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ABSTRACT: The development of functional materials capable of
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converting high-energy radiation into visible light is crucial for Em

advancing technologies in radiation energy conversion and imaging ~ X-ray ’t; ®Q Q . ; "

detection. In this study, a highly luminescent metal—organic - \é_/ — é

framework (Hf-ETTC) was successfully synthesized via a mild —9 5 £,

solvothermal method utilizing the directed self-assembly of xas | > | Dl
aggregation-induced emission (AIE)-active ligands with hafnium- M e
oxo clusters. The high atomic number of the hafnium centers N e R
significantly enhanced the energy absorption efficiency, effectively ¥ @ % urErIe mwmﬂl
promoting the radioluminescent behavior of the AIE-active ligands o e e [

and resulting in an exceptional PLQY of 90.72%. Experimental ok
results revealed that H-ETTC embedded in a PDMS matrix e
exhibited strong luminescence under X-ray excitation and
demonstrated sensitivity to radiation dose rates as low as 1.1 uGy s™*. The radioluminescent performance of H-ETTC@PDMS
was further validated through the fabrication of a radioluminescent nuclear battery and an X-ray imaging system. The nuclear battery
achieved a maximum output power density of 0.19 yW cm ™ at a dose rate of 5.6 #Gy s~ . Additionally, flexible X-ray imaging with a
spatial resolution of 402 ym was successfully achieved. This work highlights a synergistic strategy combining high-Z Hf elements
with the AIE effect, offering valuable insights for the structural design, optical enhancement, and radiation-responsive applications of
luminescent metal—organic frameworks.

Radioluminescent  X-ray imaging
nuclear battery
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1. INTRODUCTION

Scintillators are a class of luminescent materials that respond to
high-energy radiation by converting ionizing radiation into
visible light.' ™ They have attracted significant attention in
applications such as medical imaging’~’ and radiation
monitoring.”” High-performance scintillators typically inte-
grate strong radiation-stopping power with efficient lumines-

longed exposure.12 Among MOF scintillators, zirconium (Zr, Z
= 40)-based systems (e.g, UiO-66 and NU-1000) have
become research priorities due to their excellent chemical
stability and moderate X-ray attenuation capabilities.'*™"°
However, the X-ray absorption efficiency of Zr-based MOFs
declines significantly when radiation energy exceeds a critical
threshold, severely limiting their applicability in deep-tissue
imaging and high-energy radiation conversion.'”~"”

cent centers. Heavy metals with high atomic numbers (Z)
enhance X-ray attenuation, while organic ligands offer
advantages in processability, structural tunability, and rapid
response times compared with their inorganic counterparts.
Metal—organic frameworks (MOFs) exhibit exceptional
promise as scintillators due to their unique structural features,
which facilitate synergistic interactions between metal nodes
and luminescent ligands.'”'" Compared to conventional
inorganic scintillators (e.g., CsL:Tl, Bi,Ge;0;,), MOF-based
scintillators offer three key advantages: (1) Their modular
architecture allows atomic-level precision in tuning both metal
centers and organic ligands, enabling the synergistic
optimization of X-ray absorption efficiency and luminescence
performance. (2) The porous framework effectively suppresses
self-absorption and exciton quenching effects. (3) Enhanced
radiation stability improves material durability under pro-
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Heavy metal elements are highly efficient at absorbing
radiation energy.””>* In this study, we propose a synergistic
strategy that combines the "high-Z element” approach with
"aggregation-induced emission (AIE) enhancement”. Hafnium
(Hf), a high-Z element from the same main group as Zr, was
selected as the metal node. The organic ligand HLETTC, a
derivative of tetraphenylenylene (TPE), was chosen for its
AlE-active properties.23_26 The strong X-ray absorption
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capability of Hf, combined with efficient directional energy
transfer,”’ significantly enhances the radioluminescence
performance of the AIE-active materials. To further broaden
the application potential, MOF-polymer composites were
developed, enabling them to be used as flexible scintillators.

Hf-ETTC crystals were successfully synthesized via a
solvothermal method. The material exhibited an exceptional
photoluminescence quantum yield (PLQY) of 90.72%,
significantly surpassing that of the pristine HETTC ligand
(47.61%) and the isostructural Zr-based MOF PCN-94
(75%)** under ambient conditions. Additionally, the robust
framework structure of Hf-ETTC, reinforced by ultrastrong
Hf-O coordination bonds, confers excellent stability under
high-dose irradiation as well as extreme temperature and
humidity conditions. To extend its applicability, HFETTC was
incorporated into a polydimethylsiloxane (PDMS) matrix to
fabricate flexible composite films. Under X-ray excitation, the
resulting HFETTC@PDMS composites exhibited strong
radioluminescence (RL) with a detection limit as low as 1.1
UGy s~'. Notably, owing to the high atomic number of Hf, the
enhancement of radioluminescence performance at high dose
rates is substantially more pronounced compared to that of
zirconium. Furthermore, the exceptional performance of Hf-
ETTC@PDMS in both radioluminescent nuclear battery and
X-ray imaging applications validates the synergistic advantage
of combining high-Z elements with AIE-active ligands. This
study not only establishes a new paradigm for the design of
MOF-based scintillators but also provides a theoretical and
technical foundation for developing next-generation, high-
performance scintillators through the integration of high-Z
elements and AIE strategies.

2. RESULTS AND DISCUSSION

2.1. Characterization of the As-Synthesized Hf-ETTC.
Hf-ETTC was synthesized by a solvothermal method. As
shown in Figure la, under the mediation of acetic acid, Hf**
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Figure 1. (a) Preassembled Hf-oxo clusters derived from HfCI,. (b)
Molecular structure of organic ligand H,ETTC. (c) Stacking model
illustrating the crystalline packing arrangement.

ions initially formed HfsOg metal cluster nodes, which
subsequently coordinated with the AIE-active H,ETTC ligands
(Figure 1b). This coordination resulted in the construction of
a novel metal—organic framework with a cubic cage-type. In
this architecture, Hf;Og clusters serve as the vertices, each
bridged by 12 ETTC ligands to 18 neighboring metal clusters,
forming a three-dimensional framework with an edge length of
approximately 21.104 A (Figure Ic).

Structural characterization revealed excellent consistency
between the experimental powder X-ray diffraction (PXRD)
patterns and the simulated data, confirming the phase purity
and structural integrity (Figure 2a). The nitrogen adsorption

isotherms obtained at 77 K revealed the pore characteristics of
Hf-ETTC, including a BET specific surface area of 1566 m*:
¢! and an average pore size of 2.05 nm, which aligns with the
corresponding crystal structure (as illustrated in Figure 2b).
Scanning electron microscopy (SEM) images at various
magnifications (Figure 2c) displayed well-defined cubic
crystals, which were in good agreement with the theoretically
predicted morphology. Energy-dispersive X-ray spectroscopy
(EDS) analysis confirmed the expected stoichiometric ratios of
Hf, C, and O (Figures S1 and S2), validating the elemental
composition. Thermogravimetric analysis (TGA) revealed that
the mass loss observed below 520 °C was due to the
desorption of guest molecules, while the MOF framework itself
remained thermally stable, highlighting its exceptional thermal
robustness (Figure S3). Fourier transform infrared spectros-
copy (FTIR) analysis indicated that the stretching vibration of
C=0 at 1692.3 cm™' disappeared compared with the HLETTC
ligand, providing evidence for the formation of coordination
bonds between the H,ETTC ligand and Hf** (Figure S4).

2.2. Optical Properties of Hf-ETTC. The UV-—vis
absorption spectra (Figure 3a) showed that H-ETTC retained
the absorption peaks at 350—500 nm similar to those of the
H,ETTC ligands but exhibited significantly enhanced
absorption intensity. The redshift observed in the UV—vis
spectrum following the formation of the MOF structure is
primarily attributed to orbital hybridization between the metal
nodes and the organic ligands. This interaction lowers the
electronic transition energy. Moreover, the intrinsic rigidity of
the MOF framework promotes ligand planarization and 7—x
stacking interactions, thereby extending the conjugated system.
All of these will lead to a redshift of the absorption peak.””*°
Photoluminescence (PL) measurements under the optimal
excitation conditions showed yellow emission at 530 nm for
both the free ligand and the Hf-ETTC framework. Variations
in excitation wavelength led to differing excitation efficiencies
of the luminescent centers and energy transfer efficiencies
between frames, consequently resulting in distinct emission
colors under different excitation conditions. (As shown in the
spectrum and the illustration in Figure 3b, the specific PL
spectra are shown in Figure SS.) However, the framework
displayed markedly stronger emission and excitation spectra, as
shown in Figure 3b. This luminescence enhancement is
consistent with that observed in the isostructural Zr-based
MOF, PCN-94, confirming that metal cluster nodes facilitate
radiative recombination in AIE-active ligands.

Quantitative analysis revealed a PLQY of 90.72% for Hf-
ETTC (Figure S6), nearly twice that of the free H.ETTC
ligands (47.61%). This enhancement is consistent with the
general nonradiative decay pathways in H,ETTC, such as
torsional relaxation, that were suppressed within the solid
framework, leading to enhanced luminescence. Fluorescence
lifetime measurements further revealed that Hf-ETTC
exhibited an excited-state fluorescence lifetime of 4.1 ns,
compared to 3.4 ns for the organic ligands (Figure 3c).
Additionally, the optical attenuation lifetime of HF-ETTC is
comparable to those of commercial scintillators, indicating its
potential as a high-performance scintillating material.

Building on the superior photophysical properties of Hf-
ETTC, including its high PLQY and short excited-state
lifetime, we systematically evaluated its RL performance. As
shown in Figure 3d, the RL intensity exhibited a clear dose
rate-dependent enhancement, demonstrating a proportional
relationship with increasing radiation levels. As shown in
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Figure 2. (a) PXRD patterns of H-ETTC. Inset: detailed drawing within the range of 15—40°. (b) N, adsorption—desorption isotherm of Hf-
ETTC measured at 77 K. Inset: pore size distribution. (c) SEM images of Hf-ETTC at various magnifications.

Figure 3e, the RL spectrum displayed yellow emission,
consistent with the PL spectrum, suggesting that the emitted
photons originate from the radiative recombination of singlet
excitons in the AIE-active organic ligands within the MOF.
Notably, the synergistic interaction between the Hf metal
clusters and the AlE-active ligands resulted in a S5-fold
enhancement in RL intensity compared to the free ligand
and significantly outperformed the isostructural Zr-based MOF
(PCN-94), primarily because the Hf element exhibits a higher
X-ray absorption capacity compared to the Zr element (Figure
S7). Furthermore, as shown in Figure 3f, the RL intensity of
Hf-ETTC progressively surpassed that of PCN-94 (Zr-ETTC)
with rising dose rates, further highlighting the critical role of
the high-Z Hf centers in boosting luminescence performance
within the MOF architecture. A similar enhancement
mechanism was observed under X-ray excitation, as illustrated
in Figure 3g. Initially, X-ray photons interact with the Hf
clusters, ejecting inner-shell electrons through photoelectric
absorption. This is followed by electron—electron scattering
and Auger processes, generating numerous secondary electrons
and electron—hole pairs. The ETTC ligands are subsequently
excited through energy transfer from electron—hole recombi-
nation, resulting in intrinsic radioluminescence emission under
X-ray irradiation.”'

2.3. Luminescence Stability of Hf-ETTC. Environmental
stability tests revealed the exceptional durability of the Hf-
ETTC material. Temperature-dependent PL studies conducted
over the range of 73—473 K yielded an exciton binding energy
(AE) of 201.6 meV, calculated through Arrhenius equation
fitting, as shown in Figure 4a. The corresponding PL spectra at
various temperatures are presented in Figure S8. The relatively
high AE value effectively suppresses the nonradiative
recombination pathways, thereby ensuring stable luminescence
performance across a wide temperature range. The temper-
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ature-dependent PL intensity data were fitted using the
Arrhenius equation:>”

(T) 1
- AE
I I+ Aexp(—kB—T 1)

where I, is the PL intensity at 273 K temperature, A represents
the frequency factor, which is a constant, and kg represents the
Boltzmann constant.

Furthermore, Hf-ETTC retained 82% of its initial RL
intensity after 60 days of immersion in deionized water,
demonstrating excellent moisture resistance (Figure 4b).
Detailed spectral data supporting this observation are
presented in Figure S9. As shown in Figure S10, after soaking
in water for 60 days, the diffraction peaks and intensity of its
PXRD pattern did not change significantly, indicating its
structural stability in water. Long-term equivalent irradiation
experiments further confirmed the structural robustness of the
material. PXRD analysis showed no signs of framework
degradation following cumulative radiation exposure, high-
lighting the material’s outstanding radiation hardness (Figure
4c). Even after a total absorbed dose of 5980 Gy, Hf-ETTC
maintained 78% of its original RL output (Figure 4d). The RL
spectrum after irradiation is shown in Figure S11. The strong
metal—ligand coordination bond (Hf—O) enhances the
stability of H-ETTC under conditions of high temperature,
high humidity, and radiation.”>*® Taken together, these
characteristics demonstrate that Hf-ETTC integrates high
luminescence efficiency with outstanding resistance to
humidity, temperature extremes, and strong irradiation
environment stability. These features establish a strong
physical basis for its practical application in radioluminescent
nuclear batteries and X-ray imaging under extreme environ-
mental conditions.
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Figure 3. (a) UV—vis absorption spectra of H,ETTC and Hf-ETTC.

(b) PL emission and PLE spectra of H,ETTC and Hf-ETTC. (c) Emission

decay curves of HLETTC and HE-ETTC monitored at 530 nm. (d) RL spectra of H-ETTC under varying X-ray dose rates (7.92—482.2 uGy s™').
(e) Comparative RL spectra of PDMS-based composites: HFETTC@PDMS, HLETTC@PDMS, PDMS containing separate Hf-oxo clusters and
H,ETTC ligands, and Zr-ETTC@PDMS. (f) Dose rate-dependent RL intensity comparison between HfETTC and Zr-ETTC. (g) Schematic

illustration of the proposed RL enhancement mechanism.

2.4. Application of Hf-ETTC@PDMS in the Radio-
luminescent Nuclear Battery. To broaden its application
potential, flexible HE-ETTC@PDMS composite films were
fabricated by using blade coating. Under X-ray excitation, the
films exhibited intense yellow luminescence, attributed to the
suppression of nonradiative transitions in the ligands by the
MOF framework, as shown in Figure S12. It exhibits a high
degree of flexibility and tensile resistance, as illustrated in
Figure S13 and Table S1. This study investigated the use of Hf-
ETTC@PDMS flexible films for X-ray absorption and energy
conversion applications. The radioluminescent nuclear battery
represents a key approach to X-ray energy conversion

technology. As illustrated in Figure Sa, the operational
mechanism involves three sequential processes: X-ray
excitation of the scintillators to generate visible photons,
absorption of this light by a photovoltaic device, and
conversion into electrical energy.”**’

Fluorescent materials are critical in this energy conversion
cascade, as their high luminescence efficiency and stability
directly influence the overall performance of the radio-
luminescent nuclear battery. For a systematic evaluation,
GaAs photovoltaic components with a spectral response well-

matched to the emission band of Hf-ETTC were employed.
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Figure 4. (a) Temperature-dependent PL intensity of H-ETTC plotted as a function of reciprocal temperature (73—473 K). (b) RL intensity and
peak position shifts of H-ETTC after 60 days of immersion in deionized water. (c) PXRD patterns of H-ETTC after exposure to irradiation doses
using an “’Co source at a dose rate of 260 Gy-h™". (d) RL intensity attenuation profile of H-ETTC following exposure to various irradiation doses.

Figure 5b illustrates the experimental setup, and the EQE was
calculated using the following formula:*®

I/q
p/hv (2)

where I/q represents the number of photogenerated electron—
hole pairs per unit time, I is the photocurrent, and q is the
elementary charge. The term p/hv denotes the number of
incident photons on the photovoltaic module surface per unit
time, where p is the incident light power and hv is the energy
of a single photon, allowing calculation of the photon flux in
photons per second.

As shown in Figure Sc, the electrical output of the
radioluminescent nuclear battery increased proportionally
with radiation dose rate, with both output power and energy
conversion efficiency showing progressive improvement. At a
dose rate of 5.9 uGy s~', the device achieved a maximum
output power density of 0.19 yuW cm™> (Figure 5d) and an
energy conversion efficiency of 0.0583%, surpassing the
previously reported benchmark of 0.023%; this performance
is comparable to those of other high-quality scintillators, as

EQE =
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presented in Table S2. The equivalent X-ray power at this dose
rate was approximately 1.305 mW, with the corresponding X-
ray energy spectrum presented in Figure S14. Furthermore,
when compared to a device utilizing CsPbBr; quantum dots as
transducer materials, under an irradiation intensity of 4.2 uGy
s™' (X-ray tube settings: 25 kV and 1 mA), the maximum
output power was 0.315 gW.** The HEETTC@PDMS system
demonstrated a higher output power of 0.514 yW under the
same excitation conditions. These results validate the
significant potential of the H-ETTC@PDMS composite for
efficient radiation energy conversion technologies.

2.5. Application of Hf-ETTC@PDMS in X-ray Radiation
Imaging. This study further explored the potential of Hf-
ETTC@PDMS composite films for X-ray imaging applications,
as shown in Figure 6a. Leveraging the material’s exceptional
flexibility (Figure 6b), high luminescence performance, and
environmental stability, we conducted dose—response analysis
critical to X-ray imaging technologies. These rely on the dose-
dependent intensity of RL to generate phase-contrast images.
As shown in Figure 6¢, the HFETTC@PDMS exhibits a
favorable dose responsiveness with an X-ray response thresh-
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Figure S. (a) Schematic diagram of the operational mechanism of a radioluminescent nuclear battery. (b) RL spectrum of HfETTC overlaid with
the external quantum efficiency (EQE) curve of the GaAs photovoltaic module. (c) Current—voltage (I-V) and (d) power—voltage (P—V)
characteristic curves of the radioluminescent nuclear battery based H-ETTC@PDMS composite films.

old dose rate as low as 1.1 uGy s, well below the medical

diagnostic X-ray dose rate standard of 5.5 Gy s™'.*” Proof-of-
concept imaging experiments were conducted using a capsule
containing a spring, ceramic igniter, and pen as test objects
(Figure 6d). The internal structures of these items were clearly
resolved in the acquired images. Quantitative evaluation of
imaging quality via point spread function analysis along the red
line across the pen tip in Figure 6d revealed that the Hf-
ETTC@PDMS film achieved a spatial resolution with a full
width at half-maximum (FWHM) of 402 um (Figure 6e). This
resolution surpasses the previously reported value of 504 ym.*’
Collectively, these results highlight the strong potential of
flexible HFETTC@PDMS films for practical X-ray imaging
applications, particularly in healthcare diagnostics and security
screening.

3. CONCLUSIONS

In this study, a HFETTC incorporating high-Z metal centers
and AlE-active ligands achieved a record-high PLQY of
90.72%, nearly double that of the free AIE-active ligand. The
synergistic interaction between metal-clusters and ligands
endowed the material with exceptional X-ray response
characteristics, including a 5-fold enhancement in RL intensity
and industry-leading detection sensitivity down to 1.1 uGy s™".

The material also demonstrated excellent environmental

stability, retaining 82% of its RL intensity after 60 days of
water immersion, and remarkable radiation hardness, main-
taining 78% RL output after exposure to 5980 Gy. Using a
scalable blade-coating method, we fabricated a flexible Hf-
ETTC@PDMS composite scintillating membrane. On this
basis, a radioinduced luminescence nuclear battery and an X-
ray imaging platform were developed. These results demon-
strate the strong potential of HFETTC@PDMS for efficient X-
ray energy conversion and advanced imaging applications.
Overall, this work establishes a cooperative "high-Z element/
AIE ligand” design paradigm, offering a versatile material
platform for next-generation flexible radiation detection
technologies with transformative potential in medical imaging,
nuclear monitoring, and self-powered radiation sensing
applications.

4. EXPERIMENTAL SECTION

4.1. Materials and Measurements. All reagents were purchased
from Macklin Inc. and used without further purification. Powder X-
ray diffraction (PXRD) data were collected using a PANalytical
Empyrean diffractometer with Cu Ka radiation (1 = 1.54184 A).
Morphological analysis was performed using a TESCAN LYRA3 GM
field-emission scanning electron microscope (FE-SEM) operated at
an accelerating voltage of 20 kV. Thermogravimetric analysis (TGA)
was performed on a Mettler Toledo instrument under a nitrogen
atmosphere in the temperature range of 30—800 °C, with a heating
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Figure 6. (a) Schematic illustration of the X-ray imaging mechanism using the HF ETTC@PDMS flexible scintillation film. (b) Digital photographs
of the HFETTC@PDMS film under ambient light and UV illumination (365 nm). (c) Linear correlation between RL intensity at the emission
maximum (530 nm) and X-ray dose rate for HFETTC. (d) Photograph of the target material and the corresponding X-ray image. (e) Spatial
resolution of X-ray imaging along the red line position of the pen in panel (d).

rate of 10 °C min™". FTIR spectra was acquired using a Nicolet iS50
FTIR spectrometer.

4.2. Synthesis of Hf-ETTC. In a SO0 mL Pyrex reaction vial,
hafnium(IV) chloride (HfCl,, 0.865 mmol, 277 mg) and tetracarbox-
ylic ligand HETTC (4’444~ (ethene-1,1,2,2-tetrayl)tetrakis-
([1,1-biphenyl]-4-carboxylic acid), 0.18 mmol, 100 mg) were
dissolved in 20 mL of N,N-dimethylformamide (DMF). Acetic acid
(1.3 mL) was then added to the solution. The mixture was
ultrasonicated until a clear yellow solution was produced, sealed,
and heated at 120 °C for 24 h in a convection oven. Upon cooling to
room temperature (~25 °C), yellow crystalline HFETTC precipi-
tated. The product was washed three times each with DMF and
ethanol and then collected and dried for further characterization.

4.3. Gas Adsorption Measurements. Prior to analysis, samples
were immersed in ethanol for 24 h to remove residual solvent
molecules, followed by vacuum activation at 120 °C for 12 h. N,
adsorption—desorption isotherms were recorded at 77 K using a
Micromeritics ASAP 2460 automated surface area and porosity
analyzer. The Brunauer—Emmett—Teller (BET) method was used to
determine the specific surface area, and the pore size distribution and
pore volume were calculated from the adsorption data of the
isotherm.

4.4. Characterization of the Photophysical Properties. UV—
vis absorption spectra were recorded by using an OPTOSKY UV3610
UV-—vis spectrophotometer. PL and RL spectra were obtained by
using an Agilent Cary Eclipse fluorescence spectrophotometer.
Emission spectra were collected under the following conditions:
photomultiplier tube (PMT) operating voltage of 1000 V, scan rate of
200 nm-min", and slit width of 5 nm for both excitation and emission
during PL analysis. RL measurements were conducted under X-ray
excitation with a dose rate of 24.02 uGy-s™'. PLQY measurements
were carried out using an integrating sphere module integrated to an

Edinburgh Instruments FLS1000 fluorescence spectrometer. Both Hf-
ETTC and H,ETTC samples were excited (4,) at 420 nm.
Fluorescence lifetime data were acquired using time-correlated single
photon counting (TCSPC) and the same FLS1000 system.

4.5. Preparation of the Hf-ETTC@PDMS Composite Mem-
brane. As illustrated in Figure S12, the fabrication process
commenced by thoroughly mixing the PDMS prepolymer with its
curing agent at a 10:1 mass ratio under vigorous mechanical agitation.
Finely ground HFETTC powder was subsequently incorporated into
the mixture and continuously stirred until homogeneous dispersion.
The final formed slurry was subjected to vacuum degassing for 10 min
to eliminate trapped air bubbles and then blade-coated onto flat
substrates to form 60 ym-thick wet films. Curing was completed in a
vacuum oven at 60 °C for 30 min. This optimized fabrication process
ensured uniform filler distribution and strong interfacial bonding
between the MOF and the polymer matrix.

4.6. Irradiation Experiments and Application Testing. Long-
term irradiation stability tests were conducted at the Irradiation
Center of Nanjing University of Aeronautics and Astronautics,
simulating cumulative high-dose exposure. The current—voltage (I—
V) characteristics of the radioluminescent nuclear battery were
evaluated by using a Keithley 2636A source measurement unit
(SMU). X-ray energy response spectra were recorded using a
integrated spectrometry system (XR-100SDD). X-ray imaging
experiments were performed using an Andor iXon Ultra 888
electron-multiplying CCD (EMCCD) camera, paired with a Canon
EF 24—70 mm f/2.8L II USM zoom lens. Image acquisition was
performed with an integration time of 50 ms.
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