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Abstract: The design and fabrication of organic X-ray imaging scintillators with large 20 

Stokes shift, narrow-band, fast, and efficient radioluminescence becomes an attractive 21 

research direction in many fields, such as medical diagnostics, scientific instruments 22 

and high-energy physics. However, the trade-off between these diverse scintillation 23 

properties is an enormous challenge facing almost all scintillators. To overcome this 24 

limitation, in this work, we developed a strategy based on through-space heavy atom-π 25 

interactions to improve the performance of organic scintillators by introducing alkyl 26 

bromides into hybridized local and charge transfer (HLCT) emitters. Specifically, the 27 

HLCT state's locally excited characters result in a short radiative lifetime (3.74 ns) and 28 
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a narrow radioluminescence bandwidth (56 nm). The HLCT state's charge-transfer 29 

features yield a large Stokes shift (> 100 nm). Meanwhile, through-space bromine-π 30 

interactions enhance the photoluminescence quantum yield to 100%. Notably, a high 31 

X-ray imaging resolution (> 40.0 lp mm−1) was achieved, making the highest spatial 32 

resolution for organic scintillators reported to date. This work provides a method to 33 

design scintillators with excellent comprehensive performances and paves the way 34 

towards promising applications for high-resolution X-ray imaging.  35 

 36 

Introduction  37 

Organic scintillators exhibit inherent advantages, such as abundant resources, high 38 

mechanical flexibility, easy processing, low cost and large-area fabrication, and have 39 

received much attention in recent years due to their potential applications in radiation 40 

detection, high-energy physics, medical radiography, security screening and 41 

astronomical discovery1-6. To develop efficient organic scintillators, some key 42 

parameters are required to be implemented, including (i) the short radiative lifetime (< 43 

10 ns) enables quickly dynamic X-ray imaging and medical diagnosis4; (ii) the narrow 44 

full-width at half-maximum (FWHM) (< 60 nm) radioluminescence (RL) reduces 45 

scattering effects and improves the clarity and accuracy of imaging7; (iii) the large 46 

Stokes shift (> 100 nm) reduces self-absorption of X-ray sources and ensures the full 47 

utilization of excitation energy.2-3; and (iv) the high photoluminescence quantum 48 

efficiency (PLQY) (> 90%) is closely related to the high conversion efficiency of 49 

scintillators from X-ray to luminescence2. Traditional organic scintillators with strong 50 

absorption bands, such as anthracene8, exhibit strong emission due to the large overlap 51 

of electron-hole wave functions in the singlet locally excited (LE) state (Fig. 1a). 52 

However, this excited-state character results in smaller Stokes shifts and lower 53 

utilization of triplet excitons. To circumvent these limitations, organic thermally 54 

activated delayed fluorescence (TADF)9,10 scintillators with strong twisted 55 

intramolecular charge transfer11 utilizing triplet excitons for RL emission have been 56 
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developed, which utilizes triplet excitons for RL emission (Fig. 1a). Apart from an 57 

increase in scintillation light production has been achieved, the radiative lifetimes are 58 

significantly extended to the microsecond time scale and the emission FWHMs are also 59 

expanded to 70~100 nm.  60 

To solve the problems, the trade-off between LE and TADF with moderately twisted 61 

donor-acceptor structures can fully utilize their advantages and largely avoid their 62 

shortcomings (Fig. 1a). Therefore, organic scintillators with the character of hybridized 63 

local and charge transfer (HLCT)12-14 excited state are highly promising candidates to 64 

promote the overall scintillation performance. HLCT scintillators15 possess two 65 

combined and compatible characteristics: a LE state with a large oscillator strength and 66 

a charge transfer (CT) state with enhanced intersystem crossing (ISC) ability. Then the 67 

former one contributes to a high radiative rate and narrow emission spectrum, while the 68 

latter was responsible for the high triplet exciton utilization efficiency for the high-lying 69 

reversed ISC (hRISC) transition from upper triplet state (Tn) to singlet (S1) state, which 70 

leads to high PLQYs. The weak binding of CT excitons can contribute to a large Stokes 71 

shift and narrow energy gap between S1 and Tn (ΔEST), leading to a fast hRISC rate, 72 

which can intrinsically shorten the scintillation lifetime. These advantages can make 73 

HLCT scintillators perform well in RL detection and imaging.  74 

However, the low X-ray absorption cross-section and subsequently poor detection 75 

sensitivity of organic scintillators due to their limited effective atomic numbers have 76 

substantially impeded their applications. Introduction of halogen heavy atoms (Cl, Br, 77 

and I) into scintillators are effective methods to significantly increase their X-ray 78 

absorption cross-section, X-ray sensitivity, and imaging resolution3-4. Nevertheless, 79 

traditional through-bond conjugated connections between halogen heavy atoms and 80 

emitters generally facilitate the (R)ISC process but enhance the nonradiative decay rate, 81 

which quenches their luminescence to result in low PLQYs (Fig. 1b). Consequently, 82 

the search for an appropriate molecular engineering approach to retain or enhance the 83 
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RL properties with introducing heavy atoms is of great importance to generate new 84 

high-performance organic scintillators. 85 

 86 

Fig. 1 | Illustration of the through-space heavy-atom strategy of HLCT scintillators 87 

on the enhancement of X-ray performances. a, The three types of organic 88 

scintillators with different CT characters. b, The three types of HLCT scintillators 89 

(BTD-FL, BTD-FLBr, and BTD-HeBr) with different heavy atom strategies. c, 90 

Mechanism by which the RL efficiency of HLCT scintillators is highly enhanced, which 91 

occurs due to the enhanced X-ray absorption of heavy elements and their RISC 92 

processes and minimized non-radiative decay. D, donor; A, acceptor; Abs., absorption; 93 

Fluo., fluorescence; 1CT, charge transfer singlet state; 1LE, localized excited sate; 94 

1HLCT, hybridized local and charge transfer state; (h)RISC, (high-lying) reversed 95 

intersystem crossing; TADF, thermally activated delayed fluorescence; T1, the first 96 

triplet state; T2, the second triplet state; kRISC, RISC rate; kr, radiative transition rate; kIC, 97 

internal conversion rate; kNR, non-radiative transition rate. 98 

 99 

Here, we proposed a novel concept for designing organic scintillators based on 100 

nonconjugated alkyl bromide, in which heavy atom-π interactions16-21 penetrate the 101 

space between scintillators and heavy atoms, promoting the spin-orbital coupling (SOC) 102 
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between single and triplet states without increasing nonradiative decay (Fig. 1b,c). In 103 

this motif, emitters and heavy atoms are spatially separated, but meanwhile allowing 104 

external, rather than the internal heavy atom effect to occur. This concept has the 105 

following advantages. Firstly, the emitters and heavy atoms can interact with each other 106 

through spatial interactions to enhance the X-ray absorption cross-section. Secondly, 107 

the spatial separation of emitters and heavy atom units will promote SOC between 108 

singlet and triplet states, which can facilitate the (R)ISC process and increase the 109 

exciton utilization efficiency. Thirdly, the nonconjugated architecture avoids the strong 110 

nonradiative decay of singlet excitons resulted from the heavy atoms. Therefore, 111 

considerable PLQY can be expected. As a result, the optimal balance among large 112 

Stokes shift (> 100 nm), high PLQY (100%) and short decay time (3.74 ns) of organic 113 

scintillation materials can be achieved simultaneously by HLCT emitters with attaching 114 

through-space bromines. In this work, an X-ray scintillator named BTD-HeBr was 115 

designed and prepared. It exhibits a narrow RL spectrum with FWHM of 56 nm, high 116 

light yield of approximately 42,400 photons MeV–1 and a low detection limit of 84.6 117 

nGy s-1. More importantly, a high X-ray imaging resolution of > 40.0 line pairs per 118 

millimeter (lp mm−1) was achieved, which is the highest value for organic scintillators 119 

reported so far. This finding provides a powerful design approach and promising new 120 

alternative materials for fabricating organic X-ray imaging scintillators with 121 

outstanding sensitivity, low cost and high stability using through-space heavy atom-π 122 

interactions involving HLCT emitters. 123 

 124 

Photophysical properties  125 

BTD-FL22 was selected as the preferred HLCT system due to its moderate dihedral 126 

angle and appropriate donor [9,9-dimethyl-9H-fluoren (FL)] and acceptor 127 

[benzothiadiazole (BTD)] strength, which exhibits partial HOMO–LUMO separations 128 

and distinct HLCT characters (Fig. 1b). Introducing bromine atoms into BTD-FL to 129 

improve SOC and absorption cross-section, resulting in BTD-FLBr. To minimized non-130 
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radiative decay, the nonconjugated alkyl bromides were introduced into BTD-FL to 131 

obtain BTD-HeBr. These three HLCT emitters can be easily synthesized by one-pot 132 

method with a high reaction yield under the same reaction conditions by using different 133 

substituted reactants (Supplementary Fig. 1-8). 134 

The three abovementioned HLCT emitters showed similar absorption bands in the 135 

ultraviolet and blue spectral ranges in dilute toluene solutions. A broad, featureless 136 

absorption band was observed at around 360-500 nm with peak at 410  413 nm, which 137 

is assigned to the intramolecular charge transfer (ICT) absorption associated with the 138 

electron transfer from the fluorene to benzothiadiazole (Fig. 2a). Noteworthily, the 139 

molar absorption coefficient (ε > 2×104 L·mol−1cm−1) are significantly higher than 140 

those of TADF emitters with TICT characters23. In contrast, the steady-state 141 

photoluminescence (PL) spectra of these HLCT emitters show an unstructured emission 142 

band from 480 to 640 nm centered at approximately 520 nm. Thanks to the CT character 143 

of HLCT state, the overlaps between the absorption and emission spectra are small (free 144 

reabsorption feature). This results in large Stokes shift (>100 nm), which is a 145 

prerequisite for high-performance scintillators.  146 

The solvatochromic test results to verify their HLCT characters are shown in Fig. 2b, 147 

c, &d. When changing the solvent from low-polar hexane to the high-polar acetonitrile, 148 

the UV-vis absorption spectra (Supplementary Fig.9) of the three HLCT emitters 149 

remain virtually unchanged in terms of shape and position. This infers that the ground-150 

state dipole moment of the molecule is slightly affected by the solvent variation. In 151 

contrast, the PL spectrum (Fig. 2c) of BTD-HeBr, for example, showed red-shifts by 152 

40 nm from 508 to 548 nm accompanied with increasing spectrum broadness when the 153 

solvent polarity becomes higher, indicating that the excited states possess certain CT 154 

components. Particularly, the maximum PL peaks in low-polar solvents are almost 155 

observed at the similar wavelengths, which is assigned to a LE-like character of the 156 

singlet state. However, larger shift in PL maximum apparently occurs in the high polar-157 

solvents due to the formation of CT excited state. Therefore, BTD-HeBr contains both 158 
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the intrinsic LE and CT excited states and demonstrates HLCT characteristics. Besides, 159 

the Stokes shifts (νa – νf) are calculated from absorption and emission spectra and are 160 

plotted as a function of solvent polarity function (f) corresponding to the Lipper-Mataga 161 

model to define the interactions between the solvent and dipole moment of the emitters 162 

(Fig. 2d). The Lippert–Mataga plots show a two-section line corresponding to two 163 

different exciton states with two distinguishable small and large dipole moments in low-164 

polar solvents (f ≤ 0.15) and high-polar solvents (f ≥ 0.15), respectively. In the high-165 

polarity region, the excited-state dipole moment (μe) was 18.4 D, which was close to 166 

those of typical CT molecule 4-(N,N-dimethylamino)benzonitrile (μe = 23 D)24. This 167 

suggests a CT state-dominated character in high-polarity solvents. Besides, in the low-168 

polarity region, the μe value was 7.30 D, which is close to those of common LE 169 

fluorophores such as anthracene (4.0−6.0 D)25. This provides strong evidence that 170 

nonequivalent hybridization occurs between LE and CT initial states in BTD-HeBr, 171 

which forms LE-based HLCT state in low-polar solvents and CT-dominated HLCT 172 

state in high-polar solvents. Additionally, transient PL decay spectra of BTD-HeBr in 173 

solvents of different polarities show single exponential decays within nanosecond range 174 

of 3 ~ 5 ns (Fig. 2d), signifying that the excited-state responsible for the PL emission 175 

originates from the hybridization between LE and CT excited states (HLCT state), not 176 

a simple mix-up of the two states. The similar HLCT properties of BTD-FL and BTD-177 

FL are shown in Supplementary Fig. 9-12 and Supplementary Table 1. 178 

To understand in depth the photophysical properties, we studied the transient 179 

spectroscopy (TA) spectra and dynamic trace of BTD-HeBr in tetrahydrofuran, as 180 

shown in Fig. 2e,f. The positive band from 500 to 600 nm corresponds to stimulated 181 

emission (SE), while the negative band from 650 to 730 nm was attributed to the 182 

excited-state absorption (ESA). The proposed mechanism of transient component 183 

evolution is shown in Fig. 2g and Supplementary Fig. 13. The initial distinct vibronic 184 

SE band exhibits structured double peaks at 540 and 573 nm, associated with the LE-185 

dominated HLCT state. Later, it blue-shifts to 541 nm and becomes structureless due to 186 
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the vibrational cooling coupled planarization process26, corresponding to the CT-187 

dominated HLCT state. It is inferred that a quick equilibrium exists between the LE and 188 

CT parts of the HLCT state. The equilibrium constant K is estimated from K = k1/k2 = 189 

τ2/τ1 = 1.37, which means that the CT component is more pronounced than the LE 190 

component in the HLCT state. Over longer time delays, moderate spectral red shift to 191 

558 nm with a monotonous decay in intensity was observed, which implies that LE and 192 

CT states undergo interstate coupling forming a HLCT emissive state. In addition, the 193 

third component (HLCT’) was attributed to the solvent reorganization process from the 194 

HLCT state to the HLCT’ state (τ3 = 221 ps), and the subsequent time constant τ4 = 195 

3239 ps was attributed to the decay from the HLCT’ state to the ground state.  196 

 197 

Fig. 2 | Photophysical properties of the HLCT emitters in solution and neat films. 198 

a, UV-vis and PL spectra of BTD-FL, BTD-FLBr, and BTD-HeBr in toluene solutions 199 

(10−5 M). b, PL spectra of BTD-HeBr in different solvents with vary polarity. c, Linear 200 
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correlation of orientation polarization (f) of solvent media with the Stokes shift (va – vf) 201 

for BTD-HeBr. d, Transient PL decay spectra of BTD-HeBr in different solvents and 202 

neat films. e, Time-resolved transient absorption spectra of BTD-HeBr in 203 

tetrahydrofuran solutions. f, Transient absorption dynamic trace at 550 nm. g, Proposed 204 

excited-state deactivation mechanism of BTD-HeBr. h, PLQYs and PL decay lifetimes 205 

of BTD-FL, BTD-FLBr, and BTD-HeBr in neat films. i, Radiative transition rate (kr) 206 

and nonradiative transition rate (knr) of BTD-FL, BTD-FLBr, and BTD-HeBr in neat 207 

films. 208 

 209 

The photophysical properties of the emitters in the aggregate state are crucial for 210 

high-sensitive X-ray detection and imaging applications. The curves of PL intensity in 211 

water/THF mixtures with different water fractions proves that the three HLCT 212 

molecules show aggregation-induced emission (AIE) characteristics27-28 213 

(Supplementary Fig. 14), which can demonstrate potential performance as X-ray 214 

scintillators. The development of scintillators with higher efficiency and faster timing 215 

properties is always the primary aim of this field. The key to achieving intrinsic efficient 216 

and fast organic scintillators is to eliminate the occupation of T1 states without any loss 217 

of the utilization efficiency of triplet excitons. As expected, the fluorescence lifetime 218 

decreases from 5.10 ns for BTD-FL to 4.48 ns for BTD-FLBr due to the increased SOC 219 

and (R)ISC processes by introducing bromine atoms. Notably, the fluorescence lifetime 220 

further decreases to 3.74 ns in BTD-HeBr, showing that through-space bromine atoms 221 

can significantly enhance the (R)ISC processes due to the numerous spatial interactions 222 

between bromine atoms and emitters in the aggregate state (Fig. 2h and 223 

Supplementary Fig. 15). In addition, due to the efficient hRISC processes between the 224 

triplet and singlet states, the BTD-FL exhibits a high PLQY of 75.3% in neat film 225 

(Supplementary Fig. 16). In contrast, the direct connection of bromine lead to largely 226 

fluorescence quenching in BTD-FLBr because of the enhanced non-radiative decay rate 227 

of the triplet states. Therefore, BTD-FLBr with through-bonded bromines only exhibits 228 
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a relatively low PLQY of 52.4%, which is disadvantageous to achieve highly efficient 229 

X-ray detection. However, the nonconjugated alkyl chains with through-space bromine 230 

atoms in BTD-HeBr not only enhance the (R)ISC processes but also significantly 231 

suppress the non-radiative decays of the triplet states. The detailed discussions will be 232 

given in the next part. As a result, the PLQY of BTD-HeBr is largely increased to 100%, 233 

implying a promising organic scintillation performance. To more accurately ascertain 234 

the changes in the photophysical processes, we calculated the radiative transition rate 235 

(kr), and nonradiative transition rate (knr) of the three emitters (Fig. 2i). According to 236 

the formulas29 kr = Φf/τ and knr = 1/τ − kr (where Φf represents the PLQY and τ is the 237 

PL decay lifetime), the kr of 1.48×108 s-1 in BTD-FL slightly decreases to 1.17×108 s-1 238 

in BTD-FLBr but largely increases to 2.67×108 s-1 in BTD-HeBr, which indicates that 239 

a short fluorescence lifetime and a high PLQY value can greatly facilitate the singlet 240 

radiative transition process. On the other hand, in comparison with the relative lower 241 

knr of BTD-FL (4.81×107 s-1), the knr of BTD-FLBr (1.06×108 s-1) is obviously higher, 242 

due to the fluorescence quenching by through-bond bromine atoms. In contrast, the 243 

even lower knr of BTD-HeBr (3.80 ×105 s-1) indicates the little effect of through-space 244 

bromines on fluorescence quenching. It is found that BTD-HeBr with through-space 245 

bromine atoms not only largely improves the radiative rate, but also dramatically 246 

suppresses the non-radiative decay rate, which are beneficial for achieving high-247 

sensitive X-ray detection.  248 

 249 

Theoretical calculations  250 

To examine the excited states of the HLCT emitters, theoretical calculations are 251 

conducted by exploiting the density functional theory (DFT) and time-dependent DFT 252 

(PBE0/6-31g(d,p)).30,31 The frontier orbital distributions of the ground states of the 253 

three emitters display typical HLCT characters (Supplementary Fig. 17). In the S1 state, 254 

the molecular geometry of BTD-HeBr displays weak C-H⋅⋅⋅N interactions (2.45 Å) and 255 

C-H···π interactions (2.28 Å) between the BTD acceptors and the fluorene donors. Such 256 
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spatial interactions create weak steric hindrance, resulting in a moderate dihedral angle 257 

of 36.3° between the two units. Therefore, the HLCT state of BTD-HeBr with a 258 

moderate ICT character was expected. Natural transition orbital (NTO) analyses32-33 are 259 

also performed to explore the excited states and transition characters (Fig. 3a). The hole 260 

of S1 was mostly distributed on the whole conjugated system, while the electron was 261 

mainly located on the BTD acceptor. In detail, the hole and electron delocalization 262 

indexes (HDI & EDI) are 4.57 and 7.91, respectively, indicating the higher the degree 263 

of delocalization of holes and the greater spread of their distribution than that of 264 

electron. Therefore, the S1 presents a hybrid feature of LE (43.8%) and CT (57.2%). To 265 

further verify the excited-state characters, the distributions of hole and electron in BTD 266 

and fluorene fragments as heat maps are shown in Fig. 3b. In BTD, the electron 267 

composition was significantly higher at 86.2% and the hole composition was 28.8%. 268 

This unit results in a 49.8% overlap and demonstrates a typical HLCT feature. In 269 

contrast, the fluorene exhibits a main hole composition of 70.9%, an electron 270 

composition of 13.5%, and an overlap of 30.9%, which can be considered to show CT 271 

feature. These results illustrate that the HLCT features of BTD-HeBr mainly come from 272 

the BTD acceptors. In addition, the S1 states of BTD-FL and BTD-FLBr show similar 273 

HLCT features (Supplementary Fig. 18-20). The HLCT characteristics are beneficial 274 

for the luminescence transition and utilization of excited excitons. Specifically, the LE 275 

character of 1HLCT state of the three HLCT emitters renders a high oscillator strength 276 

(f = 0.554−0.679) from S1 to S0. Due to the higher Tn of the emitters are LE-dominated 277 

states (Supplementary Fig. 21-23) according to EI-Sayed rule34, the CT character of 278 

1HLCT states results in a high SOC constant (0.53−0.74 cm-1) between S1 and Tn, which 279 

is beneficial for a fast radiative transition and efficient (R)ISC processes.  280 

In further calculations, the energy-level arrangements of BTD-FL, BTD-FLBr, and 281 

BTD-HeBr are studied (Fig. 3c and Supplementary Fig. 24). The excited state levels 282 

of the three HLCT emitters exhibit a tiny energy difference (0.02−0.03 eV) between S1 283 

and T2. A small energy difference (0.06−0.11 eV) between S1 and T3 was also found, 284 
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which implies that the spin-flip routes from higher triplet (T2,3) to singlet (S1) states are 285 

feasible. Besides, a low energy level of T1 (1.70 eV) and a large energy gap (0.95−1.00 286 

eV) between T1 and T2 are observed, which can effectively suppress interconversion 287 

(IC) transition between them. The energy levels of the molecules can be identified from 288 

their prompt and delayed PL spectra at low temperature (Supplementary Fig. 25).  289 

 290 

Fig. 3 | Theoretical calculations of the excited states for the HLCT emitters. a, the 291 

optimized geometry structures, hole distributions, electron distributions, and hole-292 

electron overlaps of S1 of BTD-HeBr. b, The heat map of intramolecular fragment-293 

fragment charge transfer matrix of S1 of BTD-HeBr. c, Diagram of energy levels and 294 

properties of the excited states and the photophysical processes of BTD-HeBr. d, The 295 

RISC rates of BTD-FL, BTD-FLBr, and BTD-HeBr in monomer and aggregate state. 296 

e, The NAC constants between T2 and T1 and SOC constants between T1 and S0 of BTD-297 

FL, BTD-FLBr, and BTD-HeBr in the aggregate state. f, The hole distributions of T1 of 298 

BTD-FL, BTD-FLBr, and BTD-HeBr in the aggregate state. HDI: hole delocalization 299 

index; EDI: electron delocalization index; hRISC: high-lying reverse intersystem 300 

crossing; IC: interconversion; NAC: vibronic nonadiabatic coupling; SOC: spin-orbital 301 

coupling; kRISC: rate constant of the RISC process. 302 
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Moreover, large SOC matrix elements are very important for improving the rate of 304 

RISC processes35 (Fig. 3d and Supplementary Equation 1). In the monomer state, the 305 

constants of SOC (T2, S1) of three HLCT emitters are small (0.028−0.2 cm-1) for all 306 

molecules, implying a low possibility for the occurrence of the RISC process 307 

(Supplementary Fig. 26). However, significantly higher values (0.53−0.74 cm-1) are 308 

observed for SOC (T3, S1), which triggers an efficient spin-flip occurring. Consequently, 309 

the kRISC values are calculated to be 3.61−44.9×106 s-1, which are comparable to those 310 

of efficient TADF emitters36.  311 

In the aggregate state, the SOC (T2, S1) and SOC (T3, S1) remain almost unchanged 312 

(Fig. 3d), with a kRISC of ~6.9×106 from monomer to aggregate states, that was slightly 313 

increased by 1.01 times. Compare with monomer, BTD-FLBr with directed connected 314 

bromine atoms in the aggregate state displays obviously larger SOC (T2, S1) and SOC 315 

(T3, S1) of 1.30 and 0.86 cm-1, respectively, leading to dual effective RISC channels (T2316 

→S1 and T3→S1). Therefore, the kRISC increases by 1.49 folds, reaching 6.70 × 107 s-1 317 

due to the more spatial interactions between bromine atoms and π-electrons 318 

(Supplementary Fig. 27). For BTD-HeBr, the SOC (T2, S1) was dramatically increased 319 

from 0.045 to 1.87 cm-1, and the SOC (T3, S1) also surges from 0.53 to 0.95 cm-1 in the 320 

aggerate state. This results in a significant ~73-fold increase in RISC rate (kRISC=2.63 321 

× 108 s-1) with dual efficient RISC channels. These results indicate that aggregation 322 

greatly promotes the RISC process through external heavy atom effects by introducing 323 

through-space bromine atoms (Supplementary Fig. 28), enables BTD-HeBr to exhibit 324 

excellent X-ray scintillation performance.  325 

Apart from efficient RISC process, a low nonradiative decay of HLCT emitters is 326 

also significant factor for achieving efficient X-ray detection. As illustrated in Fig. 3e, 327 

the vibronic nonadiabatic coupling (NAC) matrix element between T1 and T2 states can 328 

be calculated to further evaluate the possibility of the existence of the IC process. The 329 

kIC(T2→T1) was calculated by using the following equation37:  330 

𝑘𝐼𝐶(𝑇2 → 𝑇1) ∝ |
〈𝑁𝐴𝐶(𝑇2,𝑇1)〉

𝐸(𝑇2)−𝐸(𝑇1)
|
2

                                         (1) 331 
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where 〈𝑁𝐴𝐶(𝑇2, 𝑇1)〉  is the NAC matrix between T2 and T1, E(T2)/E(T1) is the 332 

energy level of T2/T1. The calculated root-mean-square (RMS) NACs are 0.140, 0.161 333 

and 0.130 bohr-1 for BTD-FL, BTD-FLBr and BTD-HeBr, respectively. BTD-FLBr 334 

displays the largest NAC (T2, T1), which suggests that introducing directed connected 335 

bromine atoms increase the IC process and is unfavorable to efficient luminescence. 336 

Owing to smallest NAC, the IC process between T1 and T2 of BTD-HeBr is least likely 337 

to exchange the exciton populations between them. The difference of NACs probably 338 

due to the difference of contribution of bromine to the excited state wave function17-20. 339 

For BTD-FLBr, the contribution of bromine atoms to hole distribution in T1 and T2 is 340 

as high as 8.66% and 8.26%, respectively (Fig. 3f and Supplementary Fig. 22,23&29). 341 

In contrast, these values of BTD-HeBr in T1 and T2 is as low as 0.10% and 0.00%, 342 

respectively. These results indicate that the contribution of the excited state wave 343 

function of bromine is greatly reduced through the spatial heavy atom strategy, resulting 344 

to distinctly low nonradiative decay. In addition, the non-radiative transition from T1 to 345 

S0 is another important deactivation route of the triplet exciton. The knr(T1→S0) was 346 

calculated using the following equation38: 347 

𝑘𝑛𝑟(𝑇1 → 𝑆0) ∝
〈𝑆𝑂𝐶(𝑇1,𝑆0)〉

2

{𝐸(𝑇1)−𝐸(𝑆0)}2+𝛾2
                                        (2) 348 

where 〈𝑆𝑂𝐶(𝑇1, 𝑆0)〉 is the SOC matrix between T1 and S0, γ is the broadening of 349 

the line-shape function for ISC (Fig. 3e). The SOC (T1, S0) of 0.71 cm-1 in BTD-FL 350 

increases significantly to 1.84 cm-1 in BTD-FLBr due to the partial hole distribution 351 

from direct-linked bromine to T1, which triggers a much stronger nonradiative decay 352 

(Fig. 3f and Supplementary Fig. 29). However, the SOC (T1, S0) of BTD-HeBr not 353 

increases but decreases slightly to 0.69 cm-1, displaying such through-space heavy atom 354 

strategy can effectively suppress triplet nonradiative decay to achieve efficient X-ray 355 

detection and imaging. 356 

 357 

Radioluminescence properties 358 
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X-ray absorption measurements of BTD-FL, BTD-FLBr, and BTD-HeBr are 359 

performed to investigate their X-ray absorption ability (Fig. 4a). As expected, the 360 

resonant absorption edges largely increase from BTD-FL to BTD-FLBr and BTD-HeBr 361 

due to the introduction of heavy atoms. The absorption coefficients of BTD-HeBr (Zmax 362 

= 35, Kα = 13.5 keV) was slightly higher than that of BTD-FLBr, which indicates that 363 

the through-space bromine atoms exhibit better X-ray photon absorption ability. 364 

Moreover, the attenuation efficiency (Supplementary Fig. 30) of BTD-FL, BTD-FLBr, 365 

and BTD-HeBr was calculated to be 18.7 and 69.3 and 75.1% at a thickness of 10 mm, 366 

respectively. In a further set of experiments, we explored the RL behaviors of the HLCT 367 

emitters in the solid state (Fig. 4b,c). Under the same X-ray irradiation (dose rate, 2.023 368 

mGy s−1), BTD-FL and BTD-FLBr display weak X-ray emission, which is not 369 

obviously observable by the naked eye owing to their weak X-ray absorption or low 370 

PLQY.39 In contrast, BTD-HeBr exhibits clearly brighter yellow X-ray luminescence 371 

with a narrow FWHM of 56 nm under a continuous X-ray source, which is considerably 372 

narrower than that of commercial inorganic scintillators such as CsI:Tl, PbWO4, 373 

YAlO3:Ce, and Bi4Ge3O12.
5 This narrow FWHM can be attributed to the LE character 374 

of the HLCT state. Therefore, the much higher radioluminescence intensity of BTD-375 

HeBr reveals the through-space heavy atom strategy are highly successful for designing 376 

bright X-ray scintillators. A comparison with standard scintillators shows that BTD-377 

HeBr exhibited high relative light yield of ~42,400 photons MeV–1 (dose rate, 2.023 378 

mGy s−1) (Supplementary Fig. 31). The high relative light yield of BTD-HeBr is 379 

mainly due to their high X-ray absorption cross-section, unit exciton utilization 380 

efficiency and low non-radiative decay. In addition, BTD-HeBr films exhibits good 381 

photostability (Fig. 4d). Specifically, when BTD-HeBr was exposed to a high dose rate 382 

of X-ray (2.023 mGy s−1) for a continuous 10 h, the RL intensity remains at around 98% 383 

of the initial value, which is comparable with that of commercial plastic scintillators1. 384 

Moreover, the emission intensity of BTD-HeBr remains > 96% under repeated X-ray 385 

excitation for 50 min (57 on–off circles), highlighting its good photostability. In 386 
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addition, the average luminescence decay time of BTD-HeBr (excited using an X-ray 387 

pulse) is fitted as 3.43 ns (Supplementary Fig. 32), which is consistent with the PL 388 

decay time (3.74 ns). Furthermore, the RL intensity of BTD-HeBr was linear response 389 

to the X-ray dose rate in the range 0.401−570.1 μGy s−1 (Fig. 4e,f). Additionally, the 390 

detection limit is a measure of the response linearity at low excitation levels and can be 391 

defined as the dose rate at which the signal-to-noise ratio (SNR) equals 3. The detection 392 

limit was 84.6 nGy s−1 for BTD-HeBr films, which is significantly below the minimum 393 

X-ray dose rate requirement for medical X-ray imaging (5.5 μGy s−1)40, demonstrating 394 

the highly potential of medical radiography applications. 395 

 396 

Fig. 4 | RL performance characterizations of the HLCT scintillators. a, X-ray 397 

absorption spectra of BTD-FL, BTD-FLBr, and BTD-HeBr emitters measured as a 398 

function of X-ray energy41. b, Images of these HLCT emitters taken under X-ray 399 

irradiation (X-ray tube voltage, 50 kV; dose rate, 2.023 mGy s−1). c, RL spectra of these 400 

HLCT emitters with an optimal thickness (X-ray tube voltage, 50 kV; dose rate, 2.023 401 

mGy s−1). d, The RL emission photostability for the BTD-HeBr versus continuous 402 

irradiation (top) and repeated on–off cycles of X-rays (bottom) at a dose rate of 2.023 403 
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mGy s−1. e, The RL spectra of BTD-HeBr measured at different X-ray dose rate ranging 404 

from 0.401 to 570.1 μGy s−1. f, The linear relation between X-ray dose rate and RL 405 

intensity and detection limit of BTD-HeBr.  406 

 407 

To achieve high performance and good processability of the HLCT scintillation 408 

films for X-ray imaging, glassy neat films are fabricated by melting the HLCT emitters 409 

at a relatively low temperature of 120°C for X-ray correlated measurements due to their 410 

low glass transition temperatures (Supplementary Fig. 33). The thickness-dependent 411 

RL of BTD-HeBr shows significantly high intensity with an optimal thickness at 180 412 

μm (Supplementary Fig. 34). In addition, the transmittance of the BTD-HeBr glassy 413 

film exceeds 93% within the wavelength range of 500–800 nm, encompassing the entire 414 

emission spectrum (Supplementary Fig. 35). This feature can enhance the photon 415 

collection efficiency during optical characterization and may realize high resolution for 416 

X-ray imaging. The ultra-high X-ray imaging resolution of 40.5 lp mm−1 was achieved 417 

at a modulation transfer function (MTF) of 0.2 for BTD-HeBr scintillation screen, 418 

according to the MTF calculation of standard X-ray edge images42 (Fig. 5a). As far as 419 

we know, such a high imaging resolution exceeds those of all reported organic 420 

scintillators (Fig. 5b and Supplementary Table 2), which supports the high practical 421 

potential of using through-space heavy atom-π interactions for efficient X-ray imaging 422 

scintillators in HLCT emitters. To further verify this value, we took X-ray images of a 423 

standard X-ray test pattern plate. A bright-field photograph was shown in 424 

Supplementary Fig. 36, and the X-ray image (Fig. 5c) demonstrates that the line pair 425 

notches at 33.3 lp mm−1 were clearly detectable and the line pair notches at 50.0 lp mm−1 426 

were roughly detectable. Furthermore, we performed imaging tests using BTD-HeBr 427 

scintillators to demonstrate their practical value. Spring-loaded pens, positioned 428 

between an X-ray source and a BTD-HeBr film (Figure 5d), allowed the otherwise 429 

invisible springs to be distinctly captured on the film, with the plastic casing appearing 430 

almost transparent. Furthermore, X-ray contrast imaging facilitated the examination of 431 
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the intricate internal structure of an electronic chip, which is typically impenetrable to 432 

the naked eye (Figure 5e). The intricate architecture of the electronic chip was vividly 433 

revealed using a BTD-HeBr scintillating screen. These results demonstrate the 434 

promising potential of the HLCT scintillators with through-space heavy atom-π 435 

interactions in medical radiography. 436 

 437 

Fig. 5 | Highly resolved X-ray imaging based on the HLCT scintillators. a, 438 

Modulation transfer function (MTF) of an X-ray slanted-edge image (inset) reveals a 439 

spatial resolution of 40.5 lp mm−1 for BTD-HeBr screen. b, Comparison of scintillator 440 

spatial resolution and lifetime of glassy BTD-HeBr film and previously reported 441 

organic scintillators. c, X-ray image of a partial region (from 25.0 to 55.6 lp mm−1) of 442 

the standard X-ray test pattern plate. d,e Bright- and darkfield photographs of a pen (d) 443 

and an electronic chip (e) before and after X-ray exposure (dose rate, 2.023 mGy s−1).  444 

 445 

Conclusion  446 

In this work, we have developed a new strategy of organic scintillators to achieve 447 

excellent comprehensive performance of RL. This kind of scintillators overcomes the 448 
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intrinsic shortcomings of LE-type and TADF-type scintillators to achieve fast radiative 449 

lifetime, narrow FWHM, large Stokes shift, and high PLQY simultaneously. 450 

Additionally, we developed a novel strategy based on through-space heavy atom-π 451 

interactions for chemically modifying HLCT emitters. Thanks to the numerous spatial 452 

interactions between bromine atoms and π-electrons, BTD-HeBr shows short radiative 453 

lifetime (3.74 ns), high PLQY (100%), RISC rate (2.63×108 s-1), small nonradiative 454 

decay (3.8×105 s-1) and X-ray absorption cross-section in the aggregate state. The 455 

through-space-heavy-atom HLCT scintillators exhibit highly improved scintillation 456 

performance (light yield of ~42,400 photons MeV–1, narrow FWHM of 56 nm, and 457 

detection limit of 84.6 nGy s−1). In addition, a transparent screen can be obtained by 458 

melting glassy films of BTD-HeBr to obtain ultrahigh X-ray imaging resolution of > 459 

40.0 lp mm−1, exceeding the resolution of all the reported organic and commercial 460 

scintillators. We believe that the present findings will serve as a benchmark for the 461 

fabrication of efficient organic scintillators in real-life applications, including medical 462 

and security screening from materials beyond high-cost metal complexes and 463 

perovskites43-45 by using a simple through-space-heavy-atom strategy on HLCT 464 

emitters. 465 

 466 

Method  467 

Materials 468 

Unless otherwise noted, all the chemicals and reagents were obtained from commercial 469 

sources (J&K, TCI, Meryer or Sigma Aldrich). The solvents for reactions were distilled 470 

and degassed before use. All reactions were carried out in an N2 atmosphere with a 471 

dried Schlenk glassware or tube. 1H and 13C nuclear magnetic resonance (NMR) spectra 472 

were measured using deuterated CDCl3 as solvent on a Bruker AV 500 spectrometer or 473 

a Bruker AVIII 400 spectrometer at room temperature. High-resolution mass spectra 474 

(HRMS) were obtained on a GCT premier CAB048 mass spectrometer.  475 

Characterization 476 
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UV-Vis absorption spectra were measured on a PerkinElmer Lambda 950 477 

spectrophotometer. Photoluminescence (PL) spectra, transient PL decay spectra and 478 

photoluminescence quantum yields were performed on an Edinburgh FLS1000 479 

fluorescence spectrofluorometer. Thermogravimetric analysis (TGA) was carried out 480 

on TA TGA Q5000 under dry nitrogen at a heating rate of 10 °C min−1. Thermal 481 

transition was investigated by TA DSC Q1000 under dry nitrogen at a heating rate of 482 

10 °C min−1. Transient absorption spectroscopy (TAS) is conducted using an Ultrafast 483 

Systems Helios femtosecond transient absorption spectrometer. A femtosecond laser 484 

amplifier from Light Conversion generates a series of 1030 nm pulses, which are then 485 

divided into two separate beams to create the pump and probe pulses. For the probe, 486 

the pulses are focused onto a sapphire crystal and a YAG crystal, producing a visible 487 

(500-910 nm) and infrared (1100-1600 nm) continuum, respectively. To generate the 488 

pump beam centered at 400 nm, an optical parametric amplifier is used. A mechanical 489 

delay stage controls the time delay between the pump and probe pulses, ensuring 490 

precise measurements.  491 

Computational Details 492 

The ground state geometries were optimized using the density functional theory (DFT) 493 

method with PBE0-D3 functional at the basis set level of 6-31G (d, p), and the excited-494 

state geometries were optimized using the time-dependent DFT method with PBE0-D3 495 

functional at the basis set level of 6-31G (d, p). The above calculations were performed 496 

using Gaussian16 package. The spin-orbital coupling and non-adiabatic coupling 497 

constants were calculated based on PBE0/def2-SV(P) by using ORCA 5.0.2. The 498 

natural transition orbital analyses were analyzed with Multiwfn. 499 

Fabrication of BTD-HeBr scintillation films 500 

The scintillation films were prepared using a simple and conventional melt-quenched 501 

technique. 500 mg of BTD-HeBr was transferred to a beaker and heated at 120 °C until 502 

it melts and the bubbles disappear. Subsequently, the liquid in the beaker mentioned 503 

above was poured into a quartz plate, and the scintillation films with a thickness of 504 
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approximately 180 microns and a diameter over 2.5 cm were formed through rapidly 505 

cooling at room temperature. 506 

X-ray detection performance and X-ray imaging measurements  507 

The radioluminescence was measured using a fluorescence spectrophotometer (Omni-508 

λ 300i, Zolix). For X-ray imaging measurement, a tungsten anode X-ray tube 509 

(Hamamatsu Photonics, L11831-01) was used as the X-ray source. The X-ray tube 510 

voltage was adjusted from 40 kV to 90 kV, and the current was adjusted from 10 µA to 511 

200 µA to change the dose rate of the X-rays. The dose rate of X-rays was further fine-512 

modulated by changing the distance between the SC scintillator and the X-ray source. 513 

The X-ray dose rate was cautiously calibrated using a Fluke Si diode (RaySafe X2) 514 

dosimeter. The objects for imaging and the scintillators were placed perpendicular to 515 

the incident X-rays, and the scintillator was integrated onto a commercial Si-516 

photodetector array to form the X-ray module (iRay, NDT0505J). All measurements 517 

were taken at room temperature in air. 518 
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