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Abstract Polymer-based scintillating materials hold considerable promise for a broad range of applications. However, their development has
been constrained primarily by the intrinsically low exciton harvesting efficiency. Herein, we harness a host-guest energy transfer strategy to over-
come this limitation. Through a simple radical polymerization, thermally activated delayed fluorescence units bearing a C=0/N resonance struc-
ture are embedded into a pyridine-containing copolymer framework. Using pyridine groups with high triplet energies as the host matrix effec-
tively suppresses aggregation-caused quenching and maintains efficient reverse intersystem crossing process of luminescent thermally activat-
ed delayed fluorescence unit for high exciton harvesting. The resulting material exhibits intense photoluminescence and radioluminescence
emission at 492 nm. Line-pair and modulation transfer function analyses further validate that the scintillator delivers a spatial resolution of 13.3
Ip/mm and a detection limit of 390 nGy/s. X-ray imaging experiments demonstrate that the material can clearly resolve complex internal struc-
tures of diverse specimens, confirming its potential for industrial non-destructive testing. This work presents a flexible, high-resolution organic
scintillator and paves the way for its deployment in multi-scenario X-ray imaging.
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INTRODUCTION

Scintillators are functional materials that absorb high-energy
jonizing radiation and emit visible or ultraviolet photons."!
These materials serve as core components in diverse applica-
tions, including medical X-ray diagnostics, industrial non-de-
structive testing, and radiation detection systems.>'"! From a
compositional perspective, typical scintillator materials are di-
vided into two types: inorganic materials and organic
molecules.l'>"3] Organic scintillators offer the following merits:
Their synthetic procedures are comparatively simple and inex-
pensive, and their molecular structures can be easily modified to
satisfy the desired requirements. Remarkable progress has been
made in the development of organic scintillator materials across
diverse morphological categories, including single-crystalline
solids, liquid solutions, and polymeric matrices.>'4~'") The scin-
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tillation response of these materials is governed by fundamen-
tal radiation-matter interaction cascades, whereby high-energy
photons interact with the bulk material through photoelectric
absorption and Compton scattering to generate primary ener-
getic electrons. These high-energy primary electrons subse-
quently undergo successive inelastic collisions with the sur-
rounding atoms, producing copious secondary electrons along-
side abundant electron-hole pairs through ionization and exci-
tation events. According to the well-established spin statistics
rule, the recombination of these charge carriers yields singlet
and triplet excitonic states in an approximate 1:3 population ra-
tio, where only the singlet fraction contributes to prompt radia-
tive emission in conventional fluorescent systems, while the
majority triplet fraction is typically dissipated via non-radiative
pathways due to spin-forbidden transitions, inherently restrict-
ing exciton utilization efficiency.l'®-2*

Recent exciton management strategies, including room-
temperature phosphorescence materials, hybrid local and
charge-transfer systems, open-shell organic radical scintilla-
tors, and thermally activated delayed fluorescence (TADF)
materials, have substantially improved the exciton harvest-
ing capacity, driving the iterative development of high-per-

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
https://doi.org/10.1007/s10118-026-3784-5
mailto:iamhhli@njupt.edu.cn
mailto:iamytao@njupt.edu.cn
http://www.cjps.org
http://link.springer.com

2 Feng, K. et al./ Chinese J. Polym. Sci.

formance organic scintillators.23-331 Among these platforms,
multiple resonance TADF (MR-TADF) systems have attracted
considerable attention. Their donor-acceptor molecular skele-
tons with orderly arranged electron-donating and electron-
withdrawing units induce a complementary mesomeric reso-
nance effect that effectively delocalizes frontier orbitals,
thereby narrowing the singlet-triplet energy gap (AEsy) to fa-
cilitate reverse intersystem crossing (RISC)-mediated triplet-
to-singlet upconversion. Theoretically, this mechanism en-
ables near-100% internal exciton utilization, overcoming the
intrinsic 25% efficiency limit of traditional fluorescent scintil-
lators. Complementarily, the rigid framework of the con-
strained aromatic core restricts intramolecular vibrational re-
laxation and structural distortion, generating an emission
profile with a narrow full width at half maximum (FWHM) and
high luminescence efficiency.

In this study, we developed a covalent host-guest sensitiza-
tion strategy that harnesses TADF mechanisms to boost exci-
ton utilization efficiency (Fig. 1a).34-371 The MR-TADF emitters
leverage the RISC mechanism to achieve near-100% exciton
harvesting while embedding these chromophores into a tai-
lored polymer matrix that isolates emissive units to suppress
aggregation-caused quenching (ACQ). For the host-guest
copolymer design, we incorporated pyridine moieties with
high triplet energy levels into the backbone and chro-

a Compton scattering

mophore of 7-(4-vinylphenyl)quinolino([3,2,1-de]acridine-5,9-
dione (VQA) as MR-TADF units. The matched energy levels
between the pyridine-based host and MR-TADF guest states
facilitate efficient energy transfer (ET) to boost exciton har-
vesting. Leveraging an efficient host-guest ET, RL centered at
492 nm is realized, yielding a limit of detection (LOD) as low
as 390 nGy/s. Furthermore, quantitative evaluation using the
slanted-edge technique confirmed a spatial resolution of 13.3
Ip/mm, enabling high-fidelity X-ray imaging. This work
demonstrates a flexible, high-performance scintillator using a
rational host-guest ET strategy, offering a promising platform
for efficient X-ray detection.

EXPERIMENTAL

All experimental details and relevant synthesis characteriza-
tions are included in the electronic supplementary information
(ESI).

RESULTS AND DISCUSSION

Synthesis

To validate the feasibility of the proposed covalent host-guest
strategy, we implemented a facile free-radical copolymerization
protocol using the MR-TADF chromophore VQA and 4-
vinylpyridine (4VP) as comonomers, with 2,2'-azobis(2-methyl-
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Fig. 1  Design strategy and mechanism of polymer scintillator. (a) Schematic illustration of the X-ray-to-light conversion cascade in organic
scintillators and the radioluminescence (RL) mechanism of TADF scintillators; (b) Design route and molecular structure of copolymer and energy
transfer pathway. ISC, intersystem crossing; RISC, reverse intersystem crossing; Fluo., fluorescence; Phos., phosphorescence; TADF, thermally

activated delayed fluorescence; AIBN, azobisisobutyronitrile.
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propionitrile) serving as the thermal radical initiator (Figs. S1 and
S2; Table S1 in ESI).®! By systematically tuning the 4VP to VQA
(1000:1, 200:1, and 100:1), we synthesized a series of PAVQA,
copolymers (Fig. 1b). The amorphous nature of the resulting
copolymers was confirmed by nuclear magnetic resonance
spectroscopy, Fourier transform infrared spectroscopy, gel per-
meation chromatography, and powder X-ray diffraction, collec-
tively verifying the successful incorporation of VQA chro-
mophores into the 4VP-based polymer backbone without dis-
rupting the amorphous matrix structure (Figs. S3—S7 in ESI).

Radioluminescence Properties

To evaluate the potential of the designed polymers for scintilla-
tion applications, their RL properties were characterized under
X-ray irradiation at 50 kV and 80 pA. The absorption spectra of
P4VP and P4VQA, were nearly identical (Fig. S8 in ESI), which
confirms that the X-ray absorption originates primarily from the
4VP units in the copolymer. Compared with P4VQA,, the high-
er VQA doping levels in PAVQA, and P4VQA; promote the
more efficient utilization of radiation-generated triplet excitons,
leading to enhanced RL performance. Nevertheless, excessive
VQA incorporation results in ACQ, which diminishes the RL in-
tensity. Therefore, PAVQA,, with its optimized guest concentra-
tion, exhibited the best RL properties (Fig. 2a). Under identical X-
ray excitation conditions, P4VQA, copolymer gives an estimat-
ed light yield of about 17368 photons MeV~', compared with
15900 photons MeV~! for the commercial scintillator an-
thracene (Fig. S9 and Table S2 in ESI). The RL intensity of the
copolymer P4VQA, film was significantly higher than that of
the film obtained by simply doping VQA into the P4VP matrix

with VQA at the same concentration (Fig. S10 in ESI), highlight-
ing the advantages of the copolymerization approach. To simu-
late practical X-ray detector configurations, we fabricated com-
posite films by embedding the P4VQA, polymer in a polysul-
fone (PSF) matrix for luminescence behavior investigation (Fig.
2b and Fig. S11 in ESI). PSF was incorporated as the host matrix
to further enhance the flexibility and optical transparency of the
scintillation film.

The RL output of the composite films exhibited a positive
correlation with the P4VQA, doping ratio, peaking at a load-
ing concentration of 40 wt%, which was adopted for all sub-
sequent scintillation performance evaluations and X-ray
imaging experiments. As the X-ray dose rate increased, the RL
intensities of the films increased proportionally (Fig. 2c). Fur-
ther quantitative analysis established a robust linear dose-re-
sponse relationship between P4VQA, RL intensity and inci-
dent radiation dose rate, yielding a calculated LOD of 390
nGy/s (Fig. 2d).3949 This value is substantially below the 5.5
MGy/s threshold mandated for standard medical X-ray imag-
ing procedures, confirming the suitability of the material for
low-dose diagnostic applications.*'42 To minimize photon
loss during signal acquisition, the spectral compatibility be-
tween the photodetector sensitivity range and the scintilla-
tor emission profile is critical. As illustrated in Fig. 2(e), the
emission profile of P4VQA, exhibited excellent spectral com-
patibility with silicon photomultiplier detectors, effectively
minimizing photon collection losses during signal acquisition.
Furthermore, P4VQA, demonstrated remarkable long-term
stability under continuous X-ray irradiation for 3600 s and 210
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Fig. 2 RL characteristics of the MR-TADF copolymers under ambient conditions. (a) RL spectra of P4VQA, scintillators; (b) RL spectra of PAVQA,
incorporated PSF film with different doping concentrations; (c) RL spectra and (d) corresponding RL intensities of 40 wt% P4VQA, doped PSF film
exposed to different radiation dose rates from 40.8 uGy/s to 210.2 pGy/s; (e) The spectral response curve of the silicon photomultiplier and RL
spectrum of the 40 wt% P4VQA, doped PSF film; (f) RL intensity stabilities under continuous X-ray exposure for 3600 s and under 210 repeated on-

off irradiation cycles at a dose rate of 210.2 uGy/s.
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on/off cycles (Fig. 2f). The RL output maintains about 95% of
its initial intensity across the full testing duration, confirming
exceptional radiation hardness and robust operational stabili-
ty under sustained high-dose excitation.[2343]

Photophysical Properties

To further elucidate the structure-property relationships, we first
performed absorption and steady-state photoluminescence
(SSPL) spectral characterization of the P4VQA, copolymers. A
key observation is the exceptionally narrow emission band-
width, which minimizes spectral overlap between the absorp-
tion and emission bands, effectively mitigating the severe self-
absorption effects that commonly plague conventional organic
scintillators (Fig. 3a).l’! Subsequent time-resolved fluorescence
decay analysis revealed that the delayed fluorescence lifetimes
of the polymer scintillators fell within the microsecond range
(Fig. 3b), whereas the prompt fluorescence components exhib-
ited nanosecond-scale lifetimes (Fig. S12 in ESI).**4] This struc-
ture effectively suppresses non-radiative vibrational relaxation,
thereby preserving its intrinsic radiative decay characteristics
and resulting in a similar lifetime in P4AVQA, copolymers. This
distinct dual-lifetime behavior is characteristic of MR-TADF sys-
tems, confirming the successful integration of the TADF func-
tionality into the polymer matrix. As shown in Fig. S13 (in ESI),
the fluorescence peak was 492 nm, and the phosphorescence
peak was 520 nm, thus yielding a AEg; of approximately 0.14 eV.
To further validate the MR-TADF mechanism, we recorded tem-
perature-dependent SSPL spectra under 330 nm excitation over
a 78-298 K range. As the temperature decreased, the prompt
fluorescence intensity of P4VQA, gradually diminished, accom-
panied by the appearance of a distinct new emission band cen-

tered at 520 nm (Fig. 3c). This low-temperature phosphores-
cence emission stems from suppression of the thermally acti-
vated RISC pathway, a characteristic signature of TADF
systems.[*®) The MR-TADF polymer with reduced AE; facilitates
efficient RISC, which enables full harvesting of triplet excitons
and significantly enhances photoluminescence quantum yield
(PLQY). Notably, when the doping concentration of VQA in-
creased, a slight decrease in the PLQY from 37.8% (P4VQA,) to
34.5% (P4VQA;) was observed (Fig. 3d), accompanied by a
gradual broadening of the FWHM from 41 nm to 46 nm, along
with a red-shift of the emission spectrum (Fig. S14 in ESI).
Furthermore, the pronounced spectral congruence be-
tween the SSPL profile of the P4VP homopolymer and the
absorption band of P4VQA, (Fig. 3e), coupled with the high-
er triplet energy level of 4VP established the requisite photo-
physical foundation for ET from the 4VP host to the VQA
guest emitter (Fig. S15 in ESI). To elucidate the underlying lu-
minescence mechanism, time-dependent density functional
theory (TD-DFT) calculations.*’481 The computed energy lev-
els were as follows: S; (3.015 eV), T, (2.440 eV), T, (2.962 eV),
T3 (2.965 eV), T, (3.102 eV), and T5 (3.185 eV). The large ener-
gy gap (0.575 eV) between S; and T, coupled with the mini-
mal AEs; between S; and T,-Ts indicates that ISC predomi-
nantly occurs between the S; and T,-Ts states, enabling effi-
cient triplet-to-singlet upconversion (Fig. 3f). A plausible RL
mechanism was proposed through combined RL and photo-
physical investigations. When X-rays interact with a copoly-
mer, high-energy primary electrons are generated via photo-
electric absorption and Compton scattering processes. These
energetic electrons dissipate energy through successive in-
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Fig. 3 Photophysical properties of MR-TADF copolymer scintillators. (a) Normalized absorption and emission spectra; (b) Delayed fluorescence
lifetime decay profiles; (c) Temperature-dependent steady-state photoluminescence (SSPL) spectra of P4VQA, ranging from 78 K to 298 K; (d)
Photoluminescent quantum yields under 330 nm excitation; (e) SSPL spectrum of P4VP and absorbance spectrum of P4VQA,; (f) Theoretically
calculated excited energy levels and corresponding spin orbital coupling constants of P4VQA. The calculated mode is shown in ESI.
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elastic collisions with the surrounding atoms, producing copi-
ous secondary electron cascades and electron-hole pairs.
Charge carrier recombination subsequently generates singlet
and triplet excitons at a theoretical 1:3 population ratio. With
the aid of the RISC pathway, efficient triplet-to-singlet upcon-
version was achieved, substantially boosting the overall scin-
tillation performance.

Application of Polymer Scintillator

By leveraging the exceptional X-ray sensitivity of the synthe-
sized copolymers, we evaluated their potential for radiographic
imaging applications. The superior scintillation performance of
the P4VQA, doped PSF film (Fig. 4a). As shown in Figs. 4(b) and
Fig. S16 (in ESI), the prepared scintillator film has a thickness of
only 0.05 mm, exhibiting high optical transparency and excel-
lent bendability for X-ray imaging scenarios. Under X-ray excita-
tion, the pure PSF films exhibited negligible RL. However, when
doped with P4VQA,, the same films produced bright scintilla-
tion. Therefore, the emission is almost entirely from P4VQA,,
and the PSF plays little role in the improved X-ray performance
(Fig. S17 in ESI). The imaging performance of the material was
quantitatively evaluated using the standard X-ray slanted-edge
technique. Modulation transfer function measurements
demonstrate that the screen can resolve fine structural details,
achieving a spatial resolution of up to 13.3 Ip/mm at an MTF val-
ue of 0.2 (Fig. 4c).

To further validate its practical utility, a custom-designed X-
ray imaging platform was employed under meticulously opti-
mized optical configurations (Fig. 4d). In this setup, the test
object was strategically positioned in the beam path be-
tween the X-ray source and the scintillator panel. The poly-
meric scintillation screen successfully rendered the internal
architectures of diverse specimens, ranging from intricate car-

toon patterns and electronic chips to encapsulated screws
and syringe needles embedded within fish tissue, thereby
highlighting the exceptional imaging fidelity of this flexible
scintillator film (Fig. 4e). Collectively, these results underscore
the substantial potential of the polymer scintillator for ad-
vanced non-destructive testing, establishing a robust plat-
form for high-performance, flexible X-ray imaging in demand-
ing scenarios such as medical diagnostics, wearable radiation
sensors, and curved-geometry tomography.

CONCLUSIONS

In summary, we successfully produced a copolymer containing
the MR-TADF guest and host using a simple radical copolymer-
ization method. The developed copolymers exhibited narrow-
band emissions at approximately 492 nm and PLQYs of approx-
imately 38%. When irradiated by the X-ray radiation, the
P4VQA, shows good RL features, showing a good irradiation
stability, high spatial resolution of 13.3 Ip/mm and low detec-
tion limit of 390 nGy/s. This work utilized radical polymerization
to fabricate a flexible, high-resolution organic scintillator, offer-
ing a versatile material platform for advanced X-ray imaging
technologies.
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