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Abstract: The architectural design and fabrication of low-cost and reliable organic X-ray imaging scintillators with high
light yield, ultralow detection limits, and excellent imaging resolution is becoming one of the most attractive research
directions for chemists, materials scientists, physicists, and engineers due to the devices’ promising scientific and
applied technological implications. However, the optimal balance between the X-ray absorption capability, exciton
utilization efficiency, and photoluminescence quantum yield (PLQY) of organic scintillation materials is extremely
difficult to achieve because of several competitive nonradiative processes, including intersystem crossing and internal
conversion. Here, we introduced heavy atoms (Cl, Br, 1) into thermally activated delayed fluorescence (TADF)
chromophores to significantly increase their X-ray absorption cross-section while maintaining their unique TADF
properties and high PLQY. Most importantly, the X-ray imaging screens fabricated using TADF-Br chromophores
exhibited a relative light yield of approximately 20,000 photons/MeV, which is comparable with some inorganic
scintillators. In addition, the detection limit of 64.5 nGy s is several times lower than the standard dosage for X-ray
diagnostics, demonstrating its high potential in medical radiography. Moreover, a high X-ray imaging resolution of 18.3
line pairs (Ip) mm* was successfully achieved, exceeding the resolution of all the reported organic scintillators and
most conventional inorganic scintillators. This study could help revive research on organic X-ray imaging scintillators

and pave the way toward exciting applications for radiology and security screening.
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Introduction

Scintillators, which convert ionizing radiation into visible photons, have received much attention in recent years due to
their applications in science and daily life, including radiation detection, high-energy physics, medical radiography,
security screening, and astronomical discovery.*” Currently, high-performance X-ray imaging scintillators are fabricated
almost exclusively from ceramic and perovskite materials, which themselves are typically fabricated under very harsh
conditions or exhibit very poor air and light stability along with high environmental toxicity.®4 In contrast, organic
scintillators exhibit inherent advantages, such as abundant resources, high mechanical flexibility, easy processing, low
cost, and large-area fabrication.'>” However, the low X-ray absorption cross-section and subsequently poor detection
sensitivity of organic scintillators due to their limited effective atomic number (as X-ray absorption increases
exponentially with atomic number) and inefficient exciton utilization efficiency have significantly impeded their evolution
and possible commercialization.'82° Therefore, the exploration of new photoactive organic materials with outstanding

scintillation performance is a promising research direction, as such materials are urgently needed.

X-ray photons generally interact with the heavy atoms in organic chromophores by the Compton effect, which generates
scattering photons. By electron-electron scattering and Auger processes, a tremendous number of secondary electrons
are produced, generating electron-hole pairs.” Singlet and triplet excitons are then generated according to the
recombination of the electron-hole pairs in a 1:3 ratio.*”*%2! In this case, the light emission of commonly used organic
fluorescent chromophores is controlled by the selection rules for electric dipoles. The few allowed transitions from
singlet-excited to singlet-ground states waste many triplet excitons, leading to only 25% exciton utilization efficiency.*®
The introduction of heavy atoms (Br, ) into fluorescent emitters could greatly increase X-ray absorption and provide an
opportunity to transition from fluorescence to phosphorescence by the heavy atom effect, which would further increase
the overall exciton utilization efficiency from 25% through fluorescence to 75% through phosphorescence.??> However,
the photoluminescence quantum vyield (PLQY) of organic phosphorescent materials is much lower than the
fluorescence, and their phosphorescence is easily quenched by oxygen, which highly limits their radioluminescence
(RL) efficiency.?%25 Thermally activated delayed fluorescence (TADF) chromophores, in contrast, are some of the best
candidates (if not the best) for high-performance scintillators due to their minimized singlet-triplet energy gap. This
minimized gap allows such chromophores to harness both singlet and triplet excitons for light emission through highly
efficient spin upconversion from triplet states to radiative singlet states, leading to unit exciton utilization efficiency
(Figure 1a).2531 However, introducing heavy atoms into TADF chromophores could also quench their luminescence or
induce phosphorescence owing to the heavy atom effect. Therefore, the search for a suitable TADF system and
appropriate molecular engineering approach to retain TADF performance after the introduction of heavy atoms, as a
way of generating new high-performance organic scintillators, is of great interest to materials scientists, chemists, and

engineers.

In this study, we carefully addressed this challenge by introducing heavy atoms (Cl, Br, ) into a TADF chromophore in
which the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are well
separated. The TADF properties and PLQY were not influenced by the introduction of heavy atoms, as evidenced by
steady-state and ultrafast time-resolved experiments and density functional theory (DFT) calculations. More importantly,
the X-ray imaging screens created using TADF-Br chromophore exhibited a relative light yield of approximately 20,000
photons/MeV, which is 5 times higher than that of the best TADF scintillator reported recently (the highest relative light
yield among reported TADF scintillators is 3700 photons/MeV?*® according to the calculation method provided in this
article).1>19:3233 |n addition, the detection limit of 64.5 nGy s! obtained for the TADF-Br film is several times lower than

the standard dosage for X-ray diagnostics (5.5 uGy s?)!. Moreover, a high X-ray imaging resolution of 18.3 Ip mm-!



can be achieved, exceeding all the reported organic and most conventional inorganic scintillators.1%-343° These findings
provide a powerful design approach and promising new alternative materials for fabricating organic X-ray imaging
scintillators with outstanding sensitivity, low cost, and high stability using a simple molecular engineering strategy
involving TADF chromophores.
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Figure 1. (a) Mechanism by which the radioluminescence efficiency of TADF scintillators is significantly enhanced, which
occurs due to the enhanced X-ray absorption of heavy elements and their unit exciton utilization efficiency. (b) One-step
synthesis of TADF chromophores (TADF-H, TADF-CI, TADF-Br, and TADF-I) and the corresponding method for fabricating
X-ray imaging screens. ISC, intersystem crossing; RISC, reverse intersystem crossing; S, singlet; T, triplet; Fluo., fluorescence;

Phos., phosphorescence; TADF, thermally activated delayed fluorescence.

TADF-H was selected as the preferred TADF system due to its large HOMO-LUMO separation, which largely minimizes
the impact of heavy atoms on its TADF performance.*%4! TADF-H can be synthesized by a one-pot method with a high
reaction yield, and TADF-CI, TADF-Br, and TADF-I can be easily obtained under the same reaction conditions by using
different halogen-substituted carbazole reactants (Figure 1b). Due to the good processability of these TADF
chromophores, the corresponding films, which can be used for radioluminescence and ultrafast spectroscopic
measurements, as well as X-ray imaging screens, can be easily fabricated according to the methods illustrated in

Figure 1b.

When doped into a polymethyl methacrylate (PMMA) matrix at 1 wt%, the four abovementioned TADF chromophores
(TADF-H, TADF-CI, TADF-Br, TADF-I) showed similar absorption bands over the ultraviolet and blue spectral ranges.
The absorption spectra over the ranges of 320-350 nm and 370-390 nm are attributed to the 7—m band of the carbazole
derivative units and the localized charge transfer state, respectively. The shoulder peak above 400 nm is due to the
delocalized charge transfer state, as previously reported (Figure 2a).*! In contrast, the steady-state photoluminescence
(PL) spectra of these TADF chromophores show a broad emission band from 450 to 650 nm centered at approximately
505 nm. Notably, the overlap between the absorption and emission spectra is quite small (free reabsorption feature);

such minimal overlap is a prerequisite for high-performance scintillators. As expected, the delayed fluorescence lifetime



gradually decreased from 4.53 ps for the TADF-H chromophore to 1.42 ps for the TADF-I chromophore due to the
heavy-atom-enhanced reverse intersystem crossing process (RISC) (Figures 2b and 2¢). To more accurately ascertain
the changes in the prompt fluorescence decay, we recorded the transient PL decay profiles for each TADF
chromophore over a relatively short time window (Figure S1). The short fluorescence lifetime was also decreased from
5.63 ns to 0.21 ns (Figure 2d), which further confirmed the effects of the inner heavy atoms on the intersystem crossing
(ISC) process, which accelerate both the prompt and delayed fluorescence processes. Notably, the introduction of
heavy atoms in these TADF systems simultaneously accelerated the ISC and RISC processes, which are involved in
the delayed fluorescence process rather than completely non-radiative transitions. In other words, while the heavy
atoms may increase the non-radiative transitions, their delayed fluorescence is also enhanced leading to the

maintenance of PLQY with the addition of halogens.
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Figure 2. (a) Normalized absorption and emission spectra, (b) emission decay profiles of the TADF chromophores with
different halogen substitutions (H: TADF-H, Cl: TADF-CI, Br: TADF-Br, and |: TADF-I) doped into a polymethyl methacrylate
(PMMA) matrix at 1 wt%, and (c-d) the corresponding fitted lifetimes over the long and short time ranges, respectively.

In addition, through density functional theory (DFT) calculations and its time-dependent variant (TD-DFT), we found
that the HOMO was consistently localized on the carbazole units. The LUMO, meanwhile, resided on the
isophthalonitrile moiety of these four TADF chromophores, indicating that the spatial separation between the HOMO
and LUMO was not disturbed by the substitution of heavy atoms such as Br and | for H atoms (Figure 3a). We then
turned our attention to the detailed behavior and mechanism of the delayed fluorescence of these TADF chromophores.
Figure 3b shows the calculated spin-orbit coupling matrix element (SOCME) in the optimized S1 geometry. The increase
in atomic number can be associated with an increase in the SOCME values. These results suggest that the fast spin-
flip process is more likely to occur in TADF-Br and TADF-I chromophores with heavy atoms, supporting the previous

time-resolved photoluminescence measurements.
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Figure 3. (a) Optimized structures and HOMO/ LUMO orbitals, and (b) calculated spin-orbit coupling matrix element (SOCME)
of TADF-H, TADF-CI, TADF-Br, and TADF-I chromophores. (c) Transient absorption spectra of TADF-H, TADF-CI, TADF-Br,
and TADF-I doped into a PMMA matrix at 1 wt%, with excitation at 400 nm at different delay times, and (d) the corresponding

kinetic traces recorded at 710 nm (insets are the kinetic traces over short time ranges).

To further elucidate the influence of the heavy atoms on the delayed fluorescence of the TADF chromophores, their
excited-state dynamics were investigated by nanosecond transient absorption (ns-TA) pump-probe spectroscopy. All
of the TADF chromophores showed similar excited-state absorption bands due to their similar molecular structures.
Immediately after photoexcitation of the TADF chromophores at 400 nm (Figure 3c), a negative band below 400 nm
was observed and assigned to ground-state bleaching, while a broad positive band from 450 to 750 nm was attributed
to photoinduced excited-state absorption. The singlet and triplet excited-state absorptions of these four TADF
chromophores are highly encompassed due to their similar energy levels. After photoexcitation, the amplitude of the
whole absorption band increased rapidly and then gradually decreased at longer delay times. It is worth noting that the
decay of the excited states gradually accelerated when the heavy atom was changed from H to I, which is consistent
with the heavy atom effect.

To clarify the dynamic relaxation mechanism of these TADF chromophores, the kinetic traces of each TADF

chromophore were recorded at 710 nm (Figure 3d). The decay of the excited-state absorption became faster as the



atomic number was gradually increased (from H to I). The triplet excited-state lifetime decreased from 4.99 us for the
TADF-H chromophore to 1.21 ps for the TADF-I chromophore (Table S1); these data agreed well with the delayed
fluorescence lifetime obtained from time-correlated single-photon counting (TCSPC) measurements. In addition, the
rising components observed over the shorter time range also exhibited trends similar to those of the decay traces as
the atomic number was gradually increased. This observation could be attributed to the intersystem crossing from the
singlet excited state to the triplet excited state.
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Figure 4. (a) X-ray absorption spectra of TADF-H, TADF-CI, TADF-Br, and TADF-I chromophores measured as a function of
X-ray energy.*? (b) RL spectra of these four TADF chromophores (at the optimal thickness: TADF-H (0.5 mm), TADF-CI (0.2
mm), TADF-Br (0.2 mm), and TADF-I (0.4 mm)) compared to the reference scintillator, LYSO:Ce. The relative light yield was
calculated by integrating these X-ray-induced RL spectra and comparing the results with those obtained for the reference
LYSO:Ce (dose rate, 174 uGy s™). (c) The detection limits of the TADF-H, TADF-CI, TADF-Br, and TADF-I chromophores.
(d) Normalized RL intensity at the corresponding emission maxima of these four TADF chromophore films under continuous
X-ray irradiation (dose rate, 174 uGy s™). (e) Modulation transfer functions (MTFs) of the X-ray images for each TADF
chromophore and (f) the corresponding X-ray edge images. Bright- and dark-field photographs of (g) pens and (h) an electronic

chip before and after X-ray exposure (dose rate, 174 uGy s™).



To balance the performance of the TADF chromophores and the good processability of the scintillation films for X-ray
imaging, we doped 60 wt% of each TADF chromophore into a PMMA matrix to prepare corresponding films with
different thicknesses for X-ray correlated measurements (Figure S2 and Table S2). X-ray absorption measurements of
these four TADF chromophores were first performed to investigate their X-ray absorption ability. As expected, the
resonant absorption edges gradually increased from <0.5 KeV for the TADF-H chromophore to 33.2 KeV for the TADF-
I chromophore, which confirmed the heavy atom effect on the X-ray photon absorption ability of the organic

chromophores (Figure 4a).

According to the X-ray excited RL spectra, the RL intensity of each TADF chromophore with optimal thickness (Figure
S3) gradually increased. A comparison with standard scintillators showed that these TADF chromophores exhibited
highly increased relative light yields ranging from 1892 and 7076 photons/MeV for the TADF-H and TADF-CI
chromophores to 17691 and 18115 photons/MeV for the TADF-Br and TADF-I chromophores (dose rate, 174 uGy s?)
(Figure 4b), respectively. The high relative light yield of the TADF-Br and TADF-I chromophores was mainly due to their
higher X-ray absorption cross-section compared to TADF-H and TADF-CI, as well as their unit exciton utilization
efficiency and good PLQY (Table S3). Because the detection limit ultimately determines the minimum dosage required
for detection and imaging, dose rate-dependent RL spectra were obtained for each TADF. The RL intensities of all the
TADF chromophores were linearly correlated with the dosages (dose rate, 34.8 - 278 uGy s?) of the X-rays (Figures
S4). The detection limit greatly improved from 438.5 and 100.6 nGy st for TADF-H and TADF-CI to 64.5 and 67.9 nGy
s for TADF-Br and TADF-I (Figures 4c and S5), respectively. The detection limit obtained for the TADF-Br
chromophore was comparable to that of the commercial standard scintillator (LYSO:Ce) (Figure S6) and is
approximately 92 times lower than the standard dosage for X-ray diagnostics (5.5 uGy s?),! demonstrating the
material’s high potential for X-ray imaging applications. In addition, all TADF chromophores exhibited good
photostability; specifically, the RL intensity remained close to 100% under ionizing radiation with a dose rate of 174
MGy s applied continuously for 2000 seconds (Figure 4d), highlighting the outstanding photostability of these TADF
systems.

Inspired by the promising X-ray excited luminescence properties of these TADF chromophores, we characterized the
imaging resolutions of four TADF films, as shown in Figure 4e. The X-ray imaging resolution also followed the trends
exhibited by the RL intensity, and a high resolution of 12.0 Ip mm™ (at a modulation transfer function (MTF) = 0.2) was
obtained for the TADF-Br scintillation screen, according to the MTF calculation of standard X-ray edge images (Figure
4f and Table S4). Such high imaging resolution exceeds that of most reported organic and inorganic materials, which
further supports the high practical potential of this molecular engineering strategy for incorporating TADF chromophores
into high-performance X-ray imaging scintillators. Furthermore, we performed a series of imaging tests using these
TADF scintillators to demonstrate their practical value. Pens equipped with springs in different states were placed
between an X-ray source and the TADF-Br films. The outline of this otherwise invisible spring was clearly presented
on each film, while the plastic case was nearly transparent (Figure 4g). In addition, the application of this principle of
X-ray contrast imaging also enabled the inspection of the complex inner structure of an electronic chip that is otherwise
completely opaque to visible light. The complex structure of the electronic chip was clearly visualized using a TADF-Br
scintillator screen (Figure 4h, (dose rate, 174 uGy s, and the imaging photographs for the other TADF chromophores
are shown in Figure S7).

To further investigate the potential of the heavy-atom engineered TADF materials in X-ray imaging application, we
adjusted the doping ratio of TADF-Br to prepare a transparent screen (Figure S8a), achieving a high spatial resolution

of 18.3 Ip/mm. This ultrahigh resolution exceeded that of all the reported organic scintillators and most conventional



inorganic scintillators like LYSO:Ce, Csl, and CsPbBrs materials as shown in Figure S8b-c. More importantly, the
transparent nature of the TADF-Br screen is amenable to high-resolution biological imaging. As shown in Figure S8d,
the skeletons of the fish were clearly observed under X-ray exposure, further demonstrating the promising potential of

the heavy-atom engineered TADF scintillator in medical radiography.

CONCLUSION

We developed a novel molecular engineering strategy for chemically modifying TADF chromophores with heavy atoms,
which significantly enhanced the X-ray absorption cross-section of the chromophores while preserving their TADF
properties. The excited-state dynamics of the TADF chromophores (TADF-H, TADF-CI, TADF-Br, and TADF-I) were
explored using steady-state and ultrafast time-resolved spectroscopy and DFT calculations. The high X-ray absorption
cross-section, 100% exciton utilization efficiency, and the excellent PLQY of the heavy-atom engineered TADF
scintillator lead to the highly improved scintillation performance, including a low detection limit of 64.5 nGy/s and high
relative light yield (RL brightness) of ~ 20,000 photons/MeV, which is comparable (if not better) to perovskite
nanosheets and nanocrystals. In addition, a transparent screen can be obtained by adjusting the doping ratio to further
improve the X-ray imaging resolution of TADF-Br to 18.3 Ip/mm, exceeding the resolution of all the reported organic
scintillators and most conventional inorganic and commercial scintillators like LYSO:Ce, Csl, and CsPbBrz: materials.
We believe that our findings will serve as a benchmark for the fabrication of efficient organic scintillators in real-life
applications, including medical and security screening from materials beyond high-cost ceramic crystals and
perovskites by using a simple molecular engineering strategy on TADF chromophores.
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