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Abstract: Radiological detection where Cherenkov residual background can be prominent requires
scintillators with increased emission wavelength. Cherenkov residual background precludes the
use of UV-emitting sensors such as plastic scintillators. However, the literature is scarce in red-
emitting plastic scintillators and only one commercial scintillator is currently available (BC-430, from
Saint-Gobain Crystals and Detectors). In addition, X-ray imaging or time-of-flight positron emission
tomography (ToF-PET) applications are also demanding on this type (color) of scintillators, but such
applications also require that the material displays a fast response, which is not particularly the case
for BC-430. We present herein our latest developments in the preparation and characterization of fast
and red plastic scintillators for this application. Here, ‘fast’ means nanosecond range decay time and
‘red’ is an emission wavelength shifted towards more than 550 nm. At first, the strategy to the prepara-
tion of such material is explained by decomposing the scintillator to fundamental elements. Each stage
is then optimized in terms of decay time response, then the elemental bricks are arranged to give plas-
tic scintillator formulations that are compatible with the abovementioned characteristics. The results
are compared with the red-emissive BC-430 commercial plastic, and the ultra-fast, violet-emitting
BC-422Q 1% plastic. In particular, the first-time use of trans-4-dimethylamino-4′-nitrostilbene in the
scintillation field as a red wavelength shifter allowed preparing plastic scintillators with the following
properties: λmax

em 554 nm, photoluminescence decay time 4.2 ns, and light output ≈ 6100 ph/MeV.
This means a scintillator almost as bright as BC-430 but at least three times faster. This new sensor
might provide useful properties for nuclear instrumentation.

Keywords: plastic scintillator; TCSPC; scintillation; DANS

1. Introduction

Various nuclear experiments are seeking to new detectors. The quest for new particles
or improved detection efficiency is a trade-off with more constraints, thus pushing to rub-
bish standard, yet efficient detectors, to be replaced by new, application-driven detectors.
This is the place where material chemists step in, at least in the world of nuclear instrumen-
tation. Among the possible emission-wavelength variations of scintillators, red emitters
are probably the ones with less demand [1]. Everybody knows and uses scintillators with
standard emission wavelength, that is to say emitting close to 425 nm. Green-emitting
plastic scintillators are useful when coupling to silicon photodiodes has to be achieved or
when radiation-hard materials are necessary [2]. This being said, red-emitting scintillators
are not commonly studied in this field, despite the fact they find relevant applications in
physics domains, such as in the study of transient nuclear phenomena [3]. Other examples
of the use of red and fast plastic scintillators may include: plastic scintillator dosimetry [4],
ToF-PET [5] (when the scintillator also contains high-Z elements), real time X-ray imag-
ing [6], and high-energy physics such as the Laser Mégajoule [7]. This last industrial
application constitutes the birth of this work since red and fast plastic scintillators are the
candidate of choice for the detection of low-energy X-rays.

The Cherenkov radiation spectrum is continuous and its intensity is inversely related
to the square of the emission wavelength. So as to reduce or even avoid it in the counting
of the incident dose rate (for example in dosimetry), it is thus necessary to work with wave-
lengths usually more than 550 nm. Table 1 summarizes some interesting scintillators and
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their main properties [8]. YAG:Ce is the only inorganic scintillator given for comparison. Its
main drawback is the long decay time that precludes its use when fast counting or timing
resolution are needed. BC-430 plastic scintillator is red-emitting and has a good light yield
but its decay time might still be too long for some applications. To the best of our knowledge,
the first red-emitting scintillator showing a fast decay time ever reported in the literature
was prepared by Berlman and Ogdan [9]. This material was composed of a photonic
cascade starting with 2-([1-biphenyl]-4-yl)-5-(p-tert-butylphenyl)-1,3,4-oxadiazole (butyl-
PBD), 1,4-bis(5-(o-tolyl)oxazol-2-yl)benzene (dimethylPOPOP), perylene, and rubrene, all
these fluorophores being hosted in polystyrene. Their trick was to irradiate the scintilla-
tor with electrons created from a LINAC, thereby reducing the 35 ns preliminary decay
time down to 5 ns only by molecular degradation. However, the scintillator revealed to
recover from irradiation (as they use to be [10]) and the decay time reincreased accordingly.
Since this seminal paper, several strategies have been tested towards the preparation of
new red-emitting plastics (Table 1), with the use of organic fluorophores showing high-
range aromaticity or internal Förster energy transfer, organometallics, BODIPY or xanthene
derivatives, or more recently with organic molecules showing thermally activated delayed
fluorescence (TADF). Noteworthy, our laboratory published some years ago their prelim-
inary results on such chemical modifications for new red and fast plastics [11]. Thus, a
polystyrene-based scintillator including 2,5-diphenyloxazole, Nile Red, and piperidine
as the quencher displayed low scintillation yield and moderate decay time but at high
wavelength (more than 600 nm).

This publication presents our latest results on this field. It is decomposed as follows.
The choice of the primary and the secondary fluorophores was performed independently,
then ternary mixtures (matrix + primary fluorophore + secondary fluorophore) were stud-
ied, eventually with the addition of a photoluminescent quencher. All these sequences are
presented and discussed individually. In particular, the introduction of a new red-emitting
fluorophore in the scintillation field provides new insights and acceptable characteristics
for a red and fast plastic scintillator. Thus, a plastic scintillator consisting in polystyrene,
p-terphenyl and trans-4-dimethylamino-4′-nitrostilbene displayed adequate photophysical
characteristics and a decent light output, close to BC-430.
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Table 1. Main plastic and liquid scintillators. Only scintillators operating at λmax
em > 550 nm are cited. The list is sorted in ascending emission wavelength.

State Last Fluorophore λmax
em (nm) Light Output (ph/MeV) Decay Time (ns)c Ref.

YAG:Ce Y3Al5O12(Ce) 550 8000 70 -
PVT scintillator BC-430 580 6900 16.8 -

Polymer thin film 584 n.d. a 0.46 (60) + 1.0 (40) [12]

Polystyrene scintillator 588 9780 n.d. [13]

Polystyrene scintillator 591 80 9.22–13.26 [7]

Polystyrene scintillator 595 n.d. 5.94 [14]

Polystyrene scintillator >600 n.d. 5 [9]

Polysiloxane scintillator Lumogen Red ≈600 8300 n.d. [15]

Polystyrene scintillator 600 ≈16,000 ≈6 [3]
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Table 1. Cont.

State Last Fluorophore λmax
em (nm) Light Output (ph/MeV) Decay Time (ns)c Ref.

PMMA scintillator

CsPbBr3 Perovskite +

≈600 ≈9000 3.4 (87) + 14.1 (13) [5]

Poly(styrene-co-acrylonitrile)
scintillator ≈610 n.d. n.d. [16]

Polystyrene scintillator 614 5650 b 469,000 [17]

Sucrose octaacetate 618 37,500 10.9 + 1960 [6]

Polystyrene scintillator 610–620 70–300 8.7 [11]

PMMA scintillator ≈620 n.d. 3.94 [18]

Polymer in liquid 750 n.d. 1.92 [19]

a n.d.—not determined. b value obtained from 239Pu alpha excitation. c usually monoexponential. When it is biexponential, it is expressed at the percentage of the first and the second
exponential in the global fit.
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2. Materials and Methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich, except for PMP and p-sexiphenyl
that were obtained from TCI Europe Research Chemicals. Styrene and vinyltoluene were
distilled prior to use. 4-Bromo-p-terphenyl was prepared according to a published pro-
cedure [20]; a white powder was obtained with an 80% yield after purification. N-(2-
ethylhexyl carbazole) was prepared according to our previous work [21]. Spectroscopic
toluene was obtained from Carlo Erba. BC-430 and BC-422Q 1% and 2% plastic scintillators
were obtained from Saint-Gobain Crystals and Detectors; unfortunately, their purchase
date is not known and one has to keep in mind that BC-422Q may suffer from aging with
time [22]. All monomers and amines were vacuum-distilled before use, monomers being
also dried over calcium hydride. Liquid scintillators were prepared by dissolving the dyes
into spectroscopic toluene and were neither degassed nor saturated with neutral gas. The
reason is twofold: the presence of oxygen decreases the decay time, and the saturation with
neutral gas is modified by oxygen diffusion within the liquid. Plastic scintillators were
prepared according to our internal procedure, except the fact that the monomers were not
degassed prior to polymerization. After heating the monomer with the suitable molecules
until complete polymerization, the raw material was cut and polished until obtaining a
plastic scintillator with dimensions 49 mm diameter and 30 mm thickness (unless otherwise
stated), which are equivalent to the size of BC-422Q 1% (Φ 50 mm, h 10 mm) or BC-430
(Φ 50 mm, h 50 mm) used as reference materials.

2.2. Methods

Fluorescence spectra were recorded with a Fluoromax 4P spectrofluorometer (Horiba
Jobin Yvon, Palaiseau, France) monitored with FluorEssence software. Fluorescence spectra
were recorded orthogonally to the excitation light. A time correlated single photon counting
(TCSPC) module was used to record the lifetime of the samples. Two different excitation
wavelengths were used, 274 nm and 368 nm, with pulse widths <1.2 ns. In liquid state,
TCSPC analyses were performed in standard 1 × 1 × 3 cm3 quartz cuvettes with the
emission recorded at 90◦ from the excitation diode. Plastic scintillators were excited on
their cylindrical edge, approximately at a depth of 0.5 cm away from the flat face, the latter
being directed toward the photodetector of the spectrofluorometer. Decay spectra were
fitted using the DAS6 software (Horiba Jobin Yvon). In each case, a biexponential fit was
adjusted so that the χ2 was in the range 1.00–1.20. The instrument response function was
recorded by replacing the sample with a 3 cm3 quartz cuvette filled with Ludox®. The mean
decay times are given with two decimals, for a better comparison between the materials.
Radioluminescence spectra were acquired according to our latest published experimental
procedure [2] with a beta-emitting 90Sr/90Y source (31.9 MBq as of November 2020).

The absorption characteristics of molecules were recorded with an Cary 60 UV–vis
spectrophotometer (Agilent, Les Ulis, France), with an optical path of 1 cm.

Pulse-height spectra were obtained as follows. In a black box, the scintillator was
coupled with optical grease to a blue-sensitive R6231 photomultiplier tube (Hamamatsu,
Massy, France) or a red-sensitive 9202SB photomultiplier tube (ET Enterprises, Uxbridge,
UK), depending on the scintillator to be tested, operating at +1100 V or−1700 V, respectively.
The anode fed a DT5730SB digitizer from CAEN. A 137Cs source (gamma ray, 500 kBq
as of November 2020) located ca. 10 cm away from the scintillator or a 36Cl source (beta
emitter, 6 kBq as of November 2020) placed on the top of the scintillator were used, and the
obtained pulse height spectrum was recorded during 500 s.

3. Results and Discussion

Fast and red plastic scintillators can be decomposed into the following components:
polymer, fluorophores, and—if necessary—photoluminescence quencher. Each elemental
brick was individually examined to allow a better understanding on possible limitations or
improvements. Polystyrene or poly(vinyltoluene) were considered as the polymer building
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block since they are very well-known polymers and are the ones used in the composition
of almost all commercial plastic scintillators [1]. No other polymers were considered in this
study. In addition, thermally-assisted radical polymerization was used to polymerize the
suitable, highly purified monomers.

To get more rationale on the results and insight into each chemical’s role, binary
mixtures, that is to say matrix + primary fluorophore or matrix + secondary fluorophore
were studied first. Each fluorophore indeed has its solvent-dependent photophysical
properties (emission wavelength and more particularly herein decay time) and has to be
experimentally assessed. The ‘Holy Grail’ would be a fluorophore combination presenting
the desired time characteristics, in other words without necessity to quench their photolu-
minescence with extra molecules. This would afford a highly scintillating, time-stable, yet
fast plastic scintillator.

It is noteworthy that the shape, thickness, and coating of a scintillator have a large
influence on its resulting decay time [23]. A 50% increase of the decay time can be observed
when increasing the material’s thickness from 0.2 to 5 cm [24]. The scintillator needs to be
wrapped with black material to mitigate internal reflections. Intuitively, thinner scintillators
afford the best timing properties. The purpose of our work was to find out the best chemical
composition; no morphology improvement was therefore performed. This is why each
table referencing timing properties of plastics mentions the diameter and the thickness of
the studied materials.

3.1. Intrinsic Limitations of the Spectrofluorometer Setup

Our equipment uses two different Horiba Jobin Yvon NanoLED excitation sources that
operates at either 274 nm or 368 nm (N-270 and N-370 LED heads, respectively) for time-
correlated single photon counting experiments. This constitutes the main limitation of this
study since these two diodes display typical pulse widths less than 1.2 ns, so close to the best
decay times we are currently measuring and expecting (and even longer than commercial
references BC-422Q 1% and 2%) [25]. One can see that the excitation profile is not purely
monoexponential, with a bump appearing a few nanoseconds after the pulse. Their full-
width at half maximum (FWHM) values are 1.48 ns± 0.11 ns and 1.68 ns ± 0.11 ns. Without
any access to better-resolved pulse diodes, the results are presented as such.

3.2. Matrix + Primary Fluorophore Mixtures

Such combinations have been widely documented and reviewed [24] by many pio-
neering works on plastic scintillator formulations. These so-called binary mixtures have
proven to be the fastest decaying scintillators: adding a wavelength-shifter to the solution
implies supplementary energy transfers that can occur both radiatively and non-radiatively.
So as to perform a fast screening, various molecules suitable for scintillation purposes were
solubilized in toluene at 1 wt %, and their photoluminescence decay time was recorded by
time-correlated single photon counting (TCSPC) measurements.

Among other strategies [26], the intramolecular heavy atom quenching was assessed
by adding one or two bromine atoms on the para positions of p-terphenyl. It seems that
the fastest UV-emitting plastic scintillator ever described was prepared according to this
approach [27]. Thus, 4-bromo-p-terphenyl was synthesized according to a published
procedure [20]. According to Scheme 1, bromine reacted on p-terphenyl in a mixture of
dichloromethane and trifluoroacetic acid and readily afforded 4-bromo-p-terphenyl with
an 80% yield. Except N-(2-ethylhexylcarbazole) which was also prepared, all other tested
molecules were used with commercial grade and no further purification. For all scintil-
lators described thereafter, it is noteworthy that the solutions were not degassed so as to
allow dissolved oxygen to act as a potential quencher of long-lived stated. The results of
19 different benchmarked molecules are given in Table 2. A non-linear fitting was chosen
between single or biexponential decay so that the χ2 fitting value was restricted to the range
1.00–1.20. Some of these molecules are known to display either a concentration-dependent
(2,5-diphenyloxazole, N-(2-ethylhexyl)carbazole, pyrene), or an oxygen-sensitive (naphtha-
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lene, pyrene) decay time. Therefore, these results have to be considered as a fast qualitative
survey of family of molecules that could be suitable to the foreseen application. The results
show that phenylene- and PBD-derivatives are of particular interest in this context. In the
oligophenylene series, the photoluminescence decay time shortens when increasing the
number of phenyl groups, however at the expense of the solubility of the molecule.

Scheme 1. Preparation of 4-bromo-p-terphenyl.

A possible photoluminescence quenching of p-terphenyl and p-quaterphenyl with ben-
zophenone or hindered amines was also tested with piperidine or N,N-diisopropylethylamine
(also known as Hünig’s base). At least in the toluene medium (Table 3), all three quenchers
proved their efficiency with the best results observed for p-terphenyl quenched with piperi-
dine. Thus, starting with already fast materials (<τ> = 1.45 and 1.11 ns for p-terphenyl
and p-quaterphenyl, respectively), quenching leads to decay values close to 1 ns, placing
them in the range of the instrument response function provided by the NanoLED char-
acteristics (Figure 1). At this stage, no care was taken on the photoluminescence or even
scintillation efficiency.

We then turned our attention on binary plastic compositions of p-terphenyl, p-quaterphenyl,
and 4-bromo-p-terphenyl, these fluorophores being eventually quenched with benzophenone.
Table 4 resumes the photoluminescence properties of various plastic scintillators compared
with BC-422Q 1% and 2% commercial plastic scintillators. According to the literature, these
scintillators are assumed to be quenched with benzophenone. All scintillators are still
UV-emitters, with BC-422Q 2% and PS p-T 2 B 2 (see Table 4 for the interpretation of this
abbreviation) which are the two scintillators emitting at wavelengths more than 400 nm.
This effect might be related to the use of 2% of benzophenone that absorbs part of the
emitted light below 400 nm.

Among the scintillators listed in Table 4, the fastest formulations were compared in
terms of radioluminescence spectra. Thus, each scintillator was exposed to a beta emitting
90Sr/90Y radioactive source, and their photoluminescence integral was compared with
the same commercial plastics BC-422Q 1% and 2%. Table 5 gives the radioluminescence
emission maximum (whose spectra are also given Figure 2), the normalized emission
integral against BC-422Q 1% and the corresponding relative light yield, and another
parameter we have recently introduced. This is the light intensity given by the combination
of the pulse shape with the pulse amplitude, expressed in ph/MeV/ns [2]. The relative
light yield was taken by pulse height spectrum using a 137Cs gamma ray source using a
standard pulse height spectrum setup.

For all compounds, a strong dependence of the decay time with the primary fluo-
rophore’s concentration is observed. Whereas PPO-based plastics have faster decays for
low concentrations [11], herein p-quaterphenyl plastics are accelerated when increasing
the concentration. The case of 4-bromo-p-terphenyl is more subtle. The decay lies between
2.95 ns and 3.31 ns between 0.5 and 1.5 wt %. At 3.5 wt %, the decay time and the light
yield as well show a dramatic improvement, until reaching the performances of BC-422Q
1%, but with no quencher inside. It is noteworthy that at so high concentration 4-Br-p-T
did not dissolve entirely as small aggregates were still visible. Even if not homogenous,
this plastic scintillator could therefore become a suitable alternative to BC-422Q 1% for use
with a long-term stability requirement because it does not embed any volatile quencher.
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Table 2. Mono or biexponential fitting of the photoluminescence decay of molecules dissolved at
1 wt % in toluene (λex = 274 nm; λobs = λmax

em ).

Molecule Structure Mono- or Biexponential τ (ns) a <τ> (ns) b

PPO 2.27 2.27

1,1,4,4-tetraphenylbutadiene 1.45 (99) + 34.7 (1) 1.78

Biphenyl 4.81 4.81

p-terphenyl 1.45 1.45

p-quaterphenyl 0.85 (73) + 1.82 (27) 1.11

p-sexiphenyl 1.67 (66) + 2.83 (34) 2.06

m-terphenyl 1.15 (59) + 8.96 (41) 4.35

4-bromo-p-terphenyl 0.72 (58) + 3.81 (42) 2.01

4,4′-dibromo-p-terphenyl 1.90 (64) + 12.54 (36) 5.73

PMP1-phenyl-3-(mesityl)-2-
pyrazoline 4.11 4.11

Naphthalene 8.67 8.67

Anthracene 2.42 (90) + 8.51 (10) 3.03

4-isopropylbiphenyl 0.80 (5) + 4.94 (95) 4.73

Pyrene 23.0 23.0

N-ethylcarbazole 7.91 7.91

N-(2-ethylhexyl)carbazole 12.30 12.30

BBD2,5-di(4′-biphenylyl)-1,3,4-
oxadiazole 1.35 1.35

PBD2-phenyl-5-(4′-biphenylyl)-
1,3,4-oxadiazole 1.51 1.51

Butyl-PBD2-(p-tert-butylphenyl-5-
(4′-biphenylyl)-1,3,4-oxadiazole 0.92 (54) + 1.64 (46) 1.25

a When the fitting of the decay curve proved to be better expressed as a biexponential, the results are given
according to the following: τfast (%fast) + τslow (%slow). b <τ> = τfast × %fast + τslow × %slow.
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Table 3. Photoluminescence quenching of p-terphenyl or p-quaterphenyl with piperidine or ben-
zophenone in toluene. λex = 274 nm; λobs = 342 nm (p-Terphenyl) or 386 nm (p-Quaterphenyl).

Molecule Quencher (wt %) τ (ns) <τ> (ns)

p-terphenyl - 1.45 1.45
p-terphenyl Benzophenone (0.4) 0.59 (63.5) + 1.85 (36.5) 1.05
p-terphenyl Piperidine (1.6) 0.60 (71) + 1.92 (29) 0.98
p-terphenyl Hünig’s base (1.6) 0.66 (78.6) + 2.11 (21.4) 0.97

p-quaterphenyl - 0.85 (73) + 1.82 (27) 1.11
p-quaterphenyl Benzophenone (0.4) 0.77 (42.5) + 2.08 (57.5) 1.52
p-quaterphenyl Piperidine (1.6) 1.73 1.73
p-quaterphenyl Hünig’s base (1.6) 0.71 (48.5) + 4.44 (51.5) 2.6

Figure 1. Excitation profiles of the two NanoLEDs used in this experiment, dashed line: 274 nm, solid
line: 368 nm. Inset: focus on the afterpulses.

Table 4. Photoluminescence properties of several plastic-state binary mixtures, eventually quenched
with benzophenone. λex = 274 nm; λobs = λmax

em . All scintillators are with dimension Φ 49 mm h 10 mm.

Composition * Mono- or Biexponential τ (ns) * <τ> (ns) λmax
em (nm) FWHM (ns)

BC-422Q 1% 0.78 (67) + 3.05 (32) 1.52 360 2.05
BC-422Q 2% 0.81 (73) + 3.08 (27) 1.42 402 1.96
PVT p-Q 0.3 1.71 (52) + 11.6 (48) 6.46 370 2.58
PVT p-Q 0.6 1.50 (59) + 9.93 (41) 4.69 370 2.52
PVT p-Q 1.0 1.52 (66) + 8.41 (34) 3.86 370 2.52

PVT p-Q 0.6 B 0.6 1.23 (63) + 8.05 (37) 3.86 370 2.25
PS p-T 2 B 2 0.81 (48.5) + 4.09 (51.4) 2.50 410 2.08

PS 4-Br-p-T 0.5 0.56 (50) + 2.90 (34.9) + 10.9 (15.1) 2.95 400 1.71
PS 4-Br-p-T 1.0 0.99 (49.75) + 5.38 (50.25) 3.19 400 2.14
PS 4-Br-p-T 1.5 0.53 (46.5) + 2.80 (36.1) + 11.8 (17.4) 3.31 400 1.71
PS 4-Br-p-T 3.5 0.882 (73.9) + 4.00 (26.1) 1.69 400 2.00

* PVT: poly(vinyltoluene), PS: polystyrene, p-T: p-terphenyl, p-Q: p-quaterphenyl, 4-Br-p-T: 4-bromo-p-terphenyl,
B: benzophenone. The numeral values of the first row are for the weight concentrations.
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Table 5. Radioluminescence performances of selected plastic scintillators. All scintillators measure Φ
49 mm h 10 mm.

Composition * λmax
radiolum. ± 2 (nm) Radioluminescence vs.

BC-422Q 1% (%)
Light Yield φ vs.

BC-422Q 1% (ph/MeV)
φ/<τ>

(ph/MeV/ns)

BC-422Q 1% 400 100 1700 1118
BC-422Q 2% 406 56 290 204
PVT p-Q 0.3 394 140 1940 300
PVT p-Q 0.6 402 118 1310 279
PVT p-Q 1.0 398 229 2840 735

PVT p-Q 0.6 B 0.6 396 87 610 158
PS 4-Br-p-T 1.0 394 52 700 219
PS 4-Br-p-T 3.5 396 90 1870 1106

* See Table 4 for abbreviations.

Figure 2. 90Sr/90Y radioluminescence of binary mixtures compared with commercial plastics.

3.3. Matrix + Secondary Fluorophore Mixtures

Intrinsically red-emitting fluorophores present slower decay times than UV-emitting
fluorophores as a linear dependence of lifetime with the emission wavelength is pre-
dicted [8]. The same procedure as for primary fluorophores has been repeated, that is to
say dissolving at low concentrations known red emitting fluorophores that are soluble in
toluene, and to check their photoluminescence decay time thanks to TCSPC. The results are
given in Table 6. Preliminary studies have shown that polar fluorophores could be added at
a rather high concentration to give fast decaying liquid scintillators [28]. We decided to with-
draw this strategy since the as-prepared scintillators with such high concentrations must
present very strong self-absorption. Nile red was our primary candidate [11], despite its
long decay time (27.3 ns). Rubrene was first used by Berlman et al. [9], the two perylenedi-
carboximide and the two pyrromethene derivatives that have been tested revealed to be
too long-decaying, and the best observations were obtained with 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) and 4-dimethylamino-4′-nitrostilbene
(DANS). Molecules from the xanthene family (Eosin Y, Erythrosin B, Rhodamine deriva-
tives) were also tested but displayed poor solubility in polar media such as toluene,
polystyrene, or poly(vinyltoluene), even at the very low content we are looking at—typically
0.03 wt %. A second strategy was thus developed but not presented herein. Copolymers
made from styrene and highly polar monomers were prepared along with the xanthene
derivative. However, after several weeks, the materials usually degraded, deformed,
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and became cloudy. This degradation was, however, not mentioned in preceding litera-
ture [3,14].

Table 6. Main photophysical characteristics of red-emitting molecules dissolved at 0.03 wt % in
air-saturated toluene solutions (λex = 368 nm; λobs = λmax

em ).

# Molecule Structure λmax
em (nm) τ (ns)

1 Nile red 610 5.18

2 DCM4-(Dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran 550 0.95

3 Rubrene 584 27.3

4 N,N′-Bis(2,5-di-tert-butylphenyl)-3,4,9,10-
perylenedicarboximide 580 6.6

5 N,N′-Bis-n-pentyl-1,6,7,12-tetrachloro-3,4,9,10-
perylenedicarboximide 596 11.4

6

Pyrromethene 605Difluoro [2-(4-ethyl-3,5-
dimethyl-1H-pyrrol-2-yl-κN)-2-(4-ethyl-3,5-

dimethyl-2H-pyrrol-2-ylidene-κN)ethyl
acetato])boron

586 12.4

7

Pyrromethene 597Difluoro(4-(1,1-
dimethylethyl)-2-{1-[4-(1,1-dimethylethyl)-3,5-

dimethyl-2H-pyrrol-2-ylidene-N]ethyl}-3,5-
dimethyl-1H-pyrrol-2-ylidene-N]ethyl}-3,5-

dimethyl-1H-pyrrolato-N)boron

608 13.8

8 DANSTrans-4-dimethylamino-4′-nitrostilbene 560 3.28

DCM is a molecule that exhibits considerable variability of its photoluminescence re-
sponse regarding the polarity of the solvent it is dissolved in. DCM was already mentioned
as a potential shifter for polystyrene-based scintillators [29]. Photoluminescent literature
precedents [30] as well as laboratory measurements are resumed in Table 7. It turns out that,
in apolar solvent, DCM is extremely fast-decaying, with an interesting emission wavelength
for our given application (λmax

em ≈ 550 nm), albeit at the expense of the quantum yield, with
toluene being the best example of such behavior. Accordingly, DCM in styrene was also
tested. The observed 0.95 ns decay time must be limited by the timing resolution due to
the pulse width excitation of our spectrofluorometer, so the decay time of DCM in styrene
must be taken with caution. Experimental measurements in PMMA are in good agreement
with literature precedents (lines 2 and 1, respectively). Unfortunately, plastic rigidity in-
creases the photoluminescence decay time of DCM—whatever its concentration—towards
a 3.8 ns value.
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Table 7. Comparison of relevant photophysical data of DCM under various conditions.

Matrix λmax
em (nm) τ (ns) Quantum Yield

PMMA Bibliography 550 2.0 0.76
PMMA Measurement 550 2.63 n.d.
Toluene Bibliography 567 0.02 0.08
Styrene Measurement 550 0.95 n.d.

Polystyrene Measurement 550 3.80 n.d.
n.d.: not determined.

The second molecule that is potentially interesting is trans-4-dimethylamino-4′-nitrostilbene
(usually abbreviated as DANS), known as a push-pull chromophore [31]. To the best of our
knowledge DANS has never been used in the scintillation field. The absorption maximum
of a 0.002 wt % of DANS in toluene (i.e., 7.45 × 10−5 mol·L−1) is located at 437 nm, with
a calculated absorption molar coefficient of 22,600 L·mol−1·cm−1 (literature 447 nm and
26,630 L·mol−1·cm−1 in chlorobenzene [32]). This last value is adequate for a secondary
fluorophore role as it falls between 9,10-diphenylanthracene (ε 14,000 L·mol−1·cm−1, cy-
clohexane [33]) and POPOP (ε 47,000 L·mol−1·cm−1, cyclohexane [33]) which are two
wavelength shifters particularly used in scintillation. DANS displays a maximum of emis-
sion equal to 560 nm and a photoluminescence decay time of 3.28 ns at 0.002 wt % in toluene.
This decay time value looks long compared with the 0.94 ns value for its lifetime reported
in the literature [32]. This fast decay induces a low photoluminescence quantum yield (0.10
in chlorobenzene [32]), which may be reduced by a twisted intramolecular charge transfer.
We also noticed that in toluene, this molecule is also sensitive to traditional quenchers,
as can be seen in Table 8. Figure 3 gives the photoluminescence decay profiles of seven
liquid scintillators being quenched with either benzophenone, piperidine, or the Hünig’s
base at concentrations of 1.6 wt % or 4.8 wt %. It was unexpected to see an afterglow
appear for ‘quenched’ scintillators with benzophenone. In that case, not only is the prompt
photoluminescence affected, but a delayed photoluminescence appears. This behavior is
still unclear to our eyes. On the other hand, both piperidine and Hünig’s base were efficient
quenchers, with a quenching efficiency dependent with the quencher concentration, at least
for the two studied concentrations. Figure 4 shows a time-resoled emission spectroscopy
spectrum of DANS in toluene and quenched by Hünig’s base. As such, the emission
characteristics are perfect for our aimed application. Thus, DCM and DANS were selected
as potent wavelength-shifters for the design of red and fast plastic scintillators.

Table 8. Quenching of trans-4-dimethylamino-4′-nitrostilbene with various quenchers. Solvent
toluene. λex = 368 nm; λobs = 560 nm.

Quencher Concentration (wt %) τ (ns) <τ> (ns) FWHM ± 0.05 (ns)

- 0 3.28 5.00
Benzophenone 1.6 3.37 4.78
Benzophenone 4.8 3.44 (89.1) + 61.1 (10.9) 9.72 4.72

Piperidine 1.6 2.02 3.13
Piperidine 4.8 0.91 (72.8) + 2.39 (27.2) 1.31 2.25

Hünig’s base 1.6 2.16 3.24
Hünig’s base 4.8 1.17 (91.8) + 5.14 (8.2) 1.50 2.41
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Figure 3. Photoluminescence quenching of a plastic scintillator composed of PS + p-terphenyl
1.5 wt % + DANS 0.01 wt % with different amounts of benzophenone (top), piperidine (middle), or
Hünig’s base (bottom). The same unquenched, reference material is added on each figure in light
blue color (τex = 274 nm; τobs = 560 nm).
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Figure 4. Time-resolved emission spectroscopy of 0.03 wt % 4-dimethylamino-4′-nitrostilbene in
toluene, quenched with 5 wt % of Hünig’s base. τmean = 1.50 ns (λex = 368 nm).

3.4. Full Red-and-Fast Plastic Systems

To resume, p-terphenyl or its 4-brominated derivative have been chosen as primary
fluorophores, when DCM and trans-4-dimethylamino-4′-nitrostilbene can be useful as
secondary fluorophores. Plastic scintillators were thus prepared, starting from polystyrene
as the matrix. In addition, several other secondary fluorophores that were presented in
Table 6 were also benchmarked. All secondary fluorophores were tested at three different
weight concentrations, from 0.01 wt % up to 0.05 wt %. The results are summarized
in Table 9.

The first observation is the fact the DANS-based scintillators are not as fast as their liq-
uid equivalents, with TCSPC values giving around 4 ns. This was already observed for Nile
red-based scintillators [11]. The radioluminescence spectra show emission wavelengths
that are in agreement with the photoluminescence spectra.

The determination of the light output of the scintillators was performed either with
a radioluminescence setup (90Sr/90Y excitation) or with a more traditional pulse-height
spectrum methodology (36Cl excitation). In both cases, beta emitters were used, and the
plastic scintillators were benchmarked against BC-430 commercial plastic. This light output
is then divided by the mean decay value, which gives the number of photons per deposited
energy per time. This parameter is thus the best parameter for most applications, and it
favors very fast materials. Here, BC-430 and BC-422Q 1% afford 552 and 1118 ph/MeV/ns,
respectively. The best results for our prepared scintillators were obtained with the DANS-
based scintillators, with a value of the same order of magnitude as for BC-422Q 1%. The
weakest materials were the DCM-based since the quantum yield of DCM in polystyrene is
too low.
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Table 9. Photoluminescence and scintillation properties of red and fast plastic scintillators compared with BC-430 and BC-422Q 1%. For the TCSPC values: λobs =
560 nm. All scintillators are with dimension Φ 49 mm h 30 mm, except BC-430 which is Φ 50 mm h 50 mm, and BC-422Q 1% which is Φ 50 mm h 15 mm.

Plastic Scintillator a λmax
em (nm) b τ (ns)

λex 274 nm
FWHM
± 0.11 (ns) φ (ph/MeV) c φ

(ph/MeV) d
φ/<τ>

(ph/MeV/ns) e

BC-430 580 12.5 23.00 6900 6900 552
BC-422Q 1% 380 1.52 2.05 n.d. f 1700 1118

PS + p-T 1.5 + DCM (2) 0.01 564 3.08 (85.5) + 22.1 (14.5) 5.15 1300 1120 192
PS + p-T 1.5 + DCM (2) 0.03 574 3.27 (89.7) + 22.4 (10.3) 5.27 1500 1430 273
PS + p-T 1.5 + DCM (2) 0.05 578 3.42 (92.5) + 23.0 (7.5) 5.27 1300 1220 250

PS + 4-Br-p-T 1.5 + DCM (2) 0.03 + B 2 560 3.30 2.08 n.d. 360 109
PS + p-T 1.5 + 3 0.01 582 23.78 25.35 2330 2850 120
PS + p-T 1.5 + 3 0.03 590 27.35 40.71 2500 2560 94
PS + p-T 1.5 + 3 0.05 590 29.19 37.64 2460 2450 84
PS + p-T 1.5 + 4 0.01 578 7.27 (95.3) + 41.8 (4.7) 8.34 3670 4370 491
PS + p-T 1.5 + 4 0.03 582 9.52 (73.15) + 34.9 (26.85) 11.85 4400 4860 297
PS + p-T 1.5 + 4 0.05 592 9.44 (52.65) + 35.0 (47.35) 12.07 3700 4290 199
PS + p-T 1.5 + 5 0.01 582 10.82 12.94 3210 2510 232
PS + p-T 1.5 + 5 0.03 592 11.44 15.25 3240 3070 268
PS + p-T 1.5 + 5 0.05 596 11.59 13.50 3240 3220 278
PS + p-T 1.5 + 7 0.01 596 12.4 19.20 4250 3800 306
PS + p-T 1.5 + 7 0.03 602 13.8 20.74 4500 4610 334
PS + p-T 1.5 + 7 0.05 604 13.9 22.99 5070 5160 371

PS + p-T 1.5 + DANS 0.01 554 4.23 7.13 6280 6100 1442
PS + p-T 1.5 + DANS 0.03 570 4.40 7.68 5470 5390 1225
PS + p-T 1.5 + DANS 0.05 572 4.68 7.90 5480 5600 1196

a PS: polystyrene; p-T: p-terphenyl; 4-Br-p-T: 4-bromo-p-terphenyl; DCM: 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran; DANS: trans-4-dimethylamino-4′-
nitrostilbene; B: benzophenone; P: piperidine; H: Hünig’s base. The values of the first row are for the weight concentrations. The numbers in bold font refer to the red-emitting
fluorophores described in Table 6. b values in radioluminescence. c estimated by beta-induced pulse height spectroscopy. The relative is calculated by a rule of thumb between BC-430
light yield reference [34]. d estimated by radioluminescence. The relative light yield is calculated by a rule of thumb between BC-430 light yield reference, its radioluminescence integral,
and the other sample’s integral. e the light yield recorded from radioluminescence was used in this calculation. f n.d.: not determined.



Chemosensors 2022, 10, 86 16 of 19

Having in hand promising materials with the use of DANS, it is noteworthy that this
molecule can be quenched by amines or benzophenone as shown before. Thus, the same
PS + p-terphenyl + DANS (0.01 wt %) were prepared with three different amounts of ben-
zophenone, piperidine, or Hünig’s base. Unfortunately, the time stability was not in favor
to the scintillators loaded with the two amines. After almost 18 months of preparation, the
materials suffered from intense visual degradation (Figure 5). The DANS molecule proba-
bly reacted with the amines since the emission spectra are totally different from the pristine
materials. This visual information was confirmed by fluorescence spectroscopy, where
all scintillators had almost the same fluorescence spectrum immediately after production,
and Figure 6 shows their photophysical degradation. The blue shift of the emission spec-
trum is confirmed for the scintillators containing the amines only, with emission maxima
located close to 470 nm for the two highest quenched scintillators (P4.8 and H4.8), when
the neat or even the benzophenone-quenched scintillators keep their emission maxima
close to 560 nm.

Figure 5. Scintillators composed of polystyrene containing p-terphenyl, DANS, and quenchers, under
visible light (left) and 368 nm UV (right), pictured 18 months after preparation. B, P, and H stand for
benzophenone, piperidine, and Hünig’s base, respectively with their added concentration in wt %.
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Figure 6. Fluorescence spectroscopy of p-terphenyl + DANS scintillators quenched with various
amounts of quenchers: benzophenone (B series), piperidine (P series), or Hünig’s base (H series).
λex = 370 nm. Values of the legend are in wt %.

4. Conclusions

Red and fast plastic scintillators have been decomposed into individual elements
to better optimize their formulation. As a violet-emitting plastic scintillator, highly con-
centrated 4-bromo-p-terphenyl in polystyrene displays equal performances to BC-422Q
1%, but without the use of any quencher. This would allow a more stable material com-
pared to previous studies about the time stability of quenched scintillators [22]. More
than 4-bromo-p-terphenyl, several other molecules may act as nanosecond-range, UV-
emitting fluorophore in a polymer matrix: oligophenylene family and several oxadiazoles
among other.

It was awaited that adding a wavelength-shifter increases the decay time. How-
ever, two different orange-emitting molecules could fit our purpose: DCM and trans-4-
dimethylamino-4′-nitrostilbene. DCM leads to very fast scintillators but with poor scintil-
lating properties. Trans-4-dimethylamino-4′-nitrostilbene whose first use in the scintillation
field (at least to the best of our knowledge) is described herein allocates both fastness
and high light yield. For both fluorophores, mean decay time and FWHM in the range
of 4 ns are obtained, which grant them the fastest scintillators with emission wavelength
more than 550 nm ever described. Interestingly, p-terphenyl and DANS that are our final
choice are both sensitive to quenching with amines. Comparing with commercial BC-430,
a PS + p-T + DAANS configuration leads to a plastic scintillator with almost same light
output but three times faster. Unfortunately, these scintillators were not stable with time
when being quenched with piperidine or N,N-diisopropylethylamine. This work falls
within recent efforts to find fast and red scintillators, whether organic or inorganic [35].
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