Letter

ADVANCED

PHOTONICS

Organic room-temperature phosphorescent
polymers for efficient X-ray scintillation
and imaging

Juan Wei,” Yangyang Jiang,” Chenyuan Liu,” Jiayu Duan,® Shanying Liu,” Xiangmei Liu,* Shujuan Liu,”

Yun Ma®,** and Qiang Zhao*"*

2Nanjing University of Posts and Telecommunications, Institute of Advanced Materials and Institute of Flexible Electronics (Future Technology),
State Key Laboratory of Organic Electronics and Information Displays and Jiangsu Key Laboratory for Biosensors, Nanjing, China

®Nanjing University of Posts and Telecommunications, College of Electronic and Optical Engineering and Microelectronics and College of Flexible
Electronics (Future Technology), Jiangsu Province Engineering Research Center for Fabrication and Application of Special Optical Fiber Materials
and Devices, Nanjing, China

Abstract. Materials that exhibit visible luminescence upon X-ray irradiation show great potential in the medical
and industrial fields. Pure organic materials have recently emerged as promising scintillators for X-ray de-
tection and radiography, due to their diversified design, low cost, and facile preparation. However, recent
progress in efficient radioluminescence has mainly focused on small molecules, which are inevitably asso-
ciated with processability and repeatability issues. Here, a concise strategy is proposed to prepare radio-
luminescent polymers that exhibit multiple emission colors from blue to yellow with high brightness in an
amorphous state by the radical copolymerization of negatively charged polyacrylic acid and different positively
charged quaternary phosphonium salts. One of the obtained polymers exhibits excellent photostability under
a high X-ray irradiation dosage of 27.35 Gy and has a detection limit of 149 nGys~'. This performance is
superior to that of conventional anthracene-based scintillators. Furthermore, by simply drop-casting a polymer
methanol solution on a quariz plate, a transparent scintillator screen was successfully fabricated for X-ray
imaging with a resolution of 8.7 line pairsmm~'. The pure organic phosphorescent polymers with a highly
efficient radioluminescence were demonstrated for the first time, and the strategy reported herein offers a
promising pathway to expand the application range of amorphous organic scintillators.
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limited to inorganic materials or heavy metal complexes.'®>

These inorganic materials have several intrinsic disadvantages,
such as harsh preparation conditions, high cost of rare metal re-
sources, and toxicity during biological applications.”*" In this
context, purely organic materials have been recently developed

1 Introduction

X-ray excited luminescent materials, namely scintillators, have
attracted tremendous interest in recent years because they can
convert high-energy X-ray photons to low-energy visible lumi-

nescence.'™ This unique characteristic means that these materi-
als are excellent candidates for various applications in radiation
detection,”™ medical diagnosis,'*'* and security inspection."*"”
However, this intriguing luminescence phenomenon is mainly

*Address all correspondence to Qiang Zhao, iamgzhao@njupt.edu.cn; Yun Ma,
iamyma @njupt.edu.cn
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as promising alternative scintillators due to their low cost, flex-
ibility, and easy preparation process.”*® Nevertheless, most
known organic scintillators are fluorescent dyes whose lumines-
cence originates from the singlet excited state.””*® Previous stud-
ies have demonstrated that radioluminescence (RL) is generated
by electronic transitions induced by electron impact. Upon X-
ray irradiation, the atoms in the organic scintillators interacted
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Fig. 1 (a) Schematic illustration of the mechanism of X-ray-irradiated luminescence for organic
scintillators. (b) Chemical structures of copolymers P1 to P6.

with high-energy photons by the Compton scattering and photo-
electric effect, resulting in the ejection of electrons. Next, the
atoms in organic molecules can interact with these electrons
to produce secondary electrons and electron—hole pairs.
Thus, the RL process of these materials is similar to that of
electroluminescence in some respects [Fig. 1(a)].*** Only
25% singlet excitons are used for RL in fluorescent organic scin-
tillators, and the other 75% triplet excitons are wasted due to
their dark state characteristics. Therefore, inefficient exciton uti-
lization has obstructed the development of highly efficient or-
ganic scintillators.

Thus, the harvesting of triplet excitons in pure organic ma-
terials shows promise as an effective strategy for achieving high-
performance organic scintillators.”~** For example, Huang and
coworkers developed a class of organic crystalline materials
containing heavy halogen atoms, which can enhance n-m*
transitions for facilitating the intersystem crossing (ISC) pro-
cess. As a result, high-efficiency X-ray-excited luminescence
was achieved under ambient conditions due to the utilization
of both singlet and triplet excitons.” In addition, Yang and
coworkers reported a series of thermally activated delayed fluo-
rescence molecules for high-efficiency RL and high-resolution
X-ray imaging.” Although excellent X-ray scintillation perfor-
mance has been reported for pure organic small molecule ma-
terials, the intrinsic disadvantages of these small molecules in
integration and processability for optoelectronic devices hinder
their practical application. Compared with organic scintillators
based on small molecules, the development of polymeric scin-
tillators may further advance the real-world applications of
organic scintillators due to their appealing advantages, includ-
ing large-area processability, good reproducibility, and high
mechanical flexibility.”™°

One promising method for achieving high-efficiency pure or-
ganic polymer-based scintillators involves the development of
room-temperature phosphorescent (RTP) polymeric materials.
In this study, a series of RTP polymers were synthesized by
the facile radical copolymerization of positively charged quater-
nary phosphonium salts and negatively charged acrylic acid.
Organic quaternary phosphonium derivatives were reported to
possess RTP due to their proximity-induced intermolecular
electronic coupling in the rigid environment.”™*' The intense
electrostatic interactions between oppositely charged groups

Advanced Photonics

035002-2

and cross-linked hydrogen bonding networks suppressed
nonradiative transitions and offered a rigid environment that
restricted molecular motions, creating favorable conditions for
achieving RTP. Impressively, all the fabricated polymers
showed intense RL upon X-ray irradiation. To the best of our
knowledge, RL generated from organic RTP polymers upon
X-ray irradiation has not yet been reported.

2 Methods

2.1 Scintillator Characterization

The RL spectra were recorded by a QE PRO fiber-coupled
fluorescence spectrometer with a Mini-X2 X-ray tube (target
material: Au, P, =4 W, V_ .. =50kV, [,.=70uA,
Amptek) as the X-ray source. The X-ray dose rates were altered
by adjusting the current of the X-ray tube from 5 to 70 uA. The
dose rates under different conditions were calibrated using an
X-ray ion chamber dose meter (Radcal Accu-DOSE™,
10X6-60).

2.2 X-ray Imaging

For X-ray imaging, the objects to be measured were placed
above the scintillator screens and exposed under a Mini-X2
X-ray tube at an operating voltage of 50 kV and current of
70 pA. Then, the optical path was deflected by a reflector to
diminish the negative influence caused by direct X-ray radiation
on the camera. The photographs of the polymers under X-ray
irradiation were collected by a digital camera (Nikon D850).

2.3 MTF Measurements

Modulation transfer function (MTF) is useful for evaluating the
fundamental spatial resolution performance of an imaging sys-
tem and represents the transfer capability of the input signal
modulation of spatial frequency. Here, the MTF was obtained
by the slanted-edge method taking an X-ray image of a piece
of tungsten (thickness: 1 mm) with sharp edge. The edge spread
function (ESF) could be derived from the edge profile of this
X-ray image and used to deduce the line spread function (LSF).
Finally, the MTF can be defined by the Fourier transform of the
LSF as follows:
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MTF(v) = F(LSE(y)) = F(%E("))

where v is the spatial frequency and y is the position of the
pixels.

2.4 Scintillator Screen Preparation

P2 (1.0 g) was dissolved in 2 mL CH;O0H; then the quartz plate
was treated under UV light for 30 min. The screen was prepared
by painting drops of a 300 uL solution.

3 Results

The monomer but-3-en-1-yl(4-(diphenylamino)phenyl)diphe-
nylphosphonium bromide (M1) was prepared by refluxing
4-bromobut-1-ene and 4-(diphenylphosphanyl)-N,N-diphenyl-
aniline in dimethylformamide for 24 h. Then, M1 was copolym-
erized with acrylic acid at molar ratios of 1/5, 1/10, 1/25, 1/50,
1/100, and 1/200 to prepare a series of copolymers (P1 to P6)
[Fig. 1(b)]. 'H, 13C, and 3'P nuclear magnetic resonance spec-
troscopy was used to characterize the monomers, and gel per-
meation chromatography was used to characterize the polymers
(Figs. S1-S9 and Table S1 in the Supplementary Material).
The photoluminescence (PL) properties of polymers P1-P6
were first studied in detail in the solid state. As shown in
Fig. 2(a), the prompt PL spectra of all six polymers showed dif-
ferent emission peaks in the range of 464 to 510 nm, displaying
similar emission profiles under 400 nm excitation. Impressively,
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these polymers exhibited a strong luminescence with high quan-
tum efficiencies in the range of 37.69% to 60.27% [Fig. 2(a)].
The delayed PL spectra of these polymers exhibited identical
emission profiles but different peaks from 476 to 510 nm
(Fig. S10 in the Supplementary Material). Moreover, their emis-
sion lifetimes were in the range of 8 to 35.9 ms. The delayed
PL intensities and emission decay times of these polymers were
significantly enhanced at the low temperature of 77 K (Figs. S11
and S12 in the Supplementary Material), which is indicative of
the phosphorescent nature of the delayed emission. It is believed
that the enhanced intermolecular interactions and electronic
coupling among monomers caused by increasing the proportion
of M1 are responsible for the redshift in both fluorescence
and RTP.*

Next, the photophysical properties of M1 in the poly(methyl
methacrylate) (PMMA) films were investigated at 77 K to ex-
plore the origins of their RTP. As shown in Fig. S13 in the
Supplementary Material, when increasing the M1 content in
the PMMA films from 1% to 10% (mass fraction), the PL pro-
files of the films remained almost constant and no new emission
peak appeared. This result indicates that the phosphorescence of
the polymers was caused by isolated molecules rather than ag-
gregates. In addition, grazing incidence wide-angle X-ray scat-
tering measurements of P1 to P6 were carried out to study their
microstructures. As shown in Fig. S14 in the Supplementary
Material, two peaks were obtained. These peaks corresponded
to two different luminophore arrangements in the polymers. The
low ¢ peak (0.43 A~") corresponded to interpolymer chain
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Fig. 2 (a) The PL and delayed PL spectra of polymers P1 to P6 in the solid state at room temper-
ature (excitation at 400 nm). (b) Phosphorescence decay curves of P1 to P6 in the solid state at
room temperature (excitation at 400 nm). (c) Calculated energy diagram and spin-orbital coupling

(&) of M1 monomer.
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packing, and the high ¢ peak (1.41 A~') was assigned to the
M1 spacing in one polymer chain. Thus, no n—r interactions
were detected among the monomers.”” To better understand
the RTP mechanism, the electronic structure of monomer M1
was studied using time-dependent density functional theory
[Fig. 2(c)].*™ For M1, the spin-orbit coupling constants (&)
of §; to T, were calculated to be 16.880 cm™! (S; — T;) and
2.786 cm~! (§; — T,), indicating an efficient ISC process for
the generation of phosphorescence. Overall, it can be concluded
that the RTP of these polymers was caused by their monomer
molecules.

The X-ray absorption coefficients of M1 and acrylic acid were
then recorded. As shown in Fig. 3(a), M1 showed a larger X-ray
absorption coefficient than acrylic acid within the energy region
of 1 keV to 10 MeV. This indicated that the quaternary phospho-
nium salts played a crucial role in absorbing X-ray photons,
while the acrylic acid group did not play a significant role.
The radioluminescent properties of P1 to P6 in the solid state
were then investigated. As shown in Fig. 3(c) and Fig. S16 in
the Supplementary Material, all six polymers showed obvious
RL to the naked eye upon X-ray irradiation, and the RL spectra
of these polymers were almost identical to their delayed PL spec-
tra. This result suggests that the triplet excitons of these polymers
were fully utilized in the RL generation process. In addition, the
amorphous nature of these polymers was confirmed by powder
X-ray diffraction patterns (PXRD), as shown in Fig. 3(b).

Among the various copolymerization ratios, the brightest RL
was detected when a ratio of 1/10 was used. The RL intensity
of the polymers was enhanced with increasing M1 molar ratio

from 1/200 to 1/10. However, the RL intensity decreased when
the M1 molar ratio was further increased to 1/5 [Fig. 3(d)]. This
was potentially because the higher ratio of monomer resulted in
a less rigid environment and provided an oxygen shielding ef-
fect, resulting in the quenching of triplet excitons. Therefore,
P2 (produced with an M1 molar ratio of 1/10) was investigated
in detail as a model in the following experiments.

The photostability of scintillators under X-ray irradiation is
quite important in practical applications. Thus, the photostability
of P2 was determined under a continuous irradiation dosage of
27.35 Gy. As shown in Fig. 3(e), the RL intensity of P2 remained
almost unchanged after 20 cycles, indicating its high stability
for scintillator applications. In addition, the limit of detection
(LOD) is another important parameter for the practical use of
scintillators in real-world applications. Figure 3(f) shows that
the RL intensities of P2 had a linear dependence on the X-ray
dosage. As shown in Fig. 3(f), the LOD of P2 was measured to
149 nGy s~! when the signal-to-noise ratio (SNR) was equal to
3, which is more sensitive than that of anthracene with an LOD
of 478 nGys~!. It is ~37 times lower than the standard dosage
of 5.5 uGys~! found in X-ray biomedical applications."”” The
high photostability and low LOD of P2 mean that it is an ideal
candidate for X-ray detection and radiography applications.

To verify the generality of the X-ray excited luminescence
of polymeric systems, quaternary phosphonium derivatives of
but-3-en-1-yl(9-butyl-9H-carbazol-3-yl)diphenylphosphonium
bromide and (6-bromonaphthalen-2-yl)(but-3-en-1-yl)diphe-
nylphosphonium bromide were selected to covalently bond
with acrylic acid to prepare RTP polymers. These polymeric
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Fig. 3 (a) The X-ray absorption spectra of the M1 and acrylic acid monomers. (b) PXRD patterns
of the copolymers P1 to P6. (c) Normalized RL spectra and the related photographs of P1 to P6
under X-ray irradiation. (d) RL intensity changes of P1 to P6 under the same X-ray irradiation
condition. (e) The photostability of P2 at 510 nm for continuous X-ray irradiation dosage of
27.35 Gy. (f) LOD (defined as an SNR of 3) and linear behaviors of P2 and anthracene under

low-dose-rate X-ray excitation.
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Fig. 4 (a) Chemical structures of P7 and P8. (b) RL spectra of P2, P6, P7, and P8 under X-ray
irradiation. (c) CIE chromaticity coordinate diagram of the RL of P2, P6, P7, and P8.

systems were respectively denoted P7 and P8, and they were
prepared with a copolymerization ratio of 1/10 [Fig. 4(a)].
As expected, these polymers exhibited RTP under ambient
conditions. Furthermore, these two polymers exhibited strong
RL under X-ray irradiation [Fig. 4(b), and Figs. S18 and S19 in
the Supplementary Material]. Specifically, P7 and P8 displayed
maximum RL peaks at 530 and 548 nm, respectively. Also,
PXRD patterns confirmed the amorphous nature of P7 and
P8 (Fig. S17 in the Supplementary Material). In addition, the
X-ray to light conversion efficiencies of P2, P7, and P8, were

detected. As shown in Fig. S20 in the Supplementary Material,
their values were calculated to be 14,414, 10,584, and
10,436 photons MeV~!, which are comparable to conventional
anthracene-based scintillators (15,900 photons MeV~!). The
RL wavelength tunability of these polymers is favorable for
the construction of a range of X-ray detector arrays with differ-
ent colors [Fig. 4(c)].

Due to its intense RL, high photostability, and low LOD, P2
was selected for use in an X-ray imaging application (Figs. S20
and S21 in the Supplementary Material). First, transparent
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Fig. 5 (a) Photographs of a scintillator screen under daylight and X-ray irradiation. (b) MTF curve
of the P2 scintillator screen. (c) Photograph and X-ray image of the standard X-ray test. Bright field
and X-ray images of (d) a metallic spring in capsule and (e) a chip card using P2 scintillator screen.
X-ray tube voltage, 50 kV; dose rate, 20 mGys~'; exposure, 15 s.
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scintillator screens with different thicknesses (753, 437, and
200 um) were fabricated by drop-casting of P2 CH;OH solution
(0.5 g/mL) on the quartz plate (Fig. S21 in the Supplementary
Material), which was a facile process due to its excellent proc-
essability. The prepared screens showed a similar RL color as
the solid-state material [Fig. 5(a) and Fig. S21 in the Supple-
mentary Material], and their RL intensities were enhanced with
the increase of thin film thickness. Then, X-ray imaging of the
scintillator screen through a standard X-ray test pattern plate
was performed to measure the maximum possible resolution
for radiography using these scintillator screens. The results
showed that the scintillator screen with a 437 ym thickness
showed the highest maximum resolution among all samples,
which suggest that the selected suitable thickness film is quite
important. Thus, scintillator screen with a 437 ym thickness
was used for X-ray imaging experiments. According to the
MTF calculation, a maximum resolution of 8.7 line pairs (Ip)
mm~' is obtained when MTF value is 0.2 [Fig. 5(c)]. As shown
in Fig. 5(b), the line pair notches around 8 Ipmm™' were
demonstrated, indicating the high-resolution X-ray imaging
ability of the P2 screen. As shown in Fig. 5(d), a metal spring
was able to be imaged using the prepared scintillator screen even
when the spring was in an opaque capsule, suggesting good
potential for the inspection of inner structures. Moreover, an
electrical chip with metal components inside was used to further
demonstrate the X-ray imaging capability of P2 scintillator
screen [Fig. 5(e)]. These results demonstrate the excellent
potential of organic RTP polymers as scintillator screens for
high-quality X-ray imaging.

4 Conclusion

We proposed an effective and general strategy for the prepara-
tion of amorphous RTP polymers by incorporating positively
charged quaternary phosphonium phosphors into negatively
charged polyacrylic acid. It was demonstrated that these poly-
mers can be used as multicolor organic X-ray scintillators with
high brightness through the efficient utilization of their triplet
excitons. Among the fabricated polymers, P2 was measured
to have the brightest RL upon X-ray irradiation, and it also ex-
hibited good photostability after exposure to an X-ray dosage
of 27.35 Gy. More importantly, the LOD of P2 was measured
to be as low as 149 nGy s~!. Finally, P2 was successfully used
to construct a transparent scintillator screen for high-resolution
X-ray imaging. Overall, our findings provide a universal design
approach for the preparation of amorphous organic materials
with a bright RL and offer more possibilities for the use of or-
ganic and polymeric amorphous scintillators in optoelectronic
and biomedical applications.
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