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Abstract

The development of highly efficient plastic scintillators for neutron/gamma pulse shape discrimination
is a matter of current interest. This is generally achieved using two fluorophores, with one of them
being added to the polymer formulation at a concentration higher than typically 15 weight percent
(wt%). Here, we report our results concerning the development of highly performant
poly(vinyltoluene)-based (PVT) plastic scintillators for efficient fast neutron/gamma pulse shape
discrimination, using 1-phenyl-3-(mesityl)-2-pyrazoline (1) as the only guest fluorophore. On our
route during this study, the synthesis of the compound 1 has been revisited. Analysis and evaluation of
the radioluminescence properties of these novel PVT-based plastic scintillators containing compound
1 are also described. In particular their light output and neutron/gamma discrimination ability were
characterized. The sample doped with 15 wt% of compound 1 has a light output of 0.65 relative to EJ-
200 and a neutron/gamma discrimination figure of merit of 0.84 in the range 450-500 keVee.
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1. Introduction

Detection of fast neutrons (i.e. neutrons with kinetic energies of a few hundred keV or higher) in the
presence of a gamma-ray background has been a topic of interest for decades for fundamental nuclear
physics studies or applications. Current interests are the radiation protection of individuals working in
nuclear facilities and the limitation or blocking of illegal traffics of special nuclear materials like
2331235 and #*°Pu, the latter being potentially used for the production of nuclear weapons. Tremendous
progress has been made in this research field with the development of a wide range of efficient
scintillators, including organic (single crystals [1], liquids [2], plastics [3], glasses [4]) and inorganic
scintillators (single crystals [5], gases [6]).

To date, liquid scintillators are the best trade-off in terms of detection efficiency, neutron/gamma
discrimination performance and overall cost [7]. One of the major drawbacks of liquid scintillators is
that they rely on the use of toxic and/or flammable aromatic solvents. Even if these drawbacks can be
reduced by the use of linear alkylbenzene (LAB) [8] or diisopropylnaphthalene (DIN) [9] as solvent,
potential leaks from the container and thermal expansion, which is highly temperature dependent, can
strongly limit outdoor applications. Another disadvantage of liquid scintillators is their need to be in
an inert environment as oxygen will quench the delayed fluorescence, largely responsible for the Pulse
Shape Discrimination (PSD) capability.

Whereas the use of plastic scintillators seems an appealing alternative to palliate these limitations, they
were for long neglected for a large-scale use due to their lack of efficiency for neutron/gamma PSD.

Since the seminal development by Brooks et al. in 1960 [10], 50 years had passed, until Zaitseva et al.,
in 2012, developed new plastic scintillators with efficient neutron/gamma PSD [11]. The development
of plastic scintillators has then become one of the most exciting and challenging subjects in this
research field [12].
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Briefly, neutron/gamma discrimination relies on the fact that the time profile of the intensity of the
scintillation pulse (the “pulse shape”) depends on the nature of the exciting particle. More precisely,
under neutron and gamma radiations, two fluorescence mechanisms occur, whose respective emissions
differ in their time scales.

Prompt fluorescence is emitted by molecules directly excited in their singlet states, while ionization
followed by recombination mainly excites triplet states that can lead to delayed fluorescence through
the following mechanism. When two triplet states are close enough, they can undergo a “triplet-triplet
annihilation”, giving one molecule in its ground state and the other one in its first singlet state. The
latter ultimately deexcites, thus giving delayed fluorescence. The intensity and time scale of this
delayed component are limited by the triplet—triplet annihilation probability. Gamma-ray interactions
within the material produce electrons that excite molecules with a low density thus favouring prompt
fluorescence, whereas fast neutrons generate recoil protons that produce a higher excitation density,
increasing the triplet—triplet annihilation probability and leading to a larger fraction of delayed
fluorescence. Details on these scintillation mechanisms can be found in text books [13] and review
articles [14].

This scenario is the basis of the “highly concentrated primary fluorophore” strategy that various
groups have studied [10]. This strategy requires performing molecular design to tune the
photophysical properties of the “primary scintillating fluorophore”. Typically, the fluorophore must
absorb in the wavelength range from 260 to 340 nm and emit in the wavelength range from 330 to
380 nm, so that the emitted photons can be absorbed and re-emitted by a secondary fluorophore.
Obviously, the photoluminescence quantum yield must be as high as possible. Furthermore, since high
concentrations are required (typically 15 to 40 wt% in polystyrene or poly(vinyltoluene)), this
molecule must be highly soluble in apolar solvents and must not be exuded from the polymer with
time. Currently only a few molecules fulfil all these criteria: 2,5-diphenyloxazole (PPO) and
derivatives [15], biphenyl [16], various oxadiazole derivatives [17], non-commercial terphenyl- and
fluorene-based fluorophores [18], with PPO being the most widely used primary fluorophore.
Recently, developments in polysiloxane-based scintillators have highlighted a neutron detection
efficiency with materials loaded with lower concentrations [19].

After a thorough work dedicated to chemical optimization and material stability, several studies have
also been performed towards a detection system: radiation damage studies [20], coupling of these
scintillators to silicon photomultipliers [21], dedicated algorithms [22] and neutron imaging [23].
Currently, one of the major concerns is the increase of the size of the scintillators since radiation portal
monitors usually require monoliths with a volume larger than 10 L. In this context, it is shown that the
fast neutron/gamma discrimination ability of plastic scintillators decreases faster with dimensions than
that of their liquids counterparts [15], [24]. Self-absorption of the scintillation light might be one of the
main causes of this decrease [25], and is one of the motivations of the present work. Since the
transition from the time scales dominated by fast fluorescence to the time region of the sole delayed
fluorescence occurs for times of a few tens of ns, it is assumed that multiple absorption—reemission
processes might stretch this transition region, thus leading to a partial confusion of the two
components and to the degradation of the PSD performance with the photon path length. In this
context, we describe here our latest investigation with 1-phenyl-3-(mesityl)-2-pyrazoline (1) as a
unique fluorophore for fast neutron/gamma discrimination.

Compound 1 was originally synthesized and tested in scintillation counting by Gusten et al. some
decades ago [26]. This compound has the unusual feature of being an efficient highly soluble
fluorophore with large Stokes shift (68,490 cm™* according to our experimental spectra-vide infra)
resulting in a quasi-negligible overlap of emission and absorption spectra. This property allows the
design of liquid or solid scintillators and even scintillating fibres with compound 1 as primary solute
without requiring a wavelength shifter like the widely used 1,4-bis(5-phenyloxazol-2-yl) benzene
(POPOP). Despite all these claimed qualities and possible modification of its core structure [27], to the
best of our knowledge, compound 1 remains surprisingly unused as a suitable fluorophore for n/y
discriminating plastics. Since self-absorption might be a limitation to n/y PSD, the use of fluorophores
with important Stokes shift could be a breakthrough towards large-volume materials. However, the
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high concentration strategy obviously requires large quantities of the fluorophore, and compound 1 is
not readily available.

Here, we report the original use of compound 1 (Fig. 1) at high concentration in poly(vinyltoluene)
matrices for neutron/gamma discrimination by PSD technique. A large-scale synthesis is described
first, then compound 1 based scintillators are prepared and characterized.
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57 % overall yield on the 2 steps

Fig. 1. Synthesis of 1-phenyl-3-(mesityl)-2-pyrazoline (1). Noteworthy is that this two-step reaction
strategy proceeded smoothly when applied to the large-scale synthesis of 1 starting from 128 mmol of
2 to afford 19.3 g of pure compound 1.

2. Results and discussion

Compound 1 is commercially available from only few suppliers and due to its price and the quantity
required for large concentration loading in plastics, we firstly envisaged to reinvestigate its synthesis
on large scale. The synthesis of compound 1 was shortly depicted in the literature by Giisten and co-
workers who obtained compound 1 by condensation of mesitylvinylketone and phenylhydrazine [26].
However, synthesis of its analogue with a phenyl group on the C3-position instead of mesityl offered
more synthetic strategies. One straightforward strategy involves a Mannich reaction [28] with the
commercially available mesitylacetophenone 2 [29] and Eschenmoser’s salt [30] 3 and attracted our
attention as the starting material is less expensive than mesitylphenylketone which is necessary in
Giisten strategy (Fig. 1). In our first attempt to isolate the Mannich product, ‘H NMR spectroscopy
showed that a 4:1 ratio between the ammonium 4 resulting from the Mannich reaction and the o,p-
unsaturated ketone 5 was obtained. Indeed, when compound 4 is formed, an elimination of the
dimethylammonium framework occurs, resulting in the formation of 5. Nevertheless, as compound 5
is the starting material of the Glisten strategy, a sequential reaction without purification was envisaged
[31]. The crude Mannich reaction was directly engaged in the cyclization with phenylhydrazine 6
leading to compound 1. As the purity of the compound 1 is mandatory for the preparation of plastics,
the chromatographied compound 1 was also recrystallized in methanol and isolated within 57%
isolated overall yield for two steps. Once the synthesis of compound 1 was achieved, we turned our
attention to the choice of the matrix for our future plastic. To optimize the energy transfer from the
matrix to compound 1, emission spectra of the matrix and absorption of the fluorophore should
overlap each other in order to facilitate Forster Resonance Energy Transfer (FRET) between matrix
and compound 1. Another advantage for such selection and related to energy transfer is the presence of
aromatic rings in both compound 1 and PVT which might create n-n interactions allowing electron
exchange by Dexter mechanism. Considering this point, polyvinyltoluene (PVT) appeared to be a
good candidate with the additional advantage of being readily prepared from a low-cost monomer.
Additionally, PVT is the matrix material of the commercially produced EJ-200 that can be used as
standard for comparison of the PSD properties. In order to show the good overlap of PVT emission
and absorption of compound 1, absorption and emission spectra were recorded for PVT using shavings
from a plastic prepared with pure vinyltoluene in our general conditions and our prepared compound 1
dissolved in dichloromethane at concentrations of 2.5 x 107 gL and 10 mol L, respectively. The
results are presented in Fig. 2.

Absorption of PVT (Fig. 2) exhibits several maxima in the UV region and notably between 230 to
275 nm) assigned to m—=* transitions of PVT. Emission of PVT (Fig. 2), also located in UV region,
presents a broadened band between 290 to 375 nm.
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Fig. 2. Normalized UV-visible spectra of PVT (PVT from a sample of pure vinyltoluene polymerized
following our general condition and dissolved in dichloromethane, C = 2.5x 10 mg mL™) (blue
dashed line) and compound 1 (in dichloromethane C = 10 mol L™, red dotted line) and, normalized
fluorescence spectra of PVT (solid state in front face conditions, excitation at 275 nm) (blue full line)
and compound 1 (solution in dichloromethane, C = 10 mol L™, excitation at 295 nm) (red full line).

This latter overlaps the absorption of compound 1 which covers the UV region between 225 to
350 nm. This absorption is also assigned to m—z* transitions. Finally, the emission spectrum of
compound 1 exhibits a maximum centred at 425 nm corresponding to the violet region adapted to our
future setup for radioluminescence measurements, which uses a photomultiplier tube. Plastics
composed by PVT and compound 1 were prepared on a 10 g scale with concentrations of compound 1
of 0, 1, 2, 3, 4, 5, 10, 15, 20, 25 and 30 wt%. Vinyltoluene was freshly distilled and degassed by the
freeze-pump-thaw technique five times.

After preparation of the vinyltoluene and compound 1 mixture under argon atmosphere in previously
silanized vial, sonication of the mixture was achieved to homogenize the solution. Vials were then
placed in an oven at 120 °C for 5 days before letting vials slowly cool down to room temperature (no
initiator was required for the polymerization of the vinyltoluene). The resulting plastic was then
removed from the vial and polished.

Increasing the fluorophore doping in the polymer matrix might lead to a decrease of the physical
hardness of the plastic matrix [32]. Once our compound 1 doped plastics were obtained, their hardness
was determined using a Shore-D durometer. The values obtained for these plastics are reported in
Table 1 and shown on Fig. 3 as a function of the concentration of compound 1.

For concentrations of compound 1 between 1 to 25 wt%, the hardnesses were found to be similar and
varied between 81 and 86 Shore-D. These values correspond to the hardness measured for a pure PVT
plastic (i.e. 0 wt% of 1). This is also the value usually observed for commercial plastics such as BC-
408 [33] (Shore-D = 85), BC-428 (Shore-D = 88) or EJ-226 [34] (Shore-D = 89). A dramatic decrease
of the hardness to 62 Shore-D was observed at a high concentration of 30 wt% of compound 1
(Table 1 and Fig. 3).


https://www.sciencedirect.com/science/article/pii/S0168900222001000#b32
https://www.sciencedirect.com/science/article/pii/S0168900222001000#tbl1
https://www.sciencedirect.com/science/article/pii/S0168900222001000#fig3
https://www.sciencedirect.com/science/article/pii/S0168900222001000#b34
https://www.sciencedirect.com/science/article/pii/S0168900222001000#tbl1
https://www.sciencedirect.com/science/article/pii/S0168900222001000#fig3

[1] wt%e® 0 1 2 3 4 5 10 15 20 25 30

Hardness 82 |83 81 81 81 85 |8 |83 |84 |83 |62

(Shore-D)

Average M, |335 | N.D|[N.D”|[N.D."”|ND"|286 |237 |[220 |186 |166 | 151

molecular M| 122 N.D.” |N.D”[N.D” |N.DP|112 |95 |92 |78 |70 |69
n

weight of PVT
(x10° g mol™)

Dispersity Dv | 273 [ N.D.” [N.D” [ N.D.° [ N.D." | 2,56 | 2.50 | 2.40 | 2.39 | 2.36 | 2.18

Table 1. Hardness, weight average molecular weight M,,, number average molecular weight M, and
dlspersny of plastic scintillators containing compound 1.

wt% of compound 1 in the PVT matrix.
b N.D. Not determined.

This critical concentration of compound 1 could also have impact on the characteristics of polymer,
e.g. the length of PVT chains. To confirm this hypothesis, size exclusion chromatography (SEC) in
dichloromethane was performed on plastic samples with concentrations of compound 1 from 0 to 30
wt%. Results are summarized in Table 1 and Fig. 3 for better comparison with the physical hardness
of the plastic scintillators. One can notice that the weight average molecular weight (M,,) and the
number average molecular weight (M,) of the PVT decrease with the increase in dopant concentration
(compound 1). In particular, M,, drops from 335 to 151 x 10° g mol * when the concentration increases
from 0 to 30 wt% (Table 1). In conclusion, our plastics keep an acceptable hardness until a
concentration of compound 1 of 25 wt%, for which the PVT matrix has a weight average molecular
weight M,, of 166 x 10° g mol™ (Table 1). This high concentration of compound 1 impacts the average
molecular weight M,, of the final PVT but its role during the polymerization of vinyltoluene remains
unclear.

To control the presence of compound 1 during the polymerization of vinyltoluene in plastic
preparation, two 1 g PVT plastic samples were produced following the same procedure as for the 10 g
plastics with 0 and 5 wt% of compound 1. These plastics were then ground and studied with Fourier-
transform infrared spectroscopy together with a sample of pure compound 1 (crystals obtained after
purification and ground into powder) (Figure S1 in ESI).
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Fig. 3. Hardness (Shore-D) (bold triangles) and weight average molecular weight (M,, dark crosses) of
PVT (g mol™) of plastic scintillators as a function of compound 1 concentration (Wt%).
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The band at wavelength number of 1600 cm™* was selected as reference of compound 1, as in the
infrared spectrum of the pure PVT plastic no band appeared in this region. This band at 1600 cm*,
assigned to the C=N bond stretching in compound 1, was detected in the infrared spectrum of the
ground PVT plastic containing 5 wt% of compound 1, confirming the presence of compound 1 after
polymerization.

To quantify compound 1 in our sample, a thermogravimetric analysis (TGA) was performed on the
same samples, i.e. the pure PVT plastic, pure compound 1 and the plastic containing 5 wt% of
compound 1.

TGA of the pure PVT plastic shows a slight drop of weight when the temperature increases from 150
to 200 °C, probably due to the presence of residual monomer in the plastic (boiling point of
vinyltoluene is 170 °C). Then a 99.8% drop of mass was observed for a temperature varying between
412.8 °C and 454.5 °C (Fig. 4). TGA of compound 1 exhibits a 99.8% drop of mass as temperature
varies from 293.3 to 343.3 °C (Fig. 4). Finally, TGA of the PVT plastic containing 5 wt% of
compound 1 shows the same slight drop of mass as for the pure PVT sample when the temperature
increases from 150 to 200 °C (Fig. 4). A total loss of mass of 8.2% can be quantified when
temperature reaches 343.3 °C. As compound 1 was introduced at 5 wt%, the residual vinyltoluene
monomer can be reasonably considered at around 3 % in the plastic. A final drop of mass of about
91.8% is measured when temperature reaches 454.5 °C, corresponding to the PVT.

As the sample shape is important for the determination of the light output (LO) and PSD properties,
plastics were all prepared as @ 28 mm x 14 mm cylinders. To evaluate the LO of our plastics
containing 5, 10, 15, 20, 25, and 30 wt% of compound 1, polished samples were put in the presence of
a ®*'Cs gamma source. To determine their LO, our plastics were compared to a sample of EJ-200
commercial plastic scintillator machined to a similar shape as our samples. Relative LO of plastics
containing 5, 10, 15, 20, 25 and 30 wt% of compound 1 are reported in Table 2 and Fig. 5.
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Fig. 4. TGA of pure PVT plastic, compound 1 and PVT plastic containing 5 wt% of compound 1
(inset in the range of temperature of 100 to 450 °C with a loss of weight of 20% maximum).

Relative LO of plastics were found to decrease from 0.74 to 0.32 (LO of EJ-200 being set to 1) with
the increase of the concentration of compound 1 from 5 to 30 wt%. Such trend has also been observed
with PPO as a single fluorophore in plastic scintillator [11].
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Doping of 1 in PVT plastic (Wt%) | LO® (%) toiow” (NS) FoM®
5 0.74 40 0.52
10 0.65 40 0.68
15 0.65 30 0.84
20 0.45 25 0.74
25 0.35 25 0.65
30 0.32 25 0.63

Table 2. Scintillation and discrimination properties of plastics containing different concentrations of
compound 1.

a Relative LO compared to the LO of a EJ-200 sample with the same shape as our plastics
doped with compound 1.

Optimal start time of the delayed integration window, given with respect to the time of the
pulse maximum.

¢ Discrimination figure of merit (FoM) measured for a total light in the range 450-500 keVee.
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Fig. 5. LO (relative to LO of an EJ-200 sample) of PVT plastics incorporating 5, 10, 15, 20, 25, 30
wit% of compound 1.

The neutron/gamma discrimination capability of the plastic samples was investigated next.

All samples were alternatively coupled to the same Hamamatsu R329-02 photomultiplier tube
(diameter 5cm) equipped with the same voltage divider (assembly H7195), in order to avoid
variations from physically different photomultiplier tubes. To limit gain and response fluctuations, the
same high voltage was applied to the photomultiplier tube for all samples.

Measurements were performed with the samples exposed to an AmBe neutron and gamma-ray source
and the FASTER digital electronics and data acquisition system [35]. Discrimination was performed
using the charge integration method [36] which is based on the integration of the scintillation light
over two time windows, one covering the full signal to give the total light Lt, and the other one set on
the pulse tail to integrate the delayed light L. The fraction of delayed light Lgow/Lio: Was taken as the
discriminating variable. The time window used to integrate the total light Ly, Started 20 ns before the
time of the pulse maximum, the rise time of the pulse being about 10 ns. While increasing the duration
of this window was found to lead to a higher discrimination quality, it was limited to 600 ns in order to
match the duration of operation of the digital baseline restoration algorithm. The start time of the
delayed window used for L, integration was varied for each sample independently to search for the
best discrimination quality. The optimal start time is reported in Table 2 for each sample. It is given
with respect to the time of the pulse maximum. The delayed integration window ended at the same
time as the L, window. Using a ?Na source, L, was calibrated in keVee (keV electron equivalent),
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i.e. in terms of the light produced by the deposition of a given electron energy. More precisely, the raw
Lt Values taken at 50% of the heights of the Compton edges of the 511 and 1275-keV gamma-rays of
?’Na were associated to the corresponding maximum Compton electron energies. Such a choice is
often made for the light calibration of organic scintillators [37], and is expected to be a good
approximation in our case of samples with a small size. Indeed, previous systematic studies showed
that the difference between the light corresponding to the Compton edge energy and that
corresponding to 50% of the maximum number of counts in the Compton edge region decreases as the
size of the scintillator decreases [38], and is of the order of a few % for scintillators with a volume five
times larger than our sample volume. Therefore, this difference should even be smaller for our
relatively small samples. As the response of organic scintillators is linear for electron energies above
some 100 keV, a linear light to energy relation was assumed. Neutron/gamma discrimination was
possible with all samples. This is illustrated on Fig. 6 which shows the ratio as a function of Lgow/Liot
for the plastics doped with 5, 15 and 30 wt % of compound 1.

On each plot, two groups can be distinguished, one at a larger Lgow/Lio ratio corresponding to neutrons
and another one at smaller L. /Lt CONtaining gamma-ray interactions. For comparison purposes, the
discrimination quality was measured for L in the range 450-500 keVee by the “figure of merit”
(FoM) defined as the ratio of the separation S between the average neutron and gamma-ray Lgow/Liot
and the sum of the full widths at half maximum of the two distributions, W, and Wgamma, FOM
=S/ (W, +*Wgamma), as illustrated on Fig. 7. The FoM values measured for L in the range 450-500
keVee with the different samples are given in Table 2 and shown on Fig. 8 as a function of the
concentration of compound 1. Uncertainties on these values are 0.02. The best FoM in the range 450—
500 keVee was determined to be 0.84 with the plastic doped with 15 wt% of compound 1.
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leow / Ltot
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O = M W O = v w o

1000 2000
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Fig. 6. Discrimination plots for the plastic samples doped with 5 wt% (upper panel), 15 wt% (central
panel) and 30 wt% (lower panel) of compound 1.
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Our measurement with a @ 50 mm x 50 mm cylindrical cell of the BC-501 A liquid scintillator using
the same setup and experimental procedure leads to a FoM value of 1.99 in the range 450-500 keVee.
However, we note that for a FoM value of 0.80, the fraction of misidentified neutrons or gamma-rays
is typically of the order of 3-4 %. This already corresponds to a reasonably good discrimination.
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Fig. 7. Distribution of the discriminating variable Lgon/Liot fOr Ly in the range 450-500 keVee for the
plastic sample doped with 15 wt% of compound 1.
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Fig. 8. Discrimination figures of merit (FOM) of the PVT plastics incorporating 5-30 wt% of
compound 1, measured in the range 450-500 keVee.

Comparing Fig. 5, Fig. 8, one can notice that at the compound 1 concentration optimum for PSD
(15 wt%), the light output is reduced with respect to that obtained at lower concentration. This is
similar to previous observations with PVT plastics loaded with PPO [11].

If we compare now the performance of our plastic containing 15 wt% of compound 1 with the
commercially available EJ-276, the FoM of our scintillator is 0.84 vs. 2.8 for EJ-276 [39], and its light
output is 0.65 vs. 0.84 for EJ-276. While fresh EJ-276 exhibits higher performance than our plastic
scintillators, some drawbacks of this commercially available scintillator can be mentioned. Indeed, the
addition of a secondary dye is necessary to reach the same Stokes shift as in our plastic scintillator
using compound 1 as sole fluorophore. Then, EJ-276 is an oxygen-sensitive material leading to a loss
of around 20 % per year of its FOM [40], thus requiring this product to be sold encapsulated in an
aluminum housing. But here we do not claim to have in hand a commercial product.
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3. Conclusion

In conclusion, we have performed a new robust and multi-gram scale (nearly 20 g, 73 mmol) synthesis
of compound 1 from low-cost chemicals (price of compound 1 is 459 € for 5 g, representing 18.9
mmol vs. price of the mesitylmethylketone, 841 € for 500 g, representing 3082 mmol; other starting
chemicals have a negligible cost) [41]. The synthesis of a high amount of this blue-emitting organic
compound allowed us to prepare a series of PVT-based plastics. These plastics doped with a sole
fluorophore exhibit good LO when exposed to ionizing radiation and were found able to discriminate
fast neutrons from gamma-rays. The highest discrimination quality was obtained with a doping
concentration of compound 1 of 15 wt%. The polymer characterization on the plastic matrix has
shown that the hardness of the plastic dramatically decreases with a high fluorophore concentration of
30 wt%. It appears that increasing the concentration of primary fluorophore leads to a decrease of the
molecular weight. This relationship between molecular weight and primary fluorophore concentration
is to our knowledge the first of its kind. Further investigations are ongoing in our laboratories to
understand the mechanism of the PSD with our plastics containing compound 1 as primary
fluorophore.
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