Published on 29 1403. Downloaded on 08/03/1405 04:32:53 ..

INORGANIC CHEMISTRY

CCS [N #® RovaL socIETY

FRONTIERS

RESEARCH ARTICLE

’ '.) Check for updates ‘

Cite this: /norg. Chem. Front., 2025,
12,1040

Received 29th October 2024,
Accepted 13th December 2024

DOI: 10.1039/d4qi02736a

rsc.li/frontiers-inorganic

Introduction

Y SOCIETY PN OF CHEMISTRY

View Article Online

View Journal | View Issue

Highly sensitive terbium-based metal—-organic
framework scintillators applied in flexible X-ray

imagingtf
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Scintillators have played an indispensable role in public security and medical diagnosis fields due to their
ability to convert X-ray photons into visible light. Metal-organic frameworks (MOFs) have the advantages
of designable structures, easy preparation of flexible films and high stability, and hence show great poten-
tial in the field of scintillation. However, research on flexible X-ray imaging based on MOF scintillators has
been rather limited. The exploration and development of MOF-based flexible scintillation screens would
be very promising and exciting. Here, a novel terbium-based MOF (Tb-MOF-1) scintillator was synthesized
and employed for X-ray detection and imaging. Benefiting from the sensitizing effect of the ligand, Tb-
MOF-1 shows excellent photoluminescence and radioluminescence signals, and its scintillation sensitivity
is much higher than that of the commercial scintillator Bi;GesO;, (BGO). Tb-MOF-1 shows a low X-ray
detection limit of 1.71 pGy s~ which is lower than the demand for medical diagnosis of 5.5 uGy s~*. The
scintillation mechanism of Tb-MOF-1 is substantiated using spectroscopy and theoretical calculations.
Furthermore, the robust structure of Tb-MOF-1 brings its strong tolerance against water and X-ray
dosages, which facilitates its long-term operation. A flexible scintillation screen (Tb-MOF-screen) derived
from Tb-MOF-1 was fabricated, achieving a high spatial resolution of 7.7 lp mm™*@MTF 0.2. Ultimately,
flexible X-ray imaging tests were successfully carried out by tightly fitting the Tb-MOF-screen to different
curvature radii wires, which firstly verifies the X-ray imaging potential of Ln-MOF-based scintillation
screens for non-planar objects.

Organic scintillators show the merits of low production cost,
good solubility and ease of processing into flexible films, but

Scintillators, which can convert X-ray photons into visible
light, are the core of X-ray imaging technology and have been
widely used in medical diagnostics, security inspections,
industrial flaw detection, and other applications.'™ Although
various scintillators have been employed for X-ray detection
and imaging, many constraints remain, limiting their broader
applications.*” Inorganic scintillators require harsh con-
ditions and costly equipment for their synthesis and their
rigid nature hinders the realization of flexible X-ray imaging.®
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their inherently light elemental composition results in limited
radioluminescence (RL) intensity and insufficient X-ray absorp-
tion ability.” ™" Perovskite scintillators exhibit desirable com-
prehensive performance, but their instability to water or
oxygen restricts their practical application.’®"® To meet the
demands of economic rationality, use feasibility and change-
able environments, it is imperative to develop novel scintilla-
tors that simultaneously integrate the properties of easy prepa-
ration of flexible scintillation screens, strong X-ray absorbance
and high stability.

Metal-organic frameworks (MOFs) have the advantages of
designable structures, mild synthesis conditions and controlla-
ble manufacture of flexible devices, and hence show great
potential in the field of scintillation."*™"® The scintillation
MOFs constructed with Pb®*, Ba®*, Zr** or Sr** show their RL
properties derived from ligand luminescence, which can only
display relatively limited scintillation intensities and
sensitivities."”° In contrast, the lanthanide-based MOFs (Ln-
MOFs) have been considered as ideal scintillation candidate
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materials that offer the possibility of realizing highly sensitive
X-ray detection and imaging.>"**> Specifically, the heavy lantha-
nide ions not only could absorb X-rays effectively, but also
exhibit intrinsic lanthanide-centered luminescence character-
ized by narrow-band emission, high intensity, and a large
Stokes shift.>®> The organic ligand not only sensitizes the
luminescence of rare-earth ions but also confers excellent com-
patibility with polymer materials to lanthanide MOFs, laying
the groundwork for the subsequent fabrication of flexible scin-
tillation screens. Although several MOF-based flexible scintil-
lation screens have been reported, research focusing on their
application for flexible X-ray imaging is still limited.>*** To
date, there is only one strontium-based MOF scintillation
screen that has successfully achieved X-ray flexible imaging on
curved wires with different curvatures.?® Therefore, there is an
urgent need to fill the huge gap in the flexible X-ray imaging
field by preparing flexible scintillation screens with Ln-MOFs
that combine strong luminescence and high stability to
further validate their practical application potential.

Herein, a new scintillation Ln-MOF [Tb(HDOBPDC)(DMF)
(H20)],, (Tb-MOF-1) was synthesized by a simple solvothermal
method. The lanthanide terbium was chosen as the X-ray
absorbing component and the luminescence center. The 3,3"-
dihydroxy-4,4'-biphenyldicarboxylic acid (H,DOBPDC), posses-
sing strong coordination ability and sensitizing the lantha-
nide-centered luminescence, was selected as the organic
ligand.>*?® By synergizing the strong X-ray absorption of heavy
Tb*" ions with the excellent sensitization effect of organic
ligands, Th-MOF-1 exhibits prominent Th-based characteristic
photoluminescence (PL) and RL properties as expected, and its
X-ray detection sensitivity is higher than those of commercial
scintillators Bi,Ge;0;, (BGO), BaF,, and our previously
reported Sr-SMOF.?° Notably, the RL mechanism of Th-MOF-1
was illustrated with the aid of spectroscopy and theoretical cal-
culations. The detection limit of Tb-MOF-1 is 1.71 pGy s,
which is lower than the requirement for X-ray medical diagno-
sis of 5.5 pGy s~'. The scintillation performance of Th-MOF-1
shows no significant decrease after water immersion or high
X-ray dosage irradiation, which ensures its long-term stable
operation. Furthermore, a flexible scintillation screen (Tb-
MOF-screen) with excellent stability was prepared by incorpor-
ating scintillator microcrystals into polydimethylsiloxane
(PDMS), which achieves a high spatial resolution of 7.7 Ip
mm '@MTF 0.2. Eventually, the flexible X-ray imaging
measurement for the bent wires in different directions was
successfully realized by rotating the objective table.

Experimental section
Materials and synthesis

All reagents and solvents for synthesis and analysis were com-
mercially available and used without further purification. A
mixture of Tb(NO3);-6H,O (45.4 mg, 0.1 mmol), H,DOBPDC
(29.8 mg, 0.1 mmol), N,N-dimethylformamide (DMF) (3 mL),
deionized water (1 mL) and HBr acid (30 pL) was loaded into
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the 10 mL vial, which was sealed and heated to 120 °C for 2 d
and then cooled to room temperature under ambient con-
ditions to obtain colorless transparent rod-shaped crystals.
Yield: about 53% based on Tb. Anal. caled (%) for
C17H,6N;04Th,: C 39.17, H 3.09, N 2.69. Found (%): C 39.08, H
2.80, N 2.89.

Physical characterization

Single-crystal X-ray diffraction data of Th-MOF-1 were obtained
using a Rigaku FR-X Microfocus diffractometer equipped with
a graphite-monochromated Mo K, radiation (4 = 0.71073 A) at
room temperature.”’” The structure was solved by direct
methods and refined using full-matrix least-squares on F> with
Olex2 1.5 software. The hydrogen atoms were calculated in
idealized positions and refined with a riding model.*® All non-
hydrogen atoms were refined anisotropically. Pertinent crystal
data and structure refinement details for Th-MOF-1 are sum-
marized in Table S1t and the selected bond lengths and bond
angles were given in Table S2.f Powder X-ray diffraction
(PXRD) patterns were collected on a Rigaku Miniflex 600 diffr-
actometer using Cu K, radiation (1 = 1.5406 A) in the 26 range
of 5-65°. The FT-IR spectra were collected on a VERTEX 70
spectrometer using KBr pellets in the range of 4000-400 cm ™.
Elemental analyses (C, H, and N) were performed on an
Elementar Vario EL III micro-analyzer. The photoluminescence
(PL) spectra, luminescence lifetimes, and photoluminescence
quantum yield (PLQY) tests were carried out on an Edinburgh
FLS1000 UV/Vis/NIR fluorescence spectrometer.”® The PLQY
data were acquired using the ‘Direct & Indirect Excitation’
measurement method. The radioluminescence spectra, radi-
ation luminescence stability, and X-ray sensitivity were col-
lected on a self-built X-ray stimulated Edinburgh FLS920 fluo-
rescence spectrometer (W target, 5 W). The samples were
placed compactly in a quartz-capped copper plate with a
certain volume, and the thickness of the sample tank was
2 mm. The spot of the X-ray and the fibre optic spectrometer
can completely cover the samples. The fibre optic spectrometer
was then used to collect emission spectra with excitation by
X-rays. A lead box serves as an X-ray protective device. The detec-
tion limit tests were performed by recording the signal-to-noise
ratio of scintillation intensity at different X-ray dose rates. The
X-ray dose rate was attenuated by placing an aluminum plate in
front of the X-ray source during the detection limit measure-
ments. The X-ray images were acquired by using a digital
camera (Canon 5D4) under 50 kV X-ray irradiation. The SEM
images were recorded on a Zeiss Sigma 300 field emission scan-
ning electron microscope. The used accelerating voltage is 1 kV.
The simulated X-ray absorption spectra are obtained from the
XCOM photon cross section database (https:/physics.nist.gov/
PhysRefData/Xcom/html/xcom1.html).°

Preparation of the Th-MOF-screen

The crystals of Th-MOF-1 were ground and sieved into micro-
crystals with a size of less than 50 pm. The microcrystals of Th-
MOF-1 (800 mg) were added to polydimethylsiloxane (PDMS)
(1 mL) in a beaker. A homogeneous mixture was obtained by
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stirring and sonication. The above mixed solution was evenly
knife-coated onto a cleaned polyethylene terephthalate (PET)
substrate and cured at room temperature to obtain the flexible
Th-MOF-screen. "’

Calculation of electronic structures and density of states (DOS)

The calculation model of Thb-MOF-1 was built directly from
single-crystal X-ray diffraction data. Calculations of electronic
structures and DOS were performed with DMol3 code based
on DFT with the GGA-PBE functional in the Materials Studio
v8.0 software package.*’

Results and discussion

The Tb-MOF-1 crystals were obtained by a simple solvothermal
method. Structural analysis revealed that Tb-MOF-1 crystallizes
in the monoclinic space group P2,/c, and its asymmetric unit
comprises one Tb*" ion, one ligand HDOBPDC®~, one coordi-
nating DMF molecule and a free water molecule (Fig. 1a). Each
Tb*" ion is coordinated to eight oxygen atoms from five
HDOBPDC®" ligands and one DMF molecule to form a dis-
torted dodecahedral configuration (Fig. S17).

The HDOBPDC? ligand adopts a ps-bridging mode with p,-
n'm' and pz;-n*n*m’ styles to link Tb*" ions within the Tb-O
bond lengths of 2.213(4)-2.722(4) A (Fig. S21). The different
Tb*" centers were bridged via the oxygens from the carboxy
and hydroxyl groups, generating a one-dimensional linear
chain along the g-axis (Fig. S3at), and the 1D chains are con-
nected by the coordination of Tb>" to the terminal carboxyl or
hydroxyl oxygen atom of the ligand to form the 2D layer
(Fig. S3bt), which further results in a 3D network by different
ligands with large pore channels of 22.7 A x 10.2 A (Fig. S4t
and Fig. 1b).

The purity and composition of the as-synthesized crystals
Tb-MOF-1 were confirmed by powdered X-ray diffraction
(PXRD) (Fig. S57), FT-IR spectroscopy (Fig. S61), and elemental
analyses.

The photoluminescence (PL) property of Tb-MOF-1 was
investigated firstly as a bright green light observed under ultra-
violet (UV) light, which shows typical characteristic emission
peaks of Tb*' ions around 488 nm, 547 nm, 584 nm and

(a) os\\’\o;.

Fig. 1 (a) The asymmetric unit of Tb-MOF-1. (b) The 3D frame aggrega-
tion along the a-axis of Tb-MOF-1. All hydrogen atoms and free water
molecules are omitted for clarity. Symmetry codes: #1 1+ x,y, z; #2 1 —
X, -y, 1-z; #31-x,-1/2+y,1/2 —z; #4x,1/2 -y, 1/2 + z.
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622 nm (°D,; — “Fg, °D, — 'Fs, °D, — 'Fy, Dy — 'F;, respect-
ively) (Fig. 2a),’**® obtaining the CIE coordinates (0.307,
0.597) (Fig. S71).”> The large Stokes shift between the exci-
tation and emission spectra indicates slight self-absorption,
which facilitates the realization of high scintillation intensity
(Fig. S81).>*> Moreover, the PL emission peaks of Th-MOF-1
remain almost constant with the variation of excitation wave-
lengths (Fig. S9f). It is noteworthy that the ligand
HDOBPDC?™ exhibits bright blue emissions under UV light,
whereas there is almost no ligand-based luminescence
observed in Th-MOF-1 (Fig. S10%). This suggests that the
ligand HDOBPDC?™ acts as energy transfer bridges to effec-
tively sensitize the metal-centered luminescence. The PL decay
lifetime of Th-MOF-1 was obtained (lex = 399 nm, Aen =
546 nm) as 78.81 ps, and such relatively rapid fluorescence
decay lifetime would ensure a fast decay of the scintillation
intensity, which facilitates the reduction of the scintillation
afterglow (Fig. S11t). The PLQY of Th-MOF-1 is 11.04%, indi-
cating a relatively strong photoluminescence ability (Fig. S127).

The X-ray absorption spectra and thickness-dependent
X-ray attenuation efficiency of Th-MOF-1 and some commercial
scintillators were simulated to understand the potential to
interact with X-rays, revealing that Th-MOF-1 demonstrates a
favourable X-ray absorption and blocking capacity (Fig. 2b and
$137).>®  Benefiting from the commendable photo-
luminescence properties and strong X-ray absorption, Tb-
MOF-1 shows outstanding radioluminescence (RL) properties
under X-rays (Fig. S141), and its RL intensity shows a favorable
dependence on the X-ray dose rates (Fig. S157). It is noteworthy
that the RL spectra of Th-MOF-1 exhibit identical peak shape
and position to its PL spectra (Fig. 2c), which means that the
RL and PL originate from the same terbium-based emission
process.

The RL intensities of the reactants including the ligand, Tb
(NO3)3(H,0)6, and their equimolar physical mixture (Mixture)
were recorded under the same dose rate of 42.29 mGy s~ to
eliminate possible effects on scintillation, while they all dis-
played rather weak signals (Fig. 2d). These results emphasize
that the formation of crystal structures combined the strong
absorption of X-rays by the inorganic heavy metal Tb with the
sensitization effect of organic ligands which is the essential
prerequisite for the realization of the high RL signals of Tb-
MOF-1.*’

Thus, Tb-MOF-1 scintillation should be generated accord-
ing to the following processes: firstly, the heavy atoms of Tb**
interact with X-ray photons to produce numerous high-energy
electrons through photoelectric effects. Next, these high-
energy thermal electrons further interact with the ligand
HDOBPDC?~ by Compton scattering and lose energy, and the
ligands are ionized and excited simultaneously to the excited
triplet (T;) states. Ultimately, the energy transfer from the T,
state of HDOBPDC>™ to Tb>" occurred effectively, which led to
the Tb-based characteristic emissions (Fig. 2e).*®

The total and partial densities of states of Th-MOF-1 were
calculated to further elucidate the X-ray-induced RL mecha-
nism. The ligand HDOBPDC® contributes significantly to

This journal is © the Partner Organisations 2025
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(a) The PL spectra of Tb-MOF-1. The inset shows the photographs of crystals of Tb-MOF-1 under natural light and UV light, respectively. (b)

The simulated X-ray absorption spectra of Tb-MOF-1, BGO, Sr-SMOF,® and BaF, as a function of the X-ray energy ranging from 1 to 100 keV. (c) The
PL and RL spectra of Tb-MOF-1. (d) The RL intensity of raw reactants, including the ligand, Tb(NOz)3(H,O)e, the equimolar physical mixture (Mixture)
and Tb-MOF-1 under the same dose rate of 42.29 mGy s, (e) Diagram of the RL mechanism of Tb-MOF-L1. (f) The profile of the total/partial elec-

tronic density of states of Tb-MOF-1.

both the valence band maximum (VBM) and conduction band
minimum (CBM) (Fig. 2f), and the Tb*>" ion has a prominent
contribution from its f orbital at the VBM and its d orbital at
the CBM, which may correspond to its D, — ’F, radiation
transition behaviors (Fig. S16t). Notably, the high-energy X-ray
can excite the deep-energy-level electrons of heavy metals,
whereas the p orbital electrons from Tb** ions precisely con-
tribute prominently to the deep valence band in the energy
range from —17.08 to —15.17 eV (Fig. S167). The theoretical cal-
culations further reveal that the scintillation process of Tb-
MOF-1 could originate from the metals absorbing X-rays, indu-
cing ligand-sensitized Tb*" ion radioluminescence through
energy transfer.

The RL spectra of Th-MOF-1, BGO, Sr-SMOF,*’ and BaF,

1 to

were measured at the same dose rate of 42.29 mGy s~
further compare their scintillation performance, and the RL
intensity of Tb-MOF-1 is much higher than those of other scin-
tillators (Fig. 3a). To better characterize the X-ray detection per-
formance of scintillators, the linear relationship between RL
intensity and X-ray dose rates of Th-MOF-1, BGO, BaF,, and Sr-
SMOF was recorded. Specifically, Thb-MOF-1 manifests a higher
slope than BGO, BaF, and Sr-SMOF, implying a more efficient
X-ray response sensitivity (Fig. 3b). The detection limit was cal-
culated to be 1.71 uGy s ' by the linear relationship between
the low dose rates and RL signal-to-noise ratios, which satisfies
the demand of X-ray medical diagnostics (5.5 pGy s ')
(Fig. 3c).*® Nevertheless, the detection limit of BaF, was as
high as 2.76 mGy s™' (Fig. S171). The comparison of some

This journal is © the Partner Organisations 2025

commercial scintillators of CsI:Tl, Gd,0,S:Tb and BaF, shows
that Th-MOF-1 displays a good comprehensive performance
(Table S37).

The stability of the scintillator is a non-negligible indicator
of the realization of its practical application.*®*' The dose-depen-
dent RL intensity results revealed that Th-MOF-1 maintained its
favorable performance after irradiation at a relatively high X-ray
dose rate of 42.29 mGy s for 3 h with a cumulative dose of 457
Gy (Fig. 3d). The PXRD results further verified that Th-MOF-1 had
not undergone structural changes or collapse after continuous
X-ray irradiation (Fig. S181). The fatigue resistance test reveals
that Th-MOF-1 shows favorable performance retention after 230
times on/off operations at an irradiation dose of 42.29 mGy s
(Fig. 3e). After being immersed in water for 30 d, the RL sensi-
tivity of Th-MOF-1 was nearly maintained (Fig. 3f), and its crystal
structure remained unchanged (Fig. S19%). The stability test
results indicate that Th-MOF-1 shows a remarkable ability to tol-
erate radiation dose and water degradation, which is conducive to
its long-term stable operation.**

The high sensitivity and stability of Thb-MOF-1 prompted us
to prepare scintillation screens to realize X-ray imaging. The
mixture of Tb-MOF-1 microcrystals and PDMS was knife-
coated on the polyethylene terephthalate (PET) substrate to
obtain a flat scintillation screen (Th-MOF-screen) with excel-
lent flexibility and a bright green light under UV light (Fig. 4a
and S207),** which was also found to have superior homogen-
eity from scanning electron microscopy (SEM) results
(Fig. S217). The RL intensity of the Th-MOF-screen also dis-

Inorg. Chem. Front., 2025, 12,1040-1048 | 1043
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Fig. 3 (a) RL spectra of Tb-MOF-1, BGO, Sr-SMOF and BaF,. (b) X-ray detection sensitivity of Tb-MOF-1, BGO, Sr-SMOF and BaF,. (c) The detection
limit of Th-MOF-1. (d) Radiation stability of Tb-MOF-1 under continuous X-ray irradiation at a dose rate of 42.29 mGy s™* for 3 h. (e) RL intensities
recorded for Tb-MOF-1 over continuous 230 on/off cycles (dose rate: 42.29 mGy s7%). (f) The sensitivities of Tb-MOF-1 before and after being
immersed in water for 30 d.
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Fig. 4 (a) The photographs of the flexible Tb-MOF-screen. (b) Profile displays (left) and X-ray images (right) of the standard line pair card. (c) MTF of
the X-ray image based on the standard line pair card. The real pictures and X-ray radiographs of the electronic component (d), the USB connector
(e), and the capsule (f).

plays an outstanding linear relationship with the X-ray dose To validate the X-ray imaging capability of the Tbh-MOF-
rates (Fig. S22 and S23f). The Th-MOF-screen also exhibits a screen, a simple imaging system was built to find the internal
favourable irradiation and fatigue resistance (Fig. S247). structures of different objects (Fig. S25f). The modulation
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https://doi.org/10.1039/d4qi02736a

Published on 29 1403. Downloaded on 08/03/1405 04:32:53 ..

Inorganic Chemistry Frontiers

i(a) Flexible
Scintillation film

Sl
Curved
wires

Rotatable

revolve

Stage

g £

Camera

View Article Online

Research Article

Fig. 5 (a) Schematic diagram of the flexible X-ray imaging system. (b) The X-ray radiographs of the flexible Tb-MOF-screen for curved wires (45°)
with different directions. (c) The physical photograph and X-ray radiograph of the Tb-MOF-screen for the airpot before and after being stored for 60

d under ambient conditions (20—38 °C, 40-65% humidity).

transfer function (MTF) at different spatial resolutions was
obtained and calculated by X-ray imaging of a standard line
pair card (Fig. 4b).**

The spatial resolution of the Th-MOF-screen is 7.7 Ip mm™
when the MTF value is 0.2 (Fig. 4c), which is higher than those
of the commercial CsI:Tl, Gd,0,S:Tb or a-Se flat panel detec-
tors (=5 Ip mm™" at MTF 0.2) (Table S31).>*> Moreover, the
internal structure of the electronic component or USB connec-
tor and the spring in the capsule are all clearly identifiable,
and both are completely invisible to the naked eye in natural
light (Fig. 4d-f and S26%). These results suggest that the Tb-
MOF-screen has a favorable X-ray imaging capability.

The flexible X-ray imaging tests were conducted to verify the
application potential for non-destructive detection of the Th-
MOF-screen for bent objects.*® The internal structural infor-
mation of the bent wires was recorded on the Th-MOF-screen
at different angles by simultaneously rotating the bent wire
and the flexible screen (Fig. 5a, S27 and S287%). Specifically, the
flexible Th-MOF-screen could reduce image distortion by
tightly fitting the curved wires with different curvature radii,
which could obtain clearly visible imaging photographs in
different directions (Fig. 5b and 529t).*” After being stored for
60 d under ambient conditions (20-38 °C, 30-65% humidity),
the Th-MOF-screen could maintain its high-quality X-ray radio-
graph, validating its high stability against heat, humidity and
oxygen degradation (Fig. 5¢).

1

Conclusions

In summary, a novel terbium-based metal-organic framework
(Th-MOF-1) was synthesized and applied in X-ray scintillation
imaging successfully. Benefitting from the sensitizing effect

This journal is © the Partner Organisations 2025

from the ligand HDOBPDC?~, Th-MOF-1 shows favorable Tbh>*-
based PL and RL signals, which achieves a higher scintillation
sensitivity than the commercial scintillator BGO. A low detec-
tion limit of 1.71 puGy s™* was obtained, satisfying the typical
X-ray medical diagnostic requirement of 5.5 Gy s .
Simultaneously, the scintillation mechanism of Th-MOF-1 was
elucidated with the support of spectroscopy and theoretical
calculations. Owing to its robust structure, Tb-MOF-1 exhibits
strong stability against water and high X-ray dosages.
Moreover, a flexible scintillation screen (Th-MOF-screen) was
prepared with PDMS, achieving a high resolution of 7.7 Ip
mm ™ '@MTF 0.2, which is higher than those of commercial
CsL:Tl or a-Se flat panel detectors. Additionally, the flexible
X-ray imaging tests for curved objects with different curvature
radii have been successfully realized by simultaneously rotat-
ing the wires and the flexible screen. This work provides a new
candidate scintillator for X-ray detection and verifies the
potential of Ln-MOFs applied for flexible X-ray imaging for the
first time.
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