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Metal-Organic Frameworks (MOFs)
Hybrid (organic/inorganic) crystalline nano-porous materials

CrystEngComm, 2012, 14 (9), 3001-3004. J. Am, Chem. Soc., 1990, 112, 1546. Angew. Chem. Int. Ed., 2000, 39, 3052 3054.

"Targeted three-dimensional networks with unprecedented porosity can be designed from first principles. The
diversity of nodes and ligands available allows fine-tuning of the molecular recognition features of these porous solids".
(M. Zaworotko, 2000) More than 100000 crystal structure of MOF materials (CSD, 2020)
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Metal-Organic Frameworks (MOFs)
Engineering hybrid scintillators at the nanoscale

Properties:

Hybrid heterostructure with an intimate 
interaction between the inorganic and organic 
components (at nm scale).

Extremely versatile platform: the metal-based 
cluster and organic ligand can be fine-tuned. 
Engineering of the spatial arrangement and the 
intermolecular interactions between nearest 
neighbours.

High nano-porosity to be exploited.

Adv. Mater., 2009, 21, 95 101.

Dr. M. Allendorf (SNL, senior scientist)
First proposal of MOF crystals as scintillators
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Luminescent and scintillating MOFs
Co-assembly of inorganic and organic building blocks by design  

Perego J., Villa, I. et al. Nature Photonics, 2021,15, 393 - 400.

FCC: face-centered 
cubic structure
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Luminescent and scintillating MOFs
Co-assembly of inorganic and organic building blocks by design  

Perego J., Villa, I. et al. Nature Photonics, 2021,15, 393 - 400.

Sensitization effect of the 
inorganic building blocks 

synergy between the organic 
and inorganic building blocks

FCC: face-centered 
cubic structure
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Polymer composite 
radioluminescence under soft X-

ray excitation

Luminescent and scintillating MOFs
Polymer nanocomposite scintillators based on luminescent MOFs  

ultrafast time-resolved 
scintillation experiments 

(X-ray excitation)
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Large Stokes shift engineering in MOFs
How do we deal with the reabsorption issue?

In MOF architectures, large Stokes shift can be engineered exploiting the fast diffusion of singlet
excitons within the framework and the ultra-fast non-radiative energy transfer between donor
and acceptor molecules.

Resonant Non-Radiative Energy Transfer
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Large Stokes shift engineering in MOFs
Large Stokes shift exploiting NON-Radiative energy transfer

In MOF architectures, large Stokes shift can
be engineered exploiting the fast diffusion of
singlet excitons within the framework and
the ultra-fast non-radiative energy transfer
between donor and acceptor molecules.

Inserting organic dyes with complementary
electronic properties controls the kinetics of
the emission activation and the Stokes shift

emission Hetero-ligand MOFs
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Large Stokes shift engineering in MOFs
Preparation of hetero-ligand MOFs

Complementary photophysical

properties

Perego, J. et al., Nature Communications, 2022, 13, 3504.
200 nm

0.1<DPT(%) <8 

Zr-DPT:DPA-x%
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Large Stokes shift engineering in MOFs
Energy transfer and large Stokes shift emission of hetero-ligand MOFs

exc. 355 nmE = 0.75 eV

Hetero-ligand MOFs with a minimal emitter
concentration (8%) display reabsorption-
free, large Stokes shift emission! DPT acts
as an ultra-fast wavelength shifter
activated by energy transfer! 8



Large Stokes shift engineering in MOFs
Large Stokes shift emission composites

Hetero-ligand MOFs shows +500% light yield compared to the homo-ligand MOFs thanks to the 
large Stokes shift emission

Experimental scintillation LYLY 5000 
ph MeV-1

rise = 190 ps

decay = 10.4 ns
LY 1000 
ph MeV-1
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Large Stokes shift engineering in MOFs
Tuning the emission wavelength and the emission kinetics

Orfano, M., Perego, J., et al., Adv. Funct. Mater. 2024, 2404480.

The versatile chemistry of MOFs allows for tuning the emission wavelengths and the
emission lifetime.

The TP ligands MO overlap enables exchange interaction between ligands that 
promote and speed up the homo-energy transfer and thus energy diffusion.

0.05<DPA(%) <22.9 

Zr-DPA:TP-x%
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Large Stokes shift engineering in MOFs
Large Stokes shift exploiting NON-Radiative energy transfer

Photoluminescence Radioluminescence
scint

Zr-DPA:TP-1.4% and 
Zr-DPA:TP- 3800 
ph MeV

The physical overlap 
between molecular 
orbitals of the TP 

molecules promotes 
and speeds up the 
energy diffusion, 

determining larger 
Stokes shift with lower 

doping ( E = 1.3 Ev) 
with blue emission at 

430 nm.
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Large Stokes shift engineering in MOFs
Large Stokes shift exploiting NON-Radiative energy transfer

DPA scintillation kinetics (pulsed soft X-rays)
Scintillation Yield

Ultrafast
ET

Best hetero-ligand MOFs shows 300% larger 
light output than homo-ligand

DPA concentration (M)

10-4 10-3 10-2
107

108

109

1010

1011

1012

ET =26 ps

Rise time of DPA emission
= ET rate

TRPL experiments

rise < 100 ps (26 ps from TRPL experiment)

decay = 1 - 3 ns
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Scintillating MOFs for radioactive gas detection
SPARTE: Scintillating Porous Architectures for RadioacTivE gas detection

Orfano M., Perego, J. et al. Nature Photonics, 2023,17, 672 - 678.

Air with 
radionuclides (3H, 

85Kr and 222Rn)

Fast and effective 
radioactive gas 
detection in a 

solid-state detector

Scintillating 

Nanosponge

Dr. B. Sabot
Dr. S. Pyerre
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Radioactive gas detection with MOFs
Effective radioactive gas detection with scintillating nanosponges

129Xe HP NMR

GCMC 
simulation

Radioactive gas detection
Ultralow concentration detection 

and linear response

Heteroligand MOFs for improved 
radioactive gas detection

Gas sorption properties
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Conclusions

Hf-DPA:TP-1% MOF

MOFs are versatile emitters. Energy transport and energy 
transfer processes can be fine-tuned exploiting ligand and 
structural properties. Massive Stokes shift has been obtained 
while keeping fast emission properties use in TOF- PET, 

MOFs can be grown on substrates, opening the development 
of real devices with potentially also electric interfaces and 
useful for charge transport. TOF- PET detectors where 
ultrafast time resolution is required are being fabricated MOF films

What is next?

Nanoporosity allows the development of 
innovative solid-state nanoporous scintillators 
for effective radioactive gas detection at ultra-low 
concentrations.
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