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The development of high-quality organic scintillators encounters challenges primarily associated with the
weak X-ray absorption ability resulting from the presence of low atomic number elements. An effective
strategy involves the incorporation of halogen-containing molecules into the system through co-crystal
engineering. Herein, we synthesized a highly fluorescent dye, 2,5-di(4-pyridyl)thiazolo[5,4-d]thiazole
(Py,TTz), with a fluorescence quantum yield of 12.09%. Subsequently, Py,TTz was co-crystallized with
1,4-diiodotetrafluorobenzene (I,F4B) and 1,3,5-trifluoro-2,4,6-triiodobenzene (IsFsB) obtaining Py,TTz—-
I,F4 and Py,TTz-IsFs. Among them, Py,TTz-I,F4 exhibited exceptional scintillation properties, including
an ultrafast decay time (1426 ns), a significant radiation luminescence intensity (146% higher than
BizGe4O12), and a low detection limit (70.49 nGy s73), equivalent to 1/78th of the detection limit for
medical applications (5.5 uGy s~%). This outstanding scintillation performance can be attributed to the
formation of halogen-bonding between I,F4B and Py,TTz. Theoretical calculations and single-crystal
structures demonstrate the formation of halogen-bond-induced rather than m-m-induced charge-

transfer cocrystals, which not only enhances the X-ray absorption ability and material conductivity under
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Accepted 14th April 2024 X-ray exposure, but also constrains molecular vibration and rotation, and thereby reducing non-radiative
transition rate and sharply increasing its fluorescence quantum yields. Based on this, the flexible X-ray

DOI: 10.1039/d4sc00735b film prepared based on Py,TTz-IF, achieved an ultrahigh spatial resolution of 26.8 lp per mm,
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Introduction

Scintillators are a type of luminescent materials used to detect
high-energy rays (such as X-rays, y-rays, etc.), making them
widely applicable in medical diagnostics, security detection,
and various other fields."” Broadly, X-ray scintillators can be
categorized into inorganic scintillators (e.g., Nal:Tl, CsI:Tl,
PbWO, and Bi;Ge,0;,) and organic scintillators (e.g., anthra-
cene, plastic scintillators, etc.).** Inorganic scintillators gener-
ally exhibit the advantages of high light yield and high X-ray
absorption efficiency, but they are hindered by challenges
associated with high growth temperatures and processing
difficulties.*” In recent years, organic scintillators have attrac-
ted significant attention due to their inherent advantages of
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underscoring the superiority of this strategy in developing high-performance organic scintillators.

mild synthesis temperature, low cost, and mechanical
flexibility.*'* Nonetheless, pure organic compounds, predomi-
nantly composed of low atomic number (Z) elements such as
carbon, hydrogen and nitrogen, encounter practical application
challenges due to their weak X-ray attenuation coefficient and
low scintillation performance.®"

To overcome the challenge of low X-ray absorption efficiency
in pure organic scintillators, a strategy involves the incorpora-
tion of halogen-heavy atoms into organic dyes, leading to the
formation of covalent bonds through halogen substitution.>**
In 2020, Wang et al. reported on halogen-substituted phos-
phorescent scintillators, discovering that the heavy atom effect
increased the spin-orbital coupling (SOC) of the system,
enhancing the exciton utilization efficiency and thereby
improving the scintillation performance of organic materials.**
Recently, Ma et al.*®* and Wang et al.*® successfully synthesized
halogen-substituted thermally activated delayed fluorescence
(TADF) materials, achieving an enhancement in radiation
luminescence (RL) intensity compared to their non-halogenated
counterparts. However, a balance between high X-ray absorp-
tion, high scintillation performance and ultrafast decay time
proves challenging due to the intrinsic luminescent mecha-
nisms of TADF and phosphorescent materials. The micro-
second or millisecond decay time of these scintillators may lead
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to afterglow interference in instantaneous X-ray imaging,
thereby to some extent affecting the imaging quality.

Through the methodology of co-crystal engineering, the prep-
aration of organic scintillators containing halogens emerges as
a straightforward and effective strategy for the rapid development
of high-radiation luminescence with strong X-ray absorption
capabilities.*"” Organic co-crystals represent single-phase mate-
rials in which two or more components are intricately combined
in specific stoichiometric ratios through non-covalent bonding
forces, including m-7 interactions, hydrogen-bonding, halogen-
bonding, and charge transfer (CT) interactions.*** The intro-
duction of a second component induces supramolecular interac-
tions that impose constraints on the ordered arrangement of
molecules, limiting their free rotation and enhancing interactions
between orbitals. This leads to a reduction in the forbidden
bandwidth, an increase in luminescence and an enhancement in
the fluorescence quantum yields (@) of the system. Meanwhile,
charge transfer between the donor and acceptor may potentially
enhance the carrier transport efficiency of the material, thereby
improving its scintillation performance.**** Recently, Sun et al.*>*
demonstrated the feasibility of this strategy through their report
on the organic co-crystal BIC scintillator.

In this work, we synthesized a highly luminescent organic
dye, 2,5-di(pyridin-4-yl)thiazolo[5,4-d]thiazole (Py,TTz), which
subsequently  co-crystallized with 1,4-diiodotetra-
fluorobenzene (I,F,B) and 1,3,5-trifluoro-2,4,6-triiodobenzene
(I;F;B), yielding two organic fluorophore co-crystals, denoted
as Py,TTz-I,F, and Py,TTz-I;F; (Fig. 1b). Comprehensive

was
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performance, distinguishing itself as a noteworthy organic co-
crystal scintillator. It exhibits an ultrafast decay time of 1.426
ns, a high X-ray RL intensity (1.46 times higher than Bi;Ge,0;,)
and a low detection limit of 70.49 nGy s, representing 1/78th
of the detection limit for medical applications (5.5 pGy s ). The
formation of halogen-bonding in organic co-crystals restricts
intermolecular rotation and reduces the probability of non-
radiative leaps, thereby contributing to excellent scintillation
properties.”** Organic co-crystals induced by halogen bonds
also have higher charge transfer efficiency. Furthermore, a flex-
ible X-ray film prepared based on Py, TTz-I,F, achieved a high
spatial resolution of 26.8 lp per mm at modulation transfer
function (MTF) = 0.2 by the slanted edge method. It opens up
new avenues for subsequent medical and industrial probes.

Results and discussion

Our approach involves employing the molecular self-assembly
of organic ligands with iodine-based fluorophores (IFBs) to
restrict intermolecular rotation through the supramolecular
interactions of halogen-bonding, thereby reducing the non-
radiative transition behavior of excitons. Prior to self-
assembly, we assessed the strength of the intermolecular
interactions within the organic co-crystals using molecular
classical electrostatic surface potential (ESP).® The ESP values
for compounds Py,TTz, I,F,B and I;F;B were calculated using
Multiwfn software (Fig. 1a).”” For compound Py,TTz, the
minimum ESP is situated at the N atom, approximately

testing revealed that Py,TTz-I,F, exhibited exceptional _34 72 kcal mol !, whereas for I,F,B and I;F;B, the maximum
a b
Max I,F,B Py,TTz I,F,B e ey R—
/, | > \‘
| Z :
1 | 1 |
I I
Min ; F. F s N ! F. F
= 1 — |
Nl 1 1 | |
] 1 F F Na LS
£ I I i F
— 1 1
(1] 1 7 1
3] v Py,TTz-l,F, [ I
5 \ ~ 0
o p N P
& " RO, . N E—. — »
w
C
- Py,TTz s Py, TTz-1,F, - Py,TTz-I,F;
3 3 5
< o s
> i lj | > 2 ww
2 2 £
£ Simulated £ Simulated - Simulated
_LuJ]L‘L»\L.LMW
10 20 30 20 50 10 20 30 20 50 10 20 30 20 50
2-Theta 2-Theta 2-Theta
Fig. 1 (a) Calculated molecular electrostatic surface potential (ESP) visualization and extreme values for Py,TTz, 1,F4B, and IsFsB. (b) Chemical

structures of Py,TTz-I,F4 and Py,TTz—-IsFs. (c) XRD patterns of Py,TTz, Py,TTz-I>F4 and Py,TTz-IsF3 crystalline powders compared with

simulated XRD patterns.
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ESP is observed near the I and F atoms, approximately
32.34 kecal mol ™", 30.38 kcal mol ™", respectively. The complete
ESP extremes and corresponding spatial locations are given in
Tables S1, S2 and S3.7 The notable difference in ESP values
between the donor N and acceptor I and F atoms suggests that,
when these components come into contact in a solution envi-
ronment, weak intermolecular interactions facilitate the rapid
assembly of isolated molecules.

The synthesis of Py,TTz and the crystal growth methods
employed for Py,TTz-I,F, and Py,TTz-I;F; are detailed in the
ESLT *** Considering the molar ratios of nitrogen in pyridine
within Py,TTz and iodine in halobenzene, initially mixed ina 1: 1
ratio (Fig. 1b), the co-crystallization of Py,TTz with ,F,Bata1:1
assembly ratio and I;F;B at a 1:2 assembly ratio was achieved
through the interactions of halogen-bonding and 7—m stacking in
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organic crystals Py, TTz-I,F, and Py,TTz-I;F;. The corresponding
crystal structure parameters were determined through X-ray
single-crystal diffraction analysis, as presented in Table S4.f
Powder and single crystal X-ray diffraction patterns were utilized
to assess the structural integrity of the series compounds. The
observed diffraction peaks were found to align well with those
simulated based on the single crystal diffraction structures
(single crystal ccde no. 2309717, no. 2309718), thereby confirm-
ing the purity of the series compound samples (Fig. 1c).

To assess the scintillator properties of the synthesized
materials, radioluminescence spectra for these compounds
were measured at an X-ray dose rate of 278 uGy s ', with
BizGe,0;, (BGO) serving as the commercial reference material.
Fig. 2a illustrates the X-ray excited luminescence mechanism of
organic halogen co-crystal scintillators. As can be seen in

a b
[ 1
. Hot 1 Py,TTz
| electrons |
1 |
1 1
1 [
1 - Secondary | 3 Py, TTz-1,F,
1 electrons : s . “ — —
1
1 2 /™
\ 7 3 Electron . Recombination | g . Py,TTz-,F,
! e i holes * ¢ 13 - :
1 = [ -
: Sy Halogen heavy atom : E' wene
1 1
1 EL < Charge Transfer 1 -
1 ! BGO
i S 1 340055
1 Illluminant 1
|
e e 350 400 450 500 550 600 650 700 0.0 2.0x10° 4.0x10° 6.0x10°
Wavelength (nm) RL Intensity (a. u.)
c d
T T T T 10° 11 T T T
500k } Detection limit (nGy s™) Toy, 1Tz 0.913 ns
—Py,TTz 508.29 -
3 402
——Py,TTz-l,F, 70.49 . 10 1.0 ERERTTT]
— 400k Py,TTz-,F, ]
5 —— Py, TTzF, 313.94 ;
s — ~-Noise 5 10° 0.9 ——Py,TTz 100%
> 300k | H Toy,Trzif, 1426 NS : ——Py,TTz-,F, 98.9%
E) =
g £ 402 ——Py,TTz-l,F, 99.8%
‘_:':' 200k | E 08} 4
2 = 10°
100k | E Toy,Trzer, 0-998 ns
° 0.7} E
Z 102
oF —0— © —0— & —0 — & -9
0.6 " " "
0 50 100 150 200 250 300 10 20 30 40 50 0 500 1000 1500
Dose rate (uGy s™) Time (ns) Time (s)
E] 3 T T
& ——Day 1 :
= 8 121 cycles
2 2z,
:
9 —— Day 2 2 ’
5 £
= -
= ©
o
g Day 3 'g
5 £
© 0
£ 5 : .
zo Day 4 0 5000 Time (s) 10000
0 500 1000 1500 2000
Time (s)

Fig. 2

(a) Schematic diagram of X-ray excited luminescence. (b)-(g) The scintillation properties of Py,TTz, Py,TTz—I5F4, Py,TTz—-I3F3, anthracene

and BisGezO1, (BGO) crystalline powders: (b) the RL spectra and the corresponding maximum RL intensity under the X-ray dose rate at 278 pGy
s7L(50 kV, 79 pA). (c) The linear fitting of the maximum RL intensity from 4.58 pGy s~ to 278 uGy s, the detection limits calculated by using the
3a/slope. (d) The fitted curves of fluorescence lifetime decay under 450 nm excitation. (e) The irradiation stability under continuous irradiation
(1800 s) for Py,TTz, Py,TTz-I,F4 and Py,TTz-IsFs powders under the X-ray dose rate at 278 uGy s *. For Py,TTz-I,F4: (f) comparison of
decreasing trends for 4 days of continuous irradiation, 30 minutes per day; (g) repeat 121 on—off cycles of the X-ray dose rate at 278 pGy s 1.
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Fig. 2b, the emission peaks for Py,TTz, Py,TTz-1,F, and Py,TTz-
I;F; were observed at 464 nm, 472 nm and 468 nm, respectively,
with fullwidth at half-maximum (FWHM) values of approxi-
mately 87 nm, 52 nm and 88 nm. Notably, the FWHM of
Py,TTz-1,F, was considerably narrower than those of conven-
tional inorganic scintillators. In a preliminary assessment of
scintillation properties, it is noteworthy that the RL intensity of
Py,TTz-I,F, and Py,TTz-I;F; was significantly enhanced to 4.97
x 10° a. u. and 1.12 x 10° a. u., representing a 7.61-fold and
1.71-fold increase compared to Py,TTz. When compared to the
RL intensity of the commercial material BGO (3.40 x 10° a. u.)—
irradiated at the same X-ray dose rate, the RL intensity of
Py, TTz-1,F, was approximately 1.46 times higher. On this basis,
we calculated the relative light yields of the materials. When the
X-ray energy is 60 keV and the thickness of the sample is 0.1 cm,
the X-ray attenuation efficiencies of Py,TTz, Py,TTz-I,F, and
Py, TTz-I;F; are 3.49%, 46.74% and 57.53%, respectively
(Fig. S27). It was indicated that the I,F,B component could
effectively increase the X-ray absorption ability of the assembled
co-crystals. Compared with reference anthracene (15900
photons per MeV), the calibrated relative light yields of Py,TTz,
Py, TTz-I,F, and Py,TTz-I;F; are 7843, 32583 and 11354
photons per MeV, respectively.'>?*3

Fig. S3a—-ct present the RL spectra at X-ray dose rates ranging
from 4.58 to 278 uGy s~ . These spectra exhibit a linear increase
with the augmentation of X-ray dose rates (Table S5+ provides
the corresponding X-ray dose rates at specific currents and
voltages). The detection limit for compound Py,TTz-I,F,,
determined using the 3¢ method, is calculated to be 70.49 nGy
s~ (Fig. 2c), which is much lower than the values of Py,TTz
(508.29 nGy s~ ') and Py,TTz-I;F; (313.94 nGy s~ ').1* Notably,
this value is only 1/78th of the commonly employed X-ray
diagnostic dose rate (5.5 uGy s~ '), indicating its significant
suitability for subsequent low-dose-rate X-ray imaging. Besides,
these compounds exhibited ultra-short decay time as small as
0.913 ns (Py,TTz), 1.426 ns (Py,TTz-1,F,), and 0.998 ns (Py,TTz-
I;F;) (Fig. 2d and Table S67), which can eliminate afterglow
interference during transient imaging with X-rays.

Furthermore, the irradiation stability of compounds Py,TTz,
Py,TTz-I,F, and Py,TTz-I;F; was investigated (Fig. 2e). The
samples retained nearly 100%, 98.9%, and 99.8% RL intensity
following 1800 seconds of irradiation at an X-ray dose rate of 278
uGy s~'. Concurrently, Py,TTz-I,F, underwent X-ray irradiation
at the same dose rate for 30 minutes per day over four days, and
the normalized data (Fig. 2f) revealed a consistent decreasing
trend similar to that observed on the first day and at the onset. By
raising the total dose to 14.42 Gy, (irradiation for 9832.5 s at
a dose of 1467 uGy s '), the stability of Py, TTz-1,F, decreased to
82.7% of the original (Fig. S4t). In addition, stability was main-
tained under repeated completion of 121 switching cycles
(Fig. 2g). This suggests that, even with the addition of a second
ligand, the intermolecular interactions within the co-crystal
exhibit resilience against deterioration after exposure to high-
energy X-ray irradiation. Additionally, X-ray diffraction (XRD)
characterization of the irradiated Py,TTz, Py,TTz-L,F, and
Py,TTz-LI;F; indicated that molecular crystal structures remained
essentially unchanged when compared to those observed before

7662 | Chem. Sci., 2024, 15, 7659-7666

View Article Online

Edge Article

irradiation (Fig. S51). Comprehensive details of all scintillator
performance values are provided in Table S7.7 In summarizing
the scintillator properties of these materials, it is evident that,
when compared to compounds Py,TTz and BGO, compound
Py,TTz-1,F, manifests higher RL intensity, a narrower FWHM
value, and the lowest detection limit.

The RL intensity of organic fluorescent scintillators is posi-
tively correlated with the X-ray absorption efficiency (Abs), the
fluorescence quantum yield (PLQY; @¢) and the carrier transport
efficiency (n).>*>** As shown in Fig. 3a, compounds Py,TTz-LF,
and Py, TTz-13F; demonstrate higher X-ray absorption efficiency
compared to compound Py,TTz. Besides, Fig. 3b illustrates
a sequential increase in @¢ for compounds Py,TTz, Py,TTz-1;F;
and Py, TTz-L,F,, reaching values of 12.09%, 15.92% and 18.85%,
respectively. The incorporation of the second ligand enhances
the @, which increases in a ratio proportional to the RL intensity.
These findings indicate that the incorporation of a second
monomer containing heavy atoms enhances both the X-ray
absorption coefficient and ®r of organic co-crystals, resulting in
a substantial improvement in scintillation performance.

In addition, we fabricated photoconductive devices of the
three materials, the device simulations are shown in Fig. 3c, the
complete fabrication details are shown in the ESIf and the
actual photos of the devices are shown in Fig. S6.T And we tested
their photoconductive properties at 30 V, 200 pA (X-ray dose rate
of 2.765 mGy s '), respectively. Combined with the single-
crystal size calculation, we obtained the maximum photocur-
rent densities of the devices. The maximum photocurrent
densities of Py,TTz, Py,TTz-I,F, and Py,TTz-I;F; are 4.51 x
10 nA mm 2, 1.59 x 102 nA mm 2 and 9.60 x 10> nA
mm >, respectively. The maximum photocurrent densities of
Py,TTz-I,F, and Py,TTz-I3F; are 3.37 and 2.13 times higher
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X-ray dose rate of 2.765 mGy s~ * (30 kV, 200 pA).
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than that of Py,TTz respectively. Meanwhile, the photocurrent
density of Py,TTz-I,F, is 1.66 times higher than that of Py,TTz-
I;F;, which indicates that the X-ray excitation conductivity of
Py,TTz-L,F, is the best. Therefore, due to the highest fluores-
cence quantum yield and maximum X-ray-excited photocurrent,
Py,TTz-I,F, exhibits the most outstanding radioluminescent
performance among these three materials.***3*

Given the profound influence of single crystal structures on
their solid-state luminescence properties and conductivity
under X-ray exposure, we investigated the molecular crystal
structures of these compounds and the accuracy of the theo-
retical calculations was confirmed. Theoretical calculations
indicate that different charge transport phenomena occur,
induced by supramolecular interactions (including m-m inter-
actions and halogen-bonding), when the positional orientations
of the iodine-based fluorophore (I,F,B) and Py,TTz are varied,
which affects the current under X-ray exposure. When the I,F,B
is located on the longitudinal axis of Py,TTz, the main supra-
molecular interactions are caused by m-m stacking and the
electrons in co-crystals are all on Py,TTz without charge sepa-
ration (Fig. 4a and b, left). Although m-7 stacking improves
conductivity substantially, theoretical calculations have shown
that it cannot be formed. In contrast, when the I,F,B is located
on the transverse axis of Py,TTz, the main supramolecular
interactions are induced by halogen bonding. Most of the
electrons in the HOMO orbitals are distributed on the iodine-
based fluorophore, whereas the electrons in the LUMO
orbitals are distributed on Py,TTz, which suggests that the
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halogen-bonding-induced charge-transfer co-crystal has been
formed (Fig. 4a and b, right).** On one hand, the charge trans-
port induced by head-to-head halogen bonding increases the
conductivity, and on the other hand it limits the molecular
rotation and improves the luminescence properties of the co-
crystal. The stacking patterns predicted by theoretical calcula-
tions are consistent with the ESP results.

On the basis of theoretical calculations, we analyzed the
single crystal structures in depth. In contrast to compound
Py,TTz, which crystallizes in the monoclinic P2,/c space group,
both compounds Py,TTz-1,F, and Py,TTz-I;F; crystallize in the
triclinic P1 space group. The cell parameters for compound
Py,TTz-1,F, are a = 6.2882 A, b = 8.7402 A, ¢ = 11.0715 A, o =
106.876°, 6 = 102.839°, v = 105.122°; the cell parameters for
Py,TTz-I;F; are a = 7.7556 A, b = 8.7408 A, ¢ = 18.7834 A, o =
84.004°, 3 = 79.941°, v = 67.184° (Table S47). As can be seen in
Fig. 4c, the packing arrangement of crystal Py,TTz reveals that it
is arranged in a staggered parallel orientation. Upon three-
dimensional packing, the pyridine heads and tails on Py,TTz
overlap in parallel between adjacent faces. The distance from the
pyridine ring to the adjacent plane is 3.3453 A. To analyze the
alterations post-addition of I,F,B, the packing of crystal Py,TTz~
I,F, is presented as a stepped arrangement in the one-
dimensional direction. The Py,TTz molecules in the co-crystal
are positioned as left and right neighbours without face-to-face
stacking. Notably, halogen-bonding interactions exist between
the N on the pyridine in Py,TTz and I of I,F,B (d¢_;..n = 2.8688
A). Following three-dimensional packing, similar to crystal
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(a) Calculated orbital energy levels of Py,TTz-I>F4 (longitudinal axis, left; transverse axis, right). (b) Calculated orbital energy levels of

Py,TTz-I3F3 (longitudinal axis, left; transverse axis, right). (c) The packing of Py,TTz in the three-dimensional direction (the t—1t interactions). (d)
The packing of Py,TTz-I5F4 in the one-dimensional direction (the halogen-bonding interactions) and the packing of the crystal in the three-
dimensional direction (the - interactions). (e) The packing of Py,TTz-IsF3z in the one-dimensional direction (the halogen-bonding interac-

tions) and the packing of the crystal in the three-dimensional direction

© 2024 The Author(s). Published by the Royal Society of Chemistry

(the t—1t interactions).
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Py,TTz, the distance from the pyridine ring to the adjacent plane
7 interaction is 3.6895 A (Fig. 4d), while for crystal Py,TTz-
I;F3, halogen-bonding interactions within the one-dimensional
plane are observed at dc_y...n = 2.8692 A, forming a triangular
alignment. The three-dimensional packing mirrors a configura-
tion similar to crystal Py,TTz-LI,F,, with the distance from the
pyridine ring to the adjacent plane measuring 3.4131 A (Fig. 4e).
The weakest - interaction of crystal Py,TTz-I,F, partially
mitigates the impact of fluorescence quenching, increasing the
fluorescence quantum yields. Simultaneously, the presence of
stronger halogen-bonding enhances intermolecular interactions
and the formation of halogen-bond-induced charge-transfer
separated states of the donor-acceptor improves the carrier
transport efficiency, thus realizing an enhancement of the
conductivity under X-ray exposure. Details of the weak interac-
tions are provided in Fig. S7 and S87.

Additionally, the intermolecular interactions in the vicinity
of the Py,TTz, following the addition of I,F,B and I;F;B, were
systematically investigated. The Hirshfeld surfaces of the three
materials were computed and analyzed using CrystalExplorer
software, where red areas denote strong intermolecular inter-
actions, and other areas represent weak intermolecular inter-
actions.*”*® As can be seen in Fig. S9,T a color-comparison of the
Hirshfeld surfaces revealed that the original Py,TTz molecule
exhibited red color only near the hydrogen on pyridine.

o
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However, upon the incorporation of I,F,B and I3F;B, a broader
range of red color near the pyridine nitrogen on the Py,TTz
molecule was observed, consistent with the prediction from
previous ESP data. Meanwhile, the relative contributions of
various weak interactions outside Py,TTz were further eluci-
dated from the 2D fingerprints plotted by CrystalExplorer. As
can be seen from the pie charts in Fig. S10,T the incorporation
of the second ligand in the co-crystal enriched the weak inter-
actions in the vicinity of Py,TTz. Since the unit assembly ratio of
Py,TTz-LI;F; is 1:2, the halogen-bonding ratio is higher than
that of Py,TTz-I,F, with the unit assembly ratio of 1:1.
Combined with the weak interactions shown in Fig. S7 and S8,
the presence of halogen and hydrogen bonds restricts the free
rotation of molecules, resulting in more compact molecular
packing. The blockade of nonradiative channels can further
inhibit fluorescence quenching, thereby reducing non-radiative
transition rates and ensuring a higher PLQY value."" Calcu-
lations of the non-radiative transition rates can support the
above point. The k,, values are 5.69 x 10% s~" (Py,TTz-1,F,), 8.42
x 10% s7' (Py,TTz-I3F;) and 9.63 x 10° s (Py,TTz), in
increasing order.*® The difference in the nonradiative transition
rates further illustrates that the RL performance of Py,TTz-I;F;
is not as good as that of Py,TTz-I,F,.

Leveraging the outstanding scintillation properties of
compound Py,TTz-I,F,, we proceeded to apply it in X-ray

MTF=0.2 26.8 Ip mm"
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-
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Fig.5

(a) Flexibility testing in natural light of Py, TTz—-1,F4 (PET). (b) Particle size measured by dynamic light scattering. (c) A schematic diagram of

the X-ray imaging. (d) The X-ray exposure contrast images of the line-pair card (type 25N: 3.5-20 lp per mm) and the pixel intensity versus pixel
positions (resolution = 20 lp per mm MTF = 0.654 + 0.002) under X-ray exposure. (e) The X-ray exposure contrast images of the tungsten sheet
and the MTF versus actual line-pair measured by the slanted edge method (resolution = 26.8 lp per mm, MTF = 0.2) under X-ray exposure. (f) The
X-ray exposure contrast photographs of: the electronic component with complex internal structures (left), a capsule containing a metallic spring
(middle) and biological imaging of a fish (right).
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Table 1 Performance comparison of organic scintillators for X-ray imaging in the literature®

X-ray imaging

Materials LOD (nGy s ") Decay time Stability Composition Resolution (Ip per mm) Reference
9.10-DPA 14.3 1.63 ns 94% Single crystal 20.0 2021 (ref. 8)
DMAc-TRZ 103.2 20 ns, 2.15 ps Nearly unchanged 0.5 wt% in SO 16.6 2022 (ref. 15)
O-ITC 33 46.5 ms 94% Powder in PDMS — 2021 (ref. 14)
BIC 85 2.71 ns 93% 5 wt% in PDMS 16.7 2023 (ref. 22)
PNP-A 566 830.5 ms Nearly unchanged PDMS 11.25 2023 (ref. 36)
CBP 25.5 1.15 ns 99.2% PDMS 14.3 2023 (ref. 9)
BPA-Br 25.95 8.25 ns 98.5% 100 wt% in PTFE 14.3-20.0 2023 (ref. 13)
Py, TTz-1,F, 117.97 1.44 ns 98.9% 100 wt% in PET 26.8 This work

“ Stability is defined as the ratio of the RL intensity after irradiation to the initial intensity. Testing conditions are described in Table S8.

imaging. First, the co-crystal was ball-milled for 4 hours in the
antisolvent (water). The RL spectrum and PXRD post-ball-
milling are depicted in Fig. S11 and S12.7 Following ball
milling, the RL waveform remained unchanged, and an inten-
sity value of 1.28 x 10> a. u. was achieved. A comparison with
the PXRD spectrum revealed the disappearance of some crys-
talline peaks attributable to the ball milling process. This could
be a contributing factor to the observed reduction in the radi-
ation luminescence properties of the material. The particle size
of the powder post-ball-milled was determined to be approxi-
mately 500 nm (Fig. 5b). The PET polyester microporous filter
membrane with a pore size of 0.45 um was selected, and the
ball-milled sample was pump-filtered on a PET film to obtain
a flexible film of an adsorbed sample (Fig. S13f). Detailed
preparation procedures are described in the ESLf

By placing the sample between the X-ray source and the item
to be imaged and photographing it with a commercial digital
camera (Fig. 5¢), we successfully acquired X-ray images of the
sample. As shown in Fig. 5d (left) and S14,} there are clear
boundaries between light and dark at 20 Ip per mm and in the
range of 25-30 Ip per mm. In this case, a curve of pixel versus
pixel position in the plots was obtained using Image]J software.*
The light and dark line pairs of 20.0 Ip per mm on the line-pair
card were observed at MTF = 0.654 + 0.002 (Fig. 5d, right).**
Besides, measured by the slanted edge method,**** the actual
spatial resolution was found to be 26.8 Ip per mm at MTF = 0.2
(Fig. 5e), and details of the edge method are provided in the
ESL.} Furthermore, the X-ray images portraying the intricate
structures within an electronic component are presented in
Fig. 5f, providing the clear visualization of the spring inside
a capsule and revealing the distinct internal structure of a dried
fish. These findings suggest that Py,TTz-I,F, holds consider-
able potential for using as a flexible X-ray detector in industrial
and biological imaging applications (Table 1).

Conclusions

In summary, we have obtained an example of an organic co-
crystal scintillator, Py,TTz-I,F,, characterized by rapid
response and outstanding X-ray imaging performance. Its

© 2024 The Author(s). Published by the Royal Society of Chemistry

crystalline powders exhibited a high X-ray RL intensity
(approximately 1.46 times higher than that of BGO), a low
detection limit of 70.49 nGy s~ *, a narrow FWHM of 52 nm and
an ultrafast decay time of 1.426 ns. As an organic co-crystal
scintillator, it demonstrates excellent irradiation stability. The
incorporation of IFBs overcomes the problems of low X-ray
absorption efficiency of organic scintillators. Halogen-bond-
induced charge-transfer co-crystals were formed to achieve
higher X-ray excitation conductivity. The flexible scintillator
film produced by the suction filtration method had shown great
potential in X-ray imaging, which obtains the light and dark line
pairs of 20.0 1Ip per mm on the line-pair card at MTF = 0.654 £+
0.002. Further measuring by the slanted edge method, the
spatial resolution can reach 26.8 Ip per mm at MTF = 0.2. Based
on our knowledge, this material represents the organic co-
crystal scintillator with the shortest decay time and the best
imaging effect.
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