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ol PREFACE ol

This manuscript originates from my 3 years long Ph.D. research period at
the Universita degli Studi di Milano-Bicocca, in the Department of
Materials Science, under the supervision of Prof. Angelo Monguzzi. The
main project | was (and still am) involved in is called SPARTE (Scintillating
Porous Architecture for RadioacTivE gas detection). SPARTE is a project
funded by European Union's Horizon 2020 research and innovation
programme. lts main goal is the implementation of radically new technology
in the radioactive gas detection panorama introducing porous scintillators
(such as Metal-Organic Frameworks or aerogels) to dramatically extend the
gas-matter interaction for effective detection through scintillation. SPARTE
also intends to introduce a new type of detector in this field, called micro-
TDCR, which subsists in a triple coincidence detector that is extremely
accurate when dealing with ultra-dilute gas concentrations. Efforts in these
studies are devoted to replacing the current technology based on liquid
scintillators. In fact, this kind of typically organic scintillators, while having
a good response in detecting ionising radiation, present poor compatibility
with different gas mixtures, making each sample single-use, generating
enormous costs in waste management (organic and radioactive, after use)
and with a high impact in terms of sustainability. Furthermore, current
systems do not allow for the detection of radioactive gases on-site but only
in the so-called post-sampling phase, unlike the aforementioned micro-
TDCR. In particular, my research work is based on the study of the
photoluminescence and scintillation properties of hafium- and zirconium-
based Metal-Organic Frameworks (MOFs) as well as the conceiving of the
materials. The following manuscript is divided in six chapters. The first one
is an introduction to radioactivity, to ionizing radiation-matter interaction,
to the basis of the scintillation phenomenon and a overview of different
anthropogenic radioactive gases. The second chapter is a description of the
SPARTE project in detail. Chapter 3 illustrates the actual state of the art in
the field of radioactive gas detection systems and the analysis of the three
most advanced system in Europe: the Swedish SAUNA, the SPALAX™ and
the micro-TDCR. Chapter 4 and 5 represent my work during my research
period. In particular, the first one is mainly dedicated to the optical and



scintillation properties of hafnium-based MOFs exploiting diphenyl
anthracene (DPA) as fluorescent ligand and their capability of detecting
various gas of interest like *Kr or *’Rn. The second one is about a relatively
new strategy for the optimization of MOFs light output by introducing the
possibilty of the occurrence of different energy transfer mechanisms by a
controlled substitution of DPA ligands (which acts as energy acceptor)
with a terphenyl donor dye. The benefits of this technique are two folded:
the first one is the suppression of self-absorption that strongly increases
the number of photons emitted upon excitation while the second benefit
(strictly related to the first one) is a more precise matching of the quantum
efficiency of common PMTs. It is worth noting that Chapter 5 represents a
research line that is not completed yet while what is illustrated in Chapter
4 is in its advanced stage. The last chapter, Chapter 6, illustrates the
conclusions of this 3-years work with some final remarks and future
perspectives.

Milano, 31t October, 2023
Matteo Orfano
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Chapter 1 AN

INTRODUCTION

1.1 lonizing radiation and its interaction with matter
1.1.1 Historical background

November 8", 1895 was a fruitful day for the German physicist Wilhelm
Rontgen. While he was experimenting with Crookes tubes, an early electrical
discharge tube by which cathode rays (i.e. stream of electrons) were
discovered, he stumbled on a particular kind of radiation, so mysterious that
he decided to call it X-rays'. Indeed, these rays coming from the tube were
able to light up the layer of barium platino-cyanide (a common phosphor at
that age) deposited on a black piece of paper even with the paper facing the
tube. This event made possible to discard any presence of UV photons
interacting with the paper for their low penetration in that opaque medium.
At that time, the phenomenon of light emission was known, and it was
possible to observe it in different materials when heated up or subjected to
high voltage or when interacting with light. Indeed, the best studied radiation
was light, well described by Maxwell equations. It was clear that the
interaction observed by Rontgen was of a totally new kind, a discover that
revolutionized the scientific panorama opening new paths to better study
and understand matter. The following years, the first radiographies of
Roéntgen and the word radioactivity were on every scientist’s lips'.

Indeed, the mathematician Henri Poincaré, physics enthusiast, formulated a
hypothesis on Rontgen’'s observation making it public during a talk at the
Académie des Sciences in Paris: he suggested that this X-ray emission could
be a result of a general effect of fluorescence of the glass of the Crookes
tube. Among the audience there was Henri Becquerel, professor at the
Muséum d'Histoire Naturelle and expert in fluorescence. He directly set up
an an experiment, placing a piece of potassium-uranyl sulfate on a
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photographic plate wrapped in a thick piece of black paper and living it under
the sunlight’. “After developing the plate, one sees the outline of the
phosphorescent substance in black. [--], the phosphorescent substance
emits radiations able to traverse a paper which is opaque for light”, he wrote’.
Next, for bad weather conditions, he left everything in a drawer that he only
reopened days later, realising that the “shadow” spots were even more of a
solid black. These first observations discarded the possibility of any
interaction of the material with the sun and so the idea that the observed
phenomenon was one of general fluorescence. After several experiments,
Becquerel came up with the idea of *“uranic rays”, an invisible
phosphorescence able to traverse also aluminium sheets that seemed to be

endless. It was a mystery to understand

e e s e where these uranium-related materials took
Lopws A7 . 6«,«! b Imes j
E{l..~_,u_(&l/ A o6 bims I, s

Ve 8. 1% b that energy but the enthusiasm soon dropped,

i also related to the newly discovered Zeeman
‘ effect. The challenge to better understand
e these phenomena observed by Rontgen and

Becquerel was then welcomed by the spouses
Pierre Curie and Marie Sktodowska. Marie, in

particular, started her doctorate thesis
Fig. 1.1: photograph made by Henri Becquerel studying air electrical conductivity in
using uranium salts on a photographic plate. presence of different materials, from Uranium
compound to salts and minerals. She came to

an important conclusion: not only uranium but also thorium emits radiation®.

“It is remarkable that the two most active elements, uranium and thorium,

are those that have the highest atomic weight.”, writes Marie. It is now

known that indeed heavy nuclei are unstable because short-range nuclear

forces are not able to compensate the Coulomb repulsion between protons’.

She then realized that some pitchblende compound, uranium ores and
chalcolite were even more active than uranium, thus implying the presence

of other elements with higher activity. It was in that time that polonium,

radium and actinium were discovered, thanks also to the help of brilliant
scientist Gustave Bémont, a chemist, and Eugéne Demarcgay, a
spectroscopist’. If the list of elements displaying radioactive properties was
expanding, little was known about the nature of this event. It was at that

point, at the beginning of the twentieth century, that Becquerel, Marie and

Pierre Curie, as well as Ernest Rutherford, joint knowledge and forces to

better study these phenomena. Indeed, two components of these rays were
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identified by Rutherford: one not so penetrating, stopped by a
sheet of paper, and one so penetrating that only aluminium
sheets could block it. Those two were both charged since air
got ionized and their stream could be bent using a magnetic
field. The first one, positively charged, was called o while the
other one was called B, negatively charged. Then, Becquerel
and Villard identified a third component that was not deflected
by a magnetic field, an electromagnetic one, fact that was then
proven by Rutherford and Andrad’. The so-called y rays were
discovered. Moreover, the analysis of the deviation of «
particles permitted to Rutheford to identify their origin as
ionized helium atoms. Still by Rutherford, together with Soddy,
was the insight that the radioactive occurrence was strictly
related to the transformation from one atom to another with
different mechanisms. Nowadays, it is thanks to the works of
all these scientists (and even more that here are not cited) that
the subjects of radioactivity, particle physics and high energy
physics are deeply understood, opening the way to the
comprehension of matter and its building blocks.

Fig. 1.2:
(top), Sktodowska
(mid), and Rutherford
(bottom).

1.1.2 Radioactivity phenomenology

Time passed from the first discovery of the “uranic rays” (later called
Becquerel rays) and now we know that we are dealing with kinds of events
that are called ionizing radiations, i.e. radiations that have enough energy to
ionize matter. Moreover, thanks to different studies it has been possible to
identify all the macro-components of an atom, starting with protons and
electrons and then with neutrons. Indeed, the idea of Rutheford and Soddy
about the connection with a, g and y radiations and atom transformation was
partly correct. It is now consolidated that the radioactive decay is the process
by which an unstable nucleus loses energy reaching a new equilibrium
condition. Shortly, this happens because of an unbalance between the
number of protons and neutrons in the nucleus. The so-called “magic
number” has to be reached. We know that there are two forces working here:
the repulsion of protons and the strong nuclear force that creates a strong
link between nucleons (protons and neutrons)®. These forces are short-range
forces: when a nucleus become bigger for an excess of neutrons or protons
itis more likely that it breaks up instead keeping everything together. Several

Becquerel
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observations may be made regarding the relationship between the stability
of a nucleus and its structure. Nuclei with even numbers of protons,
neutrons, or both as well as nuclei with particular numbers of nucleons (2, 8,
20, 28, 50, 82, and 126) are more likely to be stable™.

THE VALLEY OF STABILITY

(Muclei with excess | Rl
| i I driplire lies

pratens muvs down
valley toward stabi‘ity

A 1

STABLE ELEMENTS

Fig. 1.3: valley of stability, reproduced from “Logos”, Vol. 16, Numb. 2.

Nuclei that have magic numbers of both protons and neutrons are called
“double magic” and are particularly stable. In this way it is possible to
individuate a band of stability. Notably, if the lightest elements have an equal
number of protons and neutrons, the heaviest ones occur to deviate from a
linear behaviour, exceeding in nucleons. The nuclei that lie left or right of the
band of stability are unstable and show radioactivity. They spontaneously
decay into other nuclei that are either within or closer to the band of stability.
These nuclear decay reactions change one unstable isotope (or
radioisotope) into another more stable isotope. It is in this frame that the
term “decay chain” takes place. These words refer to the series of radioactive
decays that a nucleus must undergo to reach a stable isotope (more than 1
decay can be necessary to reach this condition). A parent isotope is one that
undergoes decay to form a daughter isotope. An important figure of merit is
the half-time t,,
employs to undergo a radioactive decay. It could range from minutes to

i.e. the time that a given population of radioactive elements

millions of years. Thus, radioactive decays follow a stochastic process. Given
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a N number of atoms in the sample, it is possible to determine a decay
constant A:

(/a)

A=—
N

that represents the probably of the decay of a given atom per unit time. By
developing this equation it is possible to obtain an exponential decay law:

dN =—ANdt

Thus:

And by integration we obtain:

N(t) = N(0)e ™™

The decay constant A should be now equal to the inverse of time (s!) so that:

where 1 is called the mean lifetime and it is the average lifetime of atoms.



W\A/V Chapter 1

The link between t and tl/zcould be obtained as:

N(0) _tp
N=——=N(0)e =
2
by
2=e

t1/2 =(n2)t=0.69371

Unfortunately, this mathematics is of little use because N is a complicated
quantity to estimate. More useful is surely the estimation of the number of
decays that occur in a given amount of time. Thus, the activity A is given by

A(t) = A(0)e ™

which follows the same law as N. Literally, A is the number of disintegrations
per second and, in the S.I. system the unit is (romantically) the becquerel
(Bg), decays per second. Interestingly, when the production rate of a given

Parent activity Secular equilibrium

E.)
O
s —~

O
< m
G =
@]
N 2 .
8 E Daughter activity
= C
> <C
=

AN
Number of t Time

Fig. 1.4: number of nuclei remaining after subsequent radioactive decay of a generic element (left) and

secular equilibrium conditions (right).
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radioactive isotope is equal to its decay rate, the secular equilibrium is
reached”.

1.1.3 Types of ionizing radiation

Qualitatively speaking, the ways in which a generic radioactive isotope can
radioactively decay are different. Below a list of them with their occurrence
mechanisms is given.

X-rays

Discovered first by Réntgen, x-rays are ionizing a

radiation, high energy photons, typically emitted by

the inner core electrons of an atom once they're

excited and come back to the ground state. Typical @
x-rays energies can range from 140 eV (tens of b

nanometers in wavelength) to 120 keV (tens of
picometers in wavelength)®”. An usual way to obtain

™
%

x-rays is to use a so-called X-ray tube, a vacuum
tube at high voltage that accelerates electrons
emitted by a hot cathode; these electrons hit a metal
target (typically Tungsten) that emits x-rays from its
inner shells. The radiation energy is strictly
dependent on the type of metal house, given the
different binding energies of every element. Tuning
the emission energy means tuning the voltage but
also, changing the metal. Other mechanisms by
which X-ray can be emitted is by the so-called
electron capture (see B particle below) or by

Bremsstrahlung. In particular, in the latter, x-rays are

- - Fig. 15: illustration of th
generated by a charged particle that is decelerated € lllustration —of the

Bremmsthralung effect and x-ray
by collisions with the nuclei and atomic particles™. In emission.

response, this event generates an x-ray continuous

spectrum given by the loss of energy that the particle experiments when its
trajectory is deflected by a nucleus or by collision with other species. The
energy of the produced x-ray will be:

hV:Ei—Ef
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Fig. 1.6: illustration of an alpha particle emission.
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o particles

o particles are generally emitted
spontaneously, with an
unbalance between the strong
nuclear force and the Columbian
repulsion. Thus, this kind of
emission is typical of high Z
atoms. o particles are positively
charged particle, composed by
four nucleons, two protons and
two neutrons. They are
considered as positively charged

Helium atoms and they're sometimes indicated as He?". They are lowly

penetrating with a typical energy of 5 MeV. The spontaneous emission of an
a particle can be described as follows®:

A A-
7Xn = 7=

B particles

%X,N—Z +a

This kind of particles are maybe the first radioactive decay observed. Indeed,

4
N =—p D

Fig. 1.7: illustration of an beta particle emission.

B decay is a process regarding the
emission of an electron (or positron).
The basic process involved in a
production of a B particle is the
conversion of a proton into a neutron
or a neutron into a proton. In a nucleus,
B decay changes both Z and N by one,
so that A = Z + N remains constant’.
Moreover, a third elementis involved in
this kind of process, that is a neutrino
(or antineutrino). These are highly
energetic particles, very difficult to
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Auger electron\

Fig. 1.8: skecth of the electron capture mechanism with x-ray production (left) and Auger electron
production (right).

detect but that help maintaining the conservation of energy. The B decay can
be thus described as follows:

n-opt+e +v,

pon+et+v,

Where n is a neutron, p is a proton, e is an electron, e * is a positron, v, is a
neutrino and % is an antineutrino’. A third mechanism is probable, and it is
called electron capture”. This is a process where an inner shell electron is
attracted by a proton that converts itself in a neutron with the emission of a
neutrino. By doing so, the hole left by the electron is than filled with another
electron with a subsequent x-ray emission or the occurring of the Auger
effect (electron expulsion from the shell).

pte —-n+v,
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Thus, the decay chain is as follows:

Xy - 24X v e +7, (B)
Xy - 24X v et +v, (B)

Xy +e” = 24X vy +ve (E.C)

Yy rays

This kind of ionizing radiation is a form of electromagnetic wave emitted
upon the decay of a nucleus. It differs from x-rays for the way in which it is
generated and for the energy considered, since y rays have usually higher
energy than x-rays (they go from keV to MeV). Usually, after a parent nucleus
decay, a daughter one is left in an excited state and the way it loses energy
to get to its ground state is through the emission of y rays". To indicate the
mechanism, here it is better working by examples using an atom of ®°Co as

reference.
%Co
5.272 a 0.31 MeV B~ 99.88%
0.12%
1.48 MeV B~ 1.1732 MeV v

1.3325 MeV vy

NI

Fig. 1.9: *Co decay chain to “Ni.

89Co —» §3Ni*+e " +v,+y (B~ +7V)

S9N = G4+ y

10
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1.1.4 Radiation-Matter interaction

Typically, ionizing radiations can be grouped in two categories: directly and
indirectly ionizing radiations. The first one is strictly related to the passage
of charged particles in matter, while the second one is typical of photons.

Heavy charged particles interaction in matter

Heavy charged particles lose their kinetic energy through a process called
collision loss process. The dominant interaction is electromagnetic that can
lead to excitation or ionization processes in matter. These events are called
of primary ionization since they strongly interact with matter. If the excited
electrons are sufficiently energetic, they can also ionize matter starting a
process of secondary ionization”. The energy deposited per unit path in the
medium by this kind of interaction is usually less than the collision energy
loss obtained by primary interactions, since electrons can travel far away
from the ionization point and then be absorbed, or they can escape from the
medium. The maximum energy that a charged particle in a single collision is
4Tm.,/m , where T is the kinetic energy of the particle, m, is the mass of the
electron and m is the mass of the particle. At any given time, the particle
velocity decreases due to various collisions and so it loses energy. The
formula that better describes the energy loss in space for a charged particle
is the Bethe-Block formula™":

dE  4mr?m,c?z? 2m,c?y?p?
i Z|m et Y e

dx B2 i g*

where B=v/c, c is the speed of light, v is the incident particle velocity and z
is the charge of the incident particle, y=1/(1-B2)1/2, N and Z are the Avogadro
number and the atomic number of the medium, r, is the classical electron
radius, e is the electronic charge and | is the ionization potential. In this way
the stopping power is defined, and it is appreciable its dependency on Z:
heavier atoms bring heavy charged particles to lose more energy reducing
their path in matter. The Bethe-Bloch formula begins to fall apart at low
particle energies where charge exchange between the particle and absorber
becomes important. The positively charged particle will then tend to pick up
electrons from the absorber, which effectively reduce its charge and

11
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consequent linear energy loss. At the end of its track, the particle has
accumulated Z electrons and becomes a neutral atom.

Light charged particles interaction in matter

This is the case of electrons travelling through matter, for example. The way
in which they lose energy in via inelastic collisions against electrons of atoms
and, sometimes, against nuclei. The energy loss can still be described by the
Bethe-Block formula, with some adjustments due to the similar mass of the
particles taken into account'”:

n
Yy v?

dE Arr?m,c?z? vzl 2m,c?y*TB? l 2(2 1>+ 1 N 1(1 1)2
ax _ BZ 21 " 8

where the symbols have the same meaning of the formula above. The other
way in which light charged particles can lose energy is via the
Bremmsstrahlung phenomenon that is, as said in 1.1.3, a radiative process
that takes place when the trajectory of the particle is bended in
correspondence of a nucleus of the medium. The energy loss is described as:

dE o
—— =417 Z%aNE, [ln

2E, 1
dx e

m,c?2 3

where a=1/137 is the fine structure constant, and E, is the initial total energy
of the electron. Being the probability of Bremsstrahlung inversely
proportional to the mass of the particle, it can be negligible for heavy
particles.

Photon interaction with matter

The lack of charge in radiation such as y and x-rays makes necessary a new
way to treat their interaction with matter. Indeed, this absence hinders their
energy dissipation, in contrast with what we said about o and B particle,
resulting in higher penetration depth in matter. Moreover, they can also be
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absorbed. Above are described the main three ways in which indirect ionizing
radiations lose their energy.

Photoelectric effect

A photon's energy may be entirely absorbed by an atom. In such a case, the
full photon energy received is transferred to an atom's electron, which is then
released and leads to the production of an ion pair. The energy of the
expelled electron is therefore equal to the energy of the incoming photon less
the electron's binding energy. The Einstein photoelectric equation explains
this™:

E,=hv—®

where E, is the energy of the
expelled electron, hv is the
energy of the photon that
struck the surface, and ¢ is
the binding energy of the
electron, which is the amount
of energy needed to take the
electron out of the atom. The
expelled electron has the
same properties as a P
particle and, like B particles,
causes ionization as it moves
through matter. In this case, Fig. 1.10: illustration of the photoelectric effect.
secondary ionization is the

process involved. Electrons from outer shells drop from their higher energy
states to fill the void left when an electron from an inner atomic K or L shell
is evicted. The atomic electrons release energy during these transitions
which can be considered as soft (low-energy) x-rays. The characteristics of
x-radiation and y-radiation are the same. The difference between y and x-
rays is in where they come from. As was previously mentioned, atomic nuclei
undergo energy state changes that give rise to y radiation, whereas atomic
electrons undergo energy state changes that give rise to x-radiation™. There

13
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is not a unique way to describe the occurring probability of the photoelectric
effect over all ranges of energies and atomic numbers of the absorber. A
rough estimation can be pointed out as follows™:

Zn

T = constant X 35
E .

14

Where n is a number between 4 and 5 that changes in the photon energy
range and Z is the atomic number of the medium. It is depicted in fig. 1.11.

M edge

L edge

K edge

Photoelectric cross section

Energy (keV or MeV)
Fig. 1.11: depiction of the photoelectric cross
section; the K, L and M edge indicates the energy
at which the photoelectric probability is higher.

Compton effect

A second method exists by which a photon, such as an x-ray, y ray, or other
type of photon, transmits energy to an atomic electron. The photon, E,, in this
interaction only transfers a little portion of its energy to the electron, which

causes it to be deflected at an angle with energy E.., while the scattered

y’7
electron is expelled at an angle ® to the main photon's trajectory. The
Compton effect and Compton scattering are two names for this interaction.
As in the case of the photoelectric effect, an ion pair is created as a result of
this interaction. The deflected photon, however, keeps moving through the

material until it loses all of its kinetic energy through interaction with other
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electrons. The expelled electron, which
has the same properties as a beta particle,
loses energy due to secondary ionization
caused by the mechanisms previously
outlined™. It is possible to show that:

! E’y
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Fig. 1.12: illustration of the Compton effect.

The likelihood of Compton scattering per absorber atom is proportional to the

number of electrons accessible as scattering targets, and hence grows
linearly with Z. The Klein-Nishina formula for the differential scattering cross

section do/dQ predicts the angular distribution of scattered photons™:
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Fig. 1.13: Compton scattering cross section.
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Pair production

matter is pair generation, which results in the
creation of atomic particles (i.e. electrons) from the
gamma energy. A negatron and a positron are

Gamma radiation interactions with matter entail the
transmission of gamma energy, in whole or in part,
hy to atomic electrons of the irradiated material.
Another mode of gamma-energy dissipation in

e

e*I

Fig. 1.14: pair production illustration.

created when an individual gamma-ray photon

~
| \ ~ interacts with the coulombic field of a nucleus. As a
\ e result, this phenomenon involves the formation of
mass from energy. An electron requires a specific
quantum of energy from a gamma-ray photon, which
may be computed using Einstein's equation for mass

and energy equivalence:

where E is energy, m the electron rest mass, and ¢ the speed of light in
vacuum. The least energy required to create an electron (negatron) is 0.511
MeV. A gamma ray of 0.511 MeV energy, on the other hand, cannot produce
a negatron without also producing its antiparticle, the positron of equal mass
and opposite charge. The y-ray photon energy required to produce the
negatron-positron pair is

Epgir = mMe-c* +mg+c® =2%0.511 MeV = 1.02 MeV

Where m,. and m,, are the negatron and positron rest masses, respectively.
Thus, y radiation absorption by materials more than 1.02 MeV may result in
pair creation*”. There is not an accurate description of the interaction cross
section in case of pair production, but it can be estimated as proportional to
the square of the atomic number Z of the material”. Fig. 1.15 shows the
relative importance of the three processes discussed above for different

absorber materials and photon energy. As a function of absorber atomic
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Photoelectric effect

dominant

Z of the absorber

Compont effect
dominant

Pair Production

dominant

\ 4

Energy (MeV)

Fig. 1.15: depiction of the three different region in which each effect is dominant.

number, the line on the left depicts the energy at which photoelectric

absorption and Compton scattering are equally likely. The right-hand line

depicts the energy at which Compton scattering and pair creation are equally

likely. On the plot, three zones are thus
defined in which photoelectric absorption,
Compton scattering, and pair creation
each prevail.

1.2 Detection of ionizing
radiation: scintillators

As mentioned above, all the ionizing
radiations considered can be classified as
high energy radiations. In particular,
photons like x-rays or y-rays belong to a
portion of the electromagnetic spectrum
that is invisible for our eyes, given their
very short wavelengths. Standard direct
detection technologies, such as Charged
Coupled Devices (CCDs), are ineffective
for higher X-ray energy >15 keV or 'Hard'
X-rays. The solution is to incorporate a
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Fig. 1.16: part of the electromagnetic spectrum.
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material called scintillator (or one called transducer) into the system to
transform incident photons/particles into visible photons that can then be
revealed by the detector.

Y

photocathode anode

|
|

scintillator

AWV —
hv
incident radiation ’\IVV\
1
‘\ PMT
visible p\wotons electrons dinode

Fig. 1.17: simplified scheme of indirect detection.

Indeed, scintillators are materials in which high fractions of incident energy
carried by impacting particles or radiation are absorbed and changed into
measurable photons (visible or near visible light), which are then converted
into an electric signal. The situation described above is usually referred to as
indirect detection. Light emission can be classified into two types:
fluorescence and phosphorescence. Fluorescence is the rapid emission of
visible radiation from a substance after it has been excited in some way. It is
customary to distinguish between numerous distinct processes that can
result in the emission of visible light. Phosphorescence is the emission of
longer wavelength light than fluorescence, and it has a significantly slower
characteristic time. Delayed fluorescence produces the same emission
spectrum as prompt fluorescence but has a significantly longer emission
period after excitation. A good scintillator should convert as much of the
incident photon energy as feasible to prompt fluorescence while limiting the
generally undesired contributions from phosphorescence and delayed
fluorescence”. Radiation detection employs both inorganic and organic
scintillators. Different mechanisms are at the root of light creation in these
two types of scintillators, as will be revealed later. Scintillators are defined by
several parameters, but one of the most important is surely the scintillation
efficiency, R. It is defined as the ratio of the average number of emitted
photons <N,,> to the incident radiation energy E; deposited in the scintillator
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or absorbed by it:

_ <Nph >
s E,

If it is time-gated it is commonly referred to it as Light Yield (LY). The perfect
scintillation material will have the following characteristics™:

- It should have a high scintillation efficiency in converting the kinetic energy
of charged particles into visible light.

- This conversion should be linear. The light yield should be proportional to
the deposited energy across the widest conceivable range.

- For effective light collection, the medium should be transparent to the
wavelength of its own emission.

- The decay duration of the produced luminescence should be short in order
to generate quick signal pulses.

- The material should be of good optical quality and capable of being
manufactured in big enough proportions to be used as a practical detector.

- Its index of refraction should be close to that of glass (~1.5) for the
scintillation light to be efficiently coupled to a photomultiplier tube or other
light sensor.

No material can meet all these characteristics at the same time, therefore
selecting a scintillator is always a compromise. The most used scintillators
are inorganic alkali halide crystals, particularly sodium iodide, and organic-
based liquids and plastics. With a few exceptions, inorganics have the best
light output and linearity but are generally slow in response time. Organic
scintillators are typically faster but produce less light. The planned
application also has a significant impact on scintillator selection. Inorganic
crystals are frequently favoured for gamma-ray spectroscopy due to their
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high Z-value and density, but organics are often favoured for beta
spectroscopy”.

1.2.1 The physics of scintillation
Inorganic scintillators

The mechanism of scintillation in inorganic materials is determined by the
energy states of the material's crystal lattice. In materials classed as
insulators or semiconductors, electrons have only distinct bands of energy
available, as seen in Fig. 1.18.

conduction band

valence band

conversion transport luminescence

—

10185 10 109s time

Fig. 1.18: scheme of the events happening in an inorganic scintillator upon
the interaction with ionizing radiation. The y ray interacts with the material
ionizing it and then the as-generated free charges travel in the material until
they meet a trap site and the the luminescence is generated.

The lower band, known as the valence band, represents electrons that are
basically bonded to lattice sites, whereas the conduction band represents
electrons that have enough energy to flow freely throughout the crystal. The
forbidden band is an intermediate band of energies in which electrons can
never be found in the pure crystal. Energy absorption can cause an electron
to be elevated from its regular position in the valence band across the gap
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into the conduction band, leaving a hole in the typically filled valence band.
The return of the electron to the valence band with the emission of a photon
is an inefficient process in a pure crystal. Furthermore, normal gap widths are
such that the resultant photon has too much energy to be seen. Small
amounts of an impurity are routinely added to inorganic scintillators to
increase the likelihood of visible photon emission during the de-excitation
process. Such purposefully inserted impurities, known as activators, produce
specific places in the lattice where the regular energy band structure differs
from that of the pure crystal. As a result, energy levels will be formed within
the forbidden gap through which the electron can de-excite and return to the
valence band. Because the energy is less than that of the entire prohibited
gap, this transition can now produce a visible photon and so serve as the
foundation for the scintillation process. These sites of de-excitation are
known as luminescence centers or recombination centers. The energy
structure of the scintillator in the host crystalline lattice controls its emission
spectrum. When a charged particle passes through the detecting medium, it
creates a significant number of electron-hole pairs due to electron elevation
from the valence to the conduction band. Because the ionization energy of
the impurity is lower than that of a conventional lattice site, the positive hole
will swiftly wander to the location of an activator site and ionize it.
Meanwhile, the electron is free to move through the crystal and will continue
to do so until it encounters an ionized activator. The electron can now drop
into the activator site, forming a neutral configuration with its own set of
excited energy states (Fig. 1.18). If the created activator state is an excited
configuration with an allowed transition to the ground state, de-excitation
will occur very quickly and with a high probability, resulting in the emission
of a corresponding photon. This transition can be in the visible energy range
if the activator is suitably chosen. Lifetimes for such excited states are
typically in the range of 50-500 ns. Because the electron's migration period
is substantially shorter, all the excited impurity configurations are created
basically all at once and will de-excite with the half-life typical of the excited
state. Although some inorganic scintillators can be properly described by a
single decay period or a simple exponential, more complex temporal
behaviour is frequently observed. There are other processes that compete
with the one mentioned above. When an electron arrives at an impurity site,
it can generate an excited configuration whose transition to the ground state
is restricted. Such states therefore necessitate an additional energy
increment to elevate them to a higher-lying condition from which de-
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excitation to the ground state is conceivable. Thermal excitation is one
source of this energy, and the subsequent slow component of light is known
as phosphorescence. It is a common source of background light or
"afterglow” in scintillators. When an electron is trapped at an activator site,
a third possibility exists. Certain radiationless transitions between some
excited states obtained by electron capture and the ground state are
feasible, in which case no visible photon is produced. Quenching processes
describe loss mechanisms in the conversion of particle energy to scintillation
light. Instead of the electron and hole migrating independently as stated
above, the pair may migrate together in a loosely connected structure known
as an exciton. In this situation, the electron and hole remain connected but
are free to move within the crystal until they hit an activator atom. Similar
excited activator configurations can be generated again, producing
scintillation light upon deexcitation to the ground configuration. A simple
energy calculation yields a measure of the efficiency of the scintillation
process. It takes around three times the bandgap energy to make one
electron-hole pair in a wide range of materials. One key result of
luminescence via activator sites is that the crystal can be transparent to
scintillation light. In a pure crystal, the energy required to excite an electron-
hole pair is nearly the same as the energy liberated when that pair
recombines. As a result, the emission and absorption spectra will overlap,
and significant self-absorption will occur. However, as we have seen,
emission from an activated crystal happens at an activator site with a lower
energy transition than that represented by the formation of the electron-hole
pair. As a result, the emission spectrum shifts to longer wavelengths and is
no longer impacted by the bulk of the crystal's optical absorption band.

Organic scintillators

Because fluorescence in organics is caused by changes in the energy level
structure of a single molecule, it can be observed from any molecular species
regardless of its physical state. Anthracene, for example, has been reported
to glow as a solid polycrystalline material, a vapor, or as part of a
multicomponent solution. This characteristic contrasts sharply with that of
crystalline inorganic scintillators like sodium iodide, which require a regular
crystalline lattice as a foundation for the scintillation process. A broad class
of viable organic scintillators is based on organic compounds having
symmetry features that give rise to a p-electron structure. Fig. 1.19 depicts
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Fig. 1.19: sketch of the energy transition occuring inside an organic scintillator upon interaction
with high energy radiations.

the p-electronic energy levels of such a molecule. Energy can be absorbed by
causing the electron configuration to change into one of several excited
states. In the picture, a sequence of singlet states (spin 0) are denoted as S,
S, S,, etc. A similar set of triplet (spin 1) electronic levels is represented as
T, T, T, etc. The energy gap between S;and S, for molecules of interest as
organic scintillators is 3 to 4 eV, although the spacing between higher-lying
states is usually slightly smaller. Each of these electronic configurations is
then subdivided into a number of levels with considerably finer spacing that
correspond to different molecular vibrational states. The typical distance
between these levels is 0.15 eV. To identify these vibrational states, a second
subscript is frequently appended, and the sign S represents the lowest
vibrational state of the ground electronic state. Because the space between
vibrational states is considerable in comparison to average thermal energies
(0.025 eV), practically all molecules are in the S, state at room temperature.
The arrows pointing upward in Fig. 1.19 depict the molecule's absorption of
energy. These mechanisms describe the absorption of kinetic energy from a
charged particle passing nearby in the case of a scintillator. The excited
higher singlet electronic states are rapidly (on the order of picoseconds) de-
excited to the S, electron state via radiationless internal conversion.
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Intensity

Furthermore, any state with extra vibrational energy (such as S, or S1z> is not
thermally balanced with its neighbours and rapidly loses that vibrational
energy. As a result, the net impact of the excitation process in a simple
organic crystal is to produce a population of excited molecules in the S
state after a negligibly short
period. The main scintillation

0

WWMIIIIHIIH

light (or quick fluorescence) is
emitted when this S state
shifts to one of the vibrational
states of the ground electronic
state. The descending arrows
in Fig. 1.19 represent these
changes. If t is the S ; level's

fluorescence decay period,
then the prompt fluorescence

intensity at time t after
10 20 30 40 50 stimulation should simply be:

Time (ns)

Fig. 1.20: decay of the intensity of the excited state in function of time. I = Ioe—t/r
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where 1 is the characteristic lifetime of emission from an excited state to the
ground state. The parameter t is usually a few nanoseconds in most organic
scintillators, therefore the quick scintillation component is relatively fast. The
lifespan of the initial triplet state T, is substantially longer than that of the
singlet state S,. Some excited singlet states can be transformed to triplet
states via a transition known as intersystem crossing. The lifespan of T, can
be as long as 10 s, and the radiation emitted during a de-excitation from T,
to S, is thus a delayed light emission known as phosphorescence. Because
T, is lower in energy than S, the wavelength of this phosphorescence
spectrum is longer than the wavelength of the fluorescence spectrum. Some
molecules in the T, state may be thermally stimulated back to the S, state
and decay by regular fluorescence. This process is responsible for the
delayed fluorescence that is sometimes observed in organics. Fig. 1.21
explains how organic scintillators can be transparent to their own
fluorescence emission. The photon energy that will be strongly absorbed in
the material are represented by the length of the upward arrows. Except for
S, - S

all the fluorescence transitions represented by the downward

10 00’
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arrows have a lower energy than the minimum required for excitation, so
there is very little overlap between the optical absorption and emission
spectra (often referred to as the Stokes shift), and thus little self-absorption
of the fluorescence. Fig. 1.21 shows an example of these spectra for a typical
organic scintillator. As said above, the scintillation efficiency is defined as
the fraction of all incident particle energy that is transformed into visible
light. One would like that this efficiency be as high as feasible, however there
are various de-excitation modes available to excited molecules that do not
entail the emission of
light and in which the
excitation is primarily
degraded to heat. All
these radiationless de-

| |
' Stokes shift o= —Abs.
\ = = Fyo.

excitation processes are
referred to as

Intensity

quenching. Impurities

(such as dissolved

oxygen in liquid
scintillators) that -

decrease light output by
400 500 600 700

providing other
Wavelength (nm)

guenching mechanisms
for the excitation energy Fig. 1.21: representation of the Stokes shift as difference in
wavelength between the absorption maximum and the emission

are frequently removed maximum of a fluorescent dye.

during the production

and use of organic scintillators. Before de-excitation happens in almost all
organic materials, the excitation energy is transferred from molecule to
molecule. This energy transfer method is especially relevant for the broad
class of organic scintillators that contain many molecular types. When a little
amount of an efficient scintillator is given to a bulk solvent, the energy
absorbed, mostly by the solvent, can finally make its way to one of the
efficient scintillation molecules and induce light emission. These "binary"
organic scintillators are commonly employed in liquid and plastic solutions
containing a wide range of solvents and scintillating compounds. The role of
the secondary scintillant is to absorb the light produced by the primary
scintillant and reradiate it at a longer wavelength. This change in the
emission spectrum can be used to better match the spectral sensitivity of a
photomultiplier tube or to reduce bulk self-absorption in large liquid or
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plastic scintillators. Birks and Pringle” examined the energy transfer
mechanisms in binary and ternary organic mixtures, as well as their impact
on scintillation efficiency and pulse timing properties. Below the main types
of organic scintillators are described.

Organic crystals

As pure organic crystalline scintillators, only two materials have gained
general acceptance. Anthracene is one of the oldest organic materials used
for scintillation and has the best scintillation efficiency (or highest light
production per unit energy) of any organic scintillator. Stilbene has a lower
scintillation efficiency but is favoured in instances where pulse shape
discrimination is required; discrimination is to be utilized to identify
scintillations caused by charged particles and electrons. Both materials are
brittle and difficult to get in significant quantities. Furthermore, the efficacy
of scintillation is known to be dependent on the direction of an ionizing
particle regarding the crystal axis”. If the incident radiation produces tracks
in a range of directions within the crystal, this directional variation, which can
be as high as 20-30%, degrades the energy resolution available with these
crystals.

Liquid scintillators

Dissolving an organic scintillator in an adequate solvent yields a class of
useful scintillators. A third ingredient is frequently introduced as a
wavelength-shifter to adequate emission spectrum to better match the
spectral response of common photomultiplier tubes in liquid scintillators.
Liquid scintillators are frequently sold commercially in sealed glass
containers and are handled similarly to solid scintillators. Large-volume
detectors with diameters of several meters may be required in some
applications. In these instances, the liquid scintillator is frequently the only
cost-effective option. The presence of dissolved oxygen in many liquids can
act as a severe quenching agent, resulting in significantly reduced
fluorescence efficiency. The solution must next be sealed in a closed vessel
that has been purged of most of the oxygen. Because they lack a solid
structure that could be harmed by severe radiation, liquid scintillators are
believed to be more radiation resistant than crystalline or plastic scintillators.
Measurements support this notion, and reasonable resistance to change up
to doses as high as 105 Gy has been demonstrated for several liquids®. Liquid
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scintillators are also commonly used to count radioactive material that can
be dissolved in the scintillator solution. In this situation, all radiations
released by the source instantaneously travel through some section of the
scintillator, and the counting efficiency can be nearly 100%. The approach is
extensively used for measuring low-level beta activity, such as that emitted
by carbon-14 or tritium.

Plastic scintillators

The equivalent of a “solid solution” can be generated by dissolving an organic
scintillator in a solvent that can then be polymerized. A popular example is a
solvent made of styrene monomer in which an organic scintillator is
dissolved. After that, the styrene is polymerized to produce a solid plastic.
Polyvinyltoluene (PVT) and polymethylmethacrylate (PMMA) are examples
of other polymeric matrices. Plastics have become an incredibly valuable
kind of organic scintillator due to the simplicity with which they may be
shaped and produced. Plastic scintillators are commercially available in a
wide range of conventional diameters for rods, cylinders, and flat sheets.
Plastics are generally the only realistic alternative when large-volume solid
scintillators are required due to their low cost. In these instances, the self-
absorption of the scintillator light may no longer be insignificant, and the
material's attenuation qualities should be considered. Light intensity can be
reduced by a factor of two across several meters, while certain polymers
exhibit substantially shorter attenuation lengths. Plastic scintillators are also
available in a variety of small-diameter fibres. These scintillators, which may
be used as single fibres or in bundles or ribbons, are well suited for
applications where the location of particle interactions must be monitored
with high spatial precision.

1.3 Radiation sources, hazards and benefits

On a daily basis, people are exposed to both natural and man-made
radiation sources. Natural radiation is produced by a variety of
sources, including over 60 naturally occurring radioactive elements
present in soil, water, and air. Radon is a naturally occurring gas that
is emitted by rock and soil and is the primary source of natural
radiation. Every day, individuals breath in and consume radionuclides
through the air, food, and water. Natural radiation from cosmic rays is
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also a risk, especially at high altitudes. On average, naturally occurring
terrestrial and cosmic radiation sources account for 80% of a person's
annual dosage of background radiation. Because of geological
changes, background radiation levels vary regionally. In certain
regions, exposure can be more than 200 times higher than the world
average. Human-made sources of radiation exposure include nuclear
power generation and medical applications of radiation for diagnosis
or treatment. People can be exposed to ionizing radiations in a variety
of settings, including at home or in public areas (public exposures), at
work (occupational exposures), and in a medical environment (medical
exposures). Radiation exposure can occur through either internal or
exterior mechanisms. Internal ionizing radiation exposure occurs when
a radionuclide is breathed, swallowed, or otherwise enters the
circulation (for example, by injection or wounds). Internal exposure is
terminated when the radionuclide is removed from the body, either
naturally (through excreta) or as a consequence of therapy. External
exposure can occur when radioactive material in the air (such as dust,
liquid, or aerosols) is deposited on the skin or clothing. This form of
radioactive substance is frequently eliminated from the body by
washing. lonizing radiation exposure can also occur as a result of
irradiation from an external source, such as medical radiation
exposure via x-rays. When the radiation source is protected or the

Fig. 1.22: Homer Simpson handling an uranium bar in Simpsons opening.
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individual  travels  outside the
radiation field, external irradiation
ceases. For radiation safety reasons,
ionizing radiation exposure may be
divided into three categories:
planned, existent, and emergency.
Planned exposure circumstances
emerge from the planned
introduction and  operation  of
radiation sources for specified
reasons, such as medical use of
radiation for patient diagnosis or
treatment, or industrial or research
use of radiation. Existing exposure
happens when radiation already
exists and a control decision must be

] Fig. 1.23: Japanese liberal democratic party
made, such as radon exposure In member Shinjird Koizumi surfing in the water of

homes or Workplaces or natural Fukushima after the releasing of contaminted

.. water, via PORTALFIELD News.
background radiation from the

environment. Unexpected incidents needing immediate action, such
as nuclear catastrophes or criminal activities, create emergency
exposure scenarios. The use of radiation for medical purposes
accounts for 98% of the population dose contribution from all human-
made sources, and accounts for 20% of total population exposure.
Every year, over 4200 million diagnostic radiological exams are
conducted globally, 40 million nuclear medicine procedures are
performed, and 8.5 million radiation treatments are administered.
Beside medical use, the effect of ionizing radiation on health could
very serious. Radiation damage to tissue and/or organs is determined
by the dosage of radiation received, or the absorbed dose, which is
measured in Grays (Gy). The potential harm from an absorbed dosage
is determined by the kind of radiation and the sensitivity of various
tissues and organs. The effective dose is used to assess the potential
for damage from ionizing radiation. The sievert (Sv) is a measure of
effective dosage that considers the kind of radiation as well as the
sensitivity of tissues and organs. It is a method of assessing the
potential for ionizing radiation to cause injury. Aside from the amount
of radiation (dose), another crucial characteristic is the rate at which
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the dosage is administered (dose rate), which is expressed in
microsieverts per hour (Sv/hour) or millisieverts per year (mSv/year).
Radiation can damage the functioning of tissues and/or organs over
specific thresholds and cause acute consequences such as skin
redness, hair loss, radiation burns, or acute radiation syndrome. These
effects are more severe with greater dosages and rates of
administration. The dosage threshold for acute radiation sickness, for
example, is around 1 Sv (1000 mSv). If the radiation dosage is minimal
and/or provided over a lengthy period of time (low dose rate), the
danger is significantly reduced since the damage is more likely to be
repaired. An example could be found in the release of the tritium
contaminated water of the Fukushima nuclear central in the Pacific
Ocean, started from the 24" August 2023 and that will last decades.
Acting in this way, the balance between the tritium naturally contained
in the oceanic water will always be balanced because of water
evaporation. On the other side, nuclear and radioactive sources could
very beneficial in different fields, from medicine to biology. Medical
instruments, such as x-ray machines and computed tomography (CT)
scanners, are the most frequent man-made emitters of ionizing
radiation today. Among the various applications of nuclear radiation
for human health, the technology of medical radiation imaging for
cancer detection and treatment is used across the world, and research
in its development and applications is progressing at a rapid
pace. Imaging with radiation medicine techniques is frequently the
initial step in clinical management and diagnostic radiography, and
nuclear medicine studies play essential roles in cancer screening,
staging, therapy monitoring, and long-term surveillance. Moreover, the
use of isotopes in biology has a long history. For example, the use of a
radioactive tracer in biological sciences may be traced back to Melvin
Calvin's work, in which he and colleagues employed the radioactive
isotope carbon-14 as a tracer for CO2 to describe the first metabolic
steps in plant photosynthesis. He was awarded the Nobel Prize in
Chemistry in 1961 for "his research on carbon dioxide assimilation in
plants", according to the Nobel Committee.
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1.4 Focus on radioactive gases

It is now clear that the control of radioactive sources is a main issue for
human safety and environmental protection, but also for diagnostics. One
may think to radioactive substances as glowing heavy solid materials as seen
in various tv series or cartoons. Indeed, at the beginning of this introductive
chapter, we talked about the experiments of Becquerel and Marie Curie
regarding pieces of high-Z materials such as potassium-uranyl sulfate that
turned out to be one of the first examples of a radioactive material. Not so
surprising is finding out that also gases can be radioactive. Consider isotopes
such as 8Kr and 3H emitted by nuclear power plants, reprocessing plants,
and nuclear waste treatment facilities”: they are crucial to detect and
monitor nuclear activities and expose unlawful reprocessing to produce
plutonium for weapons. The elements *3Xe and 3%Ar are particularly
interesting because they may be used to identify clandestine activity and
verify conformity with the Comprehensive Nuclear-Test-Ban Treaty”. Gases
from granite-rich areas, on the other hand, are pathogenic agents that must
be quantified to reduce exposure risk, whereas xenon isotopes can be used
as radioactive diagnostic contrast agents to evaluate pulmonary function,
lung imaging, and cerebral blood flow via inhalation. The detection and
radioactive metrology of gases is therefore an important feature of a
contemporary, technologically sophisticated, and sustainable society, as
seen by the frequent revisions of laws that demand increasingly sensitive
detectors.

1.4.1 Gas of interest, hazard, and regulations
Radon-222 and Radon-220

Radon is a chemical element of the periodic table indicated with the symbol
Rn with an atomic number Z=86. It is a noble, radioactive gas produced by
the a-decay of radium, which in turn is produced by the a-decay of uranium.
Polonium and bismuth are the highly toxic products of the radioactive decay
of radon. The most hazardous isotopes of radon are ?°Rn and ???Rn with a
half-life of 56 second and 3.82 days, respectively. Thus, the presence of Rn
is from natural geological sources: being very soluble in water, Rn is
detectable in traces in superficial water (like lakes or rivers) while it is very
concentrated in deep underground aquifers. Moreover, it is present in
minerals and so in buildings too. The first evidence that radon might cause
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lung cancer dates back to the early twentieth century, based on the disease's
high frequency among Czechoslovakian miners. Research on lung cancer
risk, begun in the late 1960s and based on radon measurements taken in
Czechoslovakia uranium mines since 1949”, was the second globally to
establish the danger associated with cumulative exposure to radon progeny.
Radiation protection measures for uranium miners, including radon
monitoring, began to be adopted in numerous European nations beginning in
the 1970s. Because of the incidence of increased radon levels in households,
it was not until the mid-1980s that radon exposure was recognized not only
as an occupational concern, but also as a possible public health risk™. The
current EU legislative framework for radon protection is outlined in
regulation 2013/59/Euratom® (also known as the EU-BSS regulation or EU-
BSS). This regulation is binding on EU Member States, but it has also been
accepted by a number of non-EU nations, including Norway, the United
Kingdom, and Switzerland. Articles 54 and 35.2 explicitly handle radon
exposure in workplaces, whereas item 74 specifically addresses radon
exposure in residences. In EU, for both workplaces and households,
reference values of no more than 300 Bg m™ must be established.

Xenon-133

133Xe is a radioisotope that exists as a gas. It is mostly utilized for lung
perfusion tests, which are used to diagnose lung diseases™. It is also used
to visualize blood flow, especially in the brain”. 133Xe is also an important
fission product (together with 131Xe, 13mXe and ¥Xe). It is discharged to the
atmosphere in small quantities by some nuclear power plants™. It emits p-
particle in coincidence with y rays, with a half-life of 5.7 days. Monitoring
radioxenon concentrations in the atmosphere is important for providing
evidence of atmospheric or subterranean nuclear bomb testing. As
previously stated, radiopharmaceutical plants create the four radioactive
xenon isotopes of importance for detecting nuclear bomb testing”. Each
medical isotope manufacturing facility generates a few TBq of 13Xe every
day”, whereas nuclear power facilities release a few GBq of 133Xe per reactor.
In comparison, in the case of an underground 1 kT nuclear bomb test,
releasing 1% of the initially created 13Xe into the atmosphere would result in
a few tenths of TBg of 33Xe. As a result, depending on the location of the
release and the weather circumstances, *3Xe from industrial activity is likely
to be detected at International Monitoring System (IMS) stations in amounts
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comparable to those predicted from a nuclear explosion. This makes

distinguishing between civilian and military uses extremely difficult™.
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Fig. 1.24: Annual average activity concentrations of Xe-133 calculated from two yearsof simulated data, at ground
level. The noble gas stafions of the IMS are shown in black squares®.

Krypton-85

Krypton-85 (8Kr) is a radioactive
isotope of the element krypton, which
degrades to the stable rubidium-85.
Its half-life is 10.756 years, and the
highest decay energy is 687 keV. The
most prevalent decay (99.57%) is B
particle emission, with a maximum
energy of 687 keV and an average
energy of 251 keV. The second most
common decay (0.43%) is B~ particle
emission with the highest energy of
173 keV. y ray emission (maximum
energy of 514 keV) is the third most
common decay. Other decay modes
have low probability and produce less
intense y rays™. Krypton-85 is created
in  modest quantities in the
atmosphere by the interaction of
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Fig. 1.25: Annual mean 85Kr concentration at the surface in 1976 and in 2006.3.
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cosmic rays with stable krypton-84. Natural sources keep an equilibrium
inventory of around 0.09 pBq in the atmosphere. On the other hand, 8Kr can
also be anthropogenic, being one of the medium-lived fission products in
nuclear fuel reprocessing”. Indeed, Reprocessing spent nuclear fuel and
separating the contained plutonium from it is one route to a nuclear weapon.
As a result, the capacity to detect covert nuclear reprocessing plants is
crucial for nuclear weapons control and non-proliferation. Previous research
has established #Kr as the best environmental tracer for detecting and
quantifying such nuclear reprocessing activity”. For many years to come, the
8Kr background will be too high to support an efficient stationary network
like the one used for CTBT verification. In comparison, the CTBTO's
International Monitoring System depends on 40 noble-gas monitoring
stations across the world to identify ¥3Xe emissions from nuclear
explosions™. There are ¥3Xe background sources, mostly medical isotope
manufacturing facilities, but no worldwide baseline has been established
due to its short half-life of 5.2 days. As a result, 40 stations are sufficient to
cover the majority of the world. The amplitudes of 8Kr source terms from
reprocessing are equivalent to those of 13Xe source terms from nuclear
explosions, but due to the high 8°Kr baseline, plumes from recent emissions
become indistinguishable within 2/3 days and a few hundred kilometers™. In
instance, 13Xe emissions from a North Korean nuclear test in 2006 were
observable 14 days later and across a distance of 7000 km in Canada®. As a
result, a fixed network for &Kr monitoring to identify clandestine
reprocessing is now impractical due to the sheer number of stations required
to cover the whole globe. Instead, it appears that a technique in which a large
number of air samples are collected at random over the Earth's landmass and
examined in a smaller number of regional laboratories is more realistic®.

Argon-37

Argon-37 is a radioactive isotope of Argon generated from in-situ neutron
activation of Calcium-40. From the event of electron capture, the primary 3’Ar
nuclear decay signature consists of five low-energy Auger electrons with a
total energy of 2.5 keV. The presence of 3’Ar, as 13Xe, is mostly related to the
occurring of nuclear explosion (being its natural background level very low
due to only cosmic rays interaction with geological “°Ca). The quantity of 37Ar
created by a nuclear event is determined by the number of neutrons
produced as well as the amount of 4°Ca in the surrounding geology. Most
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fission and activation products from an underground event will be retained
within the explosion cavity in a well-contained test; nevertheless, the
chemically inert properties of Ar and Xe can result in these two gases
migrating through the subsurface to ground level. The relatively long half-life
of 3’Ar of 35 days is appealing because it allows field teams to begin
operations while also providing a visible signal near the surface for several
months. This fact could be beneficial for the detection of clandestine nuclear
test but, on the other hand, the low decay energy of 3Ar makes it very hard
to detect.

H-3 (Tritium)

Tritium is a radioactive hydrogen isotope with a half-life of 12.3 years. It
degrades by emitting a B-particle with a maximum energy of 18.7 keV and an
average energy of 5.7 keV”. In tissue, the mean free path of tritium's decay
beta particle is roughly 0.6 um, which equals the diameter of a human
chromosome. It may be found in nature mostly as elemental tritium (HT) and
radioactive water (HTO). Tritium has unusual properties that make dosimetry
and health-risk evaluation difficult. For example, tritium in gas form may
permeate through practically any container, including steel, aluminum, and
plastics. Tritium in the oxide form is largely undetectable by frequently used
survey tools. Tritium may be taken up by all hydrogen-containing molecules
in the environment, causing it to spread broadly on a global scale. Tritium
may enter the human body by inhalation, ingestion, and skin diffusion. Its
detrimental effects are only seen after it is absorbed by the body. Several
sources contribute to the tritium inventory in our environment. Cosmic ray
interactions with atmospheric molecules, nuclear reactions in the earth's
crust, nuclear testing in the atmosphere, continuous release of tritium from
nuclear power plants and tritium production facilities under normal
operation, incidental releases from these facilities, and consumer products
are examples of these™. Thus, as for other gases in this list, the tritium level
monitoring is essential for security and safety. The need of detectors able to
discriminate the effective rise of this level in comparison to the natural or
facility-related background is really pushing.

1.4.2 State of the art in B emitting gas detection and metrology

Thus, radioactive gas detection is a serious matter of study and its
application is strictly related to human health, safety and sustainability.
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Fig. 1.26: transport of ionizing photons and particles in matter.
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However, nowadays technology has several limitation regarding the
detection, especially for what concerns pure B emitting gas as those studied
in Section 1.4.1. Because of the short-range path of B particles in matter,
detecting electron emitters in

T/l fluid is often difficult. In contrast
U — to photons, electrons interact

with matter and deposit energy as

- seen in Section 1.1.4. Liquid

scintillation counting techniques

o - (LSC) are the gold standard in

environmental laboratories for

ﬂy measuring radioactive liquids and

gases. In the case of gas analysis,

it is bubbled in a solution
containing an aromatic solvent
and a fluorophore such as 2,5-

Photoelectric

diphenyloxazole (PPO), resulting

in the formation of a liquid

]

i/l scintillator (LS). In laboratories,
100 pm the solution is deposited in

conventional liquid scintillation

vials, and detection is

accomplished using calibrated
commercial LSC counters equipped with two photomultiplier tubes (PMTs)
that function in tandem to ensure the rejection of PMT noise. In National
Metrology Institutes, the LS vials are tested with three PMT detectors to get
absolute measurements using the triple to double coincidence ratio (TDCR)
approach (See Chapter 3). The employment of this technology on a broad
scale produces a substantial quantity of organic pollution and necessitates
the mixing of gas and liquid, resulting in dual chemical and radioactive waste.
On the other hand, on-site measurements of certain isotopes in the
environment make use of advanced detection techniques. Several systems
for measuring B emitter gas have been developed, based on the radionuclide
(energy of emission) and activity concentration to detect, as well as the sort
of measurements necessary. Some commercial systems that use an
ionisation chamber or a silicon drift detector to measure the activity
concentration of noble gases in the atmosphere have been created. These
detectors are sufficiently efficient for routine environmental research
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(radioprotection and radon risk) in the case of radon isotopes (a-emitter). In
recent years, advanced approaches such as SPALAX-NG® and SAUNA" have
been developed to monitor low concentrations of Xe isotopes in air, relying
on coincidence techniques and massive filtration and compressor gas
systems to minimize the detection limit. It is employed by the CTBTO. One of
the primary concerns with these systems is the lack of quality control and
calibration, which are confined to select tests done with CEA/LNHB or are at
a high level of activity concentration. One of the primary challenges is then
the certification and calibration of such equipment, which necessitate a well-
known traceability of the measurement connection to a radioactive reference
standard. As a result, National Metrology Institutes like CEA/LNHB® have
created primary standards based on the triple compensated length
proportional counter to offer worldwide traceability for reference gases

42,43

standards ™. However, such a technique needs mixing the noble gas with a
gas counting such as propane and then measuring it with an activity range of
2.5 to 15000 Bg cm3, which is quite high in comparison to environmental
value. Furthermore, in this concentration range, this approach is limited to
the isotopes *3Xe, 3H, and &Kr with a relative standard uncertainty of 0.6%
and ?"Xe, 1¥1mXe, and ¥mXe with a greater relative standard uncertainty of
1%. Despite this, there is no standard at the level of some Bg m= for 13Xe, 3H,
and 8Kr, and no standard at all for 3’Ar. This sophisticated technology is also
presently only being used in national laboratories in France, the United
Kingdom, and Korea, and is being developed in China with the assistance of
CEA/LNHB. It should be noted that a specialized proportional counter,
specifically for 3’Ar, has also been created in the United States, yielding a
high sensitivity (1.2 mBg m) at the expense of an underground laboratory
and ultra-purified material used to achieve ultra-low background counting.
Furthermore, certain metrology institutions experienced contamination with
3H in the counter, necessitating a lengthy decontamination process.

1.4.3 Thesis focus: Metal-Organic Frameworks as porous scintillators.

Briefly, the liquid scintillation counting technique is the gold standard for
measuring radioactivity but mixing 3H-labeled water with the scintillator is a
time-consuming and difficult operation. This impedes in-situ online
measurements and generates liquid radioactive waste that must be
controlled properly. Furthermore, it cannot be used with other insoluble gas
radionuclides. The only choice in this circumstance is to utilize gas meters
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Fluorescent
organic ligand

that require enormous quantities of gases to maximize detection efficiency,
resulting in extremely impractical equipment. To overcome the limitations of
the detection systems described above, new solutions are being explored.
One of these could be the realization of porous scintillators. In general,
porous materials are materials able to adsorb gases or liquids, acting like
“sponges”. This property can guarantee a perfect intermixing between the
matrix and the adsorbed fluid without any problem of miscibility. Moreover,
porous materials can be very light and shapable, like aerogels. The possibility
that a material with these characteristics can also be a scintillator looks very

promising for the future of
Metal cluster made gas detection, opening new
p wiih heawy atoms ways for nuclear power
plants security and human
safety. Indeed, this work will
focus on the realization,
study and use of solid
porous  scintillators  as
detectors for radioactive
gases. In particular, the aim
of the study will be to prove
for the first time the gas

detection scintillation
Fig. 1.27: Metal-Organic Framework 3D illustration. In this case, the framework displays heavy eﬁ|C|enCy Of a We”—knOWn
metal clusters (bue) linked one another with a fluorescent (conjugated) ligand (grey). In the | f . | M |
picture are also indicated the different cavity that can be made with a three dimensional Class o materla S, eta -
architecture like the one depicted. These cavities are particularly suitable for hosting gases. O rga niC Fra mewo rks
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(MOFs). These are a type of
hybrid materials composed of organic molecules known as ligands that are
coordinated to metal ions or clusters. These building components have
exceptional self-assembly characteristics, allowing for the controlled

44-46

creation of crystalline MOFs in one, two, or three dimensions . Moreover,
their size can range from mm to nm. The tuneable porosity of these hybrid
materials has sparked interest in them, making MOFs suitable candidates for
industrial applications such as gas storage and detection. In the last two
decades, there has been a surge in study on this topic, giving rise to a vast
family of multifunctional materials. Allendorf and colleagues' pioneering
work proved that luminous Metal-Organic Frameworks may function as
scintillators, implying the creation of a new class of materials with the

requisite level of structural and composition control”. Scintillating organic
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chromophores can be used as ligands in MOFs, resulting in fluorescent
ordered networks of molecular-size scintillators linked by high atomic
number (Z) elements (metal ions) capable of interacting with ionizing
radiation and sensitizing the ligand luminescence®. Importantly, if
appropriately built, these structures can maintain the qualities of constituent
fluorophores that do not interact with one another, such as fluorescence
yield and quick recombination dynamics, which are critical for the creation of
fast and sensitive detectors. The fluorophores may be dissociated from one
another and behave as gases in a solid-state medium. In comparison to the
known scintillation materials now under investigation, MOFs display an
excellent opportunity to generate the potential for rational design of a new
generation of scintillators due to the adaptability of crystalline engineering.
The formulation and creation of such system is the basis of the project
SPARTE (Scintillating Porous Architecture for RadioacTivE gas detection), a
consortium of different universities joint together under the European
program Horizon 2020 to reinvent the gas detection paradigm. Thus, the
SPARTE project is the frame of the three years Ph.D. program in which | was
involved in the University of Milano-Bicocca (UNIMIB). | was specifically
involved in the study of the photo- and radioluminescence properties of
MOFs as scintillating porous materials for radioactive gas detection and
metrology. MOFs are not the only matter of study for SPARTE, also aerogels
come into play. Indeed, to better frame SPARTE, the next chapter will be a
description of the activities of the project with a discussion on all the
different participating and collaborating working packages (WPs).
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CHAPTER 2 AN

SPARTE PROJECT

2.1 SPARTE project in detail

To sum up, when the nuclei of atoms are unstable, they become radioactive.
It usually happens with isotopes that exist either naturally or as a result of
human activity. Radionuclides are unstable and naturally emit ionizing
radiations at a certain decay rate known as the half-life (which can range
from ns to billions of years). These ionizing radiations are photons or
particles such as X-rays, a and B particles, y rays and so on. lonizing
radiations can interact with materials, causing free charges to form. Charges
can be detected directly (using ionization chambers or germanium detectors)
or transformed into visible photon emissions that can be detected using
standard photodetectors. Scintillation is the latter detecting method. While
detection systems for y and X-rays are developed and commercially
accessible, o and B particles are more difficult to detect due to their short
mean free path through matter. This short mean free path greatly relies on
the particle's energy; in the instance of B, it can range from some meters in
water to some cm for higher energy particles, and it can range from some cm
to a meter in air. Their detection becomes crucial when their energy is
lowered since they must be virtually in touch with the sensor to be noticed.
Beyond identifying the existence of radioactive materials, metrology requires
quantifying the activity, which entails modelling the matter radiation, and
reliable and widely deployable technology does not exist for most of the B-
active crucial elements. By introducing highly porous scintillating aerogels
and/or Metal-Organic Frameworks designed to drastically expand gas-
matter interaction for effective detection by scintillation, the project SPARTE

will execute and realize a radically unique radioactive gas detection and
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excellent sensitivity for metrology. As a result, Europe will take the lead in
developing technologies to identify and monitor strategic radioactive
pollutants. Thus, the project's goal will be to develop practical solid-based
sensors that provide tight intermixing between the sensor and the analyte
while combining efficiency and uniformity. A porous material built in a shape
that fits the currently employed liquid container enables for the absorption of
a considerable volume of gas, with the gas always near the active solid. The
random porosity distribution, together with the usual penetration depth of
the B particles and the sequential scattering paths, provides an isotropic
behaviour that allows 4n detection geometry. This approach also provides a
possible greater volume of detection, depending on the material and light
detection system, boosting sensitivity, and may be utilized in a variety of
devices such as the SPALAX system. Simple SPALAX upgrade devices, such
as ionization chambers, already exist, but they work in the integrating regime,
limiting system sensitivity, and they frequently employ pressurized methane
as a gas carrier, implying an extra explosive danger. Aside from the potential
for greatly better performance, this enabling technology might be widely
used for on-site surveys of human activities in the production of
manufactured radioisotopes and naturally occurring radionuclides. The
approach will also be developed for specific isotopes such as 3H and even
37Ar, which will be the most difficult due to the low energy of its B-emission.
This will significantly expand the range of measuring capabilities, not only for
the National Metrology Institute and the development of new radioactive
standards, but also for environmental laboratories participating in the activity
survey. High specific areas and a 4rn detection enable the development of a
previously unknown reference detection system, and hence a way of
calibration for noble radioactive gases with low concentration-activity down
to the level of mBg/m3. It is critical for the CTBTO and currently does not
exist since existing reference measurement methods are restricted to
roughly 300 Bg/cm? for just select noble gas isotopes such as #Kr, 13Xe, 3H,
and 27Xe using Triple Compensated Length Proportional Counters (see
Chapter 3). SPARTE's novel materials might potentially lead to a simpler
reference measurement approach that could be applied in other national
metrology institutions. The detection difficulty of a porous scintillator grows
as the energy of the B particle lowers. The difficulty may therefore be readily
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classified as follows, from "easiest" to "most difficult”" to detect: 8°Kr, 133Xe,
3H, and 3'Ar. SPARTE will thus target the following four breakthrough
objectives. While the current calibration methods are limited to 1 kBg/m? for
8Kr and !33Xe, the first target is to reach a detection sensitivity of mBg/m3
and to propose a calibration method for low activity range (down to 1 Bg/m3).
The second target, based on the experience gain of the first one, is to achieve
real time detection of 3H with a significantly improved sensitivity in an easy
deployable system. The most sensitive device in lab experiment uses liquid
scintillation and achieve 2 kBg/m? after 1h of accumulation while ionisation
chamber have a limit of 12.5 kBg/m3. The project aim is to combine real time
and a sub-kBg/m? sensitivity. The concept can in addition be widely
deployable for the 3H and tritiated water vapour detection in air which would
be an important breakthrough in this field. The third target is to develop real
time on-site measurements as an alternative to current technologies which
could be widely deployed considering their cost-effective aspects. Currently,
very expensive detectors are used (see Chapter 3) and are specific to
CTBTO. Simpler and cheaper systems could be advantageously deployed,
such as ®Kr survey next to Fukushima, or to nuclear reprocessing plants. The
fourth target, which is the most challenging and risky, is to achieve the
detection of %Ar. This isotope is strategic, because it is produced by the
activation of calcium by high energy neutrons and has a relative long half-life
time. It is thus a clear and good indicator of underground nuclear tests. We
cannot reasonably propose quantified target, and even with a poor
sensitivity, an on-site detector would be a significant step.

The material SPARTE is looking for has to combine a high specific surface to
ensure an efficient interaction with the volume of gas to analyse, a significant
scintillation yield (>10 photons/keV) to ensure a significant emission of
photons, a fast response (<100ns) in order to achieve efficient coincidence
measurements. It will be transparent, with respect to the diffusion
(translucent accepted) and also regarding the self-absorption, which is
necessary to reach high metrology level as well as to improve some B/
y coincidence techniques. Additionally, the materials can be modified in such
a way to be moulded to specific shapes in the range of a few cm?® and in some
cases can be obtained as flexible elastomeric composites easy adaptable for
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specific uses. It will be non-hygroscopic, homogeneous and with a perfect
reproducibility, which for metrology is a very important target. The targeted
geometries are the current liquid scintillator vials while, for on-site detectors,
the geometry is not defined (but in the range of cm?) and depends on the
achieved scintillating performances. In this perspective, SPARTE aims to
design porous scintillating materials following two strategies:

1. the use of porous Metal-Organic Frameworks (MOFs), which intrinsically
contain scintillation metal sites, in the form of single crystal, microcrystals or
amorphous nanoparticles.

2.the use of monoliths of tailored geometry obtained by a supercritical drying
of polymeric gels to generate hierarchically porous aerogels with a high
content of scintillating material or by self-assembly of MOF precursors.

2.1.1 SPARTE Consortium

SPARTE includes experts from different fields in academia and from young
high-tech SMEs, which are required to successfully address the main
objectives. From material chemistry, physics, detection and metrology,
SPARTE gathers the whole chain of knowledge and skills which are required
to successfully address the main objectives and bring the developed
components and method to the demonstrator level and potentially to the
market. The participants to the project are listed above in alphabetical order:

CEA: The French Alternative Energies and Atomic Energy Commission is a
key player in research, development and innovation in four main areas:
defence and security, low carbon energies (nuclear and renewable energies),
technological research for industry, fundamental research in the physical
sciences and life sciences.

CTU: Czech Technical University in Prague is counted among the oldest
technical universities in Europe and represents also one of the largest
universities in the Czech Republic.

ICOHUP: spin-off aiming to develop competitive pollution measurement
instruments.
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LIP: Lyon Ingeniérie Projets, is owned and controlled by the Université
Claude Bernard Lyon 1, and performs a mission for the University dedicated
to research promotion and grant management.

NAF: Nano Active Film Srl was founded in 2010 as an academic Spin-Off of
the University of Salerno operates in the sector of new materials based on
polymer materials.

UCBL-ILM-LdC: University Claude Bernard Lyon 1 is a multidisciplinary
university in the primary fields of physics, chemistry, technical and material
sciences, life sciences, medicine and pharmacy. UCBL is involved through 2
of its major research units: The Institute of Light and Matter (ILM), which is
concerned essentially with the study of matter and its physico-chemical
properties, and The Chemistry Laboratory (LdC), which is a joint unit
operated by the CNRS, the Ecole Normale Supérieure of Lyon and Université
Lyon 1.

UNIMIB-Department of Materials Science: The Department of Materials
Science focuses its research activity in the field of functional materials. Over
the years, also stimulated by the extraordinary growth of nanotechnologies
worldwide, the Department has extended the research of bulk functional
materials towards the nanosciences and their technological applications.

The project coordinator from UCBL-ILM has long-term expertise in
scintillating materials, at the interface between material synthesis and
detection systems, both on fundamental and applicative aspects, including
transfer to the market since he is a co-founder of the spin-off company
ICOHUP. CTU, UCBL-ENS, CEA-LCAE and UNIMIB combine experts in
nanoparticles, synthesis of MOF nanoparticles to be integrated in porous,
densified materials or single crystals. It includes all the required
morphological and structural characterization expertise. CEA-LNHB has
developed many reference measurement methods to produce radioactive
standards. It also produces several experimental detection systems and
electronics. It has now a new reference radioactive gases facility to produce
atmosphere of radioactive noble gases from high activity sample and perform
dilution in a wide range of activity concentration. This facility was developed
to test and qualify new materials and measurement methods for the
radioactive gases and is the only one in the world that can be used for all the
gases. LNHB is the biggest metrology lab in the world for radioactivity (due
to the fact it was built with the CEA) and has recognized experts in detection
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and associated modelling to push the detection to the metrological level and
share it with other metrology laboratories over the world. They are active
member of the international board of metrology CIPM-MRA from BIPM
(Bureau International des Poids et Mesures) by performing various
comparison with different National Metrology Institute over the world. CEA-
LNHB is working closely with CEA-LCAE with the aim to develop scintillator
and detector techniques for the industries, one of the objectives of their
direction from CEA in the field of research and technologies (CEA-Tech). The
two laboratories of CEA have also experience in commercialization of
detection systems or related technologies. Beyond the technological
challenge, SPARTE project anticipates the market aspect and has 2 spin-off
companies in the consortium. Nano Active Film (NAF) is a spin-off company
from the University of Salerno with a strong expertise in the preparation and
characterization of nanoporous polymeric materials, especially porous
polymeric aerogels towards the market. ICOHUP aims to develop competitive
pollution measurement instruments. Focused on radiation measurements,
ICOHUP developed a specific knowledge for compact and connected
instruments. In particular, ICOHUP has developed a g spectrometer 20 times
cheaper than the market which allows wide uses in industrials networks.
ICOHUP has also developed a pocked size energy compensated GM counter
with dual calibration, both for telluric radioactivity and cosmic particles.

2.1.2 Consortium goals

The project is at an early stage of this technological field since no detection
system achieving the targeted performances already exists. For one of the
radioisotopes (3’Ar), it is not even detected, and another one (3H) can be
detected under some specific conditions and always out of metrological
consideration, particularly for low activities. The scintillating porous material
as a building block for B-emitter radioactive gas detection has not been
previously considered. So far, no widely deployed technology exists because
of the complexity, cost and performances currently achieved with other
technologies. UCBL (and its Linked Third Party ENS-Lyon, and CEA have
performed a proof of concept demonstrating the feasibility for Kr detection,
and this first result obtained on preliminary samples, allows to consider
porosity as a solution of high potential towards the metrology of
radioelement analysis as well as environmental survey of a selection of
radiotracers. Regarding MOFs, UCBL-ILM and UNIMIB have started a work
for the proof of concept, and the preliminary scintillating performances are
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promising. The project is ambitious and visionary with the potential to
revolutionize the metrology of gas radioactivity as well as the environmental
and security survey regarding these components. The long-term vision on
society includes widely deployed detectors either for CTBTO, but also for all
nuclear activities. These points illustrate how ambitious, novel and
foundational this concept and the related demonstrator, will be.

2.1.3 Work packages (WPs)

Through a tight integration of partners and exchanging team members, we
ensure the best possible dovetailing of all competences involved. SPARTE is
structured into four WPs, including a management/ exploitation/
dissemination WP responsible for smooth interaction and communication
between the partners and three research-focused WPs.

WP1: the aim is to prepare aerogel type monolithic porous materials that
result from supercritical drying (COZ, alcohol) of gel. The ideal situation is to
avoid silica to reach a sensor made of a 100% active scintillating material.
The required versatility to reach a controlled panel of performances is to
develop the process for various materials showing different compromise of
performances. The active starting material can be prepared following several
approaches. Small, crystalized nanocrystals can be obtained using
solvothermal methods. The proof of concepts has been demonstrated with
Y,AlLO,,:Ce* and GdF, nanocrystals (5-10nm) (ENS, UCBL LTP). Another
method to prepare the aerogel “precursor” will involve a radiation technique,
which is based on irradiation of aqueous solutions containing suitable
precursors with ionizing radiation or non-ionizing (UV) radiation (CTU). The
material formed by irradiation needs to be annealed at high temperature in
order to obtained nanocrystals. The resulting nanomaterials are significantly
larger (30-60 nm). CTU has developed a large-scale irradiator allowing to
produce large quantities of precursors (more than 100g of scintillating
nanocrystal in one batch), a requirement towards the objective of
reproducibility of the sensor performance. A gel must be formed from these
nanoparticles. Depending on the considered material, thermal treatment of
the resulting material is required to reach the full crystallization and thus the
optimum scintillating performances. Note that in both cases, the scintillating
material based on doped inorganic crystals does not show significant self-
absorption. They are in fact already used as large single crystal detectors.
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WP2: These materials have nanometric porosity due to their intrinsic
scaffolding. Their synthesis is highly challenging because it is necessary to
balance the pore formation (governed by capillarity forces) and lattice
formation (driven by the enthalpy for the frameworks formation). The MOFs
as porous scintillating monoliths will be obtained along two strategies to
minimize the risk. The first one performed by UNIMIB will be obtained by a
self-assembly of dicarboxylic ligands and metal-cluster nodes. They are
endowed with high surface areas in the 2000-3000 m2/g range and can host
several gas-guest molecules. The synthesis conditions can be modulated in
order to control the MOF crystalline size, from a few tens of nanometers to
microns, and to tune the pore size. These properties will have the advantage
of enhancing the adsorption efficiency and the fluorescence yield, thus
maximizing the detection ability. The new scintillating MOFs will be further
engineered by realizing “molecularly doped” crystals, in which a fraction of
the original ligand dyes will be substituted by emitter molecules with similar
steric hindrance and structural properties but with red shifted electronic
energies and emission spectrum. The idea underpinning this concept is to
exploit the fast migration of optical exciton created within the metal-organic
framework by the ionizing radiation to reach the dopant chromophores. In
such a way, this system will work as a photonic antenna able to emit at
frequencies Stokes shifted with respect to the original luminescence, thus
avoiding the self-absorption due to the high concentration of emitters in the
MOF structure and therefore maximizing the out-coupling of the scintillation
light produced, thus the overall detector sensitivity,. MOFs will be
incorporated in high porosity polymeric aerogels, or pressed into translucent
pellet to prepare monoliths that can be handled for final aims. In order to
maximize the transport properties of MOF/polymer composite aerogels,
aerogels with nanoporous (or ultra-microporous according to IUPAC
classification) crystalline phase based on syndiotactic polystyrene (s-PS)
and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) will be prepared. The
combination of a macroporous phase common of all aerogels and a
nanoporous crystalline phase typical of s-PS and PPO polymers allows a high
sorption capacity associated with a fast sorption kinetics of volatile
molecules even at low activities. The second strategy (CEA) aims to directly
grow large single crystals of MOF since large scale crystallinity with
minimized edge defect guarantees high purity. Chemically wise, a focus will
be made on MOFs based on classic scintillating molecules regarding the CEA
extensive background on scintillation phenomenon. Nevertheless, the largest



SPARTE project AW

crystals obtained so far are in the range of a few mm, while application
requires monolith in the cm range. CEA is developing adaptable protocol for
MOFs synthesis and crystal growth, which are unique in the fields.

WP3: MOF and aerogel structures will be characterized by X-ray diffraction
experiments, surface area and gas adsorption measurements (Nz, CO,, Xe
and Ar adsorption isotherms), thermal analyses, electron microscopy. As for
the optical and scintillating performances, the preliminary on-site tests will
be performed on site to speed up the feedback process (when equipment are
available) or at UCBL-ILM. When the composition will reach acceptable
performances, a complete scintillation characterization with x-ray or gamma
sources will be performed at UCBLILM for reliable comparison of
performances and to reach optimal composition. Then measurements for
benchmarking in “real use condition” will be performed with radioactive gas
at CEA. It includes the use of the triple to double coincidence ratio (TDCR)
technique with the functional sensors. For these benchmarking, CEA has
developed a unique new laboratory facility to produce reference atmosphere
in a gas chamber of all radioactive gases including standards. As for the
reference measurement method, they will rely on the combination between
Monte-Carlo simulation (CEA) and on the achieved performances of the
porous materials.

WP4: gathers the scientific coordination of the project and the overall
management of its administrative, financial, and legal aspects. Its main
objective is to ensure smooth coordination and efficient project management
thus contributing to the successful implementation of the project workplan.
Based on its strong experience in the management of transnational and
intersectoral large consortia in various fields, LIP will in this WP assist the
coordinator and the consortium in the monitoring of the other work packages,
the timely production of deliverables and achievement of milestones, in the
overall reporting process and in the risk detection and mitigation. LIP will
also support the definition and implementation of the communication,
dissemination and exploitation strategy defined by the consortium in
compliance with the rules and best practices governing the European-funded
projects.

Now that the entire project has been explained, it is time to dig deeper in the
gas detection systems and, in particular, to focus on WP3 tasks which are
some of the fundamental bricks for a next generation gas detection devices.
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CHAPTER 3 AN

RADIOACTIVE
GAS DETECTION
SYSTEMS

The following paragraphs illustrate the actual state of the art for the
detection of radioactive gases. The Swedish SAUNA system as well as the
CEA SPALAX™ are described. Particular emphasis is given to the detector
developed by SPARTE’s WP3, the micro-TDCR, a new generation of
detectors that will permit an on-site sampling and analysis.

3.1 Swedish Automatic Unit for Noble gas Acquisition
(SAUNA)

The Sauna system is mainly devoted to radioxenon detection, and it is thus
conceptualized as B-y analyzer!. A schematic of the full process is presented
in Fig. 2.12. The sample is adsorbed on an Ag-ETS-103 trap (an Ag coated
porous material with a particular affinity with xenon) within the sampling
oven (SOV) at an absolute pressure of 8 bar and at room temperature. The
measured gas is passed via a coalescing filter, a pressure swing adsorption
(PSA) module comprising two molecular sieve traps, and an extra molecular
sieve (MS) trap before entering the Ag-ETS-10 trap to lower the CO2 and H20
content. The PSA unit can handle samples containing extremely high
amounts of COz. The argon contained in the sample may be collected using
the exhaust from the sampling trap. This portion of the sample will mostly
comprise Nz, Oz, and Ar. During the sample phase of the operation, the gas
can be collected and analysed by an argon detection/processing system. To
prevent disrupting the SAUNA process by changing the pressures at the
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exhaust, collection should employ an expandable container'. The xenon
sample is processed in the processing oven (POV) by transferring it to an
active charcoal (AC) trap. By heating the trap, xenon is desorbed from the
xenon adsorption trap in the sample oven. The transfer is aided by the
evacuation of the trap and the application of a constant flow of nitrogen
carrier gas. The carrier gas is utilized to help the transfer in all phases of the
gas process except the PSA. Purification of xenon happens throughout the
process by selectively transferring xenon and eliminating both CO:2 and
radon!. A circulation fan and a ventilation hatch were added to ensure rapid
and uniform heating and cooling. Except for the two tiny ovens carrying the
carbogenic molecular sieve (CMS) traps, all ovens have this configuration®.
Before the sample is adsorbed onto the charcoal, the MS trap in the POV
eliminates any leftover CO2 and H20. This AC trap is substantially smaller
than the SOV trap, allowing for more precise sample transmission.

PSAl PSA2 Sampling Ovens Processing Oven

. 1 | 1 |

Vent CO,, H,0 Vent CO,, H,0  VentRn Vent CO,, H,0 VentRn

Sampling Transfer Unit

Quantification Unit Re-Quantification Archive bottles
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Fig. 2.1: Overview of the SAUNA IIl process. COz, H20 and Rn are removed in most of the processing steps prior to the

injection of the xenon sample into the detector. Different materials are used in the process to enrich xenon; several

types of molecular sieve (MS), Ag-ETS-10 and carbogenic molecular sieve (CMS), and the amount of stable xenon is

measured using a thermal conductivity detector (TCD). The red boxes indicates parts of the system that are heated

during the process. The PSA and the re-quantification steps are added as compared to the SAUNA Il process.

Reproduced from Aldener, M. et al.
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The sample is then further processed by heating the POV and transferring
the xenon onto the quantification unit (QU) column using a carrier gas flow.
The QU is a gas chromatograph that further purifies xenon, mostly from
radon, and quantifies the stable xenon volume using a thermal conductivity
detector (TCD). The pure xenon sample is put onto a tiny CMS trap in the
sample transfer unit (STU) after the QU. This compact trap enables for
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regulated injection into the detector cell's restricted volume, which is
emptied prior to the transfer. A typical sample takes roughly 6 hours to
process from the start of the procedure until the sample is put into the
measurement cell and the acquisition measurement can begin!. To assess
the activity in the sample, the device employs four B-y coincidence detectors®.
The sample activity is determined using three separate measures. Two
background measurements are performed prior to the sample measurement:
the detector background, which is normally collected during system setup
before the detector cells are exposed to radioactivity, and the gas
background measurement, which is performed just before injecting the
sample into the detector cell. The gas background measurement is used to
account for any leftover activity in the detector from prior samples. Following
the activity measurement, the measuring cell is evacuated, and the sample's
stable xenon concentration is

measured a second time NalT)

using  the same gas

chromatograph that was

Plastic scintillator
. . Il holding the X
used in the first cample

quantification. The sample
can then be preserved in one
of 14 archive bottles. A minor -

PMTfor B signal

. .. Xe inlet
CMS trap is used to inject eme
into the archive bottle. The .
PMTfor v signal
archival bottles have a —
capacity of 350 ml and are Fig. 2.2: Sauna system detectors. Reproduced from Blackber, L. et al®.

filled to an absolute pressure

of roughly 0.5 bar. To simplify Chain of Custody of the sample, the archive
bottles are labelled with RFID (radio frequency identification) tags. The
device can handle sample amounts of up to 12 m® before a substantial
decline in xenon extraction yield occurs. The system has been adjusted to
provide the greatest possible gas separation with very minimal cross
contamination between samples (0.1%) and good radon separation. Larger
samples can be analysed, but the process’s tight gas separation setting will
result in a lower yield. The major goal of this stringent separation setting is
to provide a satisfactory separation even for samples with high
concentrations of other gases, which can vary widely in soil gas. If excess
water and carbon dioxide are not eliminated, they can disrupt the system's
functioning. For example, too much CO2 adsorbed in the sample oven will
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alter the temperature profile during desorption owing to the de-gassing
process. Radon is commonly found in high amounts in soil gas samples. If it
is not removed, it will generate an interfering signal in the detector!. Each
gamma detector is made up of a 4.4 inch Nal cylinder connected to a single
PMT. The beta detector, a plastic scintillator EJ-204, is coupled to two PMTs
and is positioned in a 35 mm (diameter) hole through the Nal crystal's center.
The beta cylinder has an interior capacity of 18 cm® and a wall thickness of 1
mm®’. The adsorption of xenon in the detector cell plastic might leave a faint
radioactive "memory" of the prior sample. This impact can be mitigated by
taking a gas background measurement before each sample measurement.
The beta cells were coated with AlLO, to minimize the quantity of adsorbed
xenon®. The memory effect in coated cells was investigated by introducing a
high concentration of 3Xe and monitoring the remaining activity after the
cell was evacuated. The apparatus in its components is reported in Fig. 2.3.
The minimum activity detected for xenon isotopes is < 1 mBg/m3, well below
the minimum requirements request by the CTBTO?®. This system is thus very
efficient in revealing radioxenon isotopes but it is not optimized for other
radioactive gases. Moreover, it is limited in its dimensions making it not
suitable for on-site measurements. Indeed, the analysis is divided in two:
sampling and testing.

i

Fig. 2.3: A picture of the first SAUNA Il system, with the two
detector lead-shields in the back.
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3.2 Systéme de Prélevement Automatique en Ligne avec
I'Analyse du Xénon (SPALAX™)

SPALAX™ idea and design have been fully explained in different works!®!,
Moreover, the first design of the SPALAX™ apparatus comes from the ‘90s
with a design made by CEA. The new generation system is divided into five
main units, each of which houses all of the necessary equipment: sample
production is handled by three units (the sampling, purification, and
concentration modules); sample analysis is handled by the detection unit;
and system operation is handled by the control and command unit, which
houses the programmable logic controller, graphical user interface, and
electric board. The SPALAX-NG process's uniqueness in sample
manufacturing is based largely on the pre-enrichment of xenon utilizing
permeation membranes. This allows for self-production of the carrier gas
(N2) used in the purification and concentration processes. Two dry piston
compressors work concurrently in the sample unit. One drier membrane and
eight commercial nitrogen membranes are connected in series to remove
water and generate pure nitrogen with a greater amount of xenon. The flow
rate at the membrane exit is set to achieve a xenon concentration of around
2-3 parts per million by volume (ppmv)!2 The concentration unit contains an
initial separation and concentration step on two sets of activated charcoal
columns that operate alternately to separate radon and krypton from xenon
and recover xenon at a greater concentration into N2. These gas fractions,
including Xe, are delivered every 2 hours into the final concentration column,
which includes a CEA-developed silver-exchanged zeolite!34, At the end of
the cycle, the greatest quantity of N, is removed from this column by pushing
it via a vacuum pump before transferring the sample through heat and
expansion into the PIPSBox™ gas cell®®. For a volume of 13 Ncm?, the final
sample comprises roughly 35% Xe and 65% N.,. The detecting unit is primarily
based on the usage of a high-purity germanium detector (HPGe) and two
silicon pin detectors mounted on the inner face of a gas cell (PIPSBox™) and
put on top of the hyper-pure germanium crystal in coincidence mode!!. The
entire device is protected by lead shielding and a plastic scintillator utilized
as a cosmic veto on the top to lower the spectrometer's cosmic radiation
background. This setup provides high resolution for y/X-rays photons
detection (HPGe) on 4096 channels with an energy range of 0-700 keV and
a typical FWHM of 0.4 keV at 30 keV, as well as high resolution for B/
conversion electron (CE) detection (PIPSBox™) on 1024 channels with an
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Fig. 2.4: a, Schematic of four major steps for production and analysis of
atmospheric xenon sample by SPALAX-NG station (reproduced from Topin, S.
et al.”). b, Left, germanium/silicon (PIPSBOX™) radioxenon detection setup
devoted to the SPALAX™NG (without the shielding); middle/right:gas cell of
11.7 cm’ active volume equipped with two silicon detectors for electron
detection and protected by a 600 um carbon epoxy window entrance.
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energy range of 0-900 keV and a typical FWHM of 12 keV at 129 keV. The
HPGe detector is calibrated using a multi-gamma source in a custom
designed shape that resembles the PIPSBox™ cell. By detecting a standard
radioxenon gas, the PIPSBox™ detector is calibrated in conjunction with the
HPGe!. The HPGe/PIPSBOX™ spectrometer is a triple detection device
working in coincidence, that is a system with three detectors that give the
right signal when three events happen into the three different detectors!®.
Also here, the sensitivity is under 1 mBg/m?but this system is still limited to
xenon analysis and its dimensions make it not suitable for quick
transportation and use, as SAUNA.

3.3 micro-Triple to Double Coincidence Ratio (TDCR)

The limitation of systems like SPALAX™ and SAUNA resides in the fact that
they are B/y detectors, able to detect radionuclides which emits both of
them, like xenon. On the other hand, the micro-TDCR system is a radioactive
gas detector employing three photomultipliers working in coincidence,
strictly used for the measurements of the activity of pure B emitters. It was
developed by Dr. Benoit Sabot, one of the SPARTE project members, and
collaborators in CEA. This device has been conceptualized for on-site
measurement of environmental gas radioactivity. In a first time, it was
designed for liquid scintillation counting (LSC) but, given the interest in
having detector with higher efficiency and sensitivity, it is now employed in
SPARTE as host system for the porous scintillators considered in Chapter 2.
The triple-to-double coincidence ratio (TDCR) approach is a direct
measurement method acknowledged as a fundamental measuring
methodology for various radionuclides (pure B or a emitter, electron capture,
etc.) by the worldwide metrology community. If the scintillating sources are
created by precision weighting, the measurand is the activity of the
scintillating source, which may be connected to the mass activity of the
solution'®. The radionuclides that can be calibrated using this approach are
those for which the energy spectrum absorbed by the scintillating source
following a radioactive decay may be estimated!’. The use of three PMTs
working in coincidence enables fast and precise measurements, avoiding
spurious signals that are not related to the presence of a radionuclide. The
functioning principles are illustrated in APPENDIX A while a detailed review
on how TDCR devices work and the way in which they can measure and
estimate the activity of a certain sample can be found in the article of R.
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Brodal'®. Previous research by various national metrology institutes (NMls),
including the Commissariat a L'énergie Atomique (CEA) Laboratoire National
Henri Becquerel (LNELNHB), has demonstrated the importance of having
portable TDCR devices in order to perform on-site calibrations, particularly
for the measurement of 3H in nuclear power plants®®. Moreover, in the case
of sample of water containing 22Rn where the half-life is greater (3.8232 d),
source transportation, preparation, and sampling are highly difficult,
necessitating on-site calibration of the liquid scintillation counters. In
practice, transportation and restrictions governing the use of radioactive
sources are becoming increasingly challenging!®, thus having on-site
capabilities, requiring the use of a transportable and reference device,
becomes a valuable tool for metrology reasons. The design of the portable
instrument was primarily oriented by the geometry of the selected PMTs in
order to maximize the detection efficiency. To do so, the following
characteristics were considered:

- The typical sample is placed in a 20 ml glass vial.
- Optimization of the distance between the sample and the PMTs.

- The addition of neutral density filters could be useful to vary the detection
efficiency (avoiding saturation).

- The shape of the chamber was designed to optimize the collection of
reflected light.

- The system is compact, and the power supply is included.

- The device is shielded to avoid any electromagnetic interference from the
outside.

- The PMTs threshold must be easily adjustable to detect single photon.

- It must be possible to combine different detectors with the TDCR, like
spectrometers.

The Hamamatsu H11934-203 PMTs?° used in the micro-TDCR have a 30 mm
square window and a depth of 32 mm. The sensitive area measures 23 mm
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square. The ultra bialkali photocathode of these PMTs is paired with a
diffusive quartz window. Because of the modest size of these PMTs, a
compact device, as illustrated in Fig. 2.5, may be developed.

Light-filter holder

PMTs

Cable management
integrated into the device

Minimized amount of material 20 mL vial

to place other detectors

x
kD

Fig. 2.5: exploded views of the micro-TDCR system in its main components.

Reproduced from Sabot, B. et al.
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The optical chamber is produced in a single piece, which is only achievable
with 3D printing. In this scenario, white PLA is employed, resulting in a
surface that is not extremely reflective. PC-PTFE, which has a high reflective
index, would have been ideal, but tests revealed that it was not possible to
create an optical chamber with the mechanical and dimensional constraints
required for its use. As a consequence, white PLA was employed, and
surface reflectivity was improved utilizing additional surface treatments such
as painting or aluminum or reflective foil coating. A little cylindrical cut-out
on the bottom of the optical chamber has been built to guarantee that the vial
is always positioned in the same way. The radius of the cut-out is only
slightly bigger than the size of a typical vial, reducing the possibility of the
vial moving inside the chamber. One disadvantage is that a portion of the
vial's bottom is not immediately visible to the PMTs, which may result in
some little light loss. The optical chamber's form was then optimized by
treating its surface as a perfect mirror. Various geometries were explored
between the PMTs while the top and lower ends were adjusted to produce a
surface sloped at 45° . To focus photons on the PMT windows, triangular,

Reflectors at the bottom
and top of the vial

PMT Window with
sensitive area\

Fig. 2.6: 3D oprical chamber modeling of the micro-TDCR system (top) and cross
section of the optical chamber (bottom). Reproduced from Sabot, B. et al’.
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cylindrical, and flat spaces between PMTs were less effective than two
concave portions.

Fig. 2.7 depicts the entire micro-TDCR in its case. The power supply for each
device are produced locally, with +1000 V for the micro-TDCR and 1 mA for
each. The three PMTs are powered by the same power sources, and a voltage
divider built into the TDCR device ensures that each PMT receives the same
voltage. Because the PMTs were not chosen, their efficiencies are not
comparable, but it was decided to supply them with the same voltage and
perform an asymmetry correction during the measurement analysis. A
nanoTDCR module is used for signal processing. This module was created
concurrently for portable devices and tested with the TDCR system. The
nanoTDCR has several advantages, including the ability to run four
acquisitions in parallel — with two different user-selectable coincidence
windows (CW) and two different user-selectable base dead-time (DT)
durations. A single use of this system yields to four measurements at once
(2 CW and 2 DT).

Micro-TDCR

Metrologist's hand

LS vial 20 mL

Locally made high voltage
power supply (+1000 V,

2 mA), with safety
feedback on the cap

Yantel - nanoTDCR,
powered by USB

Cables

Fig. 2.7: The whole set of components, including locally-made high voltage supply, can be easily handled
and connected to a portable computer. Reproduced from Sabot, B. et al'.

63



64

W\A/V Chapter 3

3.4 References

1. Aldener, M. et al. SAUNA field - A sensitive system for analysis of
radioxenon in soil gas samples. J Environ Radioact 240, (2021).

2. Aldener, M., Axelsson, A., Fritioff, T., Kastlander, J. & Ringbom, A. SAUNA
Il - The next generation noble gas system for verification of nuclear
explosions. J Environ Radioact 262, (2023).

3. Kuznicki, S. M. et al. Xenon adsorption on modified ETS-10. Journal of
Physical Chemistry C 111, 1560-1562 (2007).

4. Aldener, M. et al. Results from a 6-month acceptance test of the SAUNA
IIl prototype at FOI.

5. Ringbom, A., Larson, T., Axelsson, A., ElImgren, K. & Johansson, C. SAUNA
- A system for automatic sampling, processing, and analysis of radioactive
xenon. Nucl Instrum Methods Phys Res A 508, 542-553 (2003).

6. Axelsson, A. SAUNA System Beta-Gamma Detector Calibration Stability
Monitoring and Correction. (2017).

7. Ringbom, A. & Axelsson, A. A new method for analysis of beta-gamma
radioxenon spectra. Applied Radiation and Isotopes 156, (2020).

8. Blackberg, L. et al. Memory effect, resolution, and efficiency
measurements of an Al 203 coated plastic scintillator used for radioxenon
detection. Nucl Instrum Methods Phys Res A 714, 128-135 (2013).

9. Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO, 2022):
https://www.ctbto.org/.

10. Topin, S. et al. SPALAX new generation: New process design for a more
efficient xenon production system for the CTBT noble gas network. J Environ
Radioact 149, 43-50 (2015).

11. Le Petit, G. et al. Spalax™ new generation: A sensitive and selective
noble gas system for nuclear explosion monitoring. Applied Radiation and
Isotopes 103, 102-114 (2015).



Radioactive gas detection systems /\/\/\/\/L

12. Topin, S. et al. 6 months of radioxenon detection in western Europe with
the SPALAX-New generation system - Partl: Metrological capabilities. J
Environ Radioact 225, (2020).

13. Monpezat, A. et al. Migration and Growth of Silver Nanoparticles in
Zeolite Socony Mobil 5 (ZSM-5) Observed by Environmental Electron
Microscopy: Implications for Heterogeneous Catalysis. ACS Appl Nano Mater
2, 6452-6461 (2019).

14. Deliere, L. et al. Role of silver nanoparticles in enhanced xenon
adsorption using silver-loaded zeolites. Journal of Physical Chemistry C 118,
25032-25040 (2014).

15. Sobel. Characterization of PIPS Detectors for Measurement of

Radioxenon.

16. Broda, R. A review of the triple-to-double coincidence ratio (TDCR)
method for standardizing radionuclides. Applied Radiation and Isotopes 58,
585-594 (2003).

17. Sabot, B., Dutsoy, C., Cassette, P. & Mitev, K. Performance of portable
TDCR systems developed at LNE-LNHB. Nucl Instrum Methods Phys Res A
1034, (2022).

18. Merelli, D., Annual IEEE Computer Conference, International Conference
on Advancements in Nuclear Instrumentation, M. M. and T. A. 3 2013. 06.
23-27 M. & ANIMMA 3 2013.06.23-27 Marseille. 3rd International Conference
on Advancements in Nuclear Instrumentation, Measurement Methods and
Their Applications (ANIMMA), 2013 23-27 June 2013, Marseille, France;

conference proceedings.

19. L, M. DE & Mer, D. LA. Décrets, arrétés, circulaires TEXTES GENERAUX.

http://www.legifrance.gouv.fr.

20. Hamamatsu. Hamamatsu, Photomultiplier Tubes R11265U and H11934
Series, Hamamatsu photonics, 2019,. https://www.hamamatsu.com/
content/dam/hamamatsu-photonics/sites/documents/99 SALES
LIBRARY/etd/R11265U_H11934 _TPMH1336E.pdf www.hamamatsu.com.

65



CHAPTER 4 AN

EFFICIENT RADIOACTIVE
GAS DETECTION BY
SCINTILLATING METAL-
ORGANIC FRAMEWORKS

Metal-organic frameworks, or MOFs, have developed as a broad family of
crystalline materials with ultrahigh porosity (up to 90% free volume) and
massive interior surface areas exceeding 5000 m?/g. These properties, along
with the extraordinary degree of variability for both organic and inorganic
components of their structures, make MOFs appealing for potential
applications in clean energy, most notably as storage media for gases such
as hydrogen and methane, and as high-capacity adsorbents to meet various
separation needs. Membranes, thin-film devices, catalysis, and biological
imaging are among the other applications that are gaining traction!. In
particular, MOFs are an extension of the class of coordinated network
materials. MOFs are made up of two major parts: an inorganic metal cluster
(also known as a secondary-building unit or SBU) and an organic molecule
known as a linker. As a result, the materials are sometimes referred to as
hybrid organic-inorganic materials?. Organic units are commonly monovalent,
divalent, trivalent, or tetravalent ligands®. The structure and hence
characteristics of the MOF are determined by the metal and linker used. The
coordination preference of the metal, for example, determines the size and
form of pores by defining how many ligands may bind to the metal and in
which orientation. Interestingly, organic linkers could be also dyes/
chromophores opening the way to thousands of combinations and
applications. The earliest reports of luminescence that we are aware of, in
which the structure was referred to as a "MOF," occurred in 2002. Since then,
more than 500 studies have been published reporting light emission by
MOFs, as well as a few reviews covering specific features of MOF luminous
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characteristics. Although not always fully defined, it is noticeable that
fluorescence, phosphorescence, and scintillation have all been recorded.
Indeed, the hybrid nature of MOF materials, which include both an organic
ligand and a metal ion inside a (usually) porous structure, allows for a wide
range of emissive phenomena present in few other groups of materials®.
There are several examples of fluorescent linkers. Organic linkers,
particularly those with n-conjugated backbones, have negligible spin-orbit
coupling, hence the symmetry of the singlet ground and excited states
determines the selection principles. As a result, the most intense emission
(fluorescence) is generally from the lowest excited singlet state to the singlet
ground state. As anticipated before, scintillation is one of the fields in which
MOFs can emerge. Indeed, the interplay between the two components of
MOFs is striking: the fluorescent organic linkers that can scintillate by
themselves and the metal cluster nodes that, being typically heavy and so
with high Z, can stop ionizing radiation very efficiently. Thus, the MOF
architecture is really beneficial for the generation of free charges upon
interaction with ionizing radiation that can be then readily collected by the
fluorescent organic linkers resulting in visible light emission. One of the first
examples of scintillating MOFs comes from the expertise of prof. Allendorf
and co-workers. They presented two different MOFs architecture, based on
Zinc metal clusters as nodes and stilbene dicarboxylate as emitting ligand,
able to well detect both a. and B particles®®. Since this first discovery, several
are the geometries discovered with different ligands involved and with
different applications, from imaging to detection. And this brings us to the
main topic of this writing. Following the pioneering work of Allendorf, here at
the University of Milano-Bicocca we developed, synthesized and studied a
new kind of MOF, specifically engineered for the field of ionizing radiation
detection and, more in detail, for the detection of pure B emitting gases
thanks to the material’s high degree of porosity.

To sum up, to be controlled as pathogenic agents, radioactive diagnostic
agents, or nuclear activity indicators, natural and anthropogenic gas
radionuclides such as radon, xenon, hydrogen, and krypton isotopes must be
monitored. Modern detectors based on liquid scintillators are hard to prepare
and have limited gas solubility, which affects measurement accuracy. The
fundamental difficulty is to discover solid scintillating materials that can
concentrate radioactive gases while also creating visible light with great
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sensitivity. These requirements can be accomplished because to the high
porosity of metal-organic frameworks (MOFs) and the usage of scintillating
building blocks. We show that a hafnium-based MOF with dicarboxy-9,10-
diphenylanthracene as a scintillating conjugated ligand may detect gas
radionuclides. Fast scintillation, a fluorescence yield of 40%, and accessible
porosity appropriate for hosting noble gas atoms and ions are all
characteristics of metal-organic frameworks. The adsorption and detection
of 8Kr, 222Rn, and 3H radionuclides are investigated using a newly constructed
apparatus based on a temporal coincidence approach. Metal-organic
framework crystalline powder displayed superior sensitivity, with a linear
response down to a radioactivity value of less than 1 kBg/m3 for ®Kr,
outperforming commercial devices. These findings support the application of
scintillating porous MOFs in the fabrication of sensitive detectors for natural
and anthropogenic radionuclides. In Fig. 4.1 a sketch of the Hf-DPA MOF and
the working principle are presented.

Scmtlllatmg sponges concept Radioactive gas detection with

porous scintillators
“00C: O Q O -CO0"~
Gas mix IN Gas mix OUT
DP Hfs0,(OH),(CO0"),, B radiation #

[gas radionuclide \

gas capture
scintillating nanosponge

time-coincidence
detection scheme

scintillation
photons

120°

. \ scintillation
§ photons
’“‘g g 2 %

Fig. 4.1: 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 f-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 [ -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.
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4.1 Synthesis and analysis of hafnium-based MOFs

This paragraph is fully dedicated to the synthesis and basic characterization
of the two fundamental elements of the MOF architecture studied: the
hafnium oxide cluster nodes and the dicarboxy-9,10-diphenylanthracene
scintillating ligand. In general, Hafnium-based MOFs containing luminescent
DPA ligands (Hf-DPA) were synthesized using a solvothermal synthesis®’
optimized to produce octahedral crystals with a cubic crystal structure 385
nm in diameter—at which size the emission properties are best—in highly
reproducible batches ranging from a few tens of milligrams to 200 mg?.

4.1.1 9,10-bis(4-carboxyphenyl)anthracene ligand

COOr

.

9,10-bis(4-carboxyphenyl)anthracene (DPA) was synthetized
using a Suzuki coupling with a modified procedure®. Briefly,
9,10-dibromoanthracene (1 g, 2.98 mmol) and

OOO 4(methoxycarbonyl)phenylboronic acid (1.18 g, 6.55 mmol)

4

were dispersed in a 1:1 acetonitrile/water mixture (20 mL
each) in a Schlenk tube. Nitrogen was bubbled for 1 hour to
remove the oxygen from the reaction vessel. Potassium
carbonate (2.89 g, 20.9 mmol) and Pd(PPh,),Cl, (0.25 g, 0.36

COO . .
mmol) were added and the reaction was stirred and heated at
Fie. 41 910-bis(d- 100°C for 96 hours. The reaction was allowed to cool to room
carboxyphenyl)anthracene temperature and rotary dried under vacuum. The product was
ligand. extracted with chloroform, dried over anhydrous sodium
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sulphate, filtered and rotary dried under vacuum. The yellow
solid was purified by column chromatography using chloroform as eluent. A
yellowish crystalline solid was recovered after rotary evaporation and was
dried under high vacuum to obtain dimethyl 4,4’-(anthracene-9,10-
diyl)dibenzoate. Then, the yellow solid (1g, 2.24 mmol) was dispersed in a
mixture of THF (90 mL), ethanol (30 mL) and deionized water (30 mL) and
potassium hydroxide (1.56 g, 27.8 mmol) was added. The mixture was stirred
and heated at 66°C for 24 hours. The completion of the reaction was
assessed by TLC analysis using chloroform as eluent. Then, the mixture was
allowed to cool to room temperature and concentrated HCl was added until
pH ~ 1. The organic solvent was removed by rotary evaporation and the
precipitate was collected by filtration and washed with deionized water. The
solid was dried under vacuum and recrystallized from THF to obtain 9,10-
bis(4-carboxyphenyl)anthracened. In Fig. 4.3 'H liquid NMR of 9,10-bis(4-
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carboxyphenyl)anthracene is showed to account for the purity of the
obtained product. Moreover, in Fig 4.4 it is reported optical microscopy
mages of crystal of 9,10-bis(4-carboxyphenyl)anthracene under sunlight and
under 365 nm UV light.
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Fig 4.3: H liquid NMR of 9,10-bis(4-carboxyphenyl)anthracene.
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@

Fig 4.4: Optical microscopy images of crystals of 9,10-bis(4-carboxyphenyl)anthracene under sunlight
(left) and UV light (365 nm, right).
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4.1.2 Hf-DPA MOFs

MOF crystal growth was controlled by an increasing amount of modulator
(formic acid). The screening reaction was performed on a small scale of tens
of milligram. 9,10-bis(4-carboxyphenyl)anthracene (10.44 mg, 0.025 mmol)
and HfCI, (8.0 mg; 0.025 mmol) were added to a 12 mL glass vials. Dry DMF
(2.5 mL) and the proper amount of formic acid was added. The mixture was
sonicated for 60 seconds to produce a homogeneous dispersion and the vials
were heated in a preheated oven at 120 °C for 22 hours. Then, the vials were
removed from the oven and cooled down to RT. The yellowish solid was
filtered on a 0.2 um PTFE membrane and washed with DMF (3 x 10 mL) and
then with CHCI, (3 x 10 mL). The powder was recovered and dried at 120 °C
under high vacuum before further analysis. In this way it was possible to
obtain octahedral crystals with a cubic crystal structure and 385 nm in
diameter. Notably, different sizes of Hf-DPA MOFs can be obtained following
the above synthetic pathway and changing the amount of formic acid used
as modulator®.
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Fig. 4.5: the Rietveld refinement plot of synchrotron-source PXRD pattern of activated Hf-
DPA collected at RT. Data were collected at the ESRF ID22 beamline by synchrotron radiation
at 0.35433 A. The structure was solved by Rietveld refinement combined with PW-DFT.

The crystal structure was solved by Rietveld refinement combined with PW-
DFT of synchrotron-source PXRD. Hf-DPA crystals display a cubic crystal
structure (space group Fm-3m) with fcu topology comprising connected
octahedral and tetrahedral cavities (10.2 A and 17 A diameter fitted spheres,
respectively). These cavities are connected by triangular windows through
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which a sphere of 5.3 A in diameter can
pass, thus yielding highly connected
three-dimensional pores. The total
available pore volume corresponds to
70%, as explored by a sphere of 1.82 A
radius. The Hf-DPA MOFs has been
reproduced in different batches with an
optimum agreement as it is showed by
the XRD patterns in Fig. 4.6. Thus, from
the data obtained from XRD patterns, it
was possible to reconstruct the
structure of Hf-DPAs MOFs in Fm-3m
space group. In Fig. 4.7 is showed the
primitive cell representation of the Hf-
DPA structure with best fitted spheres
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Fig. 4.6: Powder x-ray diffraction patterns of Hf-DPA
(light blue), Hf-DPA-a (green), Hf-DPA-b (red) and Hf-
DPA-c (purple) collected on a Rigaku Smartlab
diffractometer using Cu Ka radiation.

included in the structure to highlight the void volumes. Representation of the

connectivity between the nodes to highlight the tetragonal and octahedral

regions is also underlined.

Primitive cell of Fm-3m

Fig. 4.7: a, structure of Hf-DPA MOFs in the Fm-3m space group as refined by powder-XRD data. B, the
primitve cell of Hf-DPA MOFs displaying tetragonal and octahedral cavities.

In order to study the size distribution Hf-DPAs and to better investigate on

their cristalline structure, Scanning Electron Microscopy (SEM) images are

reported in Fig. 4.8. The particle size was evaluated using more than 200

particles with software Imagel). The data were fitted with a gaussian
distribution resulting in an average size of 385 nm. The obtained Hf-DPAs

MOFs were then analyzed by Energy-Dispersive Spectroscopy (EDS) means
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that enabled the compositional analysis of Hf-DPA. The sample was
deposited on a graphite stab and coated with graphite to increase the
conductivity before EDS analysis.
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Fig. 4.8: a,b, Scanning electron microscopy (SEM) images of Hf-DPA MOFs at different magnification. Hf-DPAs MOF
crystals were casted on silicon surface and sputtered with gold before image acquisition. ¢, Particle size distribution of
Hf-DPA nanocrystals calculated from SEM images. The particle size was evaluated using more than 200 particles with
software ImagelJ. The data were fitted with a gaussian distribution (blue line). d, Energy-Dispersive Spectroscopy (EDS)
means that enabled the compositional analysis of Hf-DPA. The sample was deposited on a graphite stab and coated
with graphite to increase the conductivity.
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4.2 Gas adsorption analysis of Hf-DPA MOFs

The major concern when dealing with porous materials is the need to
understand their internal structure, and, in particular, to quantify the
extension of their internal surface. Acting in this way it is possible to study
their porosity and gas adsorption capabilities. Thus, for Hf-DPA MOFs low-
temperature gas adsorption isotherms show the microporous character of
Hf-DPA as well as the adsorption of noble gases like argon and krypton. At
ambient temperature, the argon and krypton adsorption isotherms were also
measured, confirming gas diffusion inside the cavities under pressure and
temperature circumstances similar to the operational situation of radioactive
gas detection. In this context, hyperpolarized 1*Xe NMR measurements offer
direct detection of noble gas diffusion through the pores of the Hf-DPA, even
in  competition with other gaseous species and wunder flow
circumstances’!% Interstingly, all the gas used to test the Hf-DPA MOFs
adsorption capability are also key target for the SPARTE project (Chapter 2).
In Fig. 4.9 it is possible to appreciate that the free space inside the MOFs
primitive cell is well fitted to host several gases of interest.

Ar Kr Xe Rn

@ (A)
3.67 4.04 4.32 4.4
Fig. 4.9: The yellow cross-sectional area of the Hf-DPA triangular windows was mapped using a probe
radius of 1.2 nm. The grey circles represent the largest diameter of sphere that can pass through the
cross-section. The Van der Waals diameters of the noble gases from Argon to Radon are presented below.
Gas molecule radii are consistent with pore size and may freely diffuse through the Hf-DPA structure.
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4.2.1 Isotherms analysis

Adsorption isotherms for N,, Ar, and Kr obtained at 77 K and room
temperature demonstrated the open porosity and pore accessibility of Hf-
DPA to gases. According to the Langmuir and BET models, the N, adsorption
isotherm obtained at 77 K reveals an uptake as high as 29.7 mmolg! and
surface areas of 2887 m?g! and 2613 m?g, respectively.

30 35 |
% 25 =z S 30 }
S 20 é E 25
£ £ 02 E 20t
£ 15 2 13.9A
£ £ 2L 15}t
2 104 ool £ 10
=1 5 5 [
-]
) 2 0 o
5 , € 5 10 15 20 25 S Ar@ 77 K
04 Pore width (A) 0 — Kr @ 77K
0 0.2 04 0.6 0.8 1 1 0-4 1 0-3 1 0-2 1 0-1 1 00
Pressure (p/p°) Relative pressure (p/p°)
1
30{b z d 3
D
—~ 2 0.3} 08 5
E 25+ mg /H /14.0A %
. ~ S
g 204 5 02_10.9/& 0.6 3
£ 151 2 o
= B 043
= 10 © 0.1 o
2 g 017 :
% 5- 2 '02(_§U
[e)
0+ T T o T T o 0- 11 ml 1 1 111 -0 8
1E-5 1E-4 0.001 0.01 01 1 10 100
Pressure (p/p°) Pore width (A)

Fig. 4.10: a, b, N2 adsorption isotherms collected at 77 K for 4 different batches of Hf-based MOF with
the x-axis displayed in linear (left) and logarithmic scales (right). Inset: comparison of the differential pore
size distributions calculated from the adsorption isotherms using non-local density functional theory and
carbon slit pore model. Hf-DPA (light blue), Hf-DPA-a (green), Hf-DPA-b (red) and Hf-DPA-c (purple). c,
Argon (light blue) and krypton (dark blue) adsorption isotherms collected at 77 K. d, pore size distribution
calculated from argon adsorption isotherm using the non-local density functional theory method.

Notably, noble gases like Ar and Kr are also successfully adsorbed. The
adsorption isotherms at low partial pressure and 77 K show sequential gas
adsorption at distinct pressures consistent with the filling of the smaller
tetrahedral cavity, followed by the larger octahedral cavity, with mean pore
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sizes of 10.9 A and 14.0 A, Confined Free

respectively, consistent with the Q Xe
crystal structure. Importantly, total 293 K A

pore filling is already obtained at

partial pressures as low as 0.2 p/p°, 248 K l N
showing that both pores are fully

accessible to all of th.e investigated 202 K l

gases. Ar exploration of the =
octahedral cavity with regard to the l

bigger Kr exhibits a different 195K -
behavior. Because of higher Kr-Kr

interactions, the latter fills these 187 K R
holes at a lower pressure than Ar. 180 140 100 60 50 -20

The estimated pore volume using Ar 5 ( m)
and Nz is 092 cmgl, which PP
Fig. 4.11: Hyperpolarized '2*Xe NMR spectra of Hf-DPA at

coincides with the ComDUted pore variable temperature, 2% xenon in a mixture with nitrogen

volume from the crystal structure. and helium at different working temperatures.
Moreover, the Hf-DPA MOFs sample
has been analysed via

hyperpolarized Xe NMR which is a peculiar NMR technique performed
under a mixture of gas containing xenon. It monitors the change in the
chemical shift associated to xenon when diffusing in a material in
comparison with the signal of free xenon. This is a valuable method to
understand the porosity of a material. In this case, a direct proof of the
diffusion of a noble gas like ?°Xe inside Hf-DPA MOFs is given, even in
competition with other gaseous species. The detection of the signal at
0 = 97.7 ppm within 200 ms demonstrates the fast diffusion in the Hf-DPA
MOFs restricted pores?.

4.2.2 Gas distribution inside Hf-DPA MOFs

The capacity of porous Hf-DPA to adsorb and concentrate radioactive
isotopes of argon, krypton, xenon, and radon at room temperature was
established using a combination of experimental and simulated
methodologies. The adsorption isotherms derived using Grand Canonical
Monte Carlo (GCMC) simulations are shown in Fig. 4.12. They correctly
recreate the experimental isotherms for argon and krypton, indicating the
predictive utility of the developed modeling. The simulation of adsorption at
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a given pressure reveals a relationship between the quantity of gas adsorbed

and the atomic mass, with a preference for heavier radon. Smaller gases,

such as krypton, are more homogeneously distributed in all available space,

whereas the larger radon atom is preferably hosted in the MOF's smaller
tetrahedral cavities, due to more effective interactions between the gas

molecules and the framework walls. The gas-matrix interaction

energies provide insight into the framework's affinity and retention

capabilities for the exploration gases, which are relevant for selectivity and

detection applications in air. The gas diffusion model in the presence of air

at room temperature shows that krypton atoms pervade the entire MOF

crystals in tens of microseconds, demonstrating that noble gas radionuclides
could be rapidly adsorbed into the pores under standard working conditions.
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Fig. 4.12: 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 x 32.79 x 32.79 A3) at 298 K. The uptake is expressed in
molecules per unit-cell (MPU). b, Energy distributions obtained from the fixed pressure GCMC adsorption simulations,
performed at 5 kpa (0.05 bar) and 298 K, for Kr, Xe and Rn. ¢, Gas density distributions calculated at 5 kpa (0.05 bar)
and 298 K using fixed pressure GCMC adsorption simulations for Kr, Xe and Rn using the primitive unit-cell of Hf-DPA.
Red indicated very low density while blue indicates the highest. The use of the primitive cell allows for better
visualization of the pore occupancy. The spherical representations of the different pores are shown to more easily

correlate the pores with the density distribution.
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4.3 Hf-DPA MOFs photoluminescence and scintillation
properties

Hf-DPA MOFs has been synthesized as porous scintillators, thus the study
of their photophysical properties is the starting point for the understanding
of the potentialities of this material in the gas detection field.

The first element to be analysed is the photoluminescence of the DPA ligand.
In general, DPA is a well-known molecule extensively used in the scintillation
field due to its high light yield (10000 ph/MeV) in crystal form and its
photoluminescence decay time under ten of nanoseconds. Here are
presented the continuous wave photoluminescence (CW-PL), the absorption
(ABS) and time resolved photoluminescence (TR-PL) signals of 9,10-bis(4-
carboxyphenyl)anthracene excited at 340 nm and collected at 430 nm in a
tetrahydrofuran (THF) solution. In Fig 4.13 it is appreciable how the time
resolved signal of the moieties resembles a full mono-exponential decay,
typical of conjugated organic molecules, with a characteristic lifetime of 5 ns.
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Fig. 4.13: a, photoluminescence (PL) and absorption (ABS) spectra of 9,10-bis(4-
carboxyphenyl)anthracene. b, Time resolved photoluminescence spectra (TR-PL) of 9,10-bis(4-
carboxyphenyl)anthracene (red) and mono-exponential fitting function (green) displaying a typical
lifetime of 5 ns.
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When dealing with MOFs architecture, the properties displayed by the single
molecule change. Fig. 4.14 shows the steady-state photoluminescence and
excitation photoluminescence (PLE) spectra of Hf-DPA dispersed in THF.
Upon 405 nm ultraviolet excitation, the solution showed a bright blue
fluorescence peaked at 450 nm. With the respect to DPA single molecule, the
PL spectrum of Hf-DPA MOFs resulted to broadened. This peculiarity mirrors
the presence of an environment strongly affected by the local distribution of
the sizes of Hf-DPA MOFs51¢, Bigger MOFs tend to emit at longer wavelength
in comparison with smaller ones, resulting in a superposition of the different
emission spectra. Moreover, the high density of DPA molecules present in a
single framework pushes the fluorescence peak at longer wavelengths, still
in comparison to the single molecule photoluminescence properties. On the
other hand, the PLE profile collected at 450 nm matches the vibronic replica
of the DPA moieties. The same experiments executed above are performed
also on Hf-DPA MOFs in powder form. Fig. 4.14 shows also the PL spectra
collected at a cryogenic temperature of 77 K that display a blue shift of the
emission in comparison to the measurements acquired at room temperature.
The PL peak for the solution shifts from 450 nm to 440 nm while in powder
form shift from 490 nm to 480nm. Furthermore, the spectra display a
narrowing of the emission. Both the narrowing and the blue shift at 77 K are
linked to the vibration-free alignment of the transition happening at the
cryogenic regime that reduces the phenomenon of self-absorption.
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Fig. 4.14: The excitation photoluminescence (PLE, dashed line) and photoluminescence (PL) emission
spectra of MOF crystals dispersed in THF (5 x 10—8 M) (a) or as bare powder (b). The photoluminescence
was recorded at 300 K (solid line) and 77 K (dotted line). The excitation wavelength is 355 nm.
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Time resolved photoluminescence was also performed on the MOF
dispersion and on the powder sample. The Hf-DPA MOFs dispersion at room
temperature displayed a characteristic average decay time of 2.8 ns and a
photoluminescence quantum yield of 0.41 + 0.06 (relative QY in comparison
with DPA, QY=0.97). When dealing with cryogenic temperature, it is
registered an increased decay time of 3.3 ns, which indicates an emission
yield increment to 0.41 x (3.3 ns/2.8 ns) = 0.48 (+18%). This verifies the
absence of significant thermal quenching by intramolecular vibrational
processes in Hf-DPA MOFs®1916 When dealing with powder, the emission
lifetime of 2.4 ns remains almost constant. At 77 K, the emission maxima is
slightly blue shifted to 480 nm, with a lifespan increase to 3.5 ns,
demonstrating that the MOF powder's excited state electronic properties are

similar with those of single crystals in diluted dispersion.
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Fig. 4.15: a, b, 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.

Interestingly, the behaviour represented by the time decay dynamics is totally
different from the one observed in DPA-only solution. Indeed, the TR-PL
signal of Hf-DPA MOFs display a multi-exponential dynamic and a
characteristic lifetime very different from the one of the DPA molecule. This
can be explained through the phenomenon of concentration quenching: the
presence of a multitude of DPA molecules surrounding a single Hf-cluster
node modifies the ensemble emission, quenching it. Moreover, the presence
of a distribution of sizes is another factor to consider when dealing with solid
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state materials. Fig. 4.16 depicts the steady-state scintillation
(radioluminescence) spectra of Hf-DPA MOFs powder under soft X-rays in
comparison to the commercial plastic scintillator EJ-276. The
radioluminescence profile  of  MOFs powder resembles the
photoluminescence spectrum. Notably, despite the fact that the density of
Hf-DPA MOFs is lower than that of EJ-276 (0.6-0.7 g cm™3), the scintillation
generated by MOFs is more than one order of magnitude stronger. This is due
to the fact that the inclusion of heavy hafnium ions (Z = 72) enhances the
interaction with ionizing radiation'® as seen in Chapter 1. The complete
description of the scintillation phenomenon in Hf-DPA MOFs is also
illustrated in Fig. 4.16. The high energy photon interact primarily with the
heavy cluster of hafnium oxide due to their high Z and, thus, their higher
interaction cross section. This event makes possible the ionization process
inside Hf-DPA MOFs, generating high energy electrons and holes cascades.
This shower of free charges is able to diffuse in the material until they
thermalize and get collected by DPA molecules that represent the favourite
de-excitation pathway. The charges thermalize once more when localized on

the DPAs, giving rise to the visible emission.
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Fig. 4.16:a, Outline of the scintillation process. Free charges are generated by interaction of the ionizing radiation
with the polymer and MOF nanocrystals. They recombine generating emissive singlets on the DPA molecules, where
the fluorescence can be detected by a photon counter. The resonance between the X-ray-activated luminescence of
the clusters and the DPA absorption enables the sensitization of singlets by radiative and non-radiative energy
transfer from excited clusters. b, Radioluminescence (RL) spectrum of Hf-MOFs and plastic EJ-276 scintillator
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Furthermore, Hf-DPA MOFs generate 100 4
a quick scintillation light pulse with a
sub-nanosecond rise time and a 3 ns
average decay duration, which is w0t
consistent with photoluminescence
decay dynamics. This demonstrates
that the MOF emission
characteristics are not altered by X-
ray excitation. Hf-DPA

MOFs photoluminescence and

Normalised RL Intensity

102

. . 10—3 1 1 1 1
radioluminescence have been 0

Time (ns)

measured in relation to temperature.

Fig. 4.17: scintillation decay signal of Hf-DPA

The MOF powder normalized _
MOFs excited through pulsed soft x-rays.

photoluminescence spectra recorded

cooling from 300 K to 10 K are shown in Fig. 4.18. Because band narrowing
reduces self-absorption, the emission maximum wavelength moves to 480
nm at low temperatures. The inset shows the photoluminescence intensity
increasing by +40% at temperatures below 100 K, corresponding to a
quantum vyield increase of up to 0.60. This improvement is more than

predicted, given the commensurate increase in emission lifetime.
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Fig. 4.18: Normalized PL (a) and RL spectra (b) of Hf-DPA powders as a function of temperature. The inset in b
depicts the radioluminescence intensity normalized to the PL intensity variation shown in the inset of a, as a function
of the temperature.
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These findings imply that the partial emission quenching involves additional
temperature-dependent ultrafast quenching mechanisms of diffusing
charges or molecular excitons'’. Variable-temperature radioluminescence
investigations indicate the occurrence of traps. The photoluminescence
spectrum affects the radioluminescence spectrum. The radioluminescence
intensity, on the other hand, is lowered by a factor two at 10 K after being
adjusted by the photoluminescence behaviour to highlight the intrinsic
luminescence dependency on temperature. This is a signature of trapping
sites, which compete with the recombination of diffusing free charges on
emissive ligands. Thermal energy can release stored charges and allow them
to be recovered for light production when temperatures approach a thermal
equilibrium?®, but at low temperatures they are lost with a fall in emission
intensity. The role of the trap in scintillation is studied using wavelength-
resolved thermally stimulated luminescence (TSL) measurements'®2. The
smooth TSL glow curve (obtained by integrating the wavelength-resolved
TSL spectra across the entire emission region) demonstrates the presence
of a wide range of trap sites with varying energy depths, which have no
significant effect on the scintillation yield of the MOFs.
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Fig. 4.19: a, RL intensity as a function of cumulated dose (green to blue dots) delivered in 900 s and TSL intensity (blue
to red dots). b, Contour plot of wavelength-resolved TSL intensity.
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To fill trap sites and minimize spontaneous depletion due to thermal energy,
the MOFs are subjected to ionizing radiation up to roughly 10 Gy at 10 K 2,
Following irradiation, the temperature of the sample is raised at a linear
heating rate while the luminescence produced is monitored. This experiment
demonstrates the role of de-trapped charges in the generation of scintillation
light at ambient temperature. The form of the TSL signal vs. temperature,
known as the material's glow curve, is determined by the type of the traps
that are thermally releasing charge carriers. To separate the trap contribution
to emission from the other processes involved in scintillation, the TSL
intensity data have been adjusted for the fluctuation in radioluminescence
emission intensity vs. temperature. The glow curve is broad and smooth, with
no discernible signal peak, and rises at roughly 100 K. This featureless
shape, free of any narrow peak structure indicating a specific energy,
suggests the presence of a broad energy distribution of trap states??? which
is consistent with the smooth radioluminescence and photoluminescence
spectra, which reflect the presence of many different local environments and
quenching pathways for the MOFs emitting ligands (Fig. 4.19). By computing
T%=1 /(I +I) it is possible to estimate the amount of light originating
from the thermal release of trapped carriers and not contributing to the
prompt scintillation response and for Hf-DPA MOFs is calculated to be 2.5%.

4.4 Radioactive gas detection by Hf-DPA MOFs

The synthetic pathway, the gas adsorption capabilities as well as the
photoluminescence and scintillation properties of Hf-DPA MOFs have been
explored in the last paragraphs. All these studies have been performed to
understand the material in detail and to profile it for its final application: the
detection of harmful radioactive gases. To do so, the micro-TDCR device
analysed in Chapter 3 have been used. The micro-TDCR is a detector built
with three photomultipliers working in coincidence that was primarily used
for liquid scintillation counting and that now is a fundamental brick of the
SPARTE project. The analysis on Hf-DPA MOFs were performed on a
custom-made test bench at CEA (Fig. 4.20). Here an air sample mixed with
radioactive gas is placed in the circuit. The gas concentration is known and
so is the activity. A pump transports the mix inside the TDCR chamber. Here
the Hf-DPA MOFs are placed inside a vial like the one in Fig. 4.20 at the
centre of the device. The gas gets pumped in the measurement vial, and it
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gets adsorbed by the material as seen
in the paragraph 4.2. Once the atoms
follow their decay path, the energy
release by the B decay is deposited
inside the material and the whole
phenomenon of scintillation takes
place. The gas used for this kind of
analysis and available at CEA are: 3H,
8Ky, 22Rn. The gas detection
measurements were performed in
relation with dye-doped polystyrene (a
well-known scintillator in the field of
plastics) microspheres?. Since,
currently, there is not a real standard
in the field of porous scintillation, this
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cps, counts per second.

86



*\/\/\N\/ Chapter 4

CATHODE RADIANT SENSITIVITY (mAW)
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material represents the only way to understand the Hf-DPA MOFs
capabilities. The RL feature of these microspheres is represented in Fig.
4.21. The Hf-DPA has been tested using a radioactive isotope of krypton
(85Kr). The electrons produced by the B-decay of #*Kr have an average energy
of 251.4 keV and a maximum emission energy of 687.1 keV. To adjust the
activity of the gas sample, different concentrations of the radionuclide can
be blended in the air. The TDCR technique can be applied using different
coincidence windows to maximize the device’s sensitivity?*?®, The
coincidence windows used with Hf-DPA MOFs are 40 ns (as used with liquid
scintillators) and 400 ns. The results for detecting #Kr utilizing 175 mm
diameter dye-doped polystyrene microspheres and Hf-DPA are shown in Fig.
4.22. The statistics show that porous crystals behave efficiently. First, for
coincidence windows with 40 ns and 400 ns, respectively, Hf-DPA produces
scintillation intensities that are approximately 4.6 and 3.9 times higher than
those of microspheres. This shows that Hf-DPA is an effective scintillator
despite having a lower intrinsic density than polystyrene (0.65 g cm=3 vs 1.02
g cm?3). Notably, the reproducibility of gas detection is quite good (1.3% for

40 ns and 2.5% for 400 ns
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fast scintillators with a small contribution from slow emission, providing a
response that is closer to the desired time-independent behaviour. Third,
MOFs have slower kinetics than polystyrene when it comes to reaching the
maximal scintillation signal. The signal rise time for Hf-DPA is about 600 s
compared to 100 s for microspheres, which is measured as the amount of
time needed to reach 90% of the maximum plateau. When the radionuclides
are removed from the sample by purging with clean air, a similar effect is
shown. While it takes the polystyrene microspheres half as long, the
scintillation stops in 800 s for MOFs. These results suggest that the
radionuclides are adsorbed within the MOF pores, in agreement with the
experimental and simulated adsorption tests, in addition to the fast,
automatic filling of interparticle space within packed microspheres, thereby
promoting the interaction of the B-radiation with the scintillator that leads to
improved performance. Testing Hf-DPA MOFs crystals as detectors with
other interesting radionuclides, such as 3H and ?22Rn (with its four equilibrium
decay products, which are low- and high-energy emitters), showed the
adaptability of this method. Given the greater radon capture in the pores, the
output of the scintillation should increase in comparison to krypton. In
comparison to polystyrene, the detection efficiency has been increased
twentyfold. The MOF powder exhibits superior sensitivity in the detection
counting rate, which is double that of polystyrene, even for the elusive
tritium. Given that 3H is one of the most challenging gas atoms to detect and
that its typical B-radiation energy is only a few keV, this result is crucial. With
regard to krypton, we further examined the device in relation to the sample's
activity since a steadily increasing number of sensitive detectors is needed.
Figure 4.24 illustrates how Hf-DPA MOFs were able to detect &Kr from an
initial activity of 21 kBg m= down to 0.3 kBg m-3, which is two orders of
magnitude less. Since the instrumental response is linear with the sample
activity, it is possible to calibrate equipment to extremely low activity levels
with great accuracy. Due to the porous scintillator's capacity to adsorb the
gas, the MOFs crystals were able to successfully detect an activity below the
minimum value declared for commercial #®Kr detectors in a device that was
much smaller in size, with less monitored gas, and using acquisition times
that were one order of magnitude shorter 26?7, These astonishing results
emphasize the potential technological advantage of adopting compact, user-
friendly, and less expensive devices by demonstrating that the prototype
device shown here, although being in its embryonic condition, exhibits better
sensitivity than cutting-edge equipment. This work strongly encourages the
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development of radioactive gas detectors based on porous MOF crystals as
scintillators in order to get around current technological constraints,
especially in light of the good stability of Hf-DPA that does not require any
critical storage protocol.
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Fig. 4.24: Double coincidence detection rate of ®Kr 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 (red and violet line, respectively 26'27). The solid
lines are the fit of data with linear functions. Error bars depict the residual values of the fit.
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4.5 Methods

Nuclear magnetic resonance (NMR) spectroscopy
'H-NMR spectra were recorded on a AVANCE NEO Bruker instrument (400
MHz).

Powder X-ray diffraction

PXRD measurements of Hf-DPA-x were collected with a Rigaku Smartlab
powder diffractometer over a range for 26 of 3.0 — 50.0° with a step size of
0.02° and a scan speed of 1.0° min™ using Cu-Ka radiation, 40 kV and 30
mA. PXRD measurements of Hf-DPA, Hf-DPA-a, Hf-DPA-b, Hf-DPA-c were
collected over a range for 26 of 2.0 — 80.0° with a step size of 0.02° and a
scan speed of 0.3° min! using Cu-Ka radiation, 40 kV, 30 mA. The activated
powder samples were deposited on a zero-background silicon sample holder.

Scanning electron microscopy (SEM) and energy-dispersive
spectroscopic analysis (EDS).

Scanning electron microscopy (SEM) images were collected using a Zeiss
Gemini 500 microscope, operating at 5 KV and a working distance of 4.7 mm.
The sample was deposited on a silicon slide from 2-propanol dispersion,
dried under high vacuum and sputtered with gold before the analysis (10 nm,
nominal thickness). Particle size distributions were measured from SEM
images using Image) software. The linear dimensions of nanocrystals have
been evaluated over more than 100 particles to determine the particle size
distribution. Energy-dispersive spectroscopy (EDS) was performed using a
Bruker XFlash 6-30 detector accessory. MOF nanocrystals were dispersed in
2-propanol and deposited on a graphite stab, dried under high vacuum, and
coated with graphite before the analysis.

Gas adsorption properties

N, and Ar adsorption isotherms at 77 K were collected up to 1 bar using a
Micromeritics analyser ASAP2020 HD. Kr adsorption isotherms at 77 K and
298 K up to 1 bar were collected on a Micromeritics Triflex instrument.
Samples were previously outgassed overnight at 130 ° C under high vacuum
(10 mmHg) to remove the adsorbed species. N,, Ar and Kr adsorption
isotherms at 77 K were fitted using Langmuir and BET models and surface
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areas were calculated in the range from 0.015 to 0.08 p/p° (radii of N2 =
0.162 nm, Ar = 0.1940 nm and Kr = 0.207 nm). Pore size distributions (PSD)
were calculated according to Non-Local Density Functional Theory (NLDFT)
model.

Hyperpolarized 2°Xe NMR experiments

The laser-assisted technique is based on the excitation transfer from the
optically pumped rubidium vapours to the 2*Xe atoms, increasing the
polarization by hundreds of times with respect to the NMR signal of Xe nuclei
under thermal equilibrium conditions. Thus, signals can be recorded with
high sensitivity even at low Xe concentrations. Importantly, the
hyperpolarized '*Xe gas is diluted at 2% in a mixture of N, (4%) and He
(94%), demonstrating the effective uptake of Xe even in competition with
other gaseous species and under flow conditions. The 2Xe mixture flows
into the main magnetic field and immediately diffuses in the MOF pores,
reporting information on the preferred adsorption sites of the open
framework. The remarkable downfield signal, compared to that of the free
gas, is diagnostic of the restricted space explored by the noble gas. It is
worth noting that the noble gas Xe possesses a van der Waals radius of 2.16
A which is intermediate and comparable to those of Kr and Rn (2.02 A and
2.2 A, respectively), thus hyperpolarized 2°Xe NMR is a suitable technique to
demonstrate the accessibility of radionuclides of interest in the Hf-DPA
pores of under low pressure and flow conditions. At room temperature, an
isotropic signal was detected at o= 97.7 ppm within 200 ms from Xe delivery
to Hf-DPA MOFs, proving the fast diffusion of Xe atoms through the pores
into the confining cavities. On lowering temperature, the resonances move to
even higher chemical shifts due to the longer residence time close to the
pore walls. It is worth noting that the noble gas Xe possesses a van der Waals
radius of 2.16 A which is intermediate and comparable to those of Kr and Rn
(2.02 A and 2.2 A, respectively), unveiling the accessibility of radionuclides of
interest in the Hf-DPA MOFs pores of under low pressure and flow
conditions.
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Grand Canonical Monte Carlo simulations

GCMC simulations were performed using the cubic unit cell for Hf-DPA
(32.79x32.79x32.79 A) which contains 4 octahedral and 8 tetrahedral spaces.
We used our modified dreiding forcefield that were empirically adjusted to
reproduce the experimental sorption data and adsorbed gas densities.
Dispersion interactions cutoff was set at 12.5 A and the simulations were
performed using 106 production steps and 105 equilibration steps to ensure
that the Monte Carlo has equilibrated at each step. GCMC simulations for Ar
and Kr at 77 K for comparison to the experimental adsorption data. Then
then Xe and Rn were calculated at 195 K since this xenon sorption cannot be
performed at 77K (the pressure required is extremely low). Sorption
simulations for all 4 noble gasses studied here were also performed at 298 K
up to 1 bar. Fixed pressure GCMC calculation were performed at 5 kPa (0.05
bar) and 298 K to determine and visualize the density distribution of the 4
noble gasses within the cubic cell of Hf-DPA.

Photoluminescence studies

Absorption spectra were recorded using a Cary Lambda 900
spectrophotometer 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 photoluminescence 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).
Photoluminescence decay times were measured at the maximum of the
emission spectrum. The time resolved photoluminescence (PL) spectra and
scintillation data discussed in the main text show in general a complex
behaviour. The signal decay has been reproduced with an analytical multi-
exponential function:

-
II'L (t) X Aie Ti
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The parameters used for the fitting procedure are reported in Table 1. The
characteristic emission lifetime e has been calculated as the weighted
average of the characteristic decay time for each i-exponential function by:

o= XA * T
g =~
24
@max PL 7 (ns) A4 (ns) Az w3 (ns) As Tavg (NS)
Hf-MOF
THF 300 K 2.5 0.97 8.8 0.03 - - 2.8
THF 77K 1.3 0.19 3.2 0.53 4.9 0.28 33
powder 300 K 0.6 0.23 2.3 0.66 6.6 0.11 2.4
powder 77 K 1.7 0.43 5.0 0.57 - - 3.6
@ max scint
powder 1.4 0.69 4.6 0.26 18.7 0.05 3.0

Tab 1: Fit parameters employed to analyze the time resolved photoluminescence intensity decay spectra
recorded on Hf-MOFs dispersions in THF and bare powders.

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 generated 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
collected 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-
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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 measurements.
Cryogenic TSL measurements are performed in the 10 —320 K interval, with
a linear heating rate of 0.1 K s, 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 standards. 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 ?*2Rn, &Kr
and 3H, respectively. 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, with a specific connection cap adapted to the

radioactive gas flow in the scintillator.

94



95

W\A/V Chapter 4

4.6 References

1. Zhou, H. C., Long, J. R. & Yaghi, O. M. Introduction to metal-organic
frameworks. Chemical Reviews vol. 112 673-674 Preprint at https://doi.org/
10.1021/cr300014x (2012).

2. Batten, S. R. et al. Terminology of metal-organic frameworks and
coordination polymers (IUPAC recommendations 2013). Pure and Applied
Chemistry 85, 1715-1724 (2013).

3. Allendorf, M. D., Bauer, C. A., Bhakta, R. K. & Houk, R. J. T.
Luminescent metal-organic frameworks. Chem Soc Rev 38, 1330-1352
(2009).

4, Bauer, C. A. et al. Influence of connectivity and porosity on ligand-
based luminescence in zinc metal-organic frameworks. J Am Chem Soc 129,
7136-7144 (2007).

5. Allendorf, M. D., Houk, R. J. T., Bhakta, R., Nielsen, I. M. B. & Doty, F.
P. Scintillating Metal Organic Frameworks: A New Class of Radiation
Detection Materials. (2009).

6. Perego, J. et al. Composite fast scintillators based on high-Z
fluorescent metal-organic framework nanocrystals. Nat Photonics 15, 393-
400 (2021).

7. Perego, J. et al. Highly luminescent scintillating hetero-ligand MOF
nanocrystals with engineered Stokes shift for photonic applications. Nat
Commun 13, (2022).

8. Orfano, M. et al. Efficient radioactive gas detection by scintillating
porous metal-organic frameworks. Nat Photonics 17, 672-678 (2023).

9. Mallick, A. et al. Unprecedented Ultralow Detection Limit of Amines
using a Thiadiazole-Functionalized Zr(IV)-Based Metal-Organic Framework.
J Am Chem Soc 141, 7245-7249 (2019).

10. Monguzzi, A. et al. Highly Fluorescent Metal-Organic-Framework
Nanocomposites for Photonic Applications. Nano Lett 18, 528-534 (2018).

11. Comotti, A. et al. Fluorinated porous organic frameworks for improved
CO2 and CH4 capture. Chemical Communications 55, 8999-9002 (2019).



Hafnium based MOFs /\/\/\/\/\*

12. Bassanetti, |. et al. Flexible porous molecular materials responsive to
C0O2, CH4 and Xe stimuli. J Mater Chem A Mater 6, 14231-14239 (2018).

13. Comotti, A., Bracco, S., Valsesia, P, Ferretti, L. & Sozzani, P. 2D
multinuclear NMR, hyperpolarized xenon and gas storage in organosilica
nanochannels with crystalline order in the walls. J Am Chem Soc 129, 8566-
8576 (2007).

14. Sozzani, P. et al. Nanoporosity of an organo-clay shown by
hyperpolarized xenon and 2D NMR spectroscopy. Chemical Communications
1921-1923 (2006) doi:10.1039/b602040b.

15. Van Loef, E. V., Mukhopadhyay, S., Zaitseva, N., Payne, S. & Shah, K.
S. Crystal growth and characterization of 9,10-diphenylanthracene. in Journal
of Crystal Growth vol. 352 103-105 (2012).

16. Lustig, W. P. et al. Metal-organic frameworks: Functional luminescent
and photonic materials for sensing applications. Chemical Society Reviews
vol. 46 3242-3285 Preprint at https://doi.org/10.1039/c6cs00930a (2017).

17. Ding, T. X., Olshansky, J. H., Leone, S. R. & Alivisatos, A. P. Efficiency
of hole transfer from photoexcited quantum dots to covalently linked
molecular species. J Am Chem Soc 137, 2021-2029 (2015).

18. Guerassimova, N., Garnier, N., Dujardin, C., Petrosyan, A. G. & Pedrini,
C. X-ray excited charge transfer luminescence of ytterbium-containing
aluminium garnets. www.elsevier.nl/locate/cplett.

19. Buryi, M. et al. Trapping and Recombination Centers in Cesium
Hafnium Chloride Single Crystals: EPR and TSL Study. Journal of Physical
Chemistry C 123, 19402-19411 (2019).

20. Vedda, A. et al. Trap-center recombination processes by rare earth
activators in YAIO3 single crystal host. Phys Rev B Condens Matter Mater
Phys 80, (2009).

21. Cova, F, Moretti, F, Dujardin, C., Chiodini, N. & Vedda, A. Trapping
Mechanisms and Delayed Recombination Processes in Scintillating Ce-
Doped Sol-Gel Silica Fibers. Journal of Physical Chemistry C 125, 11489-
11498 (2021).

22. Liu, S. et al. Towards Bright and Fast Lu3AI5012: Ce,Mg Optical
Ceramics Scintillators. Adv Opt Mater 4, 731-739 (2016).

96



97

W\A/V Chapter 4

23. Santiago, L. M., Bagan, H., Tarancén, A. & Garcia, J. F. Synthesis of
plastic scintillation microspheres: Evaluation of scintillators. Nucl Instrum
Methods Phys Res A 698, 106-116 (2013).

24. Dutsov, C., Cassette, P, Mitev, K. & Sabot, B. In quest of the optimal
coincidence resolving time in TDCR LSC. Nucl Instrum Methods Phys Res A
987, (2021).

25. Dutsov, C., Cassette, P, Sabot, B. & Mitev, K. Evaluation of the
accidental coincidence counting rates in TDCR counting. Nucl Instrum
Methods Phys Res A 977, (2020).

26. FHT 59 E Noble Gas Monitor (Thermo Scientific, 2022).

27. XPR80 (Mirion Technologies, 2022).



CHAPTER 5 AN

HETERO-LIGAND
MOFs: A PATH TO
LIGHT OUTPUT
OPTIMIZATION

The following chapter will be dedicated to the study of the properties of
hetero-ligand MOFs, a new MOFs architecture that, through doping with
precise amounts of a secondary fluorophore to enable the occurring of the
energy transfer mechanisms, could lead to a re-absorption free emission.
Moreover, the use of this system could be surely beneficial to better match
the blue-peaked quantum efficiency of common PMTs leading to an
enhancement of the response. In UNIMIB, this strategy was already realised
but with a different acceptor ligand! and with a different aim, not included in
the radioactive gas detection field. Indeed, MOFs with terphenyl (Tp) as
donor, a fast UV organic emitter, and DPA as acceptor were synthetized and
studied. In this case, ZrO, clusters were selected as heavy nodes. Indeed, Zr
is a lighter element than Hf, but for source availability and cost, the choice
was forced. Thus, it is not possible to compare Hf-DPA MOFs with this new
system. On the other hand, the comparison can be fruitful by comparing Zr-
Tp-DPA MOFs with Zr-DPA MOFs, i.e. MOFs without the terphenyl ligand,
that is an available system well explored in a previous publication by Perego
J., et al’. The reader should keep in mind that this research is in its very early
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stages, thus not all the characterization are available at the moment of the
writing of this manuscript.

One of the widely occurring energy transfer mechanism in fluorescent dyad
systems is surely the Forster Resonance Energy Transfer (FRET). This is a
process occurring between two chromophores, one called donor and the
other one called acceptor. The donor initially in its excited state may transfer
its energy to the acceptor through dipolar interaction. This kind of interaction
is not included in phenomenon of emission and reabsorption and so it is
intended as a non-radiative process. In any case, the energies involved must
be commensurable. Therefore, the fundamental properties for a dyes couple
is the overlap between the emission of the donor and the absorption feature
of the acceptor®. Being a dipole coupling process, the efficiency of FRET is
strictly related to the inverse of the sixth power of the distance between
donor and acceptor. Thus, a characteristic radius R has been defined, which
is the distance at which the FRET efficiency reaches the 50%:

_ (9000(In10)k2Q) waD(A)eA(/l)A“d]L Yo 19000(in10)k2Q, \"°
Fs— 128n5Nn* Fp(A)dA - 128715 Nn*

where k? is a factor describing the relative orientation in space of the
transition dipoles of the donor and acceptor, Q, is the quantum yield of the
donor in absence of the acceptor, n is the refractive index of the medium, N
is the Avogadro’s number, FD(A) is the corrected fluorescence intensity of
the donor and € ,(A) is the extinction coefficient of the acceptor at A, which
is typically in units of (M cm)3. The integral term J is then describing the
overlap between the features of donor and acceptor. The term related to the
dipole orientation can be expressed as:

k% = (cosfr — 3cos0,cos0,)?

where r is the distance between the donor and acceptor, k; is the radiative
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time constant of the donor and k_.__ is the rate of the energy transfer that can

FRET
be expressed as

Rps\°
kprer = (T) kp

where 1, is the donor emission lifetime in absence of acceptor. What is
possible to observe experimentally when dealing with FRET is the donor
fluorescence quenching both in continuous wave experiments and in time
resolved measurements. By looking at the previous expressions, it is possible
to underline that, being this process strictly dependent on the distance
between the two species, the higher the acceptor concentration, the higher
the rate of the energy transfer process. The efficiency of FRET can also be

computed as

A _ 4 _ Ip_4

Tp Ip

brrer =1 —

Where 1, , is the donor emission lifetime in presence of acceptor, 1 is the
donor emission lifetime in absence of acceptor, I, is the donor emission
intensity in presence of the acceptor and | is the donor emission intensity in
absence of the acceptor. The result is a sigmoidal curve that represents the
change in the FRET efficiency upon the increasing of the acceptor
concentration. There is one simple case in which the donor decay times are
very long so that diffusive motions of the donors result in their sampling of

the entire available space. This is called the rapid diffusion limit34,

This approach will be the starting point for the study of the interaction
between the Tp and DPA moieties and then for the conceptualization of Zr-
Tp-DPA MOFs crystals.
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5.1 Synthesis and analysis of zirconium-based hetero-
ligand MOFs

Briefly, ligands 2’,5'-dimethyl-[1,1":4",1"-Terphenyl]-4,4"-dicarboxylic acid
(Tp) and 9,10-bis(4-carboxyphenyl)anthracene (DPA) were synthetized with
high purity using Suzuki coupling from commercial precursor. Zr-based
heteroligand MOFs (Zr-Tp:DPA x %) were co-assembled under solvothermal
conditions using benzoic acid as an effective modulator to control the growth
of microcrystalline powder with well-defined octahedral crystal shape. 9,10-
bis(4-carboxyphenyl)anthracene (DPA) was synthetized using a Suzuki

coupling according to literature procedure, as shown in Chapter 4.
5.1.1 2’,5’-dimethyl-[1,1":4",1”-Terphenyl]-4,4"’-dicarboxylic acid (TP)

2’.5'-dimethyl-[1,1:4’,1"-Terphenyl]-4,4"-dicarboxylic  acid  (Tp) was
prepared according to literature procedure with slight modification®¢, 4-
(methoxycarbonyl)phenylboronic acid (2.065 g, 11.47 mmol) and 1,4-
dibromo-2,5-dimethylbenzene (1.0086 g, 3.82 mmol)

O O were dissolved in a 2:2:1 toluene:dioxane:water mixture

in a 100 mL Schlenk tube under nitrogen atmosphere.

Nitrogen was bubbled for 1 hour to remove the oxygen

from the reaction vessel. Potassium carbonate (3.244 g,

24.54 mmol) and bis(triphenylphosphine)palladium(ll)

CHs dichloride (0.245 g, 0.35 mmol) were added to the

solution and the reaction was heated at 90° C for 96

H.C hours under vigorous stirring in a nitrogen atmosphere.
After the synthesis, the reaction was cooled down to

room temperature and the dioxane was rotary dried

under vacuum. The product was extracted with

chloroform, washed with brine (twice) and deionized

®) @) water (twice), dried over anhydrous sodium sulphate,

Fig. 5.1: Tp molecule. filtered and rotary dried under vacuum. The crude
product (small yellow-whitish crystals) was dried under
vacuum and purified by column chromatography using pure chloroform as
eluent. The fractions with the product were collected and the solvent was

rotary dried, resulting in a white microcrystalline solid. The white powder was
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dissolved in a mixture of deionized water (40 mL), EtOH (30mL) and THF
(110 mL) and potassium hydroxide (4.71 g; 30. 48 mmol) was added to the
solution. The mixture was heated to 66° C for 24 hours under stirring and
then cooled to room temperature. The mixture was filtered through a paper
membrane and hydrochloric acid (HCI) was added until pH =1. The THF was
removed by rotary evaporation and the white solid was filtered and washed
with water to remove inorganic byproducts. The product was dried under

vacuum at RT producing a white powder.
5.1.2 Hetero-ligand Zr-Tp-DPA MOFs

2’.5'-dimethyl-[1,1":4’,1"-Terphenyl]-4,4"-dicarboxylic acid (TP), 9,10-bis(4-
carboxyphenyl) anthracene (DPA), benzoic acid (BA) and ZrOCI2-8H20 were
weighted and inserted in a 8 mL glass vial. Dry DMF (2.5 mL) was inserted
in each vial. The vials were closed with Teflon-lined caps and sonicated for
about 1 minute. The vials were inserted in a pre-heated oven at 120° C for
14 hours to produce micrometre- sized crystals; then, they were removed
from the oven and cooled down to room temperature. The microcrystalline
powders were centrifuged, and the supernatant solutions removed. The
samples were washed three times with DMF and three times with CHCI,
before drying under high vacuum (p < 2*10-2 mmHg) at 100° C for 1 hour.
By precise weighting is was possible to obtain hetero-ligand samples with a
DPA % wt ranging from 0.01% wt to 20% wt. Moreover, pure terphenyl based
Zr-MOFs and DPA based Zr-MOFs were synthesised in order to estimate the
possible structural changes. Powder X-ray diffraction analysis demonstrated
the generation of highly crystalline MOFs with different molar ratio of DPA
ligand (Fig. 5.2). The diffraction pattern of all MOFs displayed features
compatible with a cubic structure with similar cell parameters, thus proving
the generation of a family of iso-reticular structures (Fig. 5.2). The analysis
of the powder X-ray diffraction patterns of sample Zr-Tp and Zr-Tp-DPA 20 %
collected with synchrotron radiation (Fig. 5.3) allowed the refinement of the
crystal structure. The hetero-ligand Zr-Tp-DPA x % MOF microcrystals
exhibited cubic crystal structure (Space group Fm-3m) with fcu topology,
which corresponds to that of parent Zr-Tp and Zr-DPA MOFs. Each oxo-
hydroxy zirconium-based node presented twelve-fold coordination,
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Fig. 5.2: powder X-ray diffraction (PXRD) patterns of sample Zr-Tp:DPA-x%.
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Fig. 5.3: Rietveld refinement of powder X-ray diffraction pattern of Zr-TP:DPA 20 % collected at synchrotron facility
(ESRF, Grenoble) between 1° and 10° 26 degree (A = 0.35431683 A) under dynamic vacuum.

generating a framework endowed with octahedral and tetrahedral cavities
interconnected via triangular windows. The nearest neighbour ligands are
arranged in an orderly fashion with center-to-center distance of 11.6 A and
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Zr-based cluster Face centered cubic structure Nearest neighbour distances

Fig. 5.4: a, Tp and DPA ligands and schematic representation of the zirconium-based oxo-hydroxy
cluster. b, Face centered cubic crystal structure of Zr-Tp-DPA x % MOFs. ¢, Triangular window
showing three nearest neighbour ligands with center-to-center distance of 11.6 A and phenyl-phenyl
distance of 7.3 A.

a close phenyl-phenyl distance of 7.3 A. The obtained structure is showned
in Fig. 5.4. 'H liquid NMR spectra showed in Fig. 5.5 distinct and well-
separated resonances for Tp molecules (& (ppm) = 8.02), DPA molecules (6
(ppm) = 8.23) and benzoic acid (& (ppm) = 7.94). The integration of the
three signals allowed for the determination of the molar ratio of the different
ligands inside MOF structures and for the quantification of benzoic acid (the
modulator of the reaction) which is still included inside the structure as
benzoate moiety. Optical and electron microscopy techniques revealed highly
homogeneous materials composed of microcrystals with well-defined
octahedral morphology. A representative example is shown in Fig. 5.5.
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Fig. 5.5: a, 'H liquid NMR spectrum of Zr-Tp-DPA 20 % and b, SEM images of Zr-Tp-DPA MOFs.
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5.2 N, adsorption isotherm

Nitrogen adsorption analysis at 77 K (Fig. 5.6) demonstrated the permanent
porosity of sample Zr-Tp-DPA-1 %. The adsorption isotherm displayed
Langmuir (type |) shape with high uptake at low relative pressures, while it
reached a well-defined plateau at higher loadings. The behaviour is
consistent with the highly microporous nature of the MOF. The accessible
surface area was calculated according to the BET and Langmuir model as
high as 3788 m? g'' and 4172 m? g''. The pore size distribution calculated
according to NLDFT theory and HS-2D-NLDFT Carbon at N, 77 K model
clearly highlighted two different cavities with sizes of 11.9 A and 14.8 A, in

very good agreement with the structural information.
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Fig. 5.6: Nitrogen adsorption isotherm of sample Zr-TP:DPA 1 % collected at 77 K. Inset: differential pore size
distribution (black line)and cumulative pore size distribution (blue line) calculated according to NLDFT theory
and N, on carbon slit pore model.
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5.3 Zr-Tp-DPA MOFs photoluminescence and scintillation
properties

The first properties to be analysed, as for the case of Hf-DPA MOFs, are the
properties of the ligands alone. For DPA photoluminescence properties in
solution, see paragraph 4.3 of Chapter 4. Here are presented the continuous
wave photoluminescence (CW-PL), the absorption profile (ABS) and time
resolved photoluminescence (TR-PL) signals of the terphenyl (Tp) molecule
excited at 250 nm and collected at 360 nm in a tetrahydrofuran (THF)
solution. In Fig. 5.7 it is appreciable, like in the case of DPA, how the time
resolved signal of the moieties resembles a full mono-exponential decay with
a characteristic lifetime of 1 ns. The quantum yield of Tp has been estimated
to be QY=0.5, measured relative to a UV emitting standard, the PPO.

10 PLQY=0.5 — PL 10° F — TRPL
> C \ — Mono exp. fit
2 > [ g IRF
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Fig. 5.7: optical properties of Tp dyes in THF solution. The left figure shows the normalised absorption and

photoluminescence of the Tp dye while the right figure depicts its characteristic lifetime of 1 ns (excited at 340

nm, collected at 380 nm).

The study of the single molecule properties is essential for the estimation of
the final performances in the MOFs architecture. Since the hetero-ligand
system has been formulated for the occurrence of the Forster Resonance
Energy Transfer (FRET), the first step to better understand this mechanism
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in MOFs is to study it in solution, considering the DPA and Tp optical
properties. For the occurring of an efficient FRET, the most crucial factor is
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Fig. 5.8: The top panel represents the CW-PL measurements performed on different solution
containg the same amount of Tp dye (10 M) but with different DPA concentrations (from 2x10% M
to 10 M). Here the way in which the DPA presence increasingly quenched the Tp
photoluminescence with the increasing of the DPA concentration is appreciable. The bottom panel
shows the efficiency of the resonance energy transfer mechanism at the different DPA
concentrations (purple dots) and the sigmoidal fit function (black line) from which it was possible
to calculate the resonance radius. The inset shows the optical properties of the two molecules in
consideration: the emission of Tp (purple solid line) highly overlapped with the absorption feature
of DPA (dashed light blue line) resulting then in the quenching of the first in favour of DPA emission
(blue solid line).
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the overlap between the emission of the donor molecule (Tp) and the
absorption feature of the acceptor molecule (DPA)3. As seen in previously,
FRET is a non-radiative process that belongs to the dipolar interactions field.
It is worth noting that it is not a matter of emission and absorption
phenomena, but this mechanism is related to the quenching of donors PL in
favour of the one of the acceptors by Columbian forces. Thus, FRET is strictly
related to the acceptor concentration. The optical features in case of the Tp-
DPA couple are represented in the inset in Fig. 5.8. To estimate the Forster
interaction radius and the FRET efficiency, the donor PL has been monitored
in function of the acceptor concentration ranging from 108 M to 103 M. Fig.
5.8 shows the CW-PL feature of the solutions containing Tp-DPA dyes
excited at 250 nm. By computing

drrer =1 _111)_—,4

Dy
the efficiency of the transfer mechanism can be calculated, where |, is the
donor PL intensity at every acceptor concentration and |, is the donor PL
intensity in absence of acceptor. At the maximum DPA concentration
employed (103 M) the FRET efficiency is 100% with a characteristic Férster
radius of 1.5 nm. The study of the dyes properties in solution gives deeper
insight and hints on the synthesis of the Zr-Tp-DPA MOFs. Hypothesizing
being in the rapid diffusion limit is possible to model how the excitation
diffuses in the crystal. Indeed, the exciton moves from a Tp molecule to
another until it reaches a surrounding DPA molecule. It is thus essential to
calculate the diffusivity of the exciton inside the crystal in order to estimate
the DPA doping level necessary to obtain the ¢ ....=1 also in solid form. The
random diffusion of Tp singlet exciton within the MOF nanocrystals has been
modelled as hopping-mediated process occurring between isoenergetic
centers, i.e. the framed Tp ligands. Dealing with a 3D isotropic structure, the

singlet diffusivity can be calculated as
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where a = 1.2 nm is the center-to-center Tps distance, Khopr'Tp is the rate of
the hopping process between a ligands pair and m is the number of
equivalent nearest neighbour sites surrounding the exciton. Given the dipole
permitted electronic transition involved and considering the short
intermolecular distances involved, it is assumed that the hopping is ruled by
Forster ET between Tp molecules. By computing

o 1/6
pTp-Tp _ (9000(In10)K*Qp f Fy(Deg(DA*dA\"
Fs 128m°Nn* Fp(A)dA

the Forster radius between Tp molecules is R.;=2 nm. The total hopping rate
calculated with m=6 and a singlet lifetime T,= 1 nsis then

—6
1 a
Tp—T Tp—T,
khgp P = 6kF1€ETp = 6@(@) = 232GHz
FS

This term makes possible to estimate the singlet diffusivity D=2.8x10-3cm?
s that leads to a diffusion sphere of radius L=(6 D TTp)1/2=40 nm.
Interestingly, the Tp singlet exciton is able to reach the DPA in the crystal.
The rapid diffusion limit hypothesis is thus sufficient to estimate the amount
of acceptor needed for an efficient doping inside the MOF system. On the
other hand, it is possible to estimate this percentage by computing the FRET
efficiency between Tp-DPA in the solid state and in non-rapid diffusion limit
as formulated by Hinokuti H, et al.” :

drrer = 1 —Vxe* (1 — erf (x))

1 Cc
X—E\/EC—O



Hetero-ligand MOFs

where C is the critical
concentration at which
the energy transfer
efficiency is equal to 76%

that is equal to

3

Co=—x
O 4m R3

Thus, using R.=1.5 nm,
the DPA concentration at
which the FRET efficiency
is at its maximum is
Copa=2x10"* M that it is
translated in a DPA

AW
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Fig. 5.9: FRET efficienciy in function of DPA concentration in the case
of the rapid diffusion model and solid state model.

doping level of 17% wt. With this information, Zr-Tp-DPA MOFs have been

synthetised by solvothermal synthesis with different DPA concentration, as

seen in the previous
paragraph, in order to
verify the above
calculations. The DPA
concentrations
employed ranges from
0% (pure Zr-Tp MOFs)
wt to 20% wt, as seen in
paragraph 5.1. In Fig.
5.10 are presented the
photoluminescence
measurements
performed on the MOFs
series with a 250 nm
excitation. Interestingly,
the energy transfer
between Tp and DPA
molecules reached the

DPA %
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Fig. 5.10: normalised CW-PL spectra of Zr-Tp-DPA MOFs at the different
DPA concentrations studied. These measurements were perfomed by
excting the materials at 250 nm.
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Fig. 5.11: time resolved photoluminescence of Zr-Tp-DPA MOFs at the
various acceptor concentrations. The experiments were carried out by
exciting the materials at 250 nm and collecting light at 360nm.
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Fig. 5.12:continuos wave RL spectra of Zr-Tp-DPA MOFs
samples acquired with 20 kV x-rays.
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full efficiency at 1% wt DPA
doping, a level that is more
than 10 times lower than
expected, leaving no trace
of the donor emission. This
finding is supported by time
resolved experiments
performed on the materials.
Indeed, by monitoring the
the Tp

maximum (monitored at 360

emission at

nm, Fig. 5.11) it is observed
a decreasing of the decay
time of the molecule that
resulted to be quenched at
a level that is not possible
to be the
instrument. The same can

resolved by

be found by looking at the
radioluminescence spectra
acquired with soft X-rays
(Fig. 5.12). The answer at
this problem can be found
by modelling the excited
state of Tp donor molecules
the
features. Indeed, as shown
in Fig. 5.14, the orbitals of
the excited Tp molecules

from absorption

are strongly delocalized on
their long axis. This feature
is translated in a shorter
distance
the

molecules in their excited

effective

experimented by
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state making the homo-species 1.2 o 1.2
energy transfer (i.e. energy opanss — — PLE

transfer between different Tp _ or To ABS J\ 1
molecules) more efficient than g sl ‘.h‘ /’ \‘ 1os g
expected. Indeed, with this kind of = I ’l | 2
delocalization, Tp molecules can & 4¢L ] | | \ dos E
be modelled as “closer” one E Ir | | 3
another in comparison with their E 04r- | | - 04 %
physical distances enabling the 2 i ‘\ I\“ <
occurring of a rarer energy

transfer mechanism, which is the

exchange one, also called Dexter ' 300 350 400 450 500 550
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Fig. 5.13: PLE spectra (dashed grey line) and PL spectra
(blue solid line) of Zr-Tp-DPA MOFs 1%. The PL profile was
mechanism that is enabled by the  acquired by excting at 300 nm while the PLE spectra was

transfer of an excited state cacquired by collecting light at the maximum if emission.
Notably, to further prove the presence of the efficient FRET
electron of a donor to an phenomenon, the PLE spectra shows both the contribution

acceptor&g_ The typical distance of Tp and DPA to the final emission.

of interaction is below 1 nm thus making it very difficult to occur and also to

fluorescence quenching

study?®.
a C 0
— ——L+4
[JExp-TP
0 ——DFT-TP = ?Us
—— Osc. strength
0.8 -1+ - &:ﬁz
+1
2% S1- HOMO -> LUMO (81%) 2 LUMO
0.4
S2- H-1-LUMO (45%), __
- HOMO - L+1 (30%) % -3 1
N 5
0.0 ! 1 (=
200 300 400 B ‘4 A
Wavelength (nm) [ =
w
54
64 y_Homo
/H-1
- H-2
-7 1 = /H-S

Fig. 5.14: a, study of the Tp energy levels involved in the first transition upon light absorption. b, model of a Tp
molecule with the orientation of the trnasition dipole indicated by a purple arrow. ¢, modelling of the evolution of
the energetic orbitals of Tp molecule upon excitation from the HOMO level to the LUMO level. It is possible to
notice of at the LUMO level the electronic density is fully delocalized on the whole molecule.

112



W\A/V Chapter 5

It is thus supposed to occur in the Zr-Tp-DPA MOFs given the strong
delocalization of the Tp excited molecules that can be modelled has a quasi-
continuum excited state then enhancing the possibility that the singlet Tp
exciton diffuses inside the material reaching a DPA molecule, thus explaining
the mismatch between calculation and experiments. At the moment of the
writing of this manuscript, experiments are on going in order to demonstrate
the occurring of this mechanism . On the other hand, by analysing the RL
spectra of Zr-Tp-DPA MOFs relative to the BGO standard, it was possible to
extract the light yield data of the crystals. In optimum agreement with the
previous analysis, the MOFs crystal containing 1% wt and 5 % DPA reached
a light yield close to 4000 ph/MeV (Fig. 5.15), that is striking if it is
considered that the density of these materials is well below 1 g cm™ (vs 7.13
g cm of the BGO). It is worth noting the excellent agreement between Zr-Tp-
DPA MOFs light yield and the lifetime of the materials excited at 250 and
monitored at the DPA emission. The longest lifetime corresponds to the
highest light yield. To be underlined is the fact that there’s no Zr-Tp-DPA x%
MOFs configuration in which the lifetime ascribed to the DPA emission is
close to the one of the DPA single molecule. This could be due to a most
probable concentration quenching mechanism that affects the DPA emission
and also to a size distribution effect as seen in Chapter 4 when dealing with

Hf-DPA MOFs.

a b
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4000 E
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Fig. 5.15: a, light yield measurements of Zr-Tp-DPA MOFs at the various concentration of DPA. The maximum
values are reached with 1% wt and 5 %wt of DPA. b, Lifetime of Zr-Tp-DPA MOFs collected at the maximum
emission and excited at 250 nm.
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5.4 Radioactive gas detection by Zr-Tp-DPA MOFs

As for the case of Hf-DPA MOFs studied in Chapter 4, the Zr-Tp-DPA 1%
MOFs have been tested with the micro-TDCR device for radioactive gas
detection. Unfortunately, the comparison with Hf-DPA MOFs will not be
fruitful due to the difference in the atomic number between Zr (Z=40) and Hf
(Z=72). Allowing this comparison will represent an obvious increment in
terms of detected photons, due to the higher interaction cross section of
hafnium, without giving any chance to understand if the energy transfer
strategy employed in Zr-Tp-DPA is beneficial in terms of avoiding self-
absorption and matching detector quantum efficiency peak. In this case, a
previously studied Zr-DPA MOFs? system has been used to better compare

the performances of the hetero-ligand architecture.
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Fig. 5.16: Normalised RL spectra of Zr-DPA MOFs (light blue dotted line) and Zr-Tp-DPA MOFs
(purple solid line).

This MOFs has been synthesized following the same procedure seen in
paragraph 5.1 but without any donor Tp moieties. The two system presents
very similar characteristics from the structural point of view and for what
concerns the gas adsorption capabilities. The difference lies in their optical
properties. Fig. 5.16 depicts the continuous wave radioluminescence spectra
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acquired with soft x-rays. The difference between the two spectra is striking.
While from the Zr-DPA MOFs side the RL profile is wide and red shifted in
comparison with the pure DPA molecule (symptoms of strong self-
absorption and, moreover, of a size distribution suffering), the Zr-Tp-DPA 1%
MOFs one better match the PL profile of the ligand, thus confirming the DPA
doping procedure as successful strategy to achieve self-absorption free
systems. At the moment of the writing of this manuscript, radioactive gas
detection measurements were performed utilizing only #Kr as radioactive
isotope. Still, the result confirmed the hypothesis behind the hetero-ligand
strategy. Fig. 5.17 depicts the detection counting rate for Zr-DPA and Zr-Tp-
DPA 1% MOFs. The increment in detection rate for Zr-Tp-DPA 1% MOFs with
the respect to Zr-DPA MOFs is appreciable, leading to a solid +20% of
detected photons. Moreover, both in the ascending and descending part of
the curves it is possible to observe the same slow dynamics oberseved in the
Hf-DPA MOFs sample. As the previous case, this finding prooven another
time the microporosity of the system as well as the diffusion of gaseous
species like “Kr within the framework also demonstrating the efficiency of
the synthethic pathway in generating nano- and microcrystals with similar

properties and behaviour.
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Fig. 5.17: Coincidence detection of 8Kr by Zr-DPA MOFs (blue dots) and by Zr-Tp-DPA
MOFs (purple dots).
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These findings, together with the CW-PL, TR-PL and scintillation properties,
strongly support the use of hetero-ligands system as self-absorption free
materials and lay the foundation for a new generation of solid porous
scintillators to be employed in environmental safeguarding and human-
related safety issues.
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5.5 Methods

Nuclear magnetic resonance (NMR) spectroscopy
'H-NMR spectra were recorded on a AVANCE NEO Bruker instrument (400
MHz).

Powder X-ray diffraction

PXRD measurements of Zr-Tp-DPA-x% MOFs were collected with a Rigaku
Smartlab powder diffractometer over a range for 26 of 3.0 — 50.0° with a
step size of 0.02° and a scan speed of 1.0° min using Cu-Ka radiation, 40
kV and 30 mA.

Synchrotron radiation PXRD experimental conditions

Samples were prepared and sealed in 0.5 mm Lindeman capillaries for XRD
experiments at the ESRF ID22 beam line using a 0.354 A wavelength. PXRD
measurements were collected over a range of 0.0 — 32.0° with a data
collection interval of 0.002° and data collection was done over 12 detectors
simultaneously. The scan speed may vary depending on sample degradation.
Data were collected on various spots along the capillary and multiple times
on the same spot. Any scans which showed signs of degradation were
excluded from the final merged and binned data set. For experiments under
gas pressure, the capillaries were connected to pressure cell that is
connected to a gas manifold for which the pressure could be precisely
controlled. Two spots on a particular capillary were collected fist under
vacuum after in-situ activation to confirm the activated structure before
loading the capillary with 1 bar of xenon gas at 293 K. The pressure was
monitored throughout the experiment.

General Computational Details for Materials Studio Software Suite.

The Zr-TP model for the Rietveld refinement was generated from our
previously published Zr-DPA structure, replacing the anthracene organic
centre with a dimethyl-phenyl ring. The unit-cell dimensions and all atomic
coordinates were optimized as part of a periodic system in R-3 using the
CASTEP module of the Materials Studio software suite. The R-3 space group
is the smallest unit-cell with the highest symmetry that could produce the
Zr-TP MOF structure without any disorder. The optimizations were



Hetero-ligand MOFs AW

performed using the GGA PBE functional with Grimme’s DFT-D dispersion
correction, and thresholds for geometry optimization and SCF convergence
were chosen as 2 X 10° eV. For the Rietveld refinement, the structure was
converted to a disordered cubic system in the Fm-3m space group while
maintaining the molecular geometries. Single point energy calculations were
performed using the GGA PBE functional, and threshold for SCF convergence
were chosen as 1 X 10°eV. The calculated Milliken charges were applied to

the model for molecular mechanics (MM) calculations.
PW-DFT structural resolution and Rietveld Refinement

Rietveld structural refinements of the X-ray data were performed using the
TOPAS-Academic64 V6 software package. For the final Rietveld refinement,
the structure was modelled as a disordered system with a space group Fm-
3m. The background was fitted and refined using a Chebyshev polynomial
with 20 coefficients in the PXRD trace range from 0.5° to 20° 2-theta with
baseline shift refinement. The “Simple_Axial_Model” was used to account for
the asymmetry in the peaks, especially at low 2-theta values, which are a
result of the geometry of the XRD setup of the ID22 beamline at the ESRF.
The peaks were fitted using a PearsonVII " PVII " function.

General Computational Details for GASSIAN16

All calculations were performed using Gaussian16 on the GALILEO100 HPC
system at CINECA in Bologna, Italy. Calculation were performed at B3LYP/
6-31+(d,p) level of theory with Grimme-D3 empirical dispersion correction.
The calculation was run with the SCF=XQC which adds an extra
quadratically convergent SCF procedure to aid in the SCF convergence. All
calculations were performed using the TP moiety without the carboxylates.
Full geometry optimization of the was followed by frequency calculations to
ensure the absence of imaginary frequencies and that a true minimum has
been reached then the frontier orbitals were extracted and visualized. UV-Vis
calculations were performed using TD-B3LYP/6-31+(d,p) level of theory
with Grimme-D3 empirical dispersion correction for the first 40 excited
states. The calculated UV-Vis spectrum was generated using gaussian peak
functions fitted to the oscillator strength for the electronic transitions. The

output also gives the orbitals involved for each transition as well as the
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electronic transition dipole moments for each transition. This analysis shows
the relevant frontier orbitals, that participate in the absorption region of
interest, to be visualized.

Scanning electron microscopy (SEM) and energy-dispersive
spectroscopic analysis (EDS).

Scanning electron microscopy (SEM) images were collected using a Zeiss
Gemini 500 microscope, operating at 5 KV and a working distance of 4.7 mm.
The sample was deposited on a silicon slide from 2-propanol dispersion,
dried under high vacuum and sputtered with gold before the analysis (10 nm,
nominal thickness). Particle size distributions were measured from SEM
images using Image) software. The linear dimensions of nanocrystals have
been evaluated over more than 100 particles to determine the particle size
distribution.

Gas adsorption properties

N, and Ar adsorption isotherms at 77 K were collected up to 1 bar using a
Micromeritics analyser ASAP2020 HD. N, isotherms at 77 K were fitted using
Langmuir and BET models and surface areas were calculated in the range
from 0.015 to 0.08 p/p° (radii of N2 = 0.162 nm, Ar = 0.1940 nm and Kr =
0.207 nm). Pore size distributions (PSD) were calculated according to Non-
Local Density Functional Theory (NLDFT) model.

Photoluminescence studies

Absorption spectra were recorded using a Cary Lambda 900
spectrophotometer 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 photoluminescence spectra of the MOFs
dispersions were recorded monitoring the emission decay of the samples at
360 nm and 450nm. The MOFs were excited with a pulsed light-emitting
laser diode at 250 nm (3.65 eV, pulse width 80 ps; EP-LED 250, Edinburgh
Instruments). Photoluminescence decay times were measured at the
maximum of the emission spectrum. The time resolved photoluminescence
(PL) spectra and scintillation data discussed in the main text show in general
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a complex behaviour. The signal decay has been reproduced with an
analytical multi-exponential function:

-4
IH, (t) X Aie T

The characteristic emission lifetime e has been calculated as the weighted
average of the characteristic decay time for each i-exponential function by:

_ZiAi *Tj

T - —_
Y 2iA;

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 generated 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
collected 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.
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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 standards. 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 ?*2Rn, &Kr
and 3H, respectively. 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, with a specific connection cap adapted to the

radioactive gas flow in the scintillator.
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CONCLUSIONS

In summary, specific scintillating porous MOF crystals to detect radioactive
noble gases were designed and fabricated. To achieve the goals fixed by the
SPARTE project (Chapter 2), two strategies were followed. The first one was
the use of hafnium-based MOF crystals exploiting the fast luminescence of
the DPA organic ligand. Their good Iuminescence and scintillation
properties—combined with their characteristic porosity allowed to realize a
fully operative prototype detector. An intensive study on a broad range of
critical B-emitting radioactive gases was performed, namely, the low-energy
B-emitter 3H, the high-energy B-emitter %°Kr, and the B/a-emitter 2?Rn. The
MOF crystals exhibited improved performance compared with commercial
powder-like materials currently tested. Moreover, 8Kr can be detected with
excellent sensitivity down to radioactivity values below the limit of
commercial systems. The second strategy concerned the engineering of the
composition of co-assembled hetero-ligand MOF nanocrystals obtaining
efficient and fast emitters with a large Stokes shift. Thanks to the high-rate
energy transfer mechanisms (both dipolar and exchange-related) occurring
in the highly ordered crystalline framework between the different species of
fluorescent ligands, a significant Stokes shift as large as 130 nm was
achieved. Therefore, zirconium-based MOFs were synthesized exploiting the
particularly matching spectral characteristics of terphenyl dye (donor) and
diphenyl anthracene chromophore (acceptor). This makes these new
emitters ideal candidates for reabsorption-free photonic applications that
require fast timing response. An excellent light yield close to 4000 ph/MeV
was observed directly related to the success of the synthetic strategy
employed to couple complementary, fluorescent acene-based building
blocks in a MOF architecture. From the radioactive gas detection side, &Kr
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was successfully detected with a 20% improvement of the material response
if compared to Zr-DPA MOFs crystals, which were synthesised in absence of
the donor terphenyl dye. The obtained results are therefore stimulating not
only from the scientific point of view, as radionuclide detection using porous
scintillators has been demonstrated here for the first time, but also from the
technological perspective, hinting at a potential breakthrough by developing
conceptually new optimized universal devices that allow detecting all the gas
radionuclides species of interest. In this regard, it is worth pointing out that
MOFs powders cannot easily be used in the present form due to the practical
problems of handling, especially from the perspective of industrial
production. The future work is then centred on the realization of a
hierarchical porous architecture in which porous MOFs are homogenously
distributed in a porous polymeric host endowed with mesopores and
macropores suitable for gas diffusion. In such a configuration, 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. Moreover, in order to push forward the response
in mixed systems like Zr-Tp-DPA MOFs, a natural evolution will be to replace
the zirconium cluster with the much heavier hafnium, in order to benefit of
both the enhancement due to the higher interaction cross section and the
one due to the high Stokes shift. 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
photomultipliers. In such a configuration, the gas flow will be orthogonal to
the detection line while diffusing through the whole scintillator, thus
maximizing the radionuclide accumulation and the scintillation detection
yield. The combination of easy-to-handle hierarchical porous scintillators
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.
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APPENDIX A AN

TDCR PRINCIPLE

The following paragraph has the intention of briefly explain the basics behind
the Triple-to-Double Coincidence technique and it is taken by the article of
R. Broda (“A review of the triple-to-double coincidence ratio (TDCR) method
for standardizing radionuclides”, 2003, https://doi.org/10.1016/S0969-
8043(03)00056-3). Specifically, he was one of the first to theorize and apply
this technique to liquid scintillation counting. Above the logic system behind

the TDCR technique is resented:
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Fig. Al: schematics of a general TDCR system.
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Fig. A2: dynamics of TDCR system.

Fig. A2 shows the dynamics of the detection of photons in a triple
coincidence  system. Here is presented the generation of
N = LF(E,) E./hv photons; the total number of electrons reaching the
PMTs is m=ng,+n,+n, and is given by a Poisson distribution
di=p(m;N§) where § is the light collection efficiency. Photons reach
each PMT with a probability of appearance of a definite set of number
(ng np m,) given by a trinomial distribution dy = m!/(ng!ny!n.!3™) with
probability 1/3. The probability that n photons cause the emission of k
photelectrons is given by a binomial distribution d3 = b(k;n,&,) where is the
efficiency of the PMT and the parameter of the distribution. b(O; n;ep) is

assumed to be the non-detection probability SO,
pr(n) =1-b(0;n,5,) =1—(1—g,)" is the detection probability. The
probability of the formation of an output pulse is

px = fIPr(ny), 0y (ny), pp(n)]. Finally, the counting probability s

Py Y Y .

m ng np



TDCR principle /\/\/\/W

Assuming that the light yield follows the Birks law: non linearity of
scintillation response due to different phenomena like ionization quenching
and local density energy distribution:

E  AdE

m(E) Zf dE

0 1+k8a

where A is the activity of the sample. Since the frequencies of triple and
double coincidences are observed experimentally and considering that, for a
large sample, the ratio of frequencies converges to the ratio of probabilities,
the calculation algorithm consists in finding the free parameter A, such that

# Triple coincident events
TDCR =

# Double coincident events
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Hf-DPA MOFs SIZE
MODULATION

Here are presented the SEM images of Hf-DPA MOFs samples obtained with
different sizes with an increasing amount of formic acid, used as modulator.
Moreover, Table A represents the average size for every sample with
indicated the monitored quantum yield.

Fig. B1: SEM images of Hf-DPA MOFs with different size. The size increase from a to i with this order: a, b,
c,d, e, f g h,i
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a + 8 nm 0.0158 spherical 0.6956
b 95 £ 17 nm 0.0241 spherical 0.3511
c 175 £ 25 nm 0.0565 octahedral 0.4053
d 1025 =200 nm 8.4111e-3 octahedral 0.4612
& 930 £ 110 nm 0.0108 octahedral 0.3552
f 870 = 90 nm 0.0204 octahedral 0.4138
g 4200 = 600 nm 4.2543e-3 octahedral 0.4338
h 3500 = 400 nm 5.1020e-3 octahedral 0.4738
[ 5200 £ 690 nm 3.4201e-3 XXXXXX 0.6244

Table A: from left to right, the first column after the sample name represents the MOFs increasing sizes, then
surface to volume ratio for every sample is presented as well as the symmetry. The last column represent the
value of QY recorder for each samples, measured relative with DPA.

131



This page was intentionally left blank.



nature photonics

Article https://doi.org/10.1038/s41566-023-01211-2

Efficientradioactive gasdetection by
scintillating porousmetal-organic
frameworks

Received: 15November 2022 Matteo Orfano ® "*,Jacopo Perego'®, Francesca Cova® *,

Charl X. Bezuidenhout ® *,Sergio Piva® ', Christophe Dujardin © ?,
Benoit Sabot ® 3, Sylvie Pierre®, Pavlo Mai?, Christophe Daniel ® *,
Published online: 18 May 2023 Silvia Bracco ® ',Anna Vedda® '/, Angiolina Comotti® " &
Angelo Monguzzi ® *

Accepted: 7April 2023

M Checkfor updates

Natural and anthropogenic gasradionuclidessuch asradon,xenon,hydrogen
andkrypton isotopesmust bemonitored to bemanagedaspathogenic
agents,radioactivediagnostic agentsor nuclearactivity indicators.
State-of-the-artdetectorsbasedon liquid scintillatorssuffer from laborious
preparation andlimited solubility for gases,whichaffecttheaccuracy of the
measurements.Theactual challengeisto find solid scintillating materials
simultaneously capableof concentrating radioactivegasesand efficiently
producing visiblelight revealedwith high sensitivity. Thehigh porosity,
combined with theuseof scintillating building blocksin metal-organic
frameworks(MOFs),offersthepossibility to satisfytheserequisites.
Wedemonstratethecapability of ahafnium-based MOFincorporating
dicarboxy-9,10-diphenylanthraceneasascintillating conjugated ligand to
detect gasradionuclides.Metal-organic frameworksshow fastscintillation,
afluorescenceyield of ~40%,andaccessibleporosity suitablefor hosting
noblegasatomsand ions.Adsorption anddetection of ®*Kr,??Rnand *H
radionuclidesareexplored through anewly developeddevicethat isbasedon
atimecoincidencetechnique.Metal-organic framework crystallinepowder
demonstrated animproved sensitivity,showing alinear responsedownto a
radioactivity valuebelow 1 kBq m~for®®Kr,which outperformscommercial
devices.Theseresultssupport thepossibleuseof scintillating porousMOFs
to fabricatesensitivedetectorsof natural andanthropogenic radionuclides.

Natural radioactive gasessuch asthe isotopesof radon (**Rnand power plants, reprocessing plantsand nuclear wastetreatments'=,

220Rn),andtheanthropogenicradionuclidescomingfromfission(***Xe  arecritical to detectfor monitoring nuclearactivity and uncovering
and %*Kr)and activation (°*H and *’Ar)products, needto becarefully illegalreprocessingtoproduceplutoniumforweapons®.'**Xeand® Ar
monitored.Isotopessuchas®Krand®H,whichoriginatefromnuclear  areof key interest, asthey canbeused to detect covert activitiesto
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Fig.1|Time-coincidence-baseddetectorforradionuclidesgasesexploiting
porousscintillators.a,Schematicrepresentationofthescintillationmechanism
insidefluorescenthafnium-basedMOFs.Theporousframeworkscanuptake
radioactivegaseousspeciesthroughphysicaladsorptionandconcentratethem
insidethepores.ThedecayprocessproducesB-particlesthatcaneffectively
interactwiththeporousparticlesduringtheirdiffusionandthermalization,
triggeringasensitizedscintillationprocess.Theligandandmetalnodethat
constitutesHf-DPA,aswellastheB-radiationemittedbyradionuclides,are

shownatthetop.b,Sketchofthetriplecoincidencesystemdesignedtoreveal
radioactivegasesbyexploitingaporousscintillator. Theporousmaterialis
placedinthecentralchamberwhereitadsorbstheflowinggasmolecules,
whoseB-decayproduceshigh-energyelectronsinthepores.Theinteractions
ofelectronswiththewallsoftheporesgeneratethelightpulsestoberecorded
bythreesymmetricPMTsemployedtohavealow-noise,time-coincidence
detection.

verify compliancewith theComprehensiveNuclear-Test-Ban Treaty’.
Ontheother hand, gasesfrom granite-rich areas(**Rnand ?°Rn)®"°
arepathogenic agentsthat mustbequantified to mitigatetheexpo-
surerisk,whereasxenonisotopesareusefulasradioactivediagnostic
contrast agentsto evaluatepulmonary function,lung imaging and
cerebralblood flow byinhalation"~'*. Thedetection and radioactivity
metrologyofgasesisthusacrucialaspectinamodern,technologically
advancedand sustainablesociety, asdemonstrated by therecurrent
updatesof regulationsthat askfor increasingly moresensitiveand
accuratedetectors’*'°.
AllofthelistedradionuclidesdecaybyemittingB-particles(a-and
B-particles the caseof radon); that is, electrons that aredifficult
to detect dueto their short-rangepath in matter, especiallyfor °H
(ref. 16).In thiscase, the liquid scintillation counting technique is
thegold standardto measureradioactivity,but it requiresalong and
complex procedureto mix *H-labelledwater with thescintillator'’.
This hinders in situ online measurementsand produces liquid
radioactivewastethatmustbecarefullymanaged.Moreover,itcannot
beapplied to other gasradionuclides, which arehighly insoluble. In
this casethe only option is to use gas meters that require large
volumes and counting gasesto increasethe detection efficiency,
resulting in very impractical instrumentation (seeSupplementary
Section 11).
Akeysolutiontobypasstheseissuesistousesolidporousscintilla-
tors:theadsorptionandaccumulationintheporeswouldconcentrate
the radionuclide, while simultaneously enhancingthe probability
of thescintillatorsinteracting with thegenerated ionizing radiation,
thus increasingthe device sensitivity. Porousscintillators would
allow the useof low detection volumes, thusenabling the realiza-
tion of practicalsmallinstrumentsfor in situ operation.Importantly,

theporoussystemscan alsobecleaned from radioactivespeciesand

reused, thusenabling asustainabletechnology that reducesrisks
and costs. Porousscintillatorsare therefore proposed asanew class
of scintillating materialsfor thedevelopment of highly responsive
and universal radioactive gasdetectorsbased on time-coincidence
techniques(Fig.1a)®.

Scintillating metal-organic frameworks(MOFs) endowed with
high porosity areexcellent candidates. Thecontrolled self-assembly
ofinorganicnodesandorganicligandsproducestailoredarchitectures
withwell-definedporosityforgascapture,separationandstorage'®-?%
Metal-organic frameworkshave also been usedassorbentsfor the
sequestrationofnoblegases?*and,insomecases,ionradionuclides®.
Luminescent chromophores, included asligandsor guests,canbe
integrated to build emissivematerialswith uniquephotophysical®>-*®
and scintillating properties®***. However, despite recent MOF
developmentsascolorimetric-and ~ fluorescence-sensing platforms
and scintillators, their potential application for thedetection of gas
radioactivity hasnot yet beenreported. Indeed, luminescent MOFs
havebeen usedto detect thepresenceof afew radioactiveanalytesin
solution,butwithoutanycorrelationtotheirradioactiveproperties™.

Herewedemonstratethecapabilityofporoushafnium-basedMOFs
containing thedicarboxy-9,10-diphenylanthracene(DPA) asascintil-
lating ligand for gas-radioactivity detection (Fig.1).Thecrystalline
MOFshowsahighly accessibleporosity suitable for hosting radio-
activegases,whichtransfertheirionizingradiationtotheframework,
producingfastscintillationappropriatefortimecoincidencedetection
techniquesandagoodfluorescencequantumyieldof~40%.Theheavy
hafniumimprovestheinteractionwithionizingradiationandenablesa
goodlightintensityoutput,thatis,oneorderofmagnitudelargerthan
acommercialscintillator.Theseexcellentpropertiespromptustotest
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Fig.2|Structural,gasadsorptionandphotoluminescenceproperties
offluorescentporousMOFs.a,Scanningelectronmicroscopyimageof
Hf-DPAMOFs.TheinsetdepictstheMOFsizedistributionobtainedbySEM
imageanalysis.b,CrystalstructureofHf-DPAhighlightingtheoctahedraland
tetrahedralcavities.Thetriangularporewindowandcentre-to-centredistance
betweenDPAmoleculesarehighlighted.c,Argon(lightblue)andkrypton
(darkblue)adsorptionisothermscollectedat77 K.Inset:poresizedistribution
calculatedfromargonadsorptionisothermusingthenon-localdensity
functionaltheorymethod.d,Hyperpolarized'*XeNMRspectraofHf-DPAat

variabletemperature,2%xenoninamixturewithnitrogenandhelium.e,f, The
excitationphotoluminescence(PLE,dashedline)andphotoluminescence(PL)
emissionspectraofMOFcrystalsdispersedinTHF (5 x 10 M)(e)orasbare
powder(f).Thephotoluminescencewasrecordedat300 K(solidline)and

77 K(dottedline).Theexcitationwavelengthis355 nm.Theinsetsshowthe
photoluminescenceintensity(PLint.)decayasafunctionoftimerecordedat
thephotoluminescencemaximumemissionwavelengthunder340 nmpulsed
excitation.Thesolidlinesrepresentthefitofdatawithmulti-exponentialdecay
functionsthatresultsintheaverageemissionlifetimevaluesreported.

thesorptionanddetectionof®®Kr,???Rnand®Hradionuclidesinanewly
developed devicethat exploitsthescintillating MOFpowder asagas
harvesterandconcentrator(Fig.1a).Metal-organicframeworksshow
animprovedsensitivitywithrespecttothereferencepowderscurrently
tested for gasdetection, aswell asan excellent linear responsedown
to anactivity valueof below 1 kBq m~3for ®*Kr, thusoutperforming

commercialdetectorsinacompact,costeffectiveandeasy-to-handle
architecture.Thecombinationofporosity,goodquantumyieldandfast
scintillation strongly support thepossibleuseof scintillating porous
MOFsasactive componentsto fabricate technologically superior
sensorsfor detecting natural and anthropogenicradioactivegasesat

ultralowconcentrations.

Results

Gasadsorption and photoluminescencepropertiesof

Hf-based MOFs

Hafnium-based MOFscomprising luminescent DPAligands(Hf-DPA)
were obtained through solvothermal synthesis(see Methodsand
Supplementary Figs.1-7)?"?*,whichhasbeen optimized to produce
octahedral crystalswith acubic crystal structure385 nm in diameter
(Fig. 2a,b)—atwhich sizetheemission propertiesarebest—in highly
reproducible batchesfrom few tensof milligramsup to ~200 mg
(Supplementary Table 1 and Supplementary Figs. 8-20).
Low-temperaturegasadsorptionisothermsdemonstratethemicropo-
rousnatureofHf-DPA,andtheadsorptionofnoblegasessuchasargon

and krypton (Fig.2c and Supplementary Fig.30). Theargon and
krypton adsorption isothermswerealso measuredatroom tempera-
ture,demonstratingthegasdiffusioninsidethecavitiesunderpressure
andtemperatureconditionscomparablewiththeoperationalscenario
ofradioactivegasdetection(SupplementaryFig.31).Inthisregardwe
providedirect detection of noblegasdiffusion into theporesof the
Hf-DPAby hyperpolarized '>XeNMRexperiments, evenin competi-
tion with other gaseousspeciesandunder flow conditions(Fig.2d,
Methods, Supplementary Table5and Supplementary Fig.28)%3'-%,
Thedetectionofthesignalatd = 97.7 ppmwithin200 msdemonstrates
thefast diffusion in therestricted pores.

Figure 2e shows the steady-state photoluminescence and
excitation photoluminescence (PLE)spectra of Hf-DPAdispersed
in tetrahydrofuran (seeMethods).Under ultraviolet excitation, the
dispersionexhibitsabluefluorescencepeakat450 nm,withacharac-
teristicaveragedecaytimeof2.8 nsandaphotoluminescencequantum
yield of 0.41 + 0.06(Supplementary Section7). The broad spectrum
mirrors the presenceof adistribution of local environments and
quenching pathwaysfor the emitting ligands®2°*° Theexcitation
photoluminescenceprofilerecordedat450 nmmatchesthevibronic
structure of DPA molecules®. Low-temperature measurements
showablueshift of thephotoluminescencemaximum to 440 nm,
ascribed to the band narrowing at cryogenic temperatures that
reducesself-absorption,and anincreaseddecaytimeof 3.3 ns,which

indicatesan emissionyield increment to 0.41x ? = 0.48 (+18%).

.8 ns
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Fig.3|ScintillationpropertiesofHf-DPAMOFpowder. a,Radioluminescence
(RL)spectrumofHf-MOFsandplasticEJ-276scintillatorpowdersundersoft
X-rays.TheinsetshowsthescintillationpulserecordedforHf-DPAswithapicture
oftheMOFpowder.Thesolidlinerepresentsthefitwithamulti-exponential
decayfunction.b,c,NormalizedPL(b)andRLspectra(c)ofHf-DPApowdersasa
functionoftemperature.Theinsetinc depictstheradioluminescenceintensity
(RL*)normalizedtothePLintensityvariationshownintheinsetofb,asafunction
ofthetemperature.d, ThermallystimulatedluminescenceintensityofHf-DPA
crystalspowderasafunctionofthetemperature,thatis,theglowcurve,obtained
byintegratingwavelengthresolvedmeasurementsinthewholeemissionregion.
TheinsetdepictsrepresentativeTSLspectrarecordedat10 K,100 Kand200 K.

This confirms the absenceof substantial thermal quenching in
Hf-DPADby intramolecular vibrational mechanisms®>?* Figure2f
reportsthe photoluminescence propertiesof the Hf-DPApowder
thatwillbeusedtodetectthegasradionuclides.Theemissionatroom
temperatureisredshiftedto490 nmduetothelargerinnerfiltereffect
ofself-absorptioninthepowder,whereasthePLEprofilematchesthat
of MOFin THF.Theemission lifetimeof 2.4 nsisbasically unchanged.
At77 K,theemissionmaximumisagainslightlyblueshiftedto480 nm
with alifetimeincrement to 3.5 ns,confirming that theexcited state
electronicpropertiesof theMOFpowder areconsistent with thoseof
singlecrystalsin diluted dispersion.

Scintillation propertiesof Hf-DPA
Figure3ashowsthesteady-statescintillation (radioluminescence)
spectrum of Hf-DPApowder compared with thecommercial plastic
scintillatorEJ-276(Methods)undersoftX-rays. TheMOFpowderradio-
luminescencematchesthephotoluminescenceprofile(Fig.2f).Notably,
despite the Hf-DPAdensity of 0.6—0.7 g cm~*being lower than the
1.1 g cm ofEJ-276,thescintillation generated by MOFsismorethan
oneorderofmagnitudeintense(Fig.3a).Thisisascribedtothepresence
ofheavyhafniumions(Z = 72)enhancingtheinteractionwithionizing
radiation,which allowsthescintillation efficiency of theHf-DPAto
double with respectto the parent zirconium-based MOF(Supple-
mentary Fig.32)*.Hf-DPAproducesafast scintillation light pulse
(Fig. 3a,inset) with a subnanosecond rise time and averagedecay
timeof3 ns,whichmatchesthephotoluminescencedecaydynamics.
Thisconfirmsthat theMOFemission propertiesarepreserved under
X-rayexcitation.

The photoluminescence and radioluminescence of Hf-DPA
havebeen monitored againsttemperature.Figure3b showstheMOF
powder normalized photoluminescence spectrarecorded cooling

from300 Kto10 K.Atlowtemperature,theemissionmaximumwave-
length shiftsto 480 nm dueto themitigation of self-absorptionby
the band narrowing (Supplementary Table 7). The inset showsthe
photoluminescenceintensityincreasingby+40%atbelow100 K,which
correspondsto anincrement of thequantum yield up to ~0.60.This
enhancementislargerthanthatexpectedconsideringthecorrespond-
ing increment of theemission lifetime(Fig.3b,inset). Thesefindings
suggestthat additional temperature-dependentultrafast quenching
pathwaysof diffusing chargesor molecular excitonsareinvolved in
thepartial emissionquenching®®.Thepresenceof trapsissupported
by the variable-temperature radioluminescence experiments. The
radioluminescencespectrum changesin accordancewith thephoto-
luminescence(Fig.3candSupplementaryTable7).Ontheotherhand,
theradioluminescenceintensity—correctedbythephotoluminescence
behaviour (insetof Fig.3b)to point out theintrinsic luminescence
dependenceonthetemperature—isprogressivelyreducedbyafactor
twoat10 K.Thisisafingerprintofthepresenceoftrappingsites,which
competewiththerecombinationofdiffusingfreechargesonemissive
ligands.Thermalenergycanfreethetrappedchargestoberecovered
for light generationreachingathermal equilibrium (Supplementary
Fig.33)°"* but at low temperaturesthey arelost with areduction of
the emissionintensity. Thetrap rolein scintillation isinvestigated
by wavelength-resolvedthermally stimulated luminescence (TSL)
measurements(Methods)*~*'. ThesmoothTSLglowcurve—obtained
byintegratingthewavelength-resolvedTSLspectrainthewholeemis-
sion region—demonstratesthe existenceof abroad distribution of
trapsiteswithdifferentenergydepths(Fig.3d),whichdonotseriously
affect thescintillation yield of theMOFs(Supplementary Fig.34).

Radioactivegasdetection with MOFpowders
ThecapabilityofporousHf-DPAtoadsorbargon,krypton,xenonand
radonatroomtemperatureandconcentratetheirradioactiveisotopes
fordetectionwasdemonstratedbycombinedexperimentalandsimu-
latedapproaches.Figure4ashowstheadsorptionisothermscalculated
by Grand Canonical MonteCarlo (GCMC)simulations(Methodsand
Supplementary Section 6). They successfullyreproducetheexperi-
mentalisothermsforargonandkrypton,demonstratingthevalidityof
thedevelopedmodellingasapredictivetool(SupplementaryFigs.35
and36).Thesimulatedadsorptionatagivenpressureshowsacorrela-
tionbetweentheamountofgasadsorbedandtheatomicmass,witha
preferencefortheheavierradon.Thesmallergasessuchaskryptonare
morehomogenously distributed in all of theavailablespace(Fig.4b,
left),whereasthelargerradonatomispreferablyhostedinthesmaller
tetrahedral cavitiesof theMOF (Fig.4b,right),dueto themoreeffec-
tiveinteractionsbetweenthegasmoleculesandtheframeworkwalls.
Thegas—matrix interaction energies(Supplementary Figs.37and38)
giveinsightintotheaffinityandretentioncapabilityoftheframework
towardstheexploringgases(Fig.4c),andhaverelevanceforselectivity
anddetectionapplicationsinair. Thegasdiffusionmodelledinthepres-
enceofairatroomtemperatureindicatesthatkryptonatomspervade
theentireMOFcrystalswithin tensof microseconds,demonstrating
thatnoblegasradionuclidescouldberapidlyadsorbedintothepores
in standard working conditions(Supplementary Figs.39and 40).
TheHf-DPA hasbeen tested using aradioactivekrypton isotope
(%°Kr) in acustom-made prototype device (Supplementary Fig.41).
The B-decayof ®*Krproduceselectronswith amaximum emission
energy of 687.1 keVand an average energy of 251.4 keV(ref. 42).
Theradionuclidecan bemixed in airat different concentrationsto
tune the activity of the sample.The scintillation is detected by
employing atimecoincidencemeasurement techniquebased on the
simultaneoususe of two photomultiplier tubes(PMTs) (Fig.1b,see
Methods, Supplementary Section 11and Supplementary Fig. 41)®.
Thetechniquecanbeappliedusingdifferentcoincidencewindowsto
maximize the device’ssensitivity**°. Here we tested acoincidence
windowof40 ns(asusedwithliquidscintillators)and400 ns.Figure4d
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Fig.4|Radioactivegasadsorptionanddetectionbyporousscintillating
Hf-DPAcrystallinepowder.a,Experimentalargonandkryptonisothermsand
GCMCsimulatedadsorptionisothermsofargon,krypton,xenonandradon
foracubicunit-cellofHf-DPA(32.79 x 32.79 x 32.79 A®)at298 K.Theuptake
isexpressedinmoleculesperunit-cell(MPU).b,Gasdensitydistributions
calculatedatroomtemperatureatconstantpressureof50 mbarbyGCMC
adsorptionsimulationsforkryptonandradon.Blueandredcoloursindicate
thehighestandlowestgasdensityinthepores,respectively.c,Gas—matrix
interactionenergydistributionprobabilitycalculatedataconstantpressure
of50 mbarandroomtemperatureforkrypton,xenonandradon.d,Double
coincidencedetectionof®®KrbypolystyrenemicrospherespowderandHf-DPA

Time (s x10%)

Time (s x10%)

powderusingtwodifferentcoincidencewindows(CWs)fordetection(40 ns
and400 ns).Thelabelsonthex-axisindicatewhentheradioactivegashasbeen
injectedintothedetectiondevice(gasin)andthenwashedoutbyafluxofclean
air(gasout).cps,countspersecond.e,Doublecoincidencedetectionrateof
%KrbytheHf-DPApowderasafunctionofthesampleactivityusingdifferent
coincidencewindows.Theverticallinesmarkthedetectionlimitofacommercial
deviceemployedfordetectingnoblegasradionuclides(refs.46,47,redand
violetline,respectively).Thesolidlinesarethefitofdatawithlinearfunctions.
Errorbarsdepicttheresidualvaluesofthefit.f,Doublecoincidencedetection
of ?RnbypolystyrenemicrospherepowderandHf-DPApowderusingdifferent
coincidencewindows.

showstheresultsobtained for detecting *Kr using astandard scintil-
lating powder—thatis, dye-doped polystyrene microsphereswith
diametersof 175+ 75 uym(ref.46)—andHf-DPA. The data highlights
animproved behaviour for porouscrystals. First, H-DPAgenerates
ascintillation intensity ~4.6-and3.9-timeshigher than microspheres
for40 nsand400 nscoincidencewindows,respectively. Thisdemons-
tratesthe efficiency of Hf-DPAasascintillator despiteitsintrinsic
lowerdensity(~0.65 g cm™)comparedwithpolystyrene(1.02 g cm™).
Notably, gasdetection canbeperformed with extremely high repro-
ducibility(x1.3%for40 nsand+2.5%for400 nscoincidencewindows,
respectively). Moreover, thepolystyreneemission peakedat420 nm
(SupplementaryFig.31),whereinthePMTsdetectionefficiency(0.43)

ishigherthanforthe490 nmMOFemission(0.25)*".Afurtherimprove-
mentofthedetectionefficiencycanthereforebeenvisagedbymatch-
ingthescintillatorandphotodetectorproperties.Second,theexpected
increment using alonger coincidence window islesspronounced

for Hf-DPA (around +25%)thanfor the polystyrene (around +50%).
This indicates that MOFswork better asfast scintillators with a
negligible slow emissioncontribution, giving aresponsecloserto
theideal time-independentbehaviour.

Third, themaximum scintillation signalisreached with slower
kineticsfor MOFsthan polystyrene. The signal rise time—calculated
asthetimeemployedtoreach90%ofthemaximumplateau—is~600 s
forHf-DPAversus~100 sformicrospheres.Asimilareffectisobserved
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whenremoving theradionuclidesfrom thesampleby purging with
cleanair. Thescintillation switchesoff in 800 sfor MOFs,whereasit
takeshalf of thetimefor thepolystyrenemicrospheres. Thesefind-
ingssuggestthat, in addition to thefast, automaticfilling of inter-
particle spacewithin packed microspheres, the radionuclidesare
adsorbedwithin theMOFpores,in agreementwith theexperimental
andsimulatedadsorptiontests,thuspromotingtheinteractionofthe
B-radiationwith thescintillatorsthat resultsin abetter performance.

The versatility of our approachwasdemonstrated by testing
Hf-DPAcrystalsasdetectorswith other radionuclidesof interest,
namely ???Rn(with itsfour decaydaughtersat theequilibrium,which
are a- and high-energy B-emitters) and *H (Supplementary Figs.41
and 42). Considering the larger capture of radon in the pores, the
scintillation output should be improved with respectto krypton.
Indeed,thedetection efficiency isenhancedtwentyfold with respect
to polystyrene(Fig.4f).Even for theelusivetritium,theMOFpowder
showsabetter sensitivityin thedetection countingrate—doublethat
ofpolystyrene(SupplementaryFig.43).Thisisaveryimportantresult
as®Hisoneofthemostdifficultgasatomstodetect,giventherelatively
low energy of theB-radiation emitted with anaveragevalueof 5.7 keV
(ref. 42).Regardingkrypton, we further tested the deviceasafunc-
tion of theactivity of thesample, asaprogressively greater number
of sensitivedetectorsisrequired. Asshown in Fig.4e, we detected
8Krfrom an initial activity of 21 kBq m~,downto 0.3 kBq m>*—two
ordersof magnitudelower. Theinstrumental responseislinear with
thesampleactivity,suggestingthepossibilityofsettinghighlyaccurate
calibrationsof devicesto detect ultralow activity levels.Notably, we
successfullydetected an activity below theminimum valuedeclared
for commercial ®**Krdetectors(vertical linesin Fig.4e),in adevice
much smallerin size,with lessvolume of monitored gasand using
one-order-of-magnitude-shorter acquisition times(Methodsand
Supplementary Section 11),owingto theporousscintillator’sability
to adsorb thegas*®*°. Theseremarkableresultsdemonstratethat the
prototypedevicepresentedhere,althoughinitsembryonalform,dis-
playsbettersensitivitythanstate-of-the-artdevicesandhighlightsthe
technologicaladvantageofpotentiallyusingcompact,easy-to-handle
andcheaperdevices.ConsideringthegoodstabilityofHf-DPAthatdoes
not imply anycritical storageprotocol (Supplementary Table9 and
SupplementaryFig.45),thisworkstronglysupportsthedevelopment
ofradioactivegasdetectorsbasedonporousMOFcrystalsasscintilla-
torsthat canovercomecurrent technologicalllimitations.

Discussion

In summary, we designed and fabricated specific scintillating
porousMOFcrystalsto detect radioactivenoblegases. Their good
luminescenceand scintillation properties—combined with their
characteristicporosity—allowedustorealizeafullyoperativeprototype
detector.An intensivestudy on abroad rangeof critical B-emitting
radioactivegaseswasperformed, namely, thelow-energy B-emitter
3H, the high-energy B-emitter %°Kr, and the B/a-emitter >?Rn.The
MOFcrystalsexhibited improved performancecompared with com-
mercial powder-likematerialscurrently tested,and wefound that
85Krcanbedetected with excellentsensitivity down to radioactivity
valuesbelow thelimit of commercial systems.Theobtained results
arethereforestimulatingnotonlyfromthescientificpointofview,as
radionuclidedetection using porousscintillatorshasbeen demon-
stratedhereforthefirsttime,butalsofromthetechnologicalperspec-
tive,hinting atapotential breakthrough by developing conceptually
newoptimizeduniversaldevicesthatallowdetectingallthegasradio-
nuclidesspeciesof interest. In thisregard, it isworth pointing out
that MOFpowderscannot easilybeused in thepresent form dueto
thepractical problemsof handling,especially from theperspective
of industrial production.Wearethusworking on therealization of
ahierarchical porousarchitecturein which porousMOFsarehomo-
genouslydistributed in a porous polymeric host endowed with

mesoporesand macroporessuitablefor gasdiffusion.In suchacon-
figuration, theMOFswill beemployed to further concentrateand
detecttheradionuclides,thusrealizingthefirstexampleofcomposite
bulk porousscintillatorsfor radioactivegasdetection.Similarly,the

instrumentaldesignwillbeimprovedtogetamorefunctionaldevice.
Apossibleevolution canbetheuseof acylindrical shapecontainer
for the porousscintillator with aerosolfiltersasthe entranceand
exit face,in which the gasflow would circulate freely through the
wholeporousmaterial,placed vertically betweentwo photomulti-
pliers.In suchaconfiguration,thegasflow will beorthogonal to the
detectionlinewhilediffusingthroughthewholescintillator,thusmaxi-
mizingtheradionuclideaccumulationandthescintillationdetection
yield.Thecombinationofeasy-to-handlehierarchicalporousscintilla-
tors and excellentdetection properties of porous MOFswith an
optimized instrumental designwill provideapivotal stepforward in
thefabrication of high-techultrasensitiveand reusabledetectors,
especiallyfor low-energeticradionuclidessuch astritium produced
in nuclearplants.

Online content

Anymethods,additional references,NaturePortfolio reportingsum-
maries, source data, extended data, supplementary information,
acknowledgements,peerreviewinformation; detailsof author con-
tributionsand competing interests;and statementsof dataand code
availabilityareavailableathttps://doi.org/10.1038/s41566-023-01211-2.
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Methods

Synthesisof Hf-DPA crystals

Hf-DPAcrystals were synthesized using modulated solvothermal

condition. Briefly, 9,10-bis(4-carboxyphenyl)anthracene(209.0 mg;

0.5 mmol)andHfCl, (160.0 mg;0.5 mmol)wereaddedtoa100 mipyrex
bottlewith cleavableteflon-lined cap.Dry DMF(50 ml) and 400 pl of
formicacidwereaddedandthebottlewasclosedandsonicatedfor60 s
to obtain awell-dispersed mixture.Themixturewasheated at120°C
for 22 hin apreheated oven.Theglassbottlewasthen removed from

the ovenand cooled to room temperature. The yellowish solid was
collected by filtration on a0.2 yum PTFEmembrane and washed
with DMF(3 x 100 ml) and then CHCI,(3 x 100 ml). The powder was
recoveredand dried at 120 °Cunder high vacuum before further

analysis.Yield:178 mg (58%)(seetheSupplementary Information for

further detailson ligandand MOFpreparation).

Hf-DPA analysisand characterizations
PowderX-raydiffractionpatternswerecollectedonaRigakuSmartlab
usingCu-Karadiation,whereassynchrotronradiationpowderX-raydif-
fractionwasperformedattheESRFID22beamlineusingawavelength
of 0.354 A.Thecrystal structurewasrefined by theRietveld method
combined with molecular mechanicsand plane-wavedensity func-
tional theory calculations(Supplementary Section5). Thestructure
dataareavailableattheCambridgeCrystallographicDataCentrerepos-
itory,depositionno.2218565.ThecompositionofHf-DPAwasstudied
by meansof NMRspectroscopy in solution,solid-stateNMRspectro-
scopy, Fourier-transform infrared spectroscopy,thermogravimetric
analysis, scanning electron microscopy and EDSanalysis.The gas
sorption propertieswereinvestigated collectingnitrogen,argon and
krypton adsorption isothermsat 77 Kup to saturation pressureand
argon and krypton at298 K;hyperpolarized '*XeNMRexperiments
wereperformed by ahome-built apparatuswith acontinuous-flow
delivery of hyperpolarized xenon gaswith a Bruker Avance300
spectrometeroperatingataLarmorFrequencyof83.02 MHzfor'*°Xe.
Thexenon andradon adsorption isothermsat 298 Kwereperformed
by GCMC.

Photoluminescencestudies

Absorption spectrawererecorded usingaCary Lambda900 spectro-
photometer at normal incidencewith Suprasilquartz cuvetteswith
a0.1 cmoptical path length andanintegrating sphereto eliminate
scattering effects. Steady-statephotoluminescence spectra were
acquired using aVarian Eclipsefluorimeter (bandwidth 1 nm)using
quartzcuvettesof0.1 cmopticalpathlength.Time-resolvedphotolumi-
nescencespectraoftheMOFsdispersionswererecordedbymonitoring
the emission decay of the samplesat 435 nm. The MOFswere excited
withapulsedlight-emittingdiodeat340 nm(3.65 eV,pulsewidth80 ps;
EP-LED340,Edinburgh Instruments). The MOFswere excited with a
pulsedlaserat405 nm(3.06 eV,pulsewidth90 ps;EPL-405,Edinburgh
Instruments)to avoiddirect excitation of thehost polymer matrix.
photoluminescencedecaytimesweremeasuredatthemaximumofthe
emissionspectrum.Relativeandabsolutephotoluminescencequantum
yields were measuredwith different methods asdescribedin the
SupplementarySection7.Forexperimentsatcryogenictemperatures,
the sampleswere excited by afrequency tripled pulsed Nd:YAGlaser
source at 3.49 eV(355 nm)operated at 10 kHz;the emitted light was
collectedusingacustomapparatusfeaturingaliquidnitrogen-cooled,
back-illuminated, and ultraviolet-enhanced charge-coupleddevice
detector (Jobin-YvonSymphonyIl) coupled to amonochromator
(Jobin-YvonTriax180)equippedwitha100linespermillimetregrating.

Radioluminescenceand scintillation studies

ThesampleswereexcitedbyunfilteredX-rayirradiationusingaPhilips
PW2274X-raytube,withatungstentarget,equippedwithaberyllium
window and operated at 20 kV. At thisoperating voltage, X-raysare

produced by theBremsstrahlungmechanism,superimposed to thelL
andMtransitionlinesoftungstenduetotheimpactofelectronsgene-
rated through athermionic effectand acceleratedonto thetungsten
target. Cryogenicradioluminescence measurementsare performed
in the 10-370 Kinterval. Radioluminescence hasbeen recorded on
powder samplesof 1 mmthicknessin an aluminium sample holder.
Forcomparison theradioluminescencespectrahasbeen normalized
by themassof theinvestigated powder.
ScintillationhasbeenrecordedunderpulsedX-rayswithenergies
upto25 keVgeneratedwitharepetitionrateof1 MHzbyapicosecond
diodelaser at 405 nm (Deltadiodefrom Horiba) focusedon an X-ray
tube(modeIN5084fromHamamatsu).Theresultingphotonswerecol-
lectedbyKymeraspectrograph(ANDOR)anddetectedbyahybridPMT
140-Cfrom Beckerand Hickl GmbH. For decay-time measurements,
thephotonswerehistogramed usingaPicoHarp300 time-correlated
single-photon counting(32 pstimeper bin) andfor thetimeresolved
spectraaMCS6Amultiple-channeltimeanalyzerwasused(800 pstime
perbin).Subnanosecondscintillationemissionkineticsofthesamples
weremeasuredwithatime-correlatedsingle-photoncountingset-up.

Thermallystimulated luminescencemeasurements
Wavelength-resolvedTSLatcryogenictemperaturesisperformedby
using thesamedetection systemasfor radioluminescencemeasure-
ments. Cryogenic TSLmeasurementsareperformed in the10-320 K
interval,withalinearheatingrateof0.1 K s™',afterX-rayirradiationup
toaround10 Gy.ThedosevaluesforX-rayirradiationswerecalibrated
with anionization chamberin air.

Radioactivegasdetection experiments
Theexperimentsareperformed using auniquegasbench developed
attheCEA,Paris-Saclay,andbyallowingtheproductionofradioactive
gasatmospheresusing high activity standards®™. Different sampling
anddilutionstepsallowforprecisecontroloftheinjectedactivity,and
preciseknowledgeof thevolumetric activity of eachgas:atbest, the
relativestandarduncertaintyontheactivityconcentrationis0.4%,0.6%
and 0.8%for %?Rn,**Krand °H,respectively (Supplementary Table9).
Foreachexperiment,thesametypeofthreestepsequenceisperformed.
First,themeasurement of theblank, by circulating cleanair without
additional radioactivity.Second,themeasurement of scintillation by
circulating theradioactivegassampleinto thevial (4 mm diameter
and 50 mm height, 0,1086 gfor Hf-DPAand 0.3640 for polystyrene
microspheres,activity 10 kBq).Third,circulation of cleanairinto the
deviceto removetheradioactivegas.Thelight photonsproduced by
scintillation aremeasured using ametrological devicedeveloped to
exploitthetriple-to-doublecoincidenceratio(SupplementaryFig.41)'¢,
with aspecific connection cap adaptedto theradioactivegasflow in
thescintillator.

Data availability

Thedatathat support theplotswithin thispaper andother findings
of thisstudy areavailablefrom thecorresponding author upon rea-
sonablerequest, at the public repository of the project SPARTEFET
OpenProject(https://www.sparte-project.eu/). TheHf-DPAstructure’s
Cambridge Crystallographic DataCentre deposition no.is2218565.
No custom code hasbeen developedfor computational modeling
andsimulations.
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