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Full-color programmable high temperature
afterglow polymers based on single-
molecule emitters

ZhuoranXu1,2, YufengHuang1,2, SiyuSun 1 , LiangweiMa 1, BingbingDing 1,
He Tian 1 & Xiang Ma 1

High-temperature afterglow organic amorphous materials expand the opera-
tional temperature beyond traditional room-temperature phosphorescent
materials, broadening their potential applications. However, achieving tunable
high-temperature afterglow from a single luminescent molecule remains a
formidable challenge. Here, we employ host-guest anchoring coupled with
single-bond rotors to achieve effective phosphorescence and tunable after-
glow at high temperature simultaneously. The material demonstrates a
wavelength-tunable afterglow: during heating (298K to 473 K), the chromati-
city coordinate shifts from (0.24, 0.47) to (0.18, 0.20) and the lifetime from
836ms to 6.34ms. The theoretical investigations reveal that the excited-state
conformation of phosphors undergoes a temperature-dependent transfor-
mation, inducing the wavelength-tunable high-temperature afterglow phe-
nomenon. This work offers a strategy for designing tunable high-temperature
afterglow-emitting amorphous polymers, advancing the development of
organic phosphorescent materials capable of delivering tunable high-
temperature afterglow emissions.

Organic phosphorescent materials are a transformative class of lumi-
nescent materials with long lifetimes, large Stokes shifts, and stimuli-
responsive characteristics, showing potential in applications such as
anti-counterfeiting, bioimaging, data encryption, and sensing1–4.
Phosphorescence originates from the radiative, spin-forbidden T1-S0
transition, which has inherently slow kinetics and is highly susceptible
to non-radiative decay5,6 (e.g., molecular vibrations) and oxygen
quenching7–11. Efficient phosphorescence thus requires rigidmolecular
structures or environments to suppress non-radiative decay12–22.
However, current research primarily focuses on room-temperature
phosphorescence (RTP) and 77 K. This is because restrictedmobility in
rigid systems fails to sufficiently suppress molecular thermal agitation
at elevated temperatures, facilitating non-radiative transitions and
quenching RTP. This constrains the development and application of
organic phosphorescent materials at high temperatures.

The development of high-temperature phosphorescent materials
has attracted interests of researchers, and researchers have made
significant progress in this field19,22–30. By employing a deep eutectic
solvent strategy to restrict thermal motion12, a fluidic high-
temperature phosphorescent material capable of operating at 358K
has been proposed. Themolecular planarization strategy13 was used to
suppress luminescent molecular vibrations to construct high-
temperature afterglow (HTA) materials. Recently, ultra-long HTA was
achieved in a boric acid system using a charge separation and
recombination strategy14. Despite these advancements enriching HTA
materials, the tunability of HTA wavelength has not yet been focused.
Developing flexible and tunable HTA materials based on a single
luminescent molecule remains a challenge.

Kasha’s rule restricts single-molecule multicolor phosphores-
cence by limiting emission to the lowest excited state. To address this
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challenge, we propose an approach that leverages a host-guest
anchoring coupled with single-bond rotors to create flexible and tun-
able HTA materials (Fig. 1a). Hydrogen bond networks have been
identified as a promising strategy for creating rigid environments that
stabilize phosphorescentmolecules (as guests), thereby reducing non-
radiative decay rates and enhancing phosphorescence efficiency31–43.
Dispersing rotor-containing guest molecules in hydrogen-bond-rich
matrices (Polyacrylamide, PAM) restricts thermal motion through
hydrogen-bond anchoring. This enables temperature-modulated
multicolor phosphorescence via rotor rotation of guest molecules
(Fig. 1b). Triphenylamine derivatives with good phosphorescence
properties were selected here to fabricate flexible afterglow
materials44–49. To amplify the host-guest synergy, TPCA-4 and its
alkaline derivative TPCS-4 have been employed as the guestmolecules
(Fig. 1a). Their multiple hydrogen-bonding sites endowed the systems
with good phosphorescence thermal tolerance, extending the opera-
tional temperature range beyond conventional RTP systems. These
materials exhibit good photophysical properties and thermal
tolerance13,20,21,35,49–61 (Fig. 1d). Impressively, these materials exhibit
pronounced afterglow under ambient daylight, with emission wave-
lengths dynamically shifting from 508 nm to 450nm upon heating
(Fig. 1c). This work represents advancements of tunable, flexible HTA
materials using a single phosphorescent molecule, offering avenues
for the design of high-performance luminescent systems under high-
temperature and high-humidity conditions.

Results
Characterization of RTP Phenomena
Upon with their absorption band (365 nm, Figure. S2), the TPCA-4/
TPCS-4@PAM samples fabricated by dispersing 1 wt% TPCA-4/TPCS-4
into a PAM film exhibited efficient photoluminescence (Figs. S3–6,
absolute PLQY ≈ 61.7/51.7%) at room temperature, along with an
impressive green afterglow persisting for over 13 s after removing UV

irradiation (Figs. S7, 8 and Movie S1). Notably, their high QY
(ΦPhos ≈ 32.36/33.77%) enabled daylight-activated afterglow via trace
UV components (Figure. S9 and Movie S2). Figs. S10, 11 show 508 nm
delayed emission (lifetime ≈ 774−780ms), consistent with their 77 K
solution (Figs. S12, 13) and the RTP phenomenon. Optical microscopy
revealed better dispersion homogeneity ofwater-soluble TPCS-4 in the
PAM compared to TPCA-4 (Figs. S14, 15), leading to TPCS-4@PAM
becoming the focus of subsequent studies.

Characterization of HTA Phenomena
Delayed emission spectra and lifetimemeasurements of TPCS-4@PAM
under air and vacuum (Figs. S16–18) showedphosphorescence lifetime
extended by ∼100ms in vacuum, demonstrating oxygen-dependent
phosphorescence quenching. Temperature-dependent delayed emis-
sion spectra (Figs. S19, 20) and lifetime data (Figs. S21, 22) in air or
vacuum confirm the phosphorescent nature of the observed afterglow
and support the 5 s afterglow at 423K (Figs. S23, 24) for TPCS-4@PAM.
This phosphorescence thermal tolerance surpasses the most reported
flexible organic phosphorescentmaterials under similar conditions. As
the temperature increased, a green-to-blue afterglow transition could
be observed (Figure. S23), with the details in Fig. 2a illustrating the
relationship between emission wavelength, intensity, and tempera-
ture. Compared with conventional RTP materials, the TPCS-4@PAM
film exhibits stronger emission intensity under elevated temperatures,
which could be attributed to its drastically shortened lifetimes (from
779.58ms to 19.03ms) (Fig. 2d, e, detailed in Table S1). This process is
further elucidated in Fig. 2b and Fig. 2c: the emission maximum blue-
shifts continuously from 508 nm to 450nm (Figs. S25, 26), accom-
panied by a chromaticity coordinate transition from the (0.24, 0.47) to
the (0.18, 0.20). Fluorescence remained at 425 nm (Figure. S27), con-
firming the 450nm delayed emission originates from phosphores-
cence, not thermally activated delayed fluorescence (TADF). Delayed
emission spectra at 448K under air and vacuum further reveal 3O2

Fig. 1 | Schematic of programmable high temperature afterglow polymers.
a Structure of the single-bond rotors and the hydrogenH-bond anchoring strategy.
b Simplified Jablonski diagram and c photo of dynamic HTA. d Phosphorescence
thermal tolerance of flexible phosphorescent materials. RTP room-temperature
phosphorescence, HTA high-temperature afterglow, HTP high-temperature

phosphorescence, Abs. Absorption, Flou. Fluorescence, IC internal conversion, ISC
intersystem crossing, Phos. phosphorescence, Non-rad. Non-radiative Decay, PL
Q.Y. photoluminescence quantum yield, K Kelvin, nm nanometer, UV ultraviolet, S₀
singlet ground state, Sn singlet excited state).
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sensitivity (Figs. S28). The observed lifetime far exceeds the typical
microsecond-to-millisecond range of TADF, aligning with phosphor-
escence (Figs. S29). Lifetime attenuation indicates complete quench-
ing above 473 K, reaching the thermal tolerance limit. TPCA-4@PAM
exhibits similar dynamic HTA to TPCS-4@PAM (Figs. S30, S31), with
photophysical data in Table S2.

To determine the optimal guest concentration, flexible phos-
phorescent films with guest concentrations ranging from 0.1 wt% to
0.0001wt%were fabricated. PowderXRD (Figure. S32) revealed that all
TPCS-4@PAM films were amorphous without crystalline features. FT-
IR spectroscopy (Figure. S33) confirmed that guest concentration had
no significant impact in the PAM matrix across concentrations. Using
the optimal excitation wavelength (Figs. S34–57, Table S3),
temperature-dependent delayed emission spectra (Figs. S58–61) and
lifetime measurements (Figs. S62–65, Tables S4–S7) revealed optimal
properties and HTA tolerance at 0.1wt% concentration. The lifetime
retained 60ms at 448K (Figure. S66) with the highest PLQY at 298K
(Figs. S67–72; PLQY ≈ 67.2%, ΦPhos ≈ 36.63%, Table S8). Control
experiments on guest-free PAM (Figure. S73) demonstrated that the
dynamic HTA properties originate from the guest molecule.

The Origins of HTA Phenomena
To investigate the origins of the HTA phenomena in these systems,
guest molecules were dispersed into hydrogen-bonded polymeric
matrices (PVA, PAM) and weakened non-hydrogen-bonded matrices
(PDAMA, PMMA, PVB). Delayed emission spectra showed a 508 nm
emission in hydrogen-bond-rich matrices (Figs. S74, 75), whereas
emission was nearly quenched in weakened/non-hydrogen-bonded
matrices (Figs. S76–78). Photoluminescence spectra and PLQY con-
firmed this: PLQYdecreased from67.1% (PAM) to 9.4% (PVB), andΦPhos

from 36.63% to 5.27% (Figs. S79–86). These results demonstrate that
the robust hydrogen-bonding interactions between guest and matrix
molecules determine the generation and stabilization of ultralongRTP.

The hydrogen-bond interactions between guest molecules and
the matrix not only determine phosphorescence properties but
complement the rigid polymeric environment. Figure. S87 shows

TPCS-4 structural analogs studied to clarify these effects: TPCS-1,
TPCS-2, and TPCS-3 share a similar three-branched structure, each
featuring one, two, and three single-bond rotors, respectively. TPCS-
1 maintained emission at 443 K (Figure. S88), whereas TPCS-2
(Fig. S89, Temperaturemax = 373 K) and TPCS-3 (Figure. S90,
Temperaturemax = 363 K) showed quenching with increasing rotor
counts. In addition, lifetime data show analogous trends across
Figs. S91–S96 (detailed in Tables S10–12). TPCS-2, and TPCS-4
exhibit the same three-branched structure, each featuring two
single-bond rotors. However, TPCS-4 possesses twice the number of
hydrogen-bonding functional groups compared to TPCS-2. TPCS-4
(Temperaturemax = 473 K) show better high temperature phos-
phorescent tolerance than TPCS-2. These results reveal that the
number of single-bond rotors and hydrogen bonds jointly deter-
mines the performance of HTA.

DFT calculations (M06-2X/def2SVP) were used to investigate the
wavelength-tunable HTA mechanism. 3D delayed emission spectra
revealed that these flexible organic phosphorescent materials exhibit
no delay time or excitation wavelength dependence at any tempera-
ture (Figs. S97–99), indicating no ground-state species variation. The
dynamic afterglow behavior originates from excited-state species
alterations in the T₁ state. Time-resolved emission spectra confirmed
stable emission peaks at 77 K and 323K over time, indicating a con-
sistent triplet state. However, at 423 K, a blue shift occurs with
increasing delay time, reflecting a transition from lower to higher
energy states (Figure. S100). The biphenyl rotors in guest molecules
generate multiple T₁-state conformations, driving temperature-
dependent afterglow emission. Potential energy surface scans
(Fig. 3a, b) revealed multiple T₁ energy minima versus a single mini-
mum in S₀ and S₁ (Figure. S101), consistent with prior TRES and 3D
delayed emission spectral analyses. Conformation optimization of
these scan results yielded three distinct T₁ conformations and their
energies (I1

*, I2
*, I3*; Fig. 3c). I1

* and I2
* exhibit comparable energies with

a low interconversion barrier (0.677 eV, while I3
* is thermodynamically

stable but requires overcoming a high barrier (5.645 eV). Therefore, I1
*

and I2
* are proposed to be the two potential conformations involved in

Fig. 2 | Characteristics of HTA Phenomena. a Temperature-dependent delayed emission spectra, b normalized delayed emission spectra, c CIE coordinates, and
d, e lifetime spectra of TPCS-4@PAM film (Conc = 1%wt). (PL photoluminescence, CIE Commission Internationale de l'Éclairage; Conc. concentration, wt weight percent).
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the dynamic afterglow process. TD-DFT calculations (Fig. S102)
revealed that the I1

* to I2
* conformational transition corresponds to a

phosphorescence shift from 508 nm to 422 nm, consistent with
experimental data.

Construction and Application of Full-Color Afterglow
The TPCS-4@PAM showed temperature-modulated dynamic after-
glow with CIE coordinates changing from (0.24, 0.47) to (0.18, 0.20).
Based on this, we implemented temperature-sensitive radiative energy
transfer (ET) to achieve full-color afterglow. Rhodamine B (RhB) was
selected as the acceptor due to its excitation spectrum overlapping
with the green afterglow emission of TPCS-4@PAM (Fig. S103). By
modulating the mass ratio between donor and acceptor components,
full-color afterglow emission encompassing white light (CIE: 0.33,
0.37), with chromaticity coordinates shifting from (0.24, 0.47) to (0.54,
0.39) (Figs. S104, 105) was observed. At an optimal ratio, this strategy
regulated delayed emission (Fig. S106) and lifetimes (Figs. S107, 108,

Table S13) with ET efficiency reaching 88.66% (Fig. S109).
Temperature-tunable donor molecules enabled temperature-
dependent full-color afterglow systems (Fig. S110).

We developed a stimuli-responsive anti-counterfeiting ink using
aqueous TPCS-4@PAM, leveraging its thermally stable and humidity-
dependent afterglow properties. This ink enables programmable
phosphorescence switching under UV, heat, or humidity (Fig. 4a).
Besides, it can facilitate high-resolution multi-dimensional codes for
real-time humidity monitoring through reversible green afterglow
modulation (Fig. 4b). The hygroscopic PAM matrix governs humidity
sensitivity, with adsorbed H2O quenching emission, reversed by
dehydration at 373K, demonstrating cyclic stability over 10 heating
cycles (Figs. S111–113). TPCS-4@PAMexhibited impressive stability and
application potential: it maintained stable peak profiles and phos-
phorescent intensity during 1000 delayed emission spectral scans
(Figs. S114, 115), confirming good photostability; its HTA properties
persisted after 12 months under ambient conditions (Figs. S116).

Fig. 3 | Theoretical calculations. a, b Potential energy surface scans for the S₀ and T₁ states of TPCA-4, and (c) schematic illustration of TPCA-4 with different
conformations (T: twisted) calculated using M06-2X/def2SVP. (T₁ first triplet excited state, PES potential energy surface, ³T-T₁ triplet twisted T₁ state, I intermediate).
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Spatially resolved encryption matrices fabricated from TPCS-1@PAM
and TPCS-4@PAM advance dynamic information security sys-
tems (Fig. 4c).

A simulated server room validated the high-temperature mon-
itoring capabilities of the materials using dual-emission thermo-
responsive markers (Fig. 5a). The system provides three distinct opti-
cal outputs through programmable afterglow quenching: complete
emission at safe temperatures, selective blue component quenching at
warning thresholds (>80°C), and full quenching in error conditions
(>150 °C), with humidity-responsive behavior (Fig. 5b). Real-time
monitoring demonstrated ability of HTA materials to visually map
thermal profiles under operational extremes (Fig. 5c), confirming their
dual-parameter (temperature/humidity) sensing utility in confined
electronic environments.

Discussion
This study introduces a valuable approach to achieve daylight-excited
efficient and stable phosphorescence in flexible polymer films through
host-guest hydrogen-bonding. The flexible films demonstrate good
phosphorescence thermal tolerance, maintaining afterglow emission
for approximately 5 seconds even at elevated temperatures up to
423 K. By integrating single-bond rotors into phosphorescent cores
with multiple hydrogen-bonding sites, the flexible film with rare
temperature-modulated HTA property (wavelength from 508 to
450nm; lifetime from 836ms-298K to 6.34ms-473 K) has been
established. Control experiments and DFT calculations establish that
guest molecular conformation-modulation drive the observed phe-
nomena. The reversible HTA ensure the erasability of the phosphor-
escence, highlighting the dynamic nature of these materials. These
materials show potential application value in dynamic anti-counter-
feiting, information encryption, and environmental temperature
monitoring.

Methods
Materials
All reagents and solvents employed were commercially available and
used as received without further purification. 4,4’,4”-Nitrilotribenzoic
acid (TPCA-1), 4’,4”‘,4”“‘-Nitrilotris(([1,1’-biphenyl]-4-carboxylic acid))
(TPCA-2), 4”,4”“‘,4”“‘“‘-Nitrilotris(([1,1’:4’,1”-terphenyl]-4-carboxylic acid))
(TPCA-3) and 4,4”,4”“-Nitrilotris(([1,1’-biphenyl]-3,5-dicarboxylic acid))
(TPCA-4) was purchased from Bide Pharmatech commercially. Sodium
hydroxide (NaOH) and polyacrylamide (PAM) was purchased from
Adamas commercially. All chemicals have a purity of 99%.

General methods
The UV-Vis absorption spectra were obtained by a Shimadzu UV-2600
spectrophotometer. Phosphorescence, and lifetime of delayed emis-
sion spectra were recorded on an Agilent Cary Eclipse spectro-
photometer. Phosphorescence mode; Delay time= 4ms; Gate
time= 5ms. Absolute PL quantum yields were determined with a
spectrometer C11347-11 (Hamamatsu, Japan). Powder X-ray diffraction
(XRD) was performed on a D/max 2550VB/PC. FT-IR spectra were
recorded on an INVENIOS + . All the tests wereperformed at 25 °C if no
special statement.

Preparation of PAM solution
Weigh PAM 200mg to the 20mL Vial and add 16mL H2O into it, then
stir the solution overnight until completely dissolved.

Preparation of TPCA-4@PAM film. TPCA-4 (2mg, 0.00271mmol)
was dissolved in DMF (4mL). The solution was added to the aforemen-
tioned PAM solution with stirring for 30min. The mixed precursor
solution was then cast into a polytetrafluoroethylene (PTFE) mold and
heated to 60 °C under ambient pressure. Slow solvent evaporation over
12 h yielded a uniform flexible film. The obtained film was subsequently
annealed in a vacuum oven at 60 °C for 12 h before characterization.

Fig. 4 | Applications of organic HTAmaterials for anti-counterfeiting and data
encryption. aDemonstration of cryptographic anti-counterfeiting ink using TPCS-
4@PAM solution. b Development of high-resolution multi-dimensional codes with

tunable afterglow properties. c Creation of an ultra-long delayed emission infor-
mation encryptionmatrix basedonTPCS-1@PAM(blue) andTPCS-4@PAM(green).
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Preparation of TPCS-4@PAM film
After complete dissolutionof the aforementionedPAMsolution, TPCS-
4 (2mg, 0.0023mmol) was added and stirred for 30min to ensure
homogeneousdissolution. Themixedprecursor solutionwas then cast
into a PTFE mold and heated to 60 °C under ambient pressure. Slow
solvent evaporation over 12 h yielded a uniform flexible film. The
obtainedfilmwas subsequently annealed in a vacuumoven at 60 °C for
12 h before characterization.

DFT calculation
Density functional theory (DFT) and time-dependent (TD) DFT calcu-
lations were performed with the Gaussian 09 (Revision E.01) software
package. The ground-state (S0) geometries were optimized with the
M062X and def2svp basis.

Data availability
All data generated or analyzed during this study are included in this
published article and its supplementary information files. All data are
available from the corresponding author upon request. Source data
are provided with this paper.
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