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Efficient radioactive gas detection by 
scintillating porous metal–organic 
frameworks

Matteo Orfano    1,5, Jacopo Perego1,5, Francesca Cova    1, 
Charl X. Bezuidenhout    1, Sergio Piva    1, Christophe Dujardin    2, 
Benoit Sabot    3, Sylvie Pierre3, Pavlo Mai2, Christophe Daniel    4, 
Silvia Bracco    1, Anna Vedda    1  , Angiolina Comotti    1   & 
Angelo Monguzzi    1 

Natural and anthropogenic gas radionuclides such as radon, xenon, hydrogen 
and krypton isotopes must be monitored to be managed as pathogenic 
agents, radioactive diagnostic agents or nuclear activity indicators. 
State-of-the-art detectors based on liquid scintillators suffer from laborious 
preparation and limited solubility for gases, which affect the accuracy of the 
measurements. The actual challenge is to find solid scintillating materials 
simultaneously capable of concentrating radioactive gases and efficiently 
producing visible light revealed with high sensitivity. The high porosity, 
combined with the use of scintillating building blocks in metal–organic 
frameworks (MOFs), offers the possibility to satisfy these requisites. 
We demonstrate the capability of a hafnium-based MOF incorporating 
dicarboxy-9,10-diphenylanthracene as a scintillating conjugated ligand to 
detect gas radionuclides. Metal–organic frameworks show fast scintillation, 
a fluorescence yield of ∼40%, and accessible porosity suitable for hosting 
noble gas atoms and ions. Adsorption and detection of 85Kr, 222Rn and 3H 
radionuclides are explored through a newly developed device that is based on 
a time coincidence technique. Metal–organic framework crystalline powder 
demonstrated an improved sensitivity, showing a linear response down to a 
radioactivity value below 1 kBq m−3 for 85Kr, which outperforms commercial 
devices. These results support the possible use of scintillating porous MOFs 
to fabricate sensitive detectors of natural and anthropogenic radionuclides.

Natural radioactive gases such as the isotopes of radon (222Rn and 
220Rn), and the anthropogenic radionuclides coming from fission (133Xe 
and 85Kr) and activation (3H and 37Ar) products, need to be carefully 
monitored. Isotopes such as 85Kr and 3H, which originate from nuclear 

power plants, reprocessing plants and nuclear waste treatments1–5, 
are critical to detect for monitoring nuclear activity and uncovering 
illegal reprocessing to produce plutonium for weapons6. 133Xe and 37Ar 
are of key interest, as they can be used to detect covert activities to 
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the porous systems can also be cleaned from radioactive species and 
reused, thus enabling a sustainable technology that reduces risks 
and costs. Porous scintillators are therefore proposed as a new class 
of scintillating materials for the development of highly responsive 
and universal radioactive gas detectors based on time-coincidence 
techniques (Fig. 1a)18.

Scintillating metal–organic frameworks (MOFs) endowed with 
high porosity are excellent candidates. The controlled self-assembly 
of inorganic nodes and organic ligands produces tailored architectures 
with well-defined porosity for gas capture, separation and storage19–22. 
Metal–organic frameworks have also been used as sorbents for the 
sequestration of noble gases23 and, in some cases, ion radionuclides24. 
Luminescent chromophores, included as ligands or guests, can be 
integrated to build emissive materials with unique photophysical25–28  
and scintillating properties26–28. However, despite recent MOF 
developments as colorimetric- and fluorescence-sensing platforms29 
and scintillators, their potential application for the detection of gas 
radioactivity has not yet been reported. Indeed, luminescent MOFs 
have been used to detect the presence of a few radioactive analytes in 
solution, but without any correlation to their radioactive properties30.

Here we demonstrate the capability of porous hafnium-based MOFs 
containing the dicarboxy-9,10-diphenylanthracene (DPA) as a scintil-
lating ligand for gas-radioactivity detection (Fig. 1). The crystalline  
MOF shows a highly accessible porosity suitable for hosting radio
active gases, which transfer their ionizing radiation to the framework, 
producing fast scintillation appropriate for time coincidence detection 
techniques and a good fluorescence quantum yield of ∼40%. The heavy 
hafnium improves the interaction with ionizing radiation and enables a 
good light intensity output, that is, one order of magnitude larger than 
a commercial scintillator. These excellent properties prompt us to test 

verify compliance with the Comprehensive Nuclear-Test-Ban Treaty7. 
On the other hand, gases from granite-rich areas (222Rn and 220Rn)8–10 
are pathogenic agents that must be quantified to mitigate the expo-
sure risk, whereas xenon isotopes are useful as radioactive diagnostic 
contrast agents to evaluate pulmonary function, lung imaging and 
cerebral blood flow by inhalation11–13. The detection and radioactivity 
metrology of gases is thus a crucial aspect in a modern, technologically 
advanced and sustainable society, as demonstrated by the recurrent 
updates of regulations that ask for increasingly more sensitive and 
accurate detectors14,15.

All of the listed radionuclides decay by emitting β-particles (α- and  
β-particles the case of radon); that is, electrons that are difficult 
to detect due to their short-range path in matter, especially for 3H  
(ref. 16). In this case, the liquid scintillation counting technique is 
the gold standard to measure radioactivity, but it requires a long and 
complex procedure to mix 3H-labelled water with the scintillator17.  
This hinders in situ online measurements and produces liquid  
radioactive waste that must be carefully managed. Moreover, it cannot  
be applied to other gas radionuclides, which are highly insoluble. In  
this case the only option is to use gas meters that require large  
volumes and counting gases to increase the detection efficiency,  
resulting in very impractical instrumentation (see Supplementary 
Section 11).

A key solution to bypass these issues is to use solid porous scintilla-
tors: the adsorption and accumulation in the pores would concentrate 
the radionuclide, while simultaneously enhancing the probability  
of the scintillators interacting with the generated ionizing radiation, 
thus increasing the device sensitivity. Porous scintillators would  
allow the use of low detection volumes, thus enabling the realiza-
tion of practical small instruments for in situ operation. Importantly, 
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Fig. 1 | Time-coincidence-based detector for radionuclides gases exploiting 
porous scintillators. a, Schematic representation of the scintillation mechanism 
inside fluorescent hafnium-based MOFs. The porous frameworks can uptake 
radioactive gaseous species through physical adsorption and concentrate them 
inside the pores. The decay process produces β-particles that can effectively 
interact with the porous particles during their diffusion and thermalization, 
triggering a sensitized scintillation process. The ligand and metal node that 
constitutes Hf-DPA, as well as the β-radiation emitted by radionuclides, are 

shown at the top. b, Sketch of the triple coincidence system designed to reveal 
radioactive gases by exploiting a porous scintillator. The porous material is 
placed in the central chamber where it adsorbs the flowing gas molecules, 
whose β-decay produces high-energy electrons in the pores. The interactions 
of electrons with the walls of the pores generate the light pulses to be recorded 
by three symmetric PMTs employed to have a low-noise, time-coincidence 
detection.
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the sorption and detection of 85Kr, 222Rn and 3H radionuclides in a newly 
developed device that exploits the scintillating MOF powder as a gas 
harvester and concentrator (Fig. 1a). Metal–organic frameworks show 
an improved sensitivity with respect to the reference powders currently 
tested for gas detection, as well as an excellent linear response down 
to an activity value of below 1 kBq m−3 for 85Kr, thus outperforming 
commercial detectors in a compact, cost effective and easy-to-handle 
architecture. The combination of porosity, good quantum yield and fast 
scintillation strongly support the possible use of scintillating porous 
MOFs as active components to fabricate technologically superior 
sensors for detecting natural and anthropogenic radioactive gases at 
ultralow concentrations.

Results
Gas adsorption and photoluminescence properties of 
Hf-based MOFs
Hafnium-based MOFs comprising luminescent DPA ligands (Hf-DPA) 
were obtained through solvothermal synthesis (see Methods and 
Supplementary Figs. 1–7)27,28, which has been optimized to produce 
octahedral crystals with a cubic crystal structure 385 nm in diameter  
(Fig. 2a,b)—at which size the emission properties are best—in highly 
reproducible batches from few tens of milligrams up to ~200 mg  
(Supplementary Table 1 and Supplementary Figs. 8–20). 
Low-temperature gas adsorption isotherms demonstrate the micropo-
rous nature of Hf-DPA, and the adsorption of noble gases such as argon 

and krypton (Fig. 2c and Supplementary Fig. 30). The argon and  
krypton adsorption isotherms were also measured at room tempera-
ture, demonstrating the gas diffusion inside the cavities under pressure 
and temperature conditions comparable with the operational scenario 
of radioactive gas detection (Supplementary Fig. 31). In this regard we 
provide direct detection of noble gas diffusion into the pores of the 
Hf-DPA by hyperpolarized 129Xe NMR experiments, even in competi-
tion with other gaseous species and under flow conditions (Fig. 2d, 
Methods, Supplementary Table 5 and Supplementary Fig. 28)28,31–35. 
The detection of the signal at δ = 97.7 ppm within 200 ms demonstrates 
the fast diffusion in the restricted pores.

Figure 2e shows the steady-state photoluminescence and  
excitation photoluminescence (PLE) spectra of Hf-DPA dispersed  
in tetrahydrofuran (see Methods). Under ultraviolet excitation, the 
dispersion exhibits a blue fluorescence peak at 450 nm, with a charac-
teristic average decay time of 2.8 ns and a photoluminescence quantum 
yield of 0.41 ± 0.06 (Supplementary Section 7). The broad spectrum 
mirrors the presence of a distribution of local environments and 
quenching pathways for the emitting ligands25,26,35. The excitation 
photoluminescence profile recorded at 450 nm matches the vibronic 
structure of DPA molecules35. Low-temperature measurements  
show a blue shift of the photoluminescence maximum to 440 nm, 
ascribed to the band narrowing at cryogenic temperatures that  
reduces self-absorption, and an increased decay time of 3.3 ns, which  
indicates an emission yield increment to 0.41 × 3.3ns

2.8ns
= 0.48  (+18%). 
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Fig. 2 | Structural, gas adsorption and photoluminescence properties 
of fluorescent porous MOFs. a, Scanning electron microscopy image of 
Hf-DPA MOFs. The inset depicts the MOF size distribution obtained by SEM 
image analysis. b, Crystal structure of Hf-DPA highlighting the octahedral and 
tetrahedral cavities. The triangular pore window and centre-to-centre distance 
between DPA molecules are highlighted. c, Argon (light blue) and krypton 
(dark blue) adsorption isotherms collected at 77 K. Inset: pore size distribution 
calculated from argon adsorption isotherm using the non-local density 
functional theory method. d, Hyperpolarized 129Xe NMR spectra of Hf-DPA at 

variable temperature, 2% xenon in a mixture with nitrogen and helium. e,f, The 
excitation photoluminescence (PLE, dashed line) and photoluminescence (PL) 
emission spectra of MOF crystals dispersed in THF (5 × 10−8 M) (e) or as bare 
powder (f). The photoluminescence was recorded at 300 K (solid line) and 
77 K (dotted line). The excitation wavelength is 355 nm. The insets show the 
photoluminescence intensity (PL int.) decay as a function of time recorded at 
the photoluminescence maximum emission wavelength under 340 nm pulsed 
excitation. The solid lines represent the fit of data with multi-exponential decay 
functions that results in the average emission lifetime values reported.
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This confirms the absence of substantial thermal quenching in  
Hf-DPA by intramolecular vibrational mechanisms25,26,35. Figure 2f 
reports the photoluminescence properties of the Hf-DPA powder  
that will be used to detect the gas radionuclides. The emission at room 
temperature is red shifted to 490 nm due to the larger inner filter effect 
of self-absorption in the powder, whereas the PLE profile matches that 
of MOF in THF. The emission lifetime of 2.4 ns is basically unchanged. 
At 77 K, the emission maximum is again slightly blue shifted to 480 nm 
with a lifetime increment to 3.5 ns, confirming that the excited state 
electronic properties of the MOF powder are consistent with those of 
single crystals in diluted dispersion.

Scintillation properties of Hf-DPA
Figure 3a shows the steady-state scintillation (radioluminescence) 
spectrum of Hf-DPA powder compared with the commercial plastic 
scintillator EJ-276 (Methods) under soft X-rays. The MOF powder radio
luminescence matches the photoluminescence profile (Fig. 2f). Notably,  
despite the Hf-DPA density of 0.6–0.7 g cm−3 being lower than the 
1.1 g cm−3 of EJ-276, the scintillation generated by MOFs is more than 
one order of magnitude intense (Fig. 3a). This is ascribed to the presence 
of heavy hafnium ions (Z = 72) enhancing the interaction with ionizing 
radiation, which allows the scintillation efficiency of the Hf-DPA to  
double with respect to the parent zirconium-based MOF (Supple
mentary Fig. 32)25. Hf-DPA produces a fast scintillation light pulse  
(Fig. 3a, inset) with a subnanosecond rise time and average decay  
time of 3 ns, which matches the photoluminescence decay dynamics. 
This confirms that the MOF emission properties are preserved under 
X-ray excitation.

The photoluminescence and radioluminescence of Hf-DPA  
have been monitored against temperature. Figure 3b shows the MOF 
powder normalized photoluminescence spectra recorded cooling 

from 300 K to 10 K. At low temperature, the emission maximum wave-
length shifts to 480 nm due to the mitigation of self-absorption by 
the band narrowing (Supplementary Table 7). The inset shows the 
photoluminescence intensity increasing by +40% at below 100 K, which 
corresponds to an increment of the quantum yield up to ~0.60. This 
enhancement is larger than that expected considering the correspond-
ing increment of the emission lifetime (Fig. 3b, inset). These findings 
suggest that additional temperature-dependent ultrafast quenching 
pathways of diffusing charges or molecular excitons are involved in 
the partial emission quenching36. The presence of traps is supported 
by the variable-temperature radioluminescence experiments. The 
radioluminescence spectrum changes in accordance with the photo-
luminescence (Fig. 3c and Supplementary Table 7). On the other hand, 
the radioluminescence intensity—corrected by the photoluminescence 
behaviour (inset of Fig. 3b) to point out the intrinsic luminescence 
dependence on the temperature—is progressively reduced by a factor 
two at 10 K. This is a fingerprint of the presence of trapping sites, which 
compete with the recombination of diffusing free charges on emissive 
ligands. Thermal energy can free the trapped charges to be recovered 
for light generation reaching a thermal equilibrium (Supplementary 
Fig. 33)37,38, but at low temperatures they are lost with a reduction of 
the emission intensity. The trap role in scintillation is investigated  
by wavelength-resolved thermally stimulated luminescence (TSL) 
measurements (Methods)39–41. The smooth TSL glow curve—obtained 
by integrating the wavelength-resolved TSL spectra in the whole emis-
sion region—demonstrates the existence of a broad distribution of 
trap sites with different energy depths (Fig. 3d), which do not seriously 
affect the scintillation yield of the MOFs (Supplementary Fig. 34).

Radioactive gas detection with MOF powders
The capability of porous Hf-DPA to adsorb argon, krypton, xenon and 
radon at room temperature and concentrate their radioactive isotopes 
for detection was demonstrated by combined experimental and simu-
lated approaches. Figure 4a shows the adsorption isotherms calculated 
by Grand Canonical Monte Carlo (GCMC) simulations (Methods and 
Supplementary Section 6). They successfully reproduce the experi-
mental isotherms for argon and krypton, demonstrating the validity of 
the developed modelling as a predictive tool (Supplementary Figs. 35 
and 36). The simulated adsorption at a given pressure shows a correla-
tion between the amount of gas adsorbed and the atomic mass, with a 
preference for the heavier radon. The smaller gases such as krypton are 
more homogenously distributed in all of the available space (Fig. 4b, 
left), whereas the larger radon atom is preferably hosted in the smaller 
tetrahedral cavities of the MOF (Fig. 4b, right), due to the more effec-
tive interactions between the gas molecules and the framework walls. 
The gas–matrix interaction energies (Supplementary Figs. 37and 38) 
give insight into the affinity and retention capability of the framework 
towards the exploring gases (Fig. 4c), and have relevance for selectivity 
and detection applications in air. The gas diffusion modelled in the pres-
ence of air at room temperature indicates that krypton atoms pervade 
the entire MOF crystals within tens of microseconds, demonstrating 
that noble gas radionuclides could be rapidly adsorbed into the pores 
in standard working conditions (Supplementary Figs. 39 and 40).

The Hf-DPA has been tested using a radioactive krypton isotope 
(85Kr) in a custom-made prototype device (Supplementary Fig. 41).  
The β-decay of 85Kr produces electrons with a maximum emission 
energy of 687.1 keV and an average energy of 251.4 keV (ref. 42). 
The radionuclide can be mixed in air at different concentrations to  
tune the activity of the sample. The scintillation is detected by  
employing a time coincidence measurement technique based on the 
simultaneous use of two photomultiplier tubes (PMTs) (Fig. 1b, see 
Methods, Supplementary Section 11 and Supplementary Fig. 41)18. 
The technique can be applied using different coincidence windows to  
maximize the device’s sensitivity43–45. Here we tested a coincidence 
window of 40 ns (as used with liquid scintillators) and 400 ns. Figure 4d  
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of the MOF powder. The solid line represents the fit with a multi-exponential 
decay function. b,c, Normalized PL (b) and RL spectra (c) of Hf-DPA powders as a 
function of temperature. The inset in c depicts the radioluminescence intensity 
(RL*) normalized to the PL intensity variation shown in the inset of b, as a function 
of the temperature. d, Thermally stimulated luminescence intensity of Hf-DPA 
crystals powder as a function of the temperature, that is, the glow curve, obtained 
by integrating wavelength resolved measurements in the whole emission region. 
The inset depicts representative TSL spectra recorded at 10 K, 100 K and 200 K.
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shows the results obtained for detecting 85Kr using a standard scintil-
lating powder—that is, dye-doped polystyrene microspheres with 
diameters of 175 ± 75 µm (ref. 46)—and Hf-DPA. The data highlights 
an improved behaviour for porous crystals. First, Hf-DPA generates 
a scintillation intensity ~4.6- and 3.9-times higher than microspheres 
for 40 ns and 400 ns coincidence windows, respectively. This demons
trates the efficiency of Hf-DPA as a scintillator despite its intrinsic 
lower density (∼0.65 g cm−3) compared with polystyrene (1.02 g cm−3). 
Notably, gas detection can be performed with extremely high repro-
ducibility (±1.3% for 40 ns and ±2.5% for 400 ns coincidence windows, 
respectively). Moreover, the polystyrene emission peaked at 420 nm 
(Supplementary Fig. 31), wherein the PMTs detection efficiency (0.43) 

is higher than for the 490 nm MOF emission (0.25)47. A further improve-
ment of the detection efficiency can therefore be envisaged by match-
ing the scintillator and photodetector properties. Second, the expected 
increment using a longer coincidence window is less pronounced  
for Hf-DPA (around +25%) than for the polystyrene (around +50%). 
This indicates that MOFs work better as fast scintillators with a  
negligible slow emission contribution, giving a response closer to  
the ideal time-independent behaviour.

Third, the maximum scintillation signal is reached with slower 
kinetics for MOFs than polystyrene. The signal rise time—calculated 
as the time employed to reach 90% of the maximum plateau—is ~600 s 
for Hf-DPA versus ~100 s for microspheres. A similar effect is observed 

Gas in Out

Hf-MOFPolystyrene microspheres

CW 400 ns
CW 40 ns

CW 400 ns
CW 40 ns

Hf-MOFPolystyrene microspheres 

CW 400 ns
CW 40 ns

CW 400 ns
CW 40 ns

Gas in Out

a

c

b

d

fe

Tetragonal
corners

Rn

Ar

Kr

Xe

T = 298 K

Ar exp.
Kr exp.

High

Low

Secondary
sites

Secondary
sites

Tetragonal
corners

Kr
85

krypton

Kr
85

krypton

Kr
85

krypton

Kr
85

krypton

Rn
222

radon

Rn
222

radon

Rn
222

radon

2.5

0.8

103

102

101

0.20

0.15

0.10

0.05

0

10

8

6

4

2

0
0 2 4 6 108 12

0.6

0.4

0.2

0.6

0.4

0.2

0
–7

0.1 1

Activity (kBq m–3 × 103)

10

–6 –5 –4 –3 –2 –1 0 0 2 4 6

2.0

1.5

1.0

U
pt

ak
e 

(M
PU

—
cu

bi
c 

ce
ll)

D
et

ec
tio

n 
(c

ps
 B

q–1
 g

–1
)

D
et

ec
tio

n 
(c

ps
 B

q–1
 g

–1
)

Pr
ob

ab
ili

ty
Pr

ob
ab

ili
ty

D
et

ec
tio

n 
ra

te
 (c

ps
)

0.5

0
0 0.2 0.4

Pressure (bar)
0.6 0.8 1.0

∆E (kcal mol–1) Time (s × 103)

Time (s × 103)
0 2 4 6 108 12

Time (s × 103)

0 2 4 6 8

Time (s × 103)

Fig. 4 | Radioactive gas adsorption and detection by porous scintillating 
Hf-DPA crystalline powder. a, Experimental argon and krypton isotherms and 
GCMC simulated adsorption isotherms of argon, krypton, xenon and radon 
for a cubic unit-cell of Hf-DPA (32.79 × 32.79 × 32.79 Å3) at 298 K. The uptake 
is expressed in molecules per unit-cell (MPU). b, Gas density distributions 
calculated at room temperature at constant pressure of 50 mbar by GCMC 
adsorption simulations for krypton and radon. Blue and red colours indicate 
the highest and lowest gas density in the pores, respectively. c, Gas–matrix 
interaction energy distribution probability calculated at a constant pressure 
of 50 mbar and room temperature for krypton, xenon and radon. d, Double 
coincidence detection of 85Kr by polystyrene microspheres powder and Hf-DPA 

powder using two different coincidence windows (CWs) for detection (40 ns 
and 400 ns). The labels on the x-axis indicate when the radioactive gas has been 
injected into the detection device (gas in) and then washed out by a flux of clean 
air (gas out). cps, counts per second. e, Double coincidence detection rate of 
85Kr by the Hf-DPA powder as a function of the sample activity using different 
coincidence windows. The vertical lines mark the detection limit of a commercial 
device employed for detecting noble gas radionuclides (refs. 46,47, red and 
violet line, respectively). The solid lines are the fit of data with linear functions. 
Error bars depict the residual values of the fit. f, Double coincidence detection 
of 22Rn by polystyrene microsphere powder and Hf-DPA powder using different 
coincidence windows.
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when removing the radionuclides from the sample by purging with 
clean air. The scintillation switches off in 800 s for MOFs, whereas it 
takes half of the time for the polystyrene microspheres. These find-
ings suggest that, in addition to the fast, automatic filling of inter-
particle space within packed microspheres, the radionuclides are 
adsorbed within the MOF pores, in agreement with the experimental 
and simulated adsorption tests, thus promoting the interaction of the 
β-radiation with the scintillators that results in a better performance.

The versatility of our approach was demonstrated by testing 
Hf-DPA crystals as detectors with other radionuclides of interest, 
namely 222Rn (with its four decay daughters at the equilibrium, which 
are α- and high-energy β-emitters) and 3H (Supplementary Figs. 41  
and 42). Considering the larger capture of radon in the pores, the 
scintillation output should be improved with respect to krypton. 
Indeed, the detection efficiency is enhanced twentyfold with respect 
to polystyrene (Fig. 4f). Even for the elusive tritium, the MOF powder 
shows a better sensitivity in the detection counting rate—double that 
of polystyrene (Supplementary Fig. 43). This is a very important result 
as 3H is one of the most difficult gas atoms to detect, given the relatively 
low energy of the β-radiation emitted with an average value of 5.7 keV 
(ref. 42). Regarding krypton, we further tested the device as a func-
tion of the activity of the sample, as a progressively greater number 
of sensitive detectors is required. As shown in Fig. 4e, we detected 
85Kr from an initial activity of 21 kBq m−3, down to 0.3 kBq m-3—two 
orders of magnitude lower. The instrumental response is linear with 
the sample activity, suggesting the possibility of setting highly accurate 
calibrations of devices to detect ultralow activity levels. Notably, we 
successfully detected an activity below the minimum value declared 
for commercial 85Kr detectors (vertical lines in Fig. 4e), in a device 
much smaller in size, with less volume of monitored gas and using 
one-order-of-magnitude-shorter acquisition times (Methods and 
Supplementary Section 11), owing to the porous scintillator’s ability 
to adsorb the gas48,49. These remarkable results demonstrate that the 
prototype device presented here, although in its embryonal form, dis-
plays better sensitivity than state-of-the-art devices and highlights the 
technological advantage of potentially using compact, easy-to-handle 
and cheaper devices. Considering the good stability of Hf-DPA that does 
not imply any critical storage protocol (Supplementary Table 9 and 
Supplementary Fig. 45), this work strongly supports the development 
of radioactive gas detectors based on porous MOF crystals as scintilla-
tors that can overcome current technological limitations.

Discussion
In summary, we designed and fabricated specific scintillating  
porous MOF crystals to detect radioactive noble gases. Their good 
luminescence and scintillation properties—combined with their  
characteristic porosity—allowed us to realize a fully operative prototype 
detector. An intensive study on a broad range of critical β-emitting 
radioactive gases was performed, namely, the low-energy β-emitter 
3H, the high-energy β-emitter 85Kr, and the β/α-emitter 222Rn. The  
MOF crystals exhibited improved performance compared with com-
mercial powder-like materials currently tested, and we found that  
85Kr can be detected with excellent sensitivity down to radioactivity 
values below the limit of commercial systems. The obtained results  
are therefore stimulating not only from the scientific point of view, as 
radionuclide detection using porous scintillators has been demon-
strated here for the first time, but also from the technological perspec-
tive, hinting at a potential breakthrough by developing conceptually 
new optimized universal devices that allow detecting all the gas radio
nuclides species of interest. In this regard, it is worth pointing out  
that MOF powders cannot easily be used in the present form due to 
the practical problems of handling, especially from the perspective  
of industrial production. We are thus working on the realization of  
a hierarchical porous architecture in which porous MOFs are homo
genously distributed in a porous polymeric host endowed with 

mesopores and macropores suitable for gas diffusion. In such a con-
figuration, the MOFs will be employed to further concentrate and 
detect the radionuclides, thus realizing the first example of composite 
bulk porous scintillators for radioactive gas detection. Similarly, the 
instrumental design will be improved to get a more functional device. 
A possible evolution can be the use of a cylindrical shape container 
for the porous scintillator with aerosol filters as the entrance and  
exit face, in which the gas flow would circulate freely through the  
whole porous material, placed vertically between two photomulti-
pliers. In such a configuration, the gas flow will be orthogonal to the 
detection line while diffusing through the whole scintillator, thus maxi-
mizing the radionuclide accumulation and the scintillation detection  
yield. The combination of easy-to-handle hierarchical porous scintilla
tors and excellent detection properties of porous MOFs with an  
optimized instrumental design will provide a pivotal step forward in 
the fabrication of high-tech ultrasensitive and reusable detectors, 
especially for low-energetic radionuclides such as tritium produced 
in nuclear plants.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41566-023-01211-2.
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Methods
Synthesis of Hf-DPA crystals
Hf-DPA crystals were synthesized using modulated solvothermal 
condition. Briefly, 9,10-bis(4-carboxyphenyl) anthracene (209.0 mg; 
0.5 mmol) and HfCl4 (160.0 mg; 0.5 mmol) were added to a 100 ml pyrex 
bottle with cleavable teflon-lined cap. Dry DMF (50 ml) and 400 µl of 
formic acid were added and the bottle was closed and sonicated for 60 s 
to obtain a well-dispersed mixture. The mixture was heated at 120 °C 
for 22 h in a preheated oven. The glass bottle was then removed from 
the oven and cooled to room temperature. The yellowish solid was  
collected by filtration on a 0.2 µm PTFE membrane and washed  
with DMF (3 × 100 ml) and then CHCl3 (3 × 100 ml). The powder was 
recovered and dried at 120 °C under high vacuum before further  
analysis. Yield: 178 mg (58%) (see the Supplementary Information for 
further details on ligand and MOF preparation).

Hf-DPA analysis and characterizations
Powder X-ray diffraction patterns were collected on a Rigaku Smartlab  
using Cu-Kα radiation, whereas synchrotron radiation powder X-ray dif-
fraction was performed at the ESRF ID22 beam line using a wavelength 
of 0.354 Å. The crystal structure was refined by the Rietveld method 
combined with molecular mechanics and plane-wave density func-
tional theory calculations (Supplementary Section 5). The structure 
data are available at the Cambridge Crystallographic Data Centre repos-
itory, deposition no. 2218565. The composition of Hf-DPA was studied 
by means of NMR spectroscopy in solution, solid-state NMR spectro
scopy, Fourier-transform infrared spectroscopy, thermogravimetric 
analysis, scanning electron microscopy and EDS analysis. The gas  
sorption properties were investigated collecting nitrogen, argon and 
krypton adsorption isotherms at 77 K up to saturation pressure and 
argon and krypton at 298 K; hyperpolarized 129Xe NMR experiments 
were performed by a home-built apparatus with a continuous-flow 
delivery of hyperpolarized xenon gas with a Bruker Avance 300  
spectrometer operating at a Larmor Frequency of 83.02 MHz for 129Xe. 
The xenon and radon adsorption isotherms at 298 K were performed 
by GCMC.

Photoluminescence studies
Absorption spectra were recorded using a Cary Lambda 900 spectro-
photometer at normal incidence with Suprasil quartz cuvettes with 
a 0.1 cm optical path length and an integrating sphere to eliminate 
scattering effects. Steady-state photoluminescence spectra were 
acquired using a Varian Eclipse fluorimeter (bandwidth 1 nm) using 
quartz cuvettes of 0.1 cm optical path length. Time-resolved photolumi-
nescence spectra of the MOFs dispersions were recorded by monitoring 
the emission decay of the samples at 435 nm. The MOFs were excited 
with a pulsed light-emitting diode at 340 nm (3.65 eV, pulse width 80 ps; 
EP-LED 340, Edinburgh Instruments). The MOFs were excited with a 
pulsed laser at 405 nm (3.06 eV, pulse width 90 ps; EPL-405, Edinburgh 
Instruments) to avoid direct excitation of the host polymer matrix. 
photoluminescence decay times were measured at the maximum of the 
emission spectrum. Relative and absolute photoluminescence quantum  
yields were measured with different methods as described in the  
Supplementary Section 7. For experiments at cryogenic temperatures, 
the samples were excited by a frequency tripled pulsed Nd:YAG laser 
source at 3.49 eV (355 nm) operated at 10 kHz; the emitted light was 
collected using a custom apparatus featuring a liquid nitrogen-cooled, 
back-illuminated, and ultraviolet-enhanced charge-coupled device 
detector ( Jobin-Yvon Symphony II) coupled to a monochromator 
( Jobin-Yvon Triax 180) equipped with a 100 lines per millimetre grating.

Radioluminescence and scintillation studies
The samples were excited by unfiltered X-ray irradiation using a Philips 
PW2274 X-ray tube, with a tungsten target, equipped with a beryllium 
window and operated at 20 kV. At this operating voltage, X-rays are 

produced by the Bremsstrahlung mechanism, superimposed to the L 
and M transition lines of tungsten due to the impact of electrons gene
rated through a thermionic effect and accelerated onto the tungsten 
target. Cryogenic radioluminescence measurements are performed 
in the 10−370 K interval. Radioluminescence has been recorded on 
powder samples of 1 mm thickness in an aluminium sample holder. 
For comparison the radioluminescence spectra has been normalized 
by the mass of the investigated powder.

Scintillation has been recorded under pulsed X-rays with energies 
up to 25 keV generated with a repetition rate of 1 MHz by a picosecond 
diode laser at 405 nm (Delta diode from Horiba) focused on an X-ray 
tube (model N5084 from Hamamatsu). The resulting photons were col-
lected by Kymera spectrograph (ANDOR) and detected by a hybrid PMT 
140-C from Becker and Hickl GmbH. For decay-time measurements, 
the photons were histogramed using a PicoHarp300 time-correlated 
single-photon counting (32 ps time per bin) and for the time resolved 
spectra a MCS6A multiple-channel time analyzer was used (800 ps time 
per bin). Subnanosecond scintillation emission kinetics of the samples 
were measured with a time-correlated single-photon counting set-up.

Thermally stimulated luminescence measurements
Wavelength-resolved TSL at cryogenic temperatures is performed by 
using the same detection system as for radioluminescence measure-
ments. Cryogenic TSL measurements are performed in the 10−320 K 
interval, with a linear heating rate of 0.1 K s–1, after X-ray irradiation up 
to around 10 Gy. The dose values for X-ray irradiations were calibrated 
with an ionization chamber in air.

Radioactive gas detection experiments
The experiments are performed using a unique gas bench developed 
at the CEA, Paris-Saclay, and by allowing the production of radioactive 
gas atmospheres using high activity standards50. Different sampling 
and dilution steps allow for precise control of the injected activity, and 
precise knowledge of the volumetric activity of each gas: at best, the 
relative standard uncertainty on the activity concentration is 0.4%, 0.6% 
and 0.8% for 222Rn, 85Kr and 3H, respectively (Supplementary Table 9).  
For each experiment, the same type of three step sequence is performed. 
First, the measurement of the blank, by circulating clean air without 
additional radioactivity. Second, the measurement of scintillation by 
circulating the radioactive gas sample into the vial (4 mm diameter  
and 50 mm height, 0,1086 g for Hf-DPA and 0.3640 for polystyrene 
microspheres, activity 10 kBq). Third, circulation of clean air into the 
device to remove the radioactive gas. The light photons produced by 
scintillation are measured using a metrological device developed to 
exploit the triple-to-double coincidence ratio (Supplementary Fig. 41)18,  
with a specific connection cap adapted to the radioactive gas flow in 
the scintillator.

Data availability
The data that support the plots within this paper and other findings 
of this study are available from the corresponding author upon rea-
sonable request, at the public repository of the project SPARTE FET 
Open Project (https://www.sparte-project.eu/). The Hf-DPA structure’s 
Cambridge Crystallographic Data Centre deposition no. is 2218565. 
No custom code has been developed for computational modeling 
and simulations.
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