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% Check for updates Polymer-doped chiral organic afterglow (COA) materials represent an emer-

ging frontier in photonics, yet their development is constrained by weak
hydrogen bond interactions and limited spectral diversity. Herein, a supra-
molecular engineering strategy utilizing phosphonic acid-derived directional
hydrogen bond networks is proposed to construct COA materials. Leveraging
the tetrahedral coordination geometry and dual proton-donor functionality of
phosphonic acid derivatives, a robust three-dimensional hydrogen bond net-
work is formed with polyvinyl alcohol, yielding blue afterglow emission with a
lifetime of 3.05 s, a photoluminescence quantum yield of 33.3%, and enhanced
thermal stability. Structural and computational analyses reveal that near-linear
hydrogen bond geometry and orbital hybridization synergistically enhance
the hydrogen bond strength while enabling chiral amplification by an inter-
facial chiral polylactic acid coating. Furthermore, through efficient phos-
phorescence energy transfer, multicolor COA emissions are achieved in
stacked polymeric films, exhibiting dissymmetry factors up to 0.03 and
afterglow emissions across the visible spectra, allowing the development of
customizable encryption inks with spatiotemporal resolved chiroptical sig-
natures for multiple applications. This work not only thoroughly investigates
the modulation of hydrogen bonds on afterglow properties but also provides a
fundamental understanding of non-covalent interactions in organic
optoelectronics.

Chiral organic afterglow (COA) materials have garnered significant
attention in next-generation optoelectronics due to their unique
integration of persistent luminescence with chiroptical activity'”,
enabling applications in anti-counterfeiting encryption®™, chiroptical
analysis”™, and stereoscopic displays™'¢. While crystal engineering
and supramolecular self-assembly strategies have demonstrated
potential in constructing COA systems through m-m stacking

optimization and vibrational suppression”’~?°, these approaches face
inherent limitations in spectral tunability and intricate synthesis pro-
cedures. Polymer-based host-guest doping systems emerge as a ver-
satile alternative, where hydrogen bond networks can simultaneously
immobilize emitters to suppress non-radiative decay and flexibly
modulate chiral and emissive properties through host-guest
interactions®*.  However,  conventional COA  materials
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predominantly rely on hydrogen bonds mediated by carboxyl*?¢,
boronic acid”?°, and/or hydroxyl groups®*. These interactions,
though effective, often suffer from limited strength, particularly under
elevated temperatures, restricting their ability to support high-
efficiency and long-lifetime afterglow®**. Therefore, there is an
urgent need to explore alternative hydrogen bond motifs that offer
stronger intermolecular interactions to enhance COA performance.
Principally, critical to this paradigm is the precise engineering of
hydrogen bond strength and geometry, which is directly governed by
the electronegativity of hydrogen bond acceptor that can be modu-
lated by the connected atoms (X) and linear spatial arrangement of
hydrogen bond (Fig. 1a)**~*. Phosphoric acid derivatives bearing the
tetrahedral coordination geometry and dual proton-donor function-
ality are promising candidates for developing hydrogen bond net-
works. Previous report has revealed that phosphate-mediated
hydrogen bonds achieve near-linear alignment (0 =175°), combining
three-dimensional networking capacity and binding energies exceed-
ing 25 k) mol™ due to the orbital coupling and delocalization®*~*?, which
may enable enhanced hydrogen bond strength for constructing COA

materials with improved efficiency and lifetime. Guided by these
principles, (2-(9H-carbazol-9-yl)ethyl)phosphonic acid (2PACz) con-
taining phosphate groups is selected as the luminescent anchoring
molecule. The phosphate groups endow a directional and multi-
dimensional hydrogen bond network with hydroxyls of polyvinyl
alcohol (PVA), enabling the suppression of molecular vibration
induced exciton quenching (Fig. 1b). The prepared film achieves a blue
organic afterglow with a main emission peak at 444 nm, lifetime of
3.05s, and photoluminescence quantum yield (PLQY) of 33.3%. More
importantly, compared to the carboxylic acid engineered hydrogen
bond counterpart, 2PACz-doped PVA films exhibit much enhanced
thermal stability. Meanwhile, by spinning chiral polylactic acid (PLA)
on 2PACz-doped PVA (2PACz@PVA) films, a universal method for
constructing COA emission is achieved, showing a maximum dis-
symmetry factor (gi,m) of 0.03. By utilizing a Forster resonance energy
transfer (FRET) process, green, yellow, and red chiral afterglow emis-
sions are achieved (Fig. 1c) through doping various fluorescence
emitters into 2PACz@PVA@PLA films, thus empowering versatile
afterglow inks for coating and encryption applications. These results
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Fig. 1| Schematic diagram for constructing multicolor chiral organic afterglow
(COA) by hydrogen bond mediation and phosphorescence energy transfer.

a Principle drawing for hydrogen bond strength mediation through modulating
electronegativity of hydrogen bond acceptor and spatial arrangement of hydrogen
bond. b Formation of a three-dimensional hydrogen bond network mediated by
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phosphorus in polyvinyl alcohol (PVA) film and the molecular structure of 2PACz
and PVA. c Preparation procedure and corresponding afterglow photographs of
multi-color COA films, as well as the molecular structures of the incorporated multi-
color fluorescence emitters.
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Fig. 2 | Photophysical property of 2PACz@PVA. a Steady-state photo-
luminescence (SSPL) and delayed PL spectra of 0.5 wt.% 2PACz@PVA film. Lifetimes
(b), photoluminescence quantum yields (c), and figure of merit (d) of 2PACz@PVA

Em. Wavelength (nm)

Wavelength (nm)

films at different doping concentrations. e Excitation-delayed PL emission mapping
of 0.5 wt.% 2PACz@PVA film with a delayed time of 25 ms. f Time-resolved emission
spectrum of 0.5 wt.% 2PACz@PVA film.

not only provide a deep understanding to modulate the hydrogen
bond interactions but also propose a feasible method to develop
advanced COA materials for various applications.

Results

Synthesis and characterization

Phosphonic acid modified carbazole derivatives, 2PACz and (4-(9H-
carbazol-9-yl)butyl)phosphonic acid (4PACz), were synthesized in
three steps with high yields, and their molecular structures were
determined by 'H, ®C, *P-nuclear magnetic resonance (NMR) and high-
resolution mass spectrometry (Supplementary Fig. 1 and Supplemen-
tary Figs. 3-22). Additionally, a control molecule, a carboxylic acid
modified carbazole derivative, (2-(9H-carbazol-9-yl)ethyl) carboxylic
acid (2CACz), was synthesized to demonstrate the better of phos-
phonic acid groups in constructing strong hydrogen bond networks
(Supplementary Fig. 2 and Supplementary Figs. 23-28). The melting
temperatures of 2PACz, 4PACz, and 2CACz are 240, 285, and 175°C,
respectively (Supplementary Fig. 29). Generally, 2PACz@PVA film was
prepared by evaporating the mixture of 2PACz ethanol solution and
PVA aqueous solution. Through regulating the concentrations of
2PACz ethanol solution, 2PACz@PVA films with different doping
concentrations could be easily achieved. 4PACz@PVA and
2CACz@PVA films with different doping concentrations were pre-
pared by the same method (Supplementary Fig. 30). Thermogravi-
metric analysis of the 2PACz@PVA, 4PACz@PVA and 2CACz@PVA
films shows no significant mass loss up to 200°C (Supplementary
Fig. 31), and no ethanol peaks are detected in the 'H NMR spectrum of
the 2PACz@PVA film (Supplementary Fig. 32). These results collec-
tively exclude any influence of volatile solvents on the observed
luminescence properties.

Photophysical properties investigation

2PACz shows characteristic absorption and fluorescence features of
carbazole in tetrahydrofuran solution, with a maximum absorption
peak at 290 nm and emission peaks at 350 and 370 nm (Supplementary
Fig. 33). The steady-state photoluminescence (SSPL) and delayed PL
spectra of 2PACz@PVA films with different doping concentrations
(0.1-1.0 wt.%) exhibit main fluorescence and afterglow emission peaks
at 370 and 444 nm, respectively (Fig. 2a and Supplementary
Figs. 34 and 35). Intense blue afterglow emission can be captured by a
commercial camera for 30 s (Supplementary Fig. 36). Among these
films, 0.5wt.% 2PACz@PVA film achieves the highest fluorescence
intensity, PLQY of 33.3% as well as the most pronounced afterglow
intensity and longest afterglow lifetime (z5, 3.05s) (Fig. 2b, ¢ and
Supplementary Table 1). Consequently, 0.5wt.% 2PACz@PVA film
demonstrates the best figure of merit, defined as Qg =PLQYXT,
(Fig. 2d and Supplementary Table 1). Excitation-delayed PL emission
mapping spectra (Fig. 2e) highlight a fixed afterglow emission peak at
444 nm upon excitation with 220-350 nm UV light, which is further
corroborated by the time-resolved emission spectra (TRES) (Fig. 2f).
The low-temperature delayed PL spectra of 2PACz in methyl tetra-
hydrofuran solution (Supplementary Fig. 37) exhibit identical emission
behavior to that of the 0.5wt.% 2PACz@PVA film, underscoring the
isolated emission nature of the doped film.

Afterglow mechanism analysis

To further investigate the afterglow properties of 2PACz@PVA, a series
of control experiments was conducted, focusing on variations in the
alkane chain length (4PACz) and the end groups (2CACz) of 2PACz. As
shown in Fig. 3a and Supplementary Fig. 38a, the delayed PL emission
peaks of 0.5wt.% 4PACz and 0.5wt.% 2CACz-doped PVA films are
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Fig. 3 | Intermolecular interaction investigations. a SSPL (dashed line) and
delayed PL (solid line) spectra of 4PACz@PVA and 2CACz@PVA films with 0.5 wt.%
doping concentrations; b Lifetime, photoluminescence quantum yield (PLQY) of
0.5wt.% 4PACz@PVA and 0.5 wt.% 2CACz@PVA films. ¢ Temperature-dependent
delayed PL intensity ratios (/r//30oc) of 0.5 wt.% 2PACz@PVA, 0.5 wt.% 4PACz@PVA

and 0.5 wt.% 2CACz@PVA films. d Raman spectra of PVA, 0.5 wt.% 2PACz@PVA,
0.5wt.% 4PACz@PVA and 0.5 wt.% 2CACz@PVA films. Calculated intermolecular
binding energies (e) and interactions (f-h) of 2PACz@PVA (e, f), 2CACz@PVA (e, g),
and 4PACz@PVA (e, h).

almost identical to that of 2PACz@PVA film. These results suggest that
the modulation of alkane chain length and end groups has a limited
impact on the triplet properties of the carbazole chromophore.
Notably, 2PACz@PVA film exhibits enhanced afterglow intensities and
lifetimes compared to those of 4PACz and 2CACz-doped PVA films.
Specifically, the 0.5wt.% 4PACz and 2CACz doped PVA films show
lifetimes of 2.84s and 2.65s as well as PLQYs of 30.3% and 30.1%
(Fig. 3b and Supplementary Fig. 38b). This enhanced performance can
be attributed to the additional n-t* transition contribution by the
oxygen atom in P=0 in the frontier molecular orbital distributions of
2PACz (Supplementary Fig. 39), thus enabling a much larger spin-orbit
coupling constant of T;-So of 2PACz than that of 4PACz and 2CACz
(Supplementary Fig. 40). Therefore, the 2PACz@PVA film demon-
strates a higher Qgy, underscoring its more exceptional and efficient
luminescent properties (Supplementary Fig. 41). The temperature-
dependent PL intensity variations illustrate the thermal stabilities of PL
spectra for 0.5 wt.% 2PACz@PVA, 4PACz@PVA and 2CACz@PVA films,
indicating the comparative quenching behavior of afterglow emission
at elevated temperatures (Fig. 3¢ and Supplementary Fig. 42). Notably,
with increasing temperatures, the 2PACz@PVA film retains slightly
much higher intensities than the others, highlighting its much
improved thermal stability. Furthermore, the doped films exhibit
stable afterglow at various temperatures (77-343 K) (Supplementary
Fig. 43). The afterglow remains constant over time at 25% relative
humidity, whereas at 90% humidity, moisture disrupts the hydrogen
bond network in the film. This leads to the enhanced molecular
vibrations and triplet excitons quenching, which significantly reduces
afterglow intensity (Supplementary Fig. 44). The prepared
2PACz@PVA, 4PACz@PVA, and 2CACz@PVA films only display typical
powder X-ray diffraction (XRD) patterns at 19°, which is attributed to

the crystallization of PVA (Supplementary Fig. 45)****. This is further
supported by wide-angle X-ray scattering (WAXS) measurements,
which show scattering peaks solely at 1.37 A originating from PVA
(Supplementary Fig. 46)*. No additional XRD and WAXS peaks are
found, suggesting the isolated chromophore nature in PVA doped
films. The energy dispersive X-ray spectroscopy and elemental map-
ping images of 0.5 wt.% 2PACz@PVA film confirms the homogeneous
dispersion of 2PACz within the PVA matrix, as evidenced by the uni-
form distribution of its characteristic N and P signals (Supplementary
Fig. 47). Furthermore, owing to the homogeneous dispersion of
chromophore in PVA films, SSPL spectra and afterglow quantum yields
of multiple independently prepared 2PACz@PVA, 4PACz@PVA and
2CACz@PVA films demonstrate high reproducibility (Supplementary
Fig. 48 and Table 2). Compared to the O-H vibrational peaks at
3310 cm™ of Raman spectra and at 3430 cm™ of Fourier transform
infrared (FTIR) in PVA film, slight blue shifted peak are observed in the
FTIR (Supplementary Fig. 49 and Supplementary Fig. 50a) and Raman
spectra (Fig. 3d and Supplementary Fig. 50b) of 2PACz@PVA,
4PACz@PVA, and 2CACz@PVA films***°. Notably, 2PACz@PVA film
demonstrates the most significant blue shift, indicating stronger
hydrogen bond interaction between 2PACz and the PVA matrix.
Meanwhile, the enhancement of hydrogen bond interaction also leads
to the broadening of C-H stretching vibration*’ at 2910 cm™. This
enhanced intermolecular interaction may play a vital role in endowing
the improved afterglow properties of the isolated 2PACz molecules
within the composite films. This important role of intermolecular
interaction is further verified by varied polymeric matrices. Only SSPL
could be captured when 2PACz, 4PACz, and 2CACz are doped into a
non-polar polystyrene matrix, respectively (Supplementary Fig. 51). In
contrast, the stronger and more abundant hydrogen bonds in polar
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polymeric matrices directly enhance both the SSPL and delayed PL
intensities compared to their non-polar and weakly polar polymeric
counterparts (Supplementary Fig. 52).

To gain deeper insight into the variations in intermolecular
interactions, theoretical calculations were performed. The hydrogen
bond strength in the molecular structure, which significantly impacts
its photophysical properties, is influenced by the electronic effects
such as electronegativity and molecular geometry’>”. The lower
electronegativity of the phosphorus atom in the phosphate acid group
results in a higher negative charge density on the oxygen atom in P=O
and O-H of 2PACz compared to the oxygen atom in C=0 and O-H of
2CACz (Supplementary Fig. 53 and Table 3), while the hydrogen atom
on the hydroxyl group in 2PACz exhibits a higher positive charge
density than that in 2CACz. The higher electrostatic potential (ESP) of
the carbazole unit in 2PACz, compared to those in 4PACz and 2CACz,
corresponds to its stronger computed binding energy with PVA
(-282.65 kcal mol™) (Supplementary Figs. 53 and 54, and Table 3).
Furthermore, the phosphonic acid reveals more positive ESP values in
2PACz compared to the carboxyl group in 2CACz, which confers a
higher binding energy between phosphonic acid and PVA (Supple-
mentary Figs. 53 and 55, and Table 3). The directional interactions
between 2PACz and PVA promote the formation of more linear
hydrogen bonds, showing intersection angles between O-H--O of
156.8°, 157.6°, 170.5°, and 171.1°. These results lead to shorter and
stronger hydrogen bond (Fig. 3e, f) as well as higher binding energy
(Fig. 3e and Supplementary Fig. 56a-c) in 2PACz compared to those in
2CACz (Fig. 3g). In contrast, the long alkyl chain in 4PACz diminishes
the electron-donating ability of the carbazole group. Consequently,
the negative charge density of the oxygen atoms in the P=O and O-H
groups of 4PACz is reduced (Supplementary Table 3), along with the
reduced positive charge density on the hydrogen atom of the hydroxyl
group. These results weaken the hydrogen bond interactions between
4PACz and PVA, as further evidenced by longer distances and smaller
O-H---O intersection angles of 149.4°, 157.1°, and 167.5° (Fig. 3h) com-
pared to those in the 2PACz@PVA film. Moreover, the extended alkyl
chain in 4PACz hinders the formation of O-H---t type hydrogen bond
between the PVA hydroxyl groups and the luminescent groups, which
is a feature molecular interaction observed in 2PACz and 2CACz,
resulting in weaker thermal stability for 4PACz°*%. Moreover, upon
increasing the number of PVA chains from single to two and three, the
binding energies between 2PACz and PVA are consistently higher than
those of 4PACz and PVA (Supplementary Fig. 56d-i). Combining
experimental and theoretical calculation results, the phosphine-
mediated hydrogen bond interaction in 2PACz@PVA film plays a
pivotal role in the construction of afterglow materials with improved
luminescent features within the composite films.

Multicolor afterglow emission construction

Considering the ultralong lifetime of 3.05s, blue afterglow emission
with a wide range of 350-600 nm, as well as the good solubility and
flexibility of 0.5wt.% 2PACz@PVA film, this doped film could be a
promising afterglow energy donor to construct versatile and colorful
afterglow systems (Fig. 4a). Experimentally, water-soluble fluorescent
dyes including fluorescein sodium (Fluc), rhodamine 123 (Rh123) and
rhodamine 6G (Rh6G) were chosen as energy acceptors owing to the
significant overlap between their absorption spectra and the delayed
PL spectrum of 0.5 wt.% 2PACz@PVA film (Fig. 4b)*****. The SSPL and
delayed PL exhibit peaks at 538, 565, and 600 nm in Fluc@2-
PACz@PVA, Rh123@2PACz@PVA, and Rh6G@2PACz@PVA (Fig. 4c,
d), respectively. As the concentration of fluorescent dyes increases, the
emission peak of 2PACz@PVA in both SSPL and delayed PL spectra
significantly diminishes (Supplementary Figs. 57-59), indicating the
possibility of energy transfer from the singlet and triplet of 0.5 wt.%
2PACz@PVA to the doped fluorescence dyes. The optimized doping
concentrations for Fluc@2PACz@PVA, Rh123@2PACz@PVA, and

Rh6G@2PACz@PVA are 0.15, 0.25 and 0.15 wt.%, respectively, owing
to their maximum delayed PL intensities. The SSPL and delayed PL
spectra  of  Fluc@2PACz@PVA, Rh123@2PACz@PVA, and
Rh6G@2PACz@PVA are almost identical to those of the correspond-
ing Fluc, Rh123, and Rh6G doped PVA films, suggesting that the
emerged peaks are attributed to the inherent emission of doped
fluorescent dyes (Supplementary Fig. 60). The excitation-delayed PL
mappings of 0.15wt.% Fluc@2PACz@PVA, 0.25wt.%
Rh123@2PACz@PVA and 0.15 wt.% Rh6G@2PACz@PVA demonstrate
nearly the same excitation range as the 2PACz@PVA (Supplementary
Fig. 61), showing excitation wavelengths ranging from 220 to 350 nm.
This means that these four doped films may have the same emission
origin. Moreover, when directly exciting the fluorescent doped PVA
films by 299 nm UV light, no observed afterglow emission can be
captured, confirming the critical role of the energy donor of
2PACz@PVA film in triggering the multicolor afterglow emissions
(Supplementary Fig. 62). Excitingly, this energy transfer process
enables the afterglow emission to change from blue for 0.5wt.%
2PACz@PVA to green (0.15 wt.% Fluc@2PACz@PVA), yellow (0.25 wt.%
Rh123@2PACz@PVA), and red (0.15 wt.% Rh6G@2PACz@PVA) emis-
sions as verified by the afterglow photographs (Supplementary
Fig. 63), Commission International de I'Eclairage coordinates (Fig. 4e
and Supplementary Fig. 64), and TRES spectra (Supplemen-
tary Fig. 65).

To further investigate the underlying mechanism of energy
transfer, the lifetime analyses of 0.15wt.% Fluc@2PACz@PVA,
0.25wt.% Rh123@2PACz@PVA and 0.15wt.% Rh6G@2PACz@PVA
films were performed. The lifetimes at 370 nm have a significant
decrease when the fluorescent guest is doped into 2PACz@PVA film at
varied doping concentrations from 0.05 to 0.35 wt.% (Supplementary
Fig. 66). Furthermore, the lifetimes of afterglow emission bands at
444 nm are decreased from 3.05 to 1.42 s for Fluc@2PACz@PVA films,
from 3.05 to 0.80 s for Rh123@2PACz@PVA films, and from 3.05 to
1.15s for Rh6G@2PACz@PVA films, respectively (Fig. 4f-h, Supple-
mentary Figs. 67-69). Fluc@2PACz@PVA, Rh123@2PACz@PVA, and
Rh6G@2PACz@PVA doped films exhibit no detectable long-lived
afterglow when the fluorescent dyes are directly excited (Supple-
mentary Fig. 70). These results indicate that non-radiative FRET pro-
cess should be responsible for the multicolor afterglow emissions,
enabling both FRET-dominated processes from the singlet and triplet
excited states of the energy donor to the singlet excited state of the
energy acceptor. Based on the amplitude lifetimes of fluorescence at
370 nm and the afterglow emission bands at 444 nm, the maximum
FRET efficiencies of fluorescence can reach 29.8, 55.0, and 40.2%, and
of afterglow can reach 59.2, 83.9, and 69.1% for Fluc@2PACz@PVA,
Rh123@2PACz@PVA, and Rh6G@2PACz@PVA films, respectively
(Supplementary Table 4).

Chiral multicolor afterglow emission exploration

To achieve COA emission, double-layer stacked polymeric films con-
taining a top chiral polarizer of PLA layer and a bottom multicolor
afterglow layer were constructed. These stacked films can be easily
fabricated by spinning chiral PLA film onto multicolor afterglow films
(Supplementary Fig. 71). Circularly polarized luminescence (CPL)
spectra measurements are outlined in Supplementary Fig. 72a. As
shown in Supplementary Figs. 73 and 74, using 0.5 wt.% 2PACz@PVA
film as a model emitter, the concentrations of PLA solution were firstly
optimized. Due to the largest dissymmetry factor (gjum) of 3.0 x 1072
(Fig. 5a-c), the optimized concentration of PLA is chosen as
100 mg mL™, showing a corresponding thickness of 6.5 pm (Supple-
mentary Fig. 75). The stacked films show much improved CPL perfor-
mance than that of films prepared via direct doping of 2PACz@PVA
into the PLA matrix (Supplementary Fig. 76). Furthermore, compared
with recently reported CPOA materials (Supplementary Table 5), the
Sum achieved in 2PACz@PVA@D/L-PLA ranks among the highest
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Fig. 4 | The photophysical properties investigation of colorful organic after-
glow under ambient conditions. a Mechanism demonstration for multicolor
emission based on Forster resonance energy transfer. b Delayed PL spectrum of
0.5wt.% 2PACz@PVA film and absorption spectra of fluorescein sodium (Fluc),
rhodamine 123 (Rh123), and rhodamine 6G (Rh6G) in aqueous solution

(-10°mol L™). SSPL (c) and delayed PL (d) spectra of 0.15 wt.% Fluc, 0.25 wt.% Rh123
and 0.15wt.% Rh6G doped 0.5 wt.% 2PACz@PVA films, respectively. e Commission
Internationale de I'Eclairage 1931 coordinates of afterglow emission of 0.15wt.%

Fluc@2PACz@PVA, 0.25 wt.% Rh123@2PACz@PVA and 0.15 wt.%
Rh6G@2PACz@PVA films. f Afterglow decay profiles of emission bands at 444 nm
(top panel) and 538 nm (bottom panel) of 0.15wt.% Fluc@2PACz@PVA film.

g Afterglow decay profiles of emission bands at 444 nm (top panel) and 565 nm
(bottom panel) of 0.25 wt.% Rh123@2PACz@PVA film. h Afterglow decay profiles of
emission bands at 444 nm (top panel) and 600 nm (bottom panel) of 0.15 wt.%
Rh6G@2PACZ@PVA film.

values reported to date. Interestingly, due to the polarized feature of
PLA film, reversed CPL signals could be achieved when the excitation
UV light is placed in front of and behind the 2PACz@PVA@PLA film
(Supplementary Figs. 72, 77 and 78)°°>%. Therefore, distinct green,
yellow, and red COA with emission peak at 538, 565, and 600 nm and
Zium 0f 5.2x1073,5.1x1073, and 2.2 x 1072 are achieved by spinning D/L-
PLA films onto the top of 0.15 wt.% Fluc, 0.25 wt.% Rh123, and 0.15 wt.%
Rh6G doped 2PACz@PVA films, respectively (Fig. 5d-f). Compared to
the pure luminescent films, the stacked films coated with PLA polarizer
show slightly decreased PLQYs (Supplementary Table 6). Exposure to
high humidity substantially (Supplementary Fig. 79) reduces afterglow
emissions. After 4 h of 365 nm irradiation, the afterglow retains ~77%
intensity (Supplementary Fig. 80). Due to suppressed exciton thermal
quenching (Supplementary Fig. 81), decreased temperature sig-
nificantly enhances the CPL intensity. With the temperature increased,
the CPL intensity of 2PACz@PVA@D/L-PLA is slightly decreased, which
is much higher than that of 4PACz@PVA@D/L-PLA and 2CACz@P-
VA@D/L-PLA (Supplementary Fig. 82).

Potential applications of chiral multicolor afterglow polymers
Due to the efficient afterglow and chirality of the stacked polymers,
luminescent coating film, anti-counterfeiting encryption, and writable
afterglow ink were achieved. As shown in Fig. 6a, an aqueous solution
of 2PACz@PVA is directly dropped onto the surface of coin (Supple-
mentary Fig. 83), and after drying, afterglow films with visible surface
details of the coin as well as flexibility and transparency are obtained
(Supplementary Fig. 84).

Furthermore, a quick response (QR) code prepared through
screen printing (Supplementary Fig. 85) is invisible due to background
fluorescence interference. However, after removing the UV light, the
QR code is clearly observed, and “COO” information can be readable
by a mobile phone (Fig. 6b). Due to the appropriate water-solubility
and long lifetime of 2PACz@PVA, 0.15wt.% Fluc@2PACz@PVA,
0.25 wt.% Rh123@2PACz@PVA and 0.15 wt.% Rh6 G@2PACz@PVA, the
aqueous solutions were used as afterglow inks (Fig. 6¢). Multicolor
afterglow characters can be easily written and captured (Fig. 6d). By
using 2PACz@PVA, Fluc@2PACz@PVA, Rh123@2PACz@PVA, and
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and 0.15 wt.% Rh6G@2PACz@PVA@D/L-PLA films (f). Noted: The stacked poly-
meric films feature a strategically designed bilayer multicolor afterglow and chiral
PLA film, where incident photons primarily interact with the multicolor afterglow
film prior to penetrating chiral PLA film. The thickness of the chiral PLA layer is
6.5 um and the doping concentration of 2PACz in PVA film is 0.5 wt.%.

Rh6G@2PACz@PVA as emitters, a 3 x4 encoding luminescent matrix
was prepared. In principle, the color of blue, green, yellow, and red
were defined as Morse code symbols of “@,” “@@®,” “m,” and “@m,”
respectively (Fig. 6e and Supplementary Text 1). Upon UV light irra-
diation, a luminescent matrix exhibits the information of “4VLP”. When
the UV lamp is turned off, an afterglow encoded matrix with infor-
mation of “4ALP” is captured. Moreover, due to the chiral polarizer of
PLA, the chiral afterglow encoded information of “HELP” is observable,
thereby achieving multiple encryptions.

Discussion

In summary, we have successfully developed a multicolor COA system
in a stacked polymer through the integration of phosphorus-mediated
hydrogen bond, phosphorescence energy transfer, and chiral polar-
ization. By manipulating the electronegativity and directionality of
hydrogen bonds through phosphate groups, more linear and stronger
hydrogen bonds with PVA are enabled, resulting in a polymeric film
with a blue afterglow emission lifetime and PLQY of 3.05 s and 33.3%.
With the aid of the energy transfer strategy and chiral polarizer, multi-
color chiral luminescent polymers have been achieved, endowing blue,
green, yellow, and red COA emissions with luminescent peaks at 444,
538, 565, and 600 nm and gj,m of 3.0x1072, 5.2x1073, 5.1x1073, and
2.2 x107%, The high water-solubility, transparency, and flexibility of the
polymeric films make them ideal candidates for a range of applica-
tions, including high-resolution afterglow casting film, afterglow ink,
and anti-counterfeiting encryption. This work not only offers a deep
insight into the regulation of hydrogen bond interaction for mod-
ulating the afterglow properties but also provides an ideal platform for
the development of advanced afterglow applications.

Methods

Materials

Chemical reagents, unless otherwise specified, were purchased from
Energy Chemical, Acros, or Alfa Aesar, and used without further

purification. The polyvinyl alcohol (PVA) was purchased from Sigma-
Aldrich (Mw=85000-124000).

Preparation procedure of films

General fabrication procedure for fabricating 0.5wt.% 2PACz@PVA
(polyvinyl alcohol) film: Firstly, 2.5 mg of 2PACz was dissolved into
1mL of ethanol. 0.5g of PVA polymers was dissolved into 5mL of
distilled water and stirred at 90°C for 0.5 h to obtain 100 mg mL™ of
PVA solution. 1 mL 2PACz ethanol solution was added into 5 mL of PVA
aqueous solution and mixed at 90°C for 0.5 h. Then, the mixture was
dropped on a 2 x 2 cm? quartz sheet and dried in an oven at 70°C for
12h to fabricate transparent polymer films for subsequent photo-
physical and morphological characterizations. The same procedure is
used to obtain the 4PACz@PVA and 2CACz@PVA films with different
doping concentrations.

Instrumentation

'H and “C-nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Ultra Shield Plus 400 MHz instrument with dimethyl
sulfoxide (DMSO)-ds as the solvent and tetramethyl silane as the
internal standard. *P-NMR was recorded on a Bruker Ultra Shield Plus
400 MHz instrument with DMSO-dj as the solvent and phosphoric acid
as the internal standard. Ultraviolet-visible absorption spectra were
recorded on a Jasco V-750 spectrophotometer. Steady-state photo-
luminescence spectra were recorded on an Edinburgh FLS 1000
fluorescence spectrophotometer. The delayed PL spectra in dilute
tetrahydrofuran were obtained using an Edinburgh FLS 1000 fluores-
cence spectrophotometer at 77 K in a dewar vessel with a 10 ms delay
time using a microsecond (ps) flash lamp. The microsecond flash lamp
produces short, typically a few ps, and high irradiance optical pulses
for decay measurements in the range from microseconds to seconds.
The delayed PL spectra and ultralong lifetimes were also measured
using an Edinburgh FLS 1000 fluorescence spectrophotometer. For
fluorescence lifetime measurements, a picosecond pulsed light-
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emitting diode (EPLED-290, wavelength: 300 nm; pulse width:
833.7 ps) was used. Excitation-PL mapping was measured using Hitachi
F-4700 under ambient conditions. Powder X-ray diffractometry (XRD)
patterns were measured using a Bruker D8 Advance diffractometer (Cu
Ko: A=1.5418 A) under ambient conditions. The Fourier transform
infrared (FTIR) spectra were obtained using Nicolet INIO micro-
spectroscopy (Thermo Fisher Scientific). The thickness of the chiral
films was measured using a DektakXT step meter, with a stylus scan
range of 65 um, a scanning length of 400 pm, a scan duration of 10's,
and a scan resolution of 0.13 um. The intrinsic circularly polarized
luminescence (CPL) spectra were investigated using a JASCO CPL-300
spectrometer. The scan speed was set as 500 nm min™ with 0.1nm
resolution and a response time of 1.0 s.

Theoretical calculation

The geometric structure of the ground state was optimized using
density functional theory. The frequency was then calculated and
analyzed at the same level to confirm that the optimized geometric
structure is a stable configuration. The excited state was calculated
using time-dependent density functional theory using a universal
B3LYP hybrid functional and 6-31G (d) basis set, and combining with
DFT-D3 (B)) dispersion correction due to the involvement of weak
interactions. All theoretical calculations were performed under the

Gaussian09 D.01 package, and the frontier molecular orbitals were
plotted using GaussView 6.0 software. The static potential and weak
interaction energy were analyzed using the Multiwfn 3.8 package, and
images of static potential and independent gradient model based on
Hirshfeld partition were obtained through Visual Molecular Dynamics
software. The spin-orbit coupling matrix elements between singlet and
triplet states were calculated using ORCA software.

Data availability

The main data generated in this study are provided in the Source data
file. The data that support the plots of this study are available from the
corresponding author on request. Source data are provided with
this paper.
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