA/4-omPA film, covalent crosslinking between 4-
omPA and the PVA matrix contributes to enhanced structural 
rigidity. Furthermore, in the PVA/4-omPA@Na+ system, the 
Na⁺-induced ion-bridging interactions, together with the 

intrinsic covalent crosslinking between 4-omPA and PVA, 
synergistically reinforce the internal rigid environment of the 
polymer network, thereby improving the overall thermal 
stability of the material. From the energy dispersive X-ray 
spectroscopy (EDS) of PVA/4-omPA and PVA/4-omPA@Na+, it 
can be seen that the elements C, O, N, B, Na, and Cl are evenly 
distributed in the composite material (Fig. S8 and S9). This 
indicates that the guest molecules and NaCl do not aggregate in 
the material, and thus will not cause errors in the spectral 
collection.

High-resolution XPS spectra of N 1s, O 1s, and C 1s were 
collected to elucidate the chemical-state evolution from PVA/4-
omPA to PVA/4-omPA@Na+ (Fig. S10 and S11). The N 1s spectra 
of both samples exhibit a dominant peak at 399.6-399.8 eV, 
characteristic of aryl amine (C-N) in the triphenylamine unit, 
confirming successful incorporation of 4-omPA into the polymer 
matrix. Notably, the N 1s line shape remains nearly unchanged 
after NaCl treatment, indicating that Na+ does not significantly 
interact with the nitrogen center (Fig. 4d). In the O 1s region of 
PVA/4-omPA, two components are observed: a peak at 532.6-
532.9 eV assigned to C-O species (alcohol/ether oxygen from 
the PVA backbone) and a lower-binding-energy peak at ~531.9-
532.6 eV attributed to boron-associated oxygen, consistent 
with the formation of boronate-type crosslinking between PVA 
diols and boronic acid groups. After NaCl treatment, the binding 
energies of C-O (532.6 eV) and B-O (531.9 eV) in the PVA/ 4-
omPA@Na+ films have shifted towards lower energy compared 
to PVA/4-omPA, indicating the formation of a new oxygen 
related low binding energy environment.48 An additional high-
binding-energy feature appears at 536.5 eV, indicating a 
modified oxygen environment associated with Na⁺ 
incorporation (Fig. 4e). The C 1s spectra can be deconvoluted 
into peaks at 284.8 eV (C-C/C=C), 285.4 eV, 285.5 eV (C-N), and 
286.0 eV, 286.7 eV (C-O). Importantly, the overall C 1s profile 
remains largely unchanged after NaCl treatment, indicating that 
Na+ mainly modulates the oxygen-rich crosslinked network 
without reconstructing the organic carbon framework  (Fig. 4f). 
Together, the XPS results support a boronate-type covalently 
crosslinked PVA/4-omPA network, while the spectral evolution 
in O 1s after NaCl treatment indicates formation of a Na⁺-
bridged microenvironment within the polymer matrix.49

Overall, these structural characterizations show that 
incorporation of 4-omPA reconstructs the local PVA 
microenvironment through boronate-type covalent crosslinking 
and an extended hydrogen-bonding network, thereby enabling 
long-lived blue phosphorescence from PVA/4-omPA. 
Subsequent NaCl treatment further reorganizes this oxygen-
rich framework through Na+-bridging interactions without 
altering the fundamental chromophoric skeleton. The resulting 
hierarchical network simultaneously rigidifies the guest emitter 
and diversifies the local electronic environment, thereby 
generating multiple triplet microstates with different energies 
and decay kinetics. This cooperative structural reorganization 
provides a reliable basis for the excitation wavelength/time-
dependent afterglow observed in PVA/4-omPA@Na+.
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Fig. 4 Structural characterization of the composite films. (a) UV-vis absorption curves of PVA, 4-omPA, PVA/4-omPA, and PVA/4-omPA@Na+. 
(b) FT-IR spectra and (c) XRD patterns of PVA, PVA/4-omPA and PVA/4-omPA@Na+. (d-f) High-resolution XPS spectra of the N1s, O1s, and 
C1s for PVA/4-omPA and PVA/4-omPA@Na+.

Theoretical Calculation

To gain insight into the interaction between Na+ and the host-
guest system, an idealized model was constructed containing 
the 4-omPA guest molecule together with a representative PVA 
fragment covalently connected to the guest (Fig. 5a). The 
electrostatic potential (ESP) map reveals that the B-O bond 
region and the methoxy oxygen (O-Me) exhibit pronounced 
blue regions, indicating high electron density (Fig. S12). These 
electron-rich sites therefore represent potential adsorption 
sites for Na+ ions. However, in the polymer matrix, the methoxy 
oxygen atoms preferentially form hydrogen-bonding 
interactions with the surrounding PVA network, which 
decreases their tendency to bridge with Na+. Consequently, the 
B-O region becomes a more favorable binding site for Na⁺. 
Considering that Na+ is a typical hard Lewis acid and 
preferentially coordinates with hard bases such as oxygen 
atoms rather than the electron-deficient boron center, Na+ is 
likely to interact with the boron moiety through an oxygen 
bridge, forming a Na+-mediated O-B bridging structure (Fig. 5c). 
The bridging effect of Na+ also induces a significant structural 
transformation of the boron center. The boron atom has a 
typical sp2 hybridization structure, allowing the B-O unit to 
partially participate in electron conjugation without Na+. After 
the boron center is bridged by Na+, it transforms into an sp3 
hybridization structure, resulting in the formation of a 
tetrahedral structure. This conformational change disrupts the 
original conjugation pathway and alters the electronic 
distribution of the system, thereby affecting the photophysical 
properties of the guest molecule.

To further elucidate the influence of Na+-bridging 
interactions on the electronic structure, the localized orbital 
locator-π (LOL-π) analysis was performed to visualize the 
changes in π-electron delocalization. For PVA/4-omPA, 
noticeable π-electron density remains distributed around the B-
O region, indicating that this unit partially participates in the 
conjugated electronic system (Fig. 5b). After the introduction of 
Na+, the Na+-bridging interactions induce a pronounced 
geometric distortion at the boron center, transforming the 
originally planar sp² configuration into a tetrahedral sp³ 
structure. This structural change significantly suppresses the π-
electron delocalization around the B-O unit and weakens the 
conjugation pathway by hindering effective orbital overlap (Fig. 
5d).

Frontier molecular orbital analysis further reveals that Na⁺-
bridging interactions substantially alters the electronic 
structure. In the Na⁺-free system, both HOMO and LUMO are 
mainly localized on the N-(phenyl)₃ fragment, whereas after 
Na⁺-bridging the frontier orbitals redistribute toward the B-O 
and B-O-Na regions (Fig. 5e and 5f), accompanied by a 
significant reduction of the HOMO-LUMO gap from 4.17 to 2.74 
eV (Fig. S13). This electronic redistribution generates additional 
triplet emissive centers associated with the B-O-Na unit, while 
the intrinsic triplet state of the aromatic framework remains 
preserved. The coexistence of these emissive states with 
different energies and decay pathways creates multiple 
phosphorescence channels, ultimately leading to the 
wavelength- and time-dependent multicolor afterglow 
observed in the PVA/4-omPA@Na+ system (Fig. 5g and 5h).
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Fig. 5 (a, c) Idealized structural models of the PVA/4-omPA and PVA/4-omPA@Na+ systems used for theoretical calculations. (b, d) Locator-π 
(LOL-π) isosurfaces, (e, f) Frontier molecular orbital distributions (HOMO and LUMO) of PVA/4-omPA and PVA/4-omPA@Na+. (g, h) Schematic 
diagrams of the photophysical mechanisms for PVA/4-omPA and PVA/4-omPA@Na+ systems.

Time-Resolved Coding for Data Storage Encryption

Owing to the excellent processability , high transparency and 
multidimensional optical properties of intelligent 
phosphorescent polymer composites, we have explored their 
applications in information encryption and anti-counterfeiting 
(Fig. S14). Fig. 6 demonstrates the utilization of PVA, PVA/4-
omPA, and PVA/4-omPA@Na+ materials in logic-gate-based 
information encryption and storage. Leveraging ASCII coding 
alongside the distinct photophysical characteristics of these 
three phosphorescent materials under 395 nm excitation, an 
encryption algorithm was developed, as depicted in Fig. 6a. 
After removing the 395 nm excitation, the algorithm initially 

outputs the first set of ASCII data based on the criterion of 
“presence or absence of phosphorescence emission,” 
generating the binary sequences “01010001,” “01000100,” and 
“01010101,” which correspond to the combined message 
“QDU.” Notably, due to the time-dependent afterglow behavior 
of the PVA/4-omPA@Na+ phosphorescent material under the 
same excitation, the afterglow color transitions gradually from 
yellow to blue. At 3 seconds following cessation of UV 
illumination, the program captures the afterglow a second time 
and deciphers the genuinely stored and encrypted information 
according to the predefined condition “afterglow color is cyan.” 
The associated ASCII codes-“01000000,” “00000100,” and 
“00010101”-translate to “@, EOT, NAK,” signifying “end of 
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transmission, reject reception.” As phosphorescence persists, a 
third afterglow measurement is taken at 5 seconds, with the 
program applying the condition “afterglow color is blue,” which 
yields the ASCII codes “01010001,” “01000100,” and 
“01010101” once more, thereby reproducing the message 
“QDU” and effectively re-concealing the encrypted information. 

An anti-counterfeiting pattern spelling “BELIEVE” was 
fabricated by selectively integrating PVA, PVA/4-omPA, and 
PVA/4-omPA@Na+ materials (Fig. 6b). In the first configuration, 
a combination of PVA and PVA/4-omPA was employed. After 
the UV excitation at 365 or 395 nm was switched off and 
allowed to decay for 5 s, the pattern only displayed the 
fragment “BE,” corresponding to incomplete or invalid 
information. In the second configuration, only the PVA/4-omPA 
phosphorescent material was used. Under identical excitation 
conditions, the label consistently exhibited the complete blue 
word “BELIEVE,” which lacks the dynamic features required for 
reliable information authentication. In contrast, the third 
configuration integrates both PVA/4-omPA and PVA/4-
omPA@Na+ phosphorescent materials. When the excitation at 
365 nm is removed, the segment “LIE” in the word “BELIEVE” 

appears in blue. However, after excitation at 395 nm is switched 
off, the “LIE” region constructed from PVA/4-omPA@Na+ 
initially displays yellow phosphorescence and gradually 
transitions to blue after a delay of 5 s. Consequently, only the 
pattern that exhibits the sequential cyan–yellow–blue 
afterglow evolution represents the authentic information, 
demonstrating a multilevel anti-counterfeiting strategy enabled 
by excitation- and time-dependent phosphorescent color 
switching.

Fig. 6c depicts a treasure map featuring three chests, only 
one of which contains treasure. At two bifurcated intersections, 
signposts made from two distinct types of materials are 
installed: signpost one consists of PVA and PVA/4-omPA 
materials, while signpost two is composed of PVA/4-omPA and 
PVA/4-omPA@Na+ materials. Upon reaching signpost one, the 
treasure hunter interprets the clue "the signpost pointed to by 
the afterglow" to determine the correct path. At the 
subsequent fork, the hunter follows the instruction "the 
signpost color has a dynamic change" to navigate toward the 
treasure chest and successfully retrieve the treasure. This 
wavelength/time-dependent dynamic multi-color afterglow 
property provides additional time and wavelength channels for 
multi-level information encryption and dynamic data storage.

Fig. 6 Application demonstrations of the phosphorescent polymer films. (a) ASCII program encoding. (b) Anti-counterfeiting pattern based 
on the word “BELIEVE” fabricated from PVA, PVA/4-omPA, and PVA/4-omPA@Na+. (c) Treasure-map guidance system constructed from the 
three phosphorescent materials.
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Conclusions

In this work, we developed a simple and cost-effective 
strategy to achieve dynamic multicolor modulation in polymer-
based RTP materials by introducing alkali-metal-ion regulation 
into a covalently crosslinked host-guest system. The PVA/4-
omPA composite exhibits stable blue RTP with an ultralong 
lifetime of 1.38 s, which originates from the rigid environment 
formed by the covalent and hydrogen-bonding network 
between PVA and 4-omPA. Upon the introduction of NaCl, Na+ 
partially perturbs the original covalent network and induces 
ion-bridging interactions, generating additional rigid 
microdomains and multiple emissive centers. Specifically, in the 
PVA/4-omPA@Na+ system, the salt-induced ion-bridging 
network generates new emission centers at 530 and 563 nm, 
while the intrinsic covalent and hydrogen-bonding crosslinking 
between PVA and 4-omPA predominantly governs the 460 nm 
emission center. Owing to the distinct decay rates of these 
emissive centers, the composite exhibits excitation 
wavelength/time-dependent dynamic afterglow, evolving from 
cyan to blue under 365 nm excitation and from yellow-green to 
blue under 395 nm excitation. The resulting color-tunable RTP 
films combine straightforward fabrication, mechanical 
flexibility, and stable luminescent performance, highlighting 
their potential for applications in flexible displays, dynamic anti-
counterfeiting, multilevel information encryption. More 
importantly, this work provides new mechanistic insights and 
practical guidance for constructing dynamic multicolor RTP 
systems through ion-regulated host-guest interactions.
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The data supporting this article have been included as part of the Supplementary Information.
Experimental procedures, details of the calculations, and additional data can be found in the ESI.
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