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ABSTRACT

Scintillating materials emit light when exposed to ionizing radiation and are particularly useful for the detection of nuclear threats,

medical imaging, and high-energy physics. A subset of these materials enables the discrimination of neutrons and charged particles

from y-rays through pulse shape discrimination (PSD). This time-gated technique exploits that in these materials, the scintillation

pulse shape depends on the nature of the incident radiation. The most used PSD materials are polymeric scintillators featuring

triplet-triplet annihilation (TTA) based delayed fluorescence as the radiation fingerprint. We report here that sensitive and rapid

PSD is achieved in nanostructured polymeric scintillators consisting in a solid polymer matrix and liquid nanodomains in which

the TTA-active dye 9,10 diphenyl anthracene is dissolved. The liquid nature of the nanodomains renders TTA highly efficient,

allowing delayed fluorescence to occur at low energy densities. We demonstrate that TTA is further enhanced by the inclusion

of properly selected and dosed metalated porphyrin. The latter act as y/neutron discrimination sensitizers, doubling the density

of annihilating triplets and increasing the time discrimination capability by 30% at event rates up to 1 MHz. Interestingly, these

improvements are related to a sensitization effect that does not involve triplet-triplet energy transfer from metalated porphyrins.

1 | Introduction

Conjugated molecules capable of triplet-triplet annihilation
(TTA) are ideal candidates to be used as scintillators for the
detection and discrimination of high-energy neutrons in the
presence of a strong y-ray background. This capability is crucial
for non-proliferation and detection of nuclear threats [1, 2] as
well as in high-energy physics experiments [3, 4]. Owing to
their high hydrogen content, conjugated materials exhibit a
large interaction cross-section with fast neutrons, resulting in
an efficient stopping power [5]. In these materials, y/neutron

discrimination is achieved through scintillation pulse shape
discrimination (PSD), which exploits differences in the intensity
decay time of the light pulses generated by the simultaneous
interaction of the scintillator with neutrons and y-rays (Figure 1a).
The luminescence signal consists of a prompt emission due to
radiative recombination of singlet excited states S} and in a
delayed emission, which arises from the population of S} states
via TTA between triplet excitons T} (Figure 1b) [6, 7]. The relative
intensity and decay kinetics of the two components reflect the
TTA rate and yield [8-11]. y-Rays in conjugated materials deposit
energy through Compton scattering over extended regions, which
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FIGURE 1 | a) Concept of the pulse shape discrimination technique (PSD) used to distinguish high-energy photons (X-rays, y-rays), which cause

prompt emission, from neutrons, which promote TTA-based, delayed emission. The time-gated analysis of scintillation pulses allows discriminating the

type of incident radiation. The inset is a digital picture of representative samples of nanostructured scintillators loaded with porphyrin:DPA. b) Schematic
of energetic pathways involved in the (sensitized) TTA mechanism. The delayed fluorescence (DF) produced by TTA of two annihilator/emitter dyes can
be sensitized by a triplet sensitizer moiety, usually a metalated porphyrin. The energy stored in the metalated porphyrin triplet state formed upon charge
recombination or by intersystem crossing (ISC) from the singlet state is transferred to the annihilator triplets through non-radiative energy transfer
(TTET), thus enhancing the production of delayed emission. ISC* marks the ISC induced on the excited DPA dyes by the metalated porphyrins due
to an intermolecular heavy metal effect, which also enhances the formation of DPA triplets. Solid lines represent radiative, dashed lines non-radiative
transitions. c¢) Sketch of the different interaction mechanisms of the nanostructured polymer scintillators with high-energy photons (X-rays, y-rays) or

fast neutrons. d) Molecular structures, normalized optical absorption (black dashed lines), and photoluminescence spectra of the investigated metalated
porphyrins PtOEP (orange), PAOEP (red), and PATPBP (blue) in butyl benzoate (BuBz) solution (10~* M) and the annihilator/emitter DPA (10~* M in
BuBz). The shaded purple region represents the energy of the DPA’s dark triplet state T;.

favors the formation of S} states, mainly causing prompt emission
(Figure 1c, top) [12]. Fast neutrons, conversely, undergo inelastic
scattering with hydrogen atoms, producing energetic protons that
lose their energy in a very localised volume, mainly leading to
the formation of T} states (Figure 1c, bottom). Thus, the neutron-
induced scintillation shows an evident delayed component,
which allows for PSD with respect to the y-rays scintillation
events [13-15].

Organic crystals or liquid solutions of fluorescent molecules in
organic solvents can be used as y/neutron discriminators [14,
16, 17]. Both systems exhibit high triplets diffusivity (up to 107
cm? s7! in liquids and up to 107 cm? s7! in crystals) [18] which
enhances the TTA yield, resulting in a good PSD performance.
However, organic crystals are expensive and fragile, while liquid

scintillators are not easy to handle, often posing dangers due to
flammability and toxicity, and the disposal of radioactive liquids
is somewhat cumbersome [13]. An inexpensive solution that
affords mechanically robust materials is the use of conjugated
dye-loaded scintillating polymers. Zaitseva et al. demonstrated in
2012 the ability of these systems as y/neutron discriminators [19].
By heavily loading a polymeric host with TTA-active fluorescent
dyes, their intermolecular distance can be reduced down to ~10
A [20]. This partially overcomes the limited molecular diffusivity
in rigid amorphous polymers (~107* cm? s7!) [21], by allowing
a slow triplet hopping process in which their diffusion is driven
by intermolecular Dexter energy transfer. However, the resulting
TTA process is slow and poorly efficient. This is a crucial
drawback of polymeric PSD scintillators, which have limited
sensitivity and struggle with high counting rates due to pile-up
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[22]. Thus, their application is restricted, especially with respect
to the discrimination of high-rate events (>>100 kHz).

We recently demonstrated that fast delayed emission and
y/neutron PSD can be achieved in nanostructured multiphase
polymer scintillator materials [23]. As shown in Figure Ic, these
transparent materials are composed of a glassy polymeric matrix
containing homogenously dispersed liquid nanodomains (i.e.
nanodroplets) in which a TTA active dye is dissolved [24, 25].
This architecture offers several advantages. First, the TTA-active
molecules diffuse quickly within the nanodroplets, enabling fast
TTA. Second, since the molecules are confined within a volume
much smaller than their triplet diffusion length, the diffusivity
limit condition is fulfilled. Thus, this confined-TTA regime
ensures a 100% probability of TTA, provided that two triplets are
excited within the same droplet [25, 26]. Intriguingly, we observed
that the incorporation of a metalated phosphorescent porphyrin
in the droplets, originally thought to act only as a triplet sensitizer
(Figure 1b), positively affects the PSD properties of the material
(23,27, 28].

Originally with the goals of demonstrating the versatility of
the design approach, including the possibility of simultaneously
incorporating different sensitizer-emitter pairs and exploiting
the energy nanoconfinement to further enhance the system
performance, we embarked on a systematic investigation of this
sensitized scintillation PSD mechanism in nanostructured poly-
mers. We combined the TTA-active dye 9,10 diphenyl anthracene
(DPA, Figure 1d) [29] with three phosphorescent metalated
porphyrins. Two of these porphyrins are capable of efficient
triplet-triplet energy transfer (TTET) to DPA, but they contain
metal ions with different atomic numbers, i.e., platinum (Pt)
and palladium (Pd), respectively. The third porphyrin contains
Pd, but its triplet state energies are off resonance with respect
to the DPA, so that TTET is not permitted. This allowed us
to isolate the effect of the heavy metal ion in the nanoscale
energy reservoirs and to assess the importance of the sensitizer-
to-annihilator energy transfer contribution. We found that the
addition of a metalated porphyrin into the nanodroplets, which
has a diameter of 40 nm, [23] effectively improves the y/neutron
discrimination, surprisingly, regardless of its ability for TTET to
DPA, provided that it is added at a concentration not exceeding
ca. 107°M. At higher concentrations, parasitic processes such
as reabsorption and singlet or triplet back energy transfers
(BET) from the emitters/annihilators to the sensitizers become
significant, leading to a reduction in the overall emission intensity
[30]. These findings highlight the beneficial role of heavy metal
atoms in improving y/neutron PSD, while also underscoring the
importance of concentration-dependent mechanisms, particu-
larly effective in systems where molecular species are confined
within nanoscopic domains.

2 | Results and Discussion

2.1 | Absorption, Luminescence and Scintillation
Properties of the Nanostructured Polymers

Figure 1d shows the UV-vis absorption and emission spectra of
the compounds involved in the study, measured in diluted butyl
benzoate solutions. The DPA dye is a blue-emitting fluorophore

with a photoluminescence quantum yield (PLQY) of 0.96 [29].
Its Sy — T, energy gap is 1.77 eV, which corresponds to a
wavelength of ~700 nm. The porphyrins evaluated as triplet
sensitizers are palladium octaethylporphyrin (PdOEP), platinum
octaethylporphyrin (PtOEP), and meso-tetraphenyl tetrabenzo-
porphine palladium (PATPBP). Under UV or visible excitation,
PtOEP and PAdOEP are phosphorescent, emitting photons in the
red-NIR part of the electromagnetic spectrum at 645 and 665 nm,
respectively. They both exhibit efficient TTET toward the DPA
triplets T, and can thus increase the number of annihilating T7
states in each nanodroplet through an energy transfer pathway
[31]. PtOEP contains a platinum atom (atomic number Z = 76),
which is much heavier than the palladium (Z = 46) present
in the other two porphyrins. We therefore expected a different
interaction with the ionizing radiation and particles depending
on the Z value [5, 32, 33]. The emission of PATPBP is red-shifted
relative to the other two porphyrins, with a phosphorescence
maximum in the NIR at 800 nm. This value is significantly lower
than the DPA triplet energy, preventing TTET. As such, any
effect imparted on the scintillation is purely due to the presence
of the heavy element, and not due to an increase in triplet
density via the sensitization mechanism possible in the other
systems. The nanostructured plastic scintillators were prepared
according to previously reported procedures [23, 25]. They consist
of a matrix polymer formed by radical copolymerization of the
polar monomers methacrylic acid, 2-hydroxyethyl methacrylate,
and triethylene glycol dimethacrylate, and contain 10 wt.% of
liquid butyl benzoate in the form of nanodroplets. The structure
formation is facilitated by the use of a plasticizer and a surfactant
(Experimental Section). Three different series of scintillating
materials, based on the three metal porphyrins, were investigated.
Each metal complex was used in three different concentrations (2
X107 M, 2 X 1078 M, and 2 X 1077 M) and paired with DPA, whose
concentration was fixed at 1.5 x 107> M. These concentrations are
quoted with respect to the overall volume of the reaction mixture,
and their concentration in the nanodroplets is roughly an order
of magnitude higher, assuming that the dyes exclusively reside
in the nonpolar solvent [24, 26]. Reference samples containing
only DPA (¢ = 1.5 x 1072 M) or only the metal complexes (c = 2
% 107 M) were made in the same way. We selected c =2 x 107 M
as the starting concentration, which is the maximum at which
scintillation with an adequate intensity is observed. The emission
intensity is reduced at higher metal complex concentrations,
rendering a comparative analysis difficult (Figure S1).

Prior to any scintillation experiments, the photophysical proper-
ties of the nanostructured scintillators were investigated using
UV-vis absorption, steady-state, and time-resolved photolumi-
nescence spectroscopy. All scintillators exhibit absorption spectra
that match those of DPA and the porphyrins in solution, and the
shapes of the respective photoluminescence spectra are identical
(Figures S2 and S3), indicating that the incorporation of the dyes
does not lead to the formation of aggregates or excimers. Upon
excitation at the lowest energy absorption band of the respective
porphyrin, the polymers containing both DPA and sensitizers
show weak emission with maxima at 645, 665, and 800 nm
for PtOEP:DPA, PAOEP:DPA, and PATPBP:DPA, respectively. By
comparing the phosphorescence intensity of materials with (Ip;,)
and without (I;’,h) DPA (Figure S4), it is possible to estimate the
TTET efficiency as ¢z = 1 — (Ip,/I,) [35]. PtOEP and PAOEP
efficiently transfer their energy to the DPA with an efficiency
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~0.90 (measured at a porphyrin concentration of 2 x 10~> M),
demonstrating that the majority of the dyes is located within the
droplets and in close enough proximity for an efficient TTET
[25]. In the case of PATPBP, the phosphorescence intensity does
not change in the presence of DPA, indicating a ¢ = 0. The
analysis of the DPA fluorescence intensity decay at 430 nm under
pulsed UV excitation (Figure S5) shows that the addition of
porphyrins causes a decrease in the intrinsic DPA fluorescence
decay time of 9 ns, which becomes more pronounced as the
concentration of the porphyrin increases [29]. This is due to the
partial resonance between the DPA emission and the absorption
of the porphyrins in the blue spectral region, which causes a
singlet-singlet BET. The BET efficiency is calculated as ¢ = 1 —
(t/1y) [36], where T and 7, are the DPA lifetimes in the presence
and absence of the porphyrins, respectively [8]. At the highest
porphyrin concentration employed (2 X 107> M), ¢zpr increases
up to 25%, regardless of the type of sensitizer (Table S1). This
suggests that the effective resonance between the energy acceptor
absorption and the energy donor emission does not affect the BET
yield, which, as expected, is determined by the confinement of the
dyes in the liquid nanodomains.

The scintillation properties of nanostructured polymers were first
probed by radioluminescence (RL) emission spectroscopy under
continuous irradiation with soft X-rays (Experimental Section).
Figure 2a shows the samples’ RL spectra, acquired in reflection
mode. At the highest porphyrin concentration of 2 x 10™> M, a
reduction of the DPA blue emission intensity is observed in all
samples, due to partial reabsorption or BET processes (insets of
Figure 2a). This detrimental effect is most pronounced in samples
containing PATPBP, where reabsorption of DPA fluorescence is
critical, leading to a 50% reduction in the emission intensity. No
significant effects are observed at lower porphyrin concentrations
(2 x 107 M and 2 x 1077 M), in agreement with the limited re-
absorption and BET effects. The scintillation of these samples
was then tested under exposure to y-ray emitted from a *°Co
source (Experimental Section). Figure 2b shows the recorded
energy spectra. On the x-axis, the number of channels activated by
the scintillation light is proportional to the emission intensity of
the material and its light yield (LY), i.e. the number of photons
emitted per unit of energy deposited by the ionizing radiation.
Since no photoelectric peak can be observed due to the low
density of the material [5], the scintillator relative yield can be
evaluated by comparing the values of the Compton edge position
(Experimental Section, Table S2) [37]. The values obtained are
consistent with the behavior of the relative RL intensities reported
in the insets of Figure 2a, confirming the detrimental effects of
reabsorption and BET, which limit scintillation light output at
concentrations above 107° M, especially for materials containing
PdTPBP.

2.2 | y/Neutron PSD of the Nanostructured
Polymer Scintillators

The PSD capability of the nanostructured polymers was tested
by exposing the samples to an americium-beryllium (AmBe)
source, which emits both y-rays and fast neutrons with energies
between 1 and 8 MeV [38]. Figure 3 shows the PSD plots obtained
by applying the charge integration method on the recorded

scintillation pulses (Experimental Section). For every sample, two
peaks can be identified. The first one, located at PSD values
around 0.1, is associated with y-rays. The second, at higher PSD
values around 0.3, is associated with fast neutrons. As shown in
Figure 4, the projections of the PSD plots on the y-axis can be
fitted with a double Gaussian peak function, yielding the exact
PSD values for y-rays and neutrons. All PSD projection plots
are directly comparable, as detailed in the Experimental Section.
The difference in the mean values of the two Gaussians (Apgp)
together with the full width at the half maximum (FWHM) of
the peaks are the two key parameters to evaluate the y/neutron
discrimination capability, by calculating the discrimination figure

of merit FOM = —=" __ [13]. The FOM values of each
FWHMV-%—FWHMH

scintillator are reported in Tables S3-S5. The data show that
while a slight improvement in the FOM is observed for some
compositions, the effect is not significant, as the LY of the
scintillators is far from optimized, which limits the effective light
output. As a consequence, the data shown in Figure 3 exhibits
a low signal-to-noise ratio, which in turn significantly affects
the FWHM of the two Gaussian peaks. Nevertheless, interesting
observations can be made when considering the Apg, values.
The reference sample containing only DPA shows a Apg, of
0.125, which is significantly larger than the 0.05 measured for the
commercial reference PSD scintillator EJ-276D under the same
experimental conditions (Figure S6). The addition of 2 x 10> M
of metalated porphyrins induces a loss in the emission intensity,
which is particularly deleterious in the case of PATPBP, where
it is not even possible to estimate the Apg, due to the lack of
emission (Figure S7). By contrast, a slight increase in the Apgp
of up to 0.136 is observed for PtOEP, while for the PAOEP no
significant variations in efficiency are noted (Table S3). Better
results are obtained by reducing the concentration of porphyrins
to 2 X 107° M. Indeed, a general increase in light emission and
discrimination efficiency is observed (Figure 4b; Table S4), due
to the fact that parasitic re-absorption and BET mechanisms are
reduced.

Notably, the highest Apg, of 0.163 is achieved using the PATPBP,
a value that is more than 3 times larger than the one measured
for the reference EJ-276D. By further reducing the porphyrin
concentration to 2 x 1077 M, a significant difference in Apgp is still
observed with respect to the DPA only reference sample (0.125),
with Apgp values of 0.143, 0.148, and 0.154 for PtOEP, PAOEP, and
PATPBP respectively (Table S5). Thus, no significant difference is
observed between TTET-active or inactive porphyrins, suggesting
that the increase in Apg, is related to an effect of the heavy
metal that does not involve TTET. These findings reveal two
important facts. First, the nanostructuration of the host polymer
has a significant effect on the TTA yield, resulting in a APSD that
is significantly better than that of a commercial solid reference
material. Second, the presence of the metalated porphyrin leads
to a larger production of annihilating triplets in the system, which
enables an even better Apg, discrimination with respect to the
porphyrin-free system. However, this increase appears not to be
due to TTET from the porphyrin triplets to the DPA [9, 10].
Because the porphyrin concentration is small, the density of the
materials does not change significantly and the improved PSD
behavior does not result from an increased stopping power. More-
over, the improvement is also observed for materials containing
PdTPBP, which cannot transfer triplets to DPA. Therefore we
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FIGURE 2 | a)Radioluminescence (RL) spectra of the nanostructured polymer scintillators investigated, recorded under exposure with soft X-rays.

The concentration of DPA (1.5 x 10~2 M) was kept constant. The concentration of the porphyrins was 2 x 107> M, 2 X 107 M, or 2 x 10~7 M; samples are
coded porphyrin:DPA-5, -6 and -7, respectively. The insets show the relative integrated RL intensities. b) Scintillation pulse height spectra under *°Co
radiation source of the same materials. All concentrations are quoted relative to the overall compositions.

conclude that the larger DPA triplet production is the result of
an intermolecular heavy metal effect [39, 40]. Indeed, the close
proximity of excited DPA molecules and the metal porphyrins
affects the probability of the singlet-to-triplet generation on DPA
by intersystem crossing between hot states during the scintillation
process. This effect shifts the DPA population toward the triplet
state and enhances the delayed fluorescence generation by TTA.

To study the effect of porphyrin addition on the scintillation kinet-
ics and delayed emission intensity in more detail, we extracted the
scintillation pulses obtained under AmBe irradiation. Scintilla-
tion pulse waveforms for each sample were obtained from the two
regions of interest (ROI) in the PSD plot associated with y-ray and
neutron events, respectively (Experimental Section). First, we
analyzed the waveforms of the y-ray ROI to access the scintillation
kinetics of the prompt component resulting from the radiative

recombination of DPA singlet states ST (Figure S8). In all samples,
the scintillation intensity decays as a single exponential function
with a lifetime of <20 ns. In accordance with the results obtained
under UV excitation, the addition of porphyrins decreases the
DPA fluorescence decay time. The effect is more pronounced
as the porphyrin concentration increases. The longer decay
lifetime of DPA fluorescence under y-ray excitation compared
to the one under UV excitation is consistent with previous
findings and it is ascribed to a local polarization of the solvent
around the excited dyes during the scintillation process, and a
concomitant change of the oscillator strength of the radiative
S} — Sy, as recently observed for other blue-emitting scintillating
dyes [8, 41].

The waveforms extracted from the neutron ROI instead exhibit
a multi-exponential intensity decay (Figure 5a). Notably, all
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FIGURE 3 | Pulse shape discrimination (PSD) plots of the investigated nanostructured polymer scintillators, recorded under exposure to an AmBe

source with an activity of 2 MBq. The concentration of DPA is constant at 1.5 X 1072 M in all samples. The concentration of the porphyrins is 2 x 107> M,

2x107% M, or 2 X 10”7 M; samples are coded porphyrin:DPA-5, -6 and -7, respectively. All concentrations are quoted relative to the overall compositions.
The x-axis (Energy) reports the energy deposited for each event in arbitrary units. Solid horizontal lines mark the PSD signal relative to neutrons (PSD

ca. 0.3) and y-rays (PSD ca. 0.18).

scintillation signals are exhausted within a time of < 300 ns. The
scintillation kinetics were thus analyzed considering two tempo-
ral regions. A prompt decay component at short times <20 ns
is observed, which corresponds to the radiative recombination
of DPA singlet states S;. Additionally, a delayed fluorescence
component in the hundreds of nanoseconds time scale, resulting
from the TTA occurring in the nanodroplets, can be discerned.
The waveform data can be fitted with a multi-exponential decay
function, with a fixed fast component extrapolated from the y-ray
scintillation data (Figure S8) to quantify the relative contribution
of delayed fluorescence to the total emission. This analysis
directly reveals the higher intensity of the delayed fluorescence
at time-zero (Apy) in the presence of the metalated porphyrins,
shown in the insets of Figure 5a and Table S6, which mirrors
an increased initial population of annihilating triplets AT;
(Section S2).

At a sensitizer concentration of 2 X 10 M, no data can be
reported for the PATPBP-based material due to its weak light
output. A App of +100% is achieved using PtOEP, corresponding

toa AT} = +43%. Conversely, the more efficient triplet BET toward
PdOEPs, amplified in the confined droplet, reduces the DPA
triplet population, hindering any sensitization [30].

At a sensitizer concentration of 2 X 107 M, scintillation light is
observed for all compositions. The materials comprising PtOEP
and PAOEP show the same sensitization ability with a App ~
+50%, which corresponds to an increment AT; ~ +22% in the
number of annihilating triplets. Notably, a large increase in
Apr = +230% is observed for PATPBP, in accordance with the
material’s excellent Apg, value discussed above. This increment
mirrors a significant excellent triplet sensitization effect with
a AT as high as +80%. We ascribe this result to the different
electronic structures of the employed porphyrins. Both PtOEP
and PdOEP are excellent triplet sensitizers for DPA by TTET,
but their effective triplet energy resonances may also cause BET
from the DPA triplets to the sensitizer instead of annihilating
[30, 42]. This process could create an energy-transfer loop for the
triplet exciton, which, over long times, favors its non-radiative
dissipation.
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FIGURE 4 | Projection histograms on the y-axis of the PSD plots of the nanostructured polymer scintillators reported in Figure 3. The concentration
of DPA is constant at 1.5 x 10~2 M in all samples. The concentration of the porphyrins is 2 X 10> M, 2 X 10~® M, or 2 x 10~7 M; samples are coded porphyrin:
DPA-5, -6 and -7, respectively. All concentrations are quoted relative to the overall compositions. Continuous black lines represent a double Gaussian

function fitted to the data. Dashed blue and light blue lines represent the individual Gaussian functions employed for the fit of y-rays and neutrons

peaks, respectively. The parameter Apgp is calculated as the difference of the PSD values corresponding to the two maxima of the Gaussian functions.

The associated uncertainty is +0.001.

We note that for the employed porphyrin concentrations, the
triplet BET is negligible in conventional solutions, where an
infinite space is available for diffusing triplets. However, the
nanoconfinement in the present materials favors this energetic
pathway, because of the forced proximity of excited DPA and
sensitizer molecules, which makes triplet BET and TTA rates
competitive. Indeed, in the case of the PATPBP sensitizer, the
triplet BET is energetically forbidden; thus, any additional DPA
triplet generated by the presence of heavy metal atoms can be
exploited for TTA to generate a more intense delayed emission
and therefore achieve a better PSD. These experimental results
show that a too large resonance between the triplet of sensitizers
and annihilators is, in contrast to our original expectations,
detrimental to the global PSD performance.

In the samples with the lowest sensitizer concentration of 2 X
1077 M, the Apr upon adding the sensitizers is more moderate,
with values of 46%, 55%, and 76% for PtOEP, PAOEP, and PATPBP,
respectively. The trend follows again the triplet BET probability,

supporting our picture. The observed Ap values correspond to a
AT of +21%, +24% and +33%, respectively.

The TTA kinetics in the nanostructured scintillators were further
investigated by decoupling the delayed emission component.
Figure 5b shows the delayed fluorescence signal originating from
TTA, decoupled from the prompt component ascribed to the
direct excited singlets recombination (Table S6, Section S1). Due
to the confinement of excited molecules in a structure much
smaller than the triplet diffusion length in organic solvents [29],
we can assume to be in rapid diffusion limit, thus the TTA kinetics
can be expressed by: [18]

krra = 8TDRyy [T7] @

where D is the diffusion coefficient of the solvent, R;; ~ 1 nm
is the distance at which TTA can occur, and [T}] is the density
of available triplets [43, 44]. Notably, the minimum k;p, rate
of 0.25 MHz in the nanodroplets (Section S2) is an order of
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FIGURE 5 | a) Averaged normalized scintillation waveforms of the nanostructured polymer scintillators taken from the neutron ROI (region of
interest) in the PSD plots reported in Figure 3. The concentration of DPA is constant as high as 1.5 x 1072 M in all samples. The concentration of the
porphyrins is 2 X 107> M, 2 X 107° M, or 2 x 107 M; samples are coded porphyrin:DPA-5, -6 and -7, respectively. All concentrations are quoted relative
to the overall compositions. The insets in panel (a) show the relative increase of the delayed fluorescence intensity at time-zero (Apr) in the presence of
metalated porphyrins, calculated from the fit of the waveforms with a multi-exponential decay function (solid black lines, Table S6). Solid red lines are
the fast single exponential decay function used in the fits to account for the prompt emission contribution taken from the fit of the waveforms extracted
from the y-rays ROI (Supporting information Figure S8, Table S6). b) Delayed fluorescence pulses decoupled from the prompt emission. Solid black lines
are the fit of data with a multi-exponential decay function. Pink lines are the first single exponential decay component derived from the fit that mirrors

the fast TTA in the nanodroplets.

magnitude larger than the spontaneous decay rate of the DPA
triplets in the kHz range, thus all the confined triplets decay
through TTA when at least two are simultaneously present in
the same droplet. In this regime, the first mono-exponential
component of the decoupled delayed fluorescence decay, mirrors
the initial fast TTA kinetic with a characteristic lifetime 7, =
Trra = (krpa)™! . The DPA-only reference sample shows a kppy of
~10 MHz, consistent with the confined-TTA model used here to
describe the kinetic of the investigated nanostructured polymers.
In agreement with the results discussed above, at a PtOEP

concentration of 2 X 107> M a faster TTA kinetic is observed, with
krpa ~15 MHzZ (7444, = 68 ns). From Equation (1), this corresponds
to a AT}=47% in the triplet density, in perfect agreement with the
previous result. Conversely, no significant change can be observed
for PAOEP as no effective sensitization occurs. At a sensitizer
concentration of 2 X 107 M, only the PATPBP-containing sample
shows an evident increase of the k;p, rate up to ~17 MHz (774 =
58 ns), a value that is almost doubled with respect to the
un-sensitized scintillator and in agreement with the signifi-
cant sensitization of the initial number of annihilating triplets
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AT;= 73%, again in agreement with the value discussed above.
This means that the scintillation signal is effectively exhausted
within a time window of 200 ns, thus allowing the PSD analysis
for counting rates larger than 1 MHz. Conversely, no evident
effect on TTA kinetics can be observed with PAOEP and PtOEP
following their limited sensitization ability of the DPA triplet
population that does not affect the TTA kinetics dramatically
(Figure S10). At a concentration of 2 X 1077 M, as expected, only
the PATPBP still induces a slight but detectable increase of k;p,
up to 11 MHz (774 = 90 ns) because only the AT} = +33% leads to
a small but still detectable variation of the TTA kinetic.

3 | Conclusion

To summarize, we investigated a series of nanostructured scin-
tillators for y/neutron PSD which exploit the sensitized TTA-
based delayed fluorescence univocally generated upon neutron
interaction to discriminate them from the prompt scintillation
generated by y-rays. The scintillators contain nanoscale liquid
droplets homogenously distributed in a polymeric matrix. These
droplets only contain DPA as a TTA-active emitter and one of
three phosphorescent metalated porphyrins as triplet sensitizers,
which are present at different concentrations. The spectroscopic
and scintillation experiments highlighted multiple effects due
to the presence of the metalated porphyrins packed in close
proximity to the annihilators/emitter dyes while encapsulated in
the liquid nanodomains. Surprisingly, the best y/neutron discrim-
inator is the scintillator containing, as sensitizer, the porphyrin
whose phosphorescence is completely off resonance with respect
to the annihilator/emitter triplet, thus completely hindering
the triplet sensitization by non-radiative energy transfer. The
highly resonant and thus TTET active metalated porphyrin
should generate more annihilator/emitter triplets thanks to the
energy transfer. However, due to the strong confinement of
dyes, both forward and backward transfer between sensitizers
and DPA are possible, thus resulting in a global loss of effi-
ciency and discrimination ability. The observed discrimination
improvements, together with the kinetic analysis highlighting
the increased formation of annihilator/emitter triplets in the
presence of a metalated porphyrin, suggest that the presence of
heavy metals in the porphyrin promotes singlet-to-triplet inter-
system crossing on DPA during the scintillation mechanism by an
intermolecular heavy-atom effect, while TTET plays a negligible
role.

In the best composition, which limits trivial self-absorption and
luminescence quenching, we almost doubled the triplet density
created in the nanodroplets, with a corresponding increase of
the TTA rate of more than 70% with respect to the reference
sample without metalated porphyrin. This enables the system
to work in a time window of about 200 ns. The optimized
TTA-sensitization improved the system time discrimination by
30% compared to the reference prototype material, surpassing
commercially available systems. Moreover, the achieved fast
response enables measurements at high counting rates in the
MH?z range, as demonstrated with high-activity sources (Figure
S9, Experimental Section). These results demonstrate that the
triplet population of the annihilator dye can be readily increased
by incorporating a heavy-metal complex, thereby enhancing the
scintillator’s time response and discrimination ability. Moreover,

the data suggest that a further tailored engineering of these
systems, for example by including heavy but optically inert
nanoparticles in the droplets, can be a decisive strategy to fully
exploit the peculiar photophysics of TTA in confined structures
and achieve faster and more sensitive y/neutron discriminators
operating on the ten-nanosecond time scale.

4 | Experimental Section

4.1 | Preparation of the Nanostructured Polymer
Scintillators and Reference Material

All chemicals were purchased from Frontier Scientific, Inc.,
Sigma-Aldrich, ABCR or Tokyo Chemical Industry Co. Ltd.
(TCI) and were used as received without further purification.
The nanostructured polymer scintillators and the nanostruc-
tured reference materials were prepared by adapting previously
reported methods [25] under ambient conditions without prior
deoxygenation of the single components or their mixtures. The
polymer matrix components cetyltrimethylammonium chloride
(250 mg), methacrylic acid (665 mg), triethylene glycol (750 mg),
triethylene glycol dimethacrylate (175 mg), and 2-hydroxyethyl
methacrylate (2.66 g) were mixed in a 20 mL glass vial equipped
with a stir bar. To prepare the reference nanostructured scin-
tillator containing only DPA, DPA (25 mg) and butyl benzoate
(500 mg) were added. The mixture was heated in an oil bath
to 80°C and stirred for 30 min. The vial was then removed
from the oil bath and an aqueous hydrogen peroxide solution
(30%, 10 mg) and 2- mercaptoethanol (10 mg) were sequentially
added. The mixture was briefly shaken and kept for 2 min before
dimethylthiomethane (27 mg) was added and the vial was briefly
shaken again. The mixture was filtered through a 0.2 um PTFE
filter and filled into a glass cuvette (external dimensions = 12.5 X
12.5 x 45 mm, optical path length and internal width = 10 mm)
that was closed with a stopper. The clear mixture was left to react
at room temperature overnight and a hard and transparent glassy
material was obtained, which was then released from the glass
cuvette for further use. To prepare the nanostructured scintillator
containing DPA and the metalated porphyrins, the same process
was applied, but instead of only DPA (25 mg) and butyl benzoate,
for the metalated porphyrins concentration ¢ =2 X 10~ M in final
samples, a solution of DPA (25 mg) and PAOEP (85%, 0.075 mg),
or PtOEP (95%, 0.073 mg) or PATPBP (95%, 0.092 mg) in butyl
benzoate (500 mg) was added. Lower concentration samples
(c=2x10"° M and 2 x 1077 M) were prepared using the same
method by adjusting the porphyrin mass. To prepare the reference
samples with only the metalated porphyrins concentration at
¢=2x107°M asolution of PAOEP (85%, 0.075 mg), or PtOEP (95%,
0.073 mg) or PATPBP (95%, 0.092 mg) in butyl benzoate (500 mg)
was added. Given that the liquid phase occupies 10% of the total
volume, the effective concentration inside the droplet is ten times
the nominal one employed for the synthesis.

4.2 | Photoluminescence Studies

Time-resolved photoluminescence experiments in the nanosec-
ond time scale were performed by using a pulsed laser LED
at 340 nm (3.65 eV, EP-LED 340 Edinburgh Instruments, pulse
width 120 ps) as excitation source and an FLS1000 Edinburgh
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setup in time-correlated single photon counting (TCSPC) for
acquisition.

4.3 | Radioluminescence Studies

Steady-state RL measurements were carried out at room tem-
perature using a homemade apparatus featuring, as a detection
system, a liquid nitrogen-cooled, back-illuminated, and UV
enhanced charge coupled device (Jobin-Yvon Symphony II) com-
bined with a monochromator (Jobin-Yvon Triax 180) equipped
with a 100 lines mm™ grating. All spectra were corrected for
the spectral response of the detection system. RL excitation was
obtained by unfiltered X-ray irradiation through a Be window,
using a Philips 2274 X-ray tube with tungsten target operated at
20 kV. At this operating voltage, a continuous X-ray spectrum
was produced by a Bremsstrahlung mechanism superimposed to
the L and M transition lines of tungsten, due to the impact of
electrons generated through thermionic effect and accelerated
onto a tungsten target. The dose rate was 0.2 Gy s, evaluated by
comparison with a calibrated *°Sr*°Y beta radioactive source and
using optically stimulated luminescence emission from quartz
crystalline powder (100-200 um grains).

4.4 | 99Co Scintillation Measurements

The measurements were performed at the Nuclear Measurement
Laboratory at the Institute for Plasma Science and Technology
(CNR-ISTP) in Milano. The detectors, made by the scintillation
material coupled to the PhotoMultiplier Tube (PMT), were
exposed to a °Co y-ray source (E = 1.17 MeV and 1.33 MeV).
The y-source was placed in front of the detectors, emitting y-
rays isotropically. The scintillation light was converted into an
electrical signal by using a Hamamatsu model R9420-100-10 PMT.
The scintillator materials were wrapped with Teflon tape in order
to decrease the light loss and to direct the light toward the PMT
surface through multiple reflections. The electric signal was then
fed into a CAEN DT5730 digitizer, sampling every 2 ns with a 14-
bit resolution, recording all waveforms higher than a selectable
threshold. Each event was analyzed off-line by calculating the
area (Qlong) under a gate as long as the waveform, which is
proportional to the total scintillation light produced. The area
of each waveform was then used to populate the histogram
representing the recorded energy spectrum.

4.5 | Neutron and y-Ray Detection

Neutron detection experiments were performed at the Nuclear
Engineering Division Laboratory at the Department of Energy at
Polytechnic of Milan. Here, neutrons were emitted by a source of
AmBe. The energy of the emitted neutrons is a broad spectrum
distributed between 1 and 8 MeV, peaked at 4 MeV. For this
experiment, the detectors were placed in front of the AmBe source
at a distance of 15 cm. For the high-rate experiment (Figure S9),
the detector was placed in front of a ¥’Cs y-rays source at a
distance of 140 cm, thus receiving a dose rate of 9.4 mS/h. The
neutron contribution was given by a source of AmBe of 2MBq put
in contact with the scintillators. This resulted in a counting rate
of 1 MHz. The electronic acquisition chain and the analysis tools

used for these measurements are identical to the ones used in the
previous section (°°Co scintillation measurements).

4.6 | Neutron and y-Ray PSD Offline Analysis
4.6.1 | PSD Plots

PSD plots were generated by performing the charge integration
method for the analysis of the recorded scintillation pulses. Once
we found the best gates (Short and Long gate) that gave the
maximum separation between the two peaks for the reference
scintillator with only DPA, we decided to keep them constant
for all the scintillators. In this way, PSD values calculated as 1-
Qsnort/Qiongs Where Qqor and Qo are the integrated charge at
short/long times could be compared among all the scintillators.

4.6.2 | PSD Projections

PSD projections along the y-axis have been performed in order
to make comparisons of the different scintillator’s PSD perfor-
mances, taking signals from a thoroughly selected threshold
on the x-axis. Since light yield tends to change for scintillators
belonging to the same series and among the different concen-
trations of metalated porphyrins, we needed to be sure that
the projected pulses correspond to the same energy spectra of
neutrons. To do so, we selected the threshold values so that we
considered the same number of neutrons for each scintillator.
Effectively, this is equivalent to setting a threshold so that the area
under the fitted curve of the neutron peak is the same for all the
samples. In this way, PSD capabilities can be safely compared.

4.6.3 | Waveforms Extraction

The reported waveforms for each scintillator have been obtained
selecting a given number of signals from the two ROI on the
PSD plots associated to the y-rays and neutrons, normalizing
them and then making a single average waveform. The two ROI
have been selected at the highest possible values on the x-axes
and the selected interval are 5000 values on the x-axes and 0.6
on the y-axes. In this way we obtained a reasonable number
of waveforms to have a good statistic and we are safe from
considering confusion regions where it is not possible to state
whether the signal comes to the y-ray or neutron interaction.
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