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ABSTRACT

Scintillators have long been established for radiation detection and even date
back to 1917 in which the use of a scintillator led to the discovery of the proton. Of
particular interest are plastic scintillators (PS) which are low cost plastics doped with
organic fluorescent compounds. In addition, PSs are of great interest due to their light
weight, ambient stability, and ease of fabrication into complex and large geometries.
Recent interest in PSs has become even more widespread due to their pulse shape
discrimination (PSD) capabilities — the ability to detect and discriminate neutron (n)
signals in gamma (y) radiation background. This is achieved by simply over doping 2,5-
diphenyloxazole (PPO) in poly(vinyltoluene) matrices. However, over-doping PPO
causes mechanical softening of the plastic, hindering its field deployment and overall
widespread commercialization. It has also been observed that the dopant leaches out of
the matrix which can reduce PSD capabilities and scintillator lifetimes. In an effort to
improve current PSs, this project aims to enhance the mechanical and optical properties
of PSs by co-polymerizing PPO designed monomers into a polymer matrix. To the best
of our knowledge, the PPO monomers designed and synthesized as primary
polymerizable dopants are reported here for the first time. Co-polymerizing PPO
monomers into the matrix have proven to increase mechanical and thermal stability and
have reached high loadings without the leaching of dopants to their surroundings. In
addition, they have displayed high light outputs and great PSD adequate for n/y

discrimination.
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CHAPTER 1
INTRODUCTION
1.1 Application and Challenges of Radiation Detection

The applications of scintillators for accurate detection, identification, and
quantification of radiation is an integral part of national security, nuclear power, medical
imaging and monitoring, and academic discoveries, to name a few. In the medical field,
scintillators are utilized in medical procedures such as intervening radiology, isotopic
imaging, and in radiopharmaceutical manipulations to aid monitor dosage.'-3 Academic
applications includes the discovery of elementary particles and the fundamental studies
of matter such as the conformation of polymers, molecular constituents of biological
molecules, and the structure of polymer blends by neutron small angle scattering.* In
particular, the United States government utilizes scintillators on land and overseas to
thwart nuclear terrorism primarily by utilizing radiation portal monitors and/or hand-held
detectors that are employed to scan vehicles and/or shipping containers at the US
border or other ports of entry.”

In its simplest form, a scintillator is any material that is capable of converting
some of the energy of a high energy particle (HEP) to photons that are emitted in
visible wavelengths. Of particular interest are plastic scintillators (PS) that are capable
of discriminating between neutron (n) and gamma (y) radiation. However, a
conventional (un-doped) PS is incapable of distinguishing between n and y background
signals, which is key to identifying special nuclear material (fissile material such as

uranium and plutonium isotopes) and is of high importance in national security.



Recently, Lawrence Livermore scientists demonstrated a PS capable of discrimination
between n and y rays using a poly(vinyltoluene) (PVT) matrix loaded with high
concentration levels (>20 wt%) of 2,5-diphenyloxazole (PPQO).8 However, it has been
observed that mechanical softening of the plastic occurs at high doping levels which
can be very difficult to process into desired geometries. It was hinted in this previous
work that high dopant loadings in PSs is necessary to achieve pulse shape
discrimination (PSD) (detailed in Section 1.6). The passage of a HEP through a
scintillation material will result in the formation of several excited states: singlet excited
states (S1) which produce prompt fluorescence and triplet excited states (T1) which
produce delayed fluorescence. The difference in prompt fluorescence and delayed
fluorescence signals provides the capability to discriminate between n and y ray
signals, otherwise known as PSD (these topics are further discussed in the next
sections). High dopant loadings are necessary to facilitate triplet-triplet migration,
collision, and eventually annihilation (TTA), which in turn, leads to emission of delayed
fluorescence. Considering the large dimensions of radiation portal monitors and
potentially large temperature fluctuations in various regions of the world, mechanical
softening is a large issue and prevents plastic scintillators from being widely
commercialized or deployed. As such, the development of a new generation of PSs
capable of overcoming these disadvantages has been an active area of research in the
field of radiation detection. Furthermore, a widespread deployment of a wholly new PS
material will require a manufacturing cost that does not exceed the currently available

commercial products (unless the value added is worth it).



This work will include an introduction to scintillators in Chapter 1 which will
discuss the types of scintillators available, scintillator detection fundamentals, how we
utilize particle interactions to discriminate n and y radiation signals, and the design of
this project framed to address the issues associated with plastic scintillators. Chapter 2
will discuss the synthesis of novel PPO polymerizable derivatives for chemical
incorporation into the plastic matrix, along with full characterization of each. Then,
Chapter 3 will cover PS preparation and fabrication, radiation testing and setup, and
the radiation detection characteristics of each prepared PS. Chapter 4 comprises
physical properties of the various PSs along with dopant leaching studies that show
that the PSs prepared here result in virtually no dopant leaching, as opposed to
commercial PSs. Lastly, Chapter 5 will discuss the conclusions drawn from this work
and the future work to be studied.

1.2  Materials for Scintillation Detectors (Brief Overview)

Scintillation materials can generally be categorized as inorganic or organic-based
varieties. The inorganic scintillators tend to have heavier metals in their crystalline
structure such as thallium doped-Nal, cadmium zinc telluride (CZT), and high-purity Ge
(HPGe), to name few.%1% The majority of inorganic scintillators are single crystalline and
have high density and high atomic number (high Z), efficient light collection and output,
and great energy resolutions for y-spectroscopy. Despite these advantages, inorganic
scintillators are limited to small to medium detector volumes because of their high cost,
their hygroscopic tendencies, their high mass, their limitation to cryogenic temperatures,

and the difficulty of growing large high quality single crystals.®



Organic scintillators fall into four subcategories: organic crystals, organic liquids,
organic glasses, and plastic scintillators. Organic crystals such as anthracene, trans-
stilbene, and naphthalene are typically among the highest performers of all of the
organics, with the highest light yields and the best PSD capabilities.!" Large crystals,
however, are difficult to grow to sizes larger than a few centimeters and are quite fragile
and difficult to machine and polish. More recently in 2017, Feng et al. prepared
amorphous organic glasses from silyl-fluorene molecules doped with singlet
fluorophores and iridium organometallic compounds.'® These materials exceeded the
radiation detection properties of the highest-performing benchmark materials and were
prepared using a bulk-melt-casting method. These are a new variety of materials and
should be further exploited.

Organic liquid and plastic scintillators are quite similar in that they both contain
an aromatic matrix and one, to several, organic fluorophores which enable light
emission. Not surprisingly, liquid scintillators require an aromatic liquid solvent as the
matrix while plastics have a polymer-based aromatic matrix. Some factors that inhibit
liquid scintillators from being used in large volumes are that they require flammable and
toxic solvents, have the potential for leaks, are difficult to transport, and are highly
sensitive to ambient oxygen which can lead to scintillation quenching. For these
reasons liquid scintillators require a strict seal that adds to their cost.'® However, liquid
scintillators require low loadings of fluorophores to achieve excellent PSD.14-16

Plastic scintillators are a better alternative in that they are not as toxic as liquid
scintillators when fully polymerized; they only require an inert atmosphere during

polymerization and curing. Furthermore, they can be cast into variable shapes and



sizes, are easy to machine, and the easiest of the scintillators to scale to very large
volumes. Plastic scintillators are produced by dissolving fluorophores in a liquid
monomer, followed by a polymerization process to produce a solid plastic scintillator.
Currently, the most commonly used matrices for plastic scintillators are poly(4-
vinyltoluene) (PVT) and poly(styrene) which are both low cost commodity polymers.
PSs can be fabricated through various methods, such as solution cell casting and
extrusion. Commercially, the most viable fabrication method is through solution casting,
due to its simplicity and ease of scalability.'”-'8 Until only recently, however, PSs have
been limited in use due to their inferior performance in discrimination between n and y
radiation signals.®
1.3  Scintillation Detection Fundamentals

As written earlier, a scintillator material is capable of converting some of the HEP
energy, such as n and y radiation, to photons that are emitted in the visible wavelengths
through a sequence of energy transfer events. To obtain the emission of the scintillator,
the medium should be transparent to the wavelength of its own emission for good light
collection. One of the key properties that define the efficiency of a scintillator is its light
yield which is defined as:'®

# of scintillation photons
Energy of particle (MeV)

Light yield =

In practice, the emitted light is collected by a photomultiplier tube (PMT) where
the signal is amplified and then translated by the digitizer into an electric signal that is
further processed into useful information (Figure 1.1).2° As such, a scintillator detector is
assembled by directly coupling one of the faces of the PS to the window of the PMT and

enclosing both components within a light-tight seal. All other components of the PS not



in contact with the PMT are typically covered in a reflective material, such as aluminum,
to maximize the number of photons that may reach the PMT. To make full use of the
scintillation, the spectrum should fall near the wavelength region of the maximum

sensitivity of the PMT. Figure 1.1 illustrates the operational principals of a scintillator

detector.
Ny ,-\ J rv«':
HEP %;\/(\ % —
T 2 Digitizer{ /......p
E 5 } oS ] [FFFE B
Scintillator PMT

Figure 1.1 Experimental setup of a scintillator detector illustrating the operational
principals (image modified from Hajagos, 2017).

1.4 Charge Particle Interactions

It is significant to understand the fundamental mechanism by which radiations
interact and lose their energy in a scintillator material. When a radiation encounters the
active material of a detector, the primary means through which energy is deposited
within the active material is through ionization.'® Uncharged radiation, such as n and y-
rays, indirectly interact with the scintillation material by means of a cascade of
interactions that radically alter the properties of incident radiation. The interactions result
in the full or partial transfer of energy of the incident radiation to electrons or nuclei of

the scintillator atoms which are further discussed in the succeeding subsections.™



1.4.1 Gamma-Ray Interactions

Gamma rays interact with the scintillator material by means of two major
processes: photoelectric absorption and Compton scattering. In photoelectric
absorption, the y-ray loses all of its energy in one interaction. The y-rays interact with an
electron from the inner shell of the atom in which the y-ray energy is used to overcome
the electron binding energy; the resulting kinetic energy is hv — Es, where Es is the
binding energy of the electron. The probability for this to occur is highly dependent on y-
ray energy (Ey) and atomic number (Z). The overall dependence can be expressed as:

PrexZ" E3; 4<n<5,

where the value of n depends on the actual y-ray energy. Because this probability
strongly depends on Z, it is an unproductive process for lighter elements, such as
hydrogen and carbon, which are the bulk of the plastic scintillator.?' On the other hand,
plastic scintillators detect y-radiation via Compton scattering because scintillators lack
high Z atoms. Compton scattering is the process whereby a y-ray interacts with a free or
weakly bound electron (E, >> Es) and transfers part of its energy to the electron. This is
most often the predominant interaction mechanism for y-ray energies typical of
radioisotope sources. In Compton scattering, the incoming y-ray photon is deflected
through an angle 6 with respect to its original direction and a portion of the incoming y-
ray energy is transferred to a recoil electron (Figure 1.2).1° Because all angles of
scattering are possible, the energy transferred to the electron can vary from zero to a
large fraction of the y-ray energy. For small scattering values of 6, very little energy is
transferred to the recoiled electron, whereas when 6 = 180° (backscattering), the y-ray

transfers the maximum amount of energy possible to the electron. 92



Recoil electron

Incident photon
(energy = hv)

Scattered photon
(energy = hv’)

Figure 1.2 A schematic representation of Compton scattering (image taken from Knoll
et al., 2000).

1.4.2 Neutron Interactions

Like gamma rays, neutrons carry no charge and, therefore, cannot interact with
matter via coulombic forces. Instead, when neutrons pass through matter they interact
with and are scattered by nuclei. There are various neutrons, but for simplification this
document describes two neutrons of interest based on their energy: fast neutrons or
slow neutrons. Slow neutrons interact by elastic scattering with absorber nuclei and very
little kinetic energy is transferred to the nucleus. This interaction does not produce
ionization in the material, but does serve to dissipate excess kinetic energy to the
surroundings.'® In contrast, fast neutrons have sufficient energy to transfer an
appreciable amount of energy in one collision and the resulting detectable radiation is a
positively charged recoil nuclei which further produces ionization as it dissipates the
energy along its path.'® At each scattering site, the fast neutron is capable of
transferring all of its energy to the recoil proton which is, thereby, slowed to a lower
energy. In addition, hydrogen has the largest cross section for fast neutrons, which is

highly abundant in organic plastic scintillators.



1.5 Organic Scintillator Photophysics

The overall function of an organic scintillator is to convert a portion of the ionizing
radiation to lower energy photons that are in the visible wavelength spectrum and can
be detected with highly sensitive PMTs or other detectors. Typical ternary systems,
whether liquid or plastic scintillators, consist of a fluorescent dopant dissolved in an
aromatic solvent with the addition of a small concentration of a secondary wavelength
shifter. In an efficient ternary system, the incident ionizing particle deposits energy
essentially entirely in the bulk constituents or solvent, but the final scintillation emission
originates almost entirely from the fluorescent dopant. When the energy levels of the
primary fluorescent dopant are matched with the matrix, a rapid non-radiative energy
transfer may occur from the matrix to the primary dopant. To mitigate dopant self-
absorption, a secondary wavelength shifter is utilized to absorb the photons emitted by
the primary dopant and then re-emit the photons at a longer wavelength, which is
correctly matched with a PMT capable of detecting this emission.?? Figure 1.3 illustrates
the overall scintillation mechanism that occurs in organic scintillators.

As discussed in section 1.4, the passage of a high energy particle through a
scintillation material will result in the formation of ionized matrix species, which will
simultaneously interact with many electrons to form excited states. In such encounters,
the electron may be raised to a higher-lying shell. Figure 1.4 demonstrates the energy
transfer and emission processes that are operative in plastic scintillators. Through a
transition called intersystem crossing, some excited singlet states (S1) may be
converted into triplet states (T1). Due to spin statistics, there is a 1:3 distribution of S1:T+1

where T+ radiative relaxation (phosphorescence) is a spin forbidden transition.'?
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Figure 1.3 A schematic representation of the overall scintillation mechanism in an
organic ternary system.
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Figure 1.4 An illustration of the energy levels of an organic molecule.
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Because T1are known to be mobile in organic compounds, the energy migrates until
two T1 collide and annihilate each other and form one St and one singlet ground state
(So), a term known as triplet-triplet annihilation (TTA): T1 + T1 = So+ S1.192223 The
process of TTA results in what is termed delayed fluorescence that occurs on the
hundreds of ns to us time scales. It should also be noted that spin statistics predict that
this TTA interaction occurs 1/9 of the annihilation events possible.?425
1.6  Pulse Shape Discrimination

Pulse Shape Discrimination (PSD) is the most widely used method to
discriminate high-energy neutron radiation from background gamma radiation by
distinguishing the differences in the shapes of the scintillation pulses created by
neutrons (recoiled protons) and y-rays (recoiled electrons) produced in organic
scintillators. The difference between the pulses is due to the energy deposition between
recoiled protons (n) and recoiled electrons (y) in which the former deposits more energy
in the scintillator and hence results in more delayed fluorescence and less light in the
fast component known as prompt fluorescence (Figure 1.5.a).232627 According to a
commonly accepted mechanism, the prompt component results from radiative de-
excitation of St states, while the delayed component results from the collisional
interaction of pairs of molecules (or excitons) in the lowest T1 states otherwise known as
TTA. The time scale of the delayed emission is determined by the lifetime of T1and the
rate of T1T1 collisions. Inherently, neutron collisions yield a high concentration of triplets
compared to gamma interactions, which in turn, lead to enhanced levels of delayed
fluorescence in neutron-induced pulses as compared to those produced by the gamma

excitation.?223 As such, the pulse generated by neutrons will have a longer tail than the
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Figure 1.5 (a) The average waveforms indicating different levels of delayed light
produce in neutron and gamma scintillation pulses where R is the ratio of signal
integrals, Tail and Total, used for neutron/gamma pulse separation. (b) PSD profiles
of experimental data used for calculation of the PSD figure of merit (FoM) (images
taken from Zaitseva et al, 2011).

pulses generated by the gamma rays, as seen in Figure 1.5.a. The difference in the
ratio of the charge in the tail of the pulse to the total charge in the pulse (the Qraiio) can
be calculated and used to discern the type of radiation that generated the pulse.?®
Typically, the Qratio is larger in n pulses than the Qratio for y-pulses for the same total
charge deposited (Figure 1.5.b). The Figure of Merit (FOM) is then calculated as:

Centroid,, — Centroid,
FWHM, — FWHM,

FoM =

where the numerator accounts for the distance between the neutron and gamma peaks
and the denominator measures the full width at half maximum (FWHM) of the peaks. An
organic scintillator with a FoM above 1.27 can be considered to have adequate PSD for

fast neutron detection in the presence of background gamma radiation.2
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1.7 Commonly Used Fluorescent Dopants
The most common organic fluorescent dopants used in organic scintillators for
the detection of neutrons in gamma background radiation are anthracene, stilbene, p-

terphenyl, and PPO, shown in Figure 1.6.82° Single crystal trans-stilbene is recognized

>
Wy

anthracene trans-stilbene p-terphenyl 2,5-diphenyloxazole

Figure 1.6 The chemical structures of commonly used organic fluorophores.

as having the best PSD capabilities, while anthracene crystals have the highest light
yield of organic scintillator materials and is commonly used as the comparison for the
light output of plastic scintillators.!":'9-30 Because of their low Z-value (hydrogen, carbon,
and oxygen), organic scintillators are particularly useful for direct detection of fast and
high-energy n radiation from strong y-radiation backgrounds. PPO, however, has
demonstrated superior PSD capabilities, a very high photoluminescence quantum
efficiency, a short emission lifetime, and an optical overlap with PVT and
polystyrene.®31-33 Zaitseva et al. reached FoMs > 1.27 with doping levels of PPO
ranging 10-30 wt% in PVT matrices. This study suggested that a high concentration of
primary dye loading in plastic scintillators is necessary to facilitate TTA, but the study
also demonstrated that a decrease in light yield at higher doping levels may negatively

influence the final performance of PSD and was, consequently, due to concentration
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quenching. To correct this problem, Zaitseva introduced 0.2 wt% of 9,10-
diphenylanthracene (DPA) as a secondary wavelength shifter. Their results indicated
that the low concentration of dye is too low to affect TTA and, thus, occurs between
PPO molecules while at the same time the emission is dominated by DPA. The fact that
the fluorescence in the ternary system is dominated by emission of DPA molecules
indicates that singlet excitation is efficiently transferred from PPO to DPA molecules.®
Other fluorophores used in plastic scintillators include p-terphenyl derivatives, m-
terphenyl, naphthalene, and oxadiazoles, but these materials showed inferior PSD
compared to PPQ.16.2534.35
1.8 Materials Challenges for PSD Capable Plastics

High primary dye loadings > 20 wt% in plastic matrices are necessary for TTA
leading to delayed fluorescence and PSD, but high loadings negatively affect the
mechanical properties of the PS. For example, Zaitseva et al reported a PVT-based
scintillator doped up to 30 wt% of PPO that was capable of achieving efficient n/y
discrimination at the cost of plastic softening. With such high dopant loadings, the
fluorophore acts as a plasticizing agent.23 Another potential problem arising from high
fluorophore levels, is the loss of transparency and whitening of the plastic over time,
presumably due to precipitation of dopants over time.3” Mahl et al. and Blanc et al. have
demonstrated that the incorporation of cross-linking additives in the polymer matrix were
an effective means of preventing precipitation of dopants.383% Furthermore these
methods resulted in PSs with mechanically robust properties. However, the dopants are
still simply mixed in the PS and can diffuse, aggregate, and be leached out of the plastic

overtime. As such, it is worth noting that there have only been a few attempts to directly
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Figure 1.7 (a) The reaction scheme for trans-stilbene methacrylate dye monomer. An
overall yield was not reported. (b) The overall reaction scheme for 5-phenyl-2-(4-
vinylphenyl)oxazole (VPPO) affording an overall yield of 1.7%. (c) The overall reaction
scheme for the synthesis of 9,10-diphenylanthracene-dihexylstyrene dye monomer
produced in an overall yield of 55%. Each - indicates an individual synthetic step.
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polymerize a scintillating fluorophore via copolymerization into a PSD-capable plastic.
This is of high interest to the PS community in order to stabilize the dopants within the
PS matrix. In a technical report, Vance et al. reported a PMMA copolymer loaded up to
30 wt% of a polymerizable trans-stilbene (Figure 1.7.a) derivative, but the material did
not provide evidence of PSD.4% In 2014, Mabe et al. produced a 5Li-loaded plastic
scintillator with 5-phenyl-2-(4-vinylphenyl)oxazole (VPPO) (Figure 1.7.b) as a
polymerizable fluorophore capable of discriminating between n/y rays.*! However, this
study was only performed on thin films and PSD was not reported. More recently,
Hajagos et al. produced a PVT copolymer with a primary loading of 50 wt% of a
polymerizable derivative of 9,10-diphenylanthracene with the addition of Coumarin 6 as
a secondary wavelength shifter in which they were able to reach a FoM of 1.05 for a/y-
discrimination (Figure 1.7.c).#? It should also be noted that other polymerizable
derivatives of PPO have been studied for other high energy particle detection, but none
have been used for n/y-discrimination.43-47
1.9 Proposed Research

In this work, we address several key problems associated with high
concentration levels of scintillating fluorophores in PSs. Fluorophores must be highly
soluble in order to reach high levels of dopant to achieve effective PSD for n/y-radiation,
but without the precipitation of the fluorophore or the loss of mechanical properties. We
have selected PPO for this work due to its high solubility in an aromatic matrix, its high
PLQY, and its ability to provide efficient PSD-capable plastic scintillators. Considering
these key factors, the design of a PPO derivative resolving the problems associated

with high dopant loadings is addressed through this study. To achieve high solubility
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Figure 1.8 (a) Methacrylate PPO (MA-PPQO) (b) Ethyl Methacrylate PPO (EtMA-PPQO)
(c) Propyl Methacrylate PPO (PrMA-PPO).

and stability in the final plastic, we have introduced flexible alkyl chains that can greatly
enhance the solubility and simultaneously lower the melting temperature, which are
both necessary for high loading contents.2>42 Another consequence of high PPO loads
is dopant leaching that may produce difficulties handling and may lead to eventual
degradation of light output and PSD performance.*® To eliminate the ability of the
fluorophore to precipitate or be leached out, we have introduced methacrylate
polymerizable groups into the PPO moiety that provides the functionality to be co-
polymerized into the polymer backbone.®® Figure 1.8 illustrates the novel compounds
synthesized for the preparation of PSD capable PSs and will be further detailed in the

forthcoming chapters.
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CHAPTER 2
SYNTHESIS OF PPO MONOMERS

2.1 Introduction

Previous synthetic routes towards polymerizable fluorophore derivatives include
multi-step processes and require the use of corrosive, toxic, and highly reactive
materials, much like the examples shown in Figure 1.7.b.#1-4647 For example, n-butyl
lithium (nBulLi) is highly reactive, pyrophoric, and very dangerous in both R&D lab
settings and high volume manufacturing. Fortunately, we report a synthetic route that
requires two to three steps for direct functionalization of PPO monomers with the use of
non-toxic materials or without the use expensive catalysts. There are various methods
reported for the synthesis of oxazoles.**-%* Some of the conventional methods involve
ring derivatization or cyclization of acyclic precursors,>>% oxidation of oxazolines,*” and
more traditionally cyclodehydration of a-acylaminoketones through a Robinson-Gabriel
reaction.®®-6% The synthesis of PPO polymerizable derivatives were prepared by a one-
step synthesis for direct functionalization of oxazole via an iodine-catalyzed tandem
oxidative cyclization.8' Further alkylation of variant PPO derivatives were produced
using modified conditions of alkylation.5? The methacryloyloxy-PPO monomers were
synthesized according to a general Steglich esterification reaction starting from the
appropriate hydroxyl PPO analogs.®® These reaction routes are simple, easy to purify,
high yielding, and don’t use expensive palladium catalysts or highly reactive starting
materials. In addition, these derivatives, to our knowledge, are reported here for the first

time in literature. This section details production, isolation, purification, and
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Figure 2.1 The overall reaction scheme for PPO monomers designed, prepared, and
used in this study.
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characterization of PPO monomers. The general method (Figure 2.1) involves isolations
of each precursor through precipitations, column chromatography, and re-
crystallizations. For simplicity, only the characterization of PPO monomer compounds
will be detailed in this chapter and the characterization of precursors can be found in the
list of figures.
2.2 Experimental Setup

All reagents were purchased and used as received from Sigma Aldrich, TCI
America, Matrix Scientific, Acros, or Alfa Aesar unless otherwise noted.

2.2.1 Synthesis of 3-(5-phenyloxazol-2-yl)phenol Precursor

Compound (1) Q\{YQ; 5

3-hydroxybenzaldehyde (10.3 g, 84.3 mmol, 1 eq.) was dissolved in 200 mL
anhydrous DMF, under argon. To the above solution, 2-aminoacetophenone
hydrochloride (45.6 g, 337.2 mmol, 4 eq.), iodine (21.4 g, 84.3 mmol, 1 eq.), t-butyl
hydroperoxide (70% in H20) (15.2 mL, 118.0 mmol, 1.4 eq.), and sodium bicarbonate
(9.9 g, 118.0 mmol, 1.4 eq.) were successively added. The reaction mixture was stirred
under argon at 70°C for 24 hours. After cooling to room temperature, the reaction was
quenched into a stirring 1L of concentrated sodium thiosulfate (Na2S20z3) solution
overnight to remove excess iodine. The organic layer was extracted with ethyl acetate
(EtOAC) (2 x 500 mL) and further extracted with water (1 x 500 mL) and brine (2 x 500
mL). The organic layer was dried over magnesium sulfate (MgSOQa), filtered and
concentrated under reduced pressure to obtain a reddish-brown solid. The crude was
dissolved in minimal EtOAc and precipitated into cold DCM to obtain 14.3 g of an off-

white solid (1), resulting in a 71% yield. '"H NMR (500 MHz, DMSO-de) d B: 9.86 ppm (s,
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1H), 7.83-7.79 ppm (m, 3H), 7.50-7.45 (m, 4H), 7.37-7.31 ppm (m, 2H), A: 6.91 ppm
(dd, 3J = 8.15 Hz, 4J = 2.30 Hz, 1H). '3C NMR (126 MHz, DMSO-ds) 5 160.36, 157.88,
150.64, 130.39, 129.17, 128.62, 127.96, 127.48, 124.20, 124.02, 117.87, 116.81,
112.48.

2.2.2 Synthesis of 3-(5-phenyloxazol-2-yl)phenyl methacrylate (MA-PPO)

Monomer

G I
.
Compound (2) & \O?N/E@:Jjwj\n 5
B c b K
3-(5-phenyloxazol-2-yl)phenol (1) (10.1 g, 42.6 mmol, 1 eq.) was dissolved in 255
mL THF under argon and was cooled to 0°C. To the above solution, methacrylic acid
(5.4 mL, 63.9 mmol, 1.5 eq.), 4-dimethylaminopyridine (7.8 g, 63.9 mmol, 1.5 eq.), N,N’-
diisopropylcarbodiimide (9.9 mL, 63.9 mmol, 1.5 eq.) were successively added. The
reaction mixture was stirred overnight and allowed to reach room temperature. The
precipitate was filtered off and extracted with EtOAc. The organic layer was extracted
with 5% (v/v) HCI (2 x 500 mL), 5 wt% Na2COs (1 x 400 mL), and brine (3 x 250 mL).
The organic layer was dried with MgSOu, filtered and concentrated under reduced
pressure (bath of rotary evaporator water was held at 20°C to prevent any
polymerization) to obtain and off-white solid. The crude was dissolved in minimal
acetone and precipitated into cold stirring water. The product was further purified by
column chromatography using 4:1 hexanes/EtOAc, and re-crystallization in hexanes to
afford 11.18 g of a white solid (2), resulting in an 86% yield."H NMR (500 MHz, DMSO-
de) & F: 8.00 ppm (d, 3J=7.73 Hz, 1H), E: 7.88 ppm (t, J = 1.73 Hz, 1H), C: 7.85 ppm

(dd, 3J = 7.48 Hz, J= 1.19 Hz, 2H), D: 7.79 ppm (s, 1H), G: 7.63 ppm (t, %J = 8.25 Hz, 1
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H), B: 7.51 ppm (t, 3J = 8.25 Hz, 2H), A: 7.41 ppm (t, 3J = 7.74 Hz, 1H), H: 7.36 ppm
(dd, 3J = 8.36 Hz, 4J = 1.87 Hz, 1H), I: 6.34 ppm (s, 1H), J: 5.91 ppm (g, 4J = 1.26 Hz,
1H), K: 2.06 ppm (s, 3H). '3C NMR (126 MHz, DMSO-ds) 5 165.23, 159.37, 151.14,
151.11, 135.18, 130.56, 129.12, 128.77, 128.12, 128.08, 127.28, 124.35, 124.18,
124.14,123.44, 119.37, 18.06.

2.2.3 Synthesis of 2-(3-(5-phenyloxazol-2-yl)phenoxy)ethan-1-ol Precursor

G
F H
! OH
Compound (3) AQ{\/@\, 2N K

N
B C D

3-(5-phenyloxazol-2-yl)phenol (1) (4.2 g, 17.8 mmol, 1 eq.) and potassium
carbonate (7.37 g, 53.3 mmol, 3 eq.) were dissolved in 100 mL anhydrous DMF. The
mixture was stirred and degassed with argon at 90°C for 1.5 hours. Then, 2-
bromoethanol (3.8 mL, 53.3 mmol, 3 eq.) was injected dropwise via syringe to the
above mixture and was allowed to stir under argon at 90°C for 18 hours. After cooling to
room temperature, the mixture was poured into 200 mL of ice cold H20 and extracted
with EtOAc and further extracted with brine (4x 200mL). The organic layer was dried
over MgSOQy, filtered, and concentrated under reduced pressure to yield a tan solid. The
crude solid was dissolved in minimal THF and precipitated in cold hexanes to obtain
4.93 g of an off-white powder (3), resulting in a 99% yield. '"H NMR (500 MHz, DMSO-
de) 8, 7.87-7.84 ppm (m, 3H), F: 7.67 ppm (d, 3J= 7.7 Hz, 1H), E: 7.60 ppm (t, 4J=1.9
Hz, 1H), 7.52-7.45 ppm (m, 3H), A: 7.40 ppm (t, 3J = 7.4 Hz, 1H), H: 7.12 ppm (dd, 3J =
8.2 Hz,4J=2.9 Hz, 1H), K: 4.93 ppm (t, 3J = 5.5 Hz, 1H), I: 4.10 ppm (t, 3J = 5.11 Hz,

2H), J: 3.76 ppm (g, 3J = 5.10 Hz, 2H). '¥C NMR (126 MHz, DMSO-Ds) & 160.10,
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159.15, 150.83, 130.47, 129.15, 128.68, 128.02, 127.40, 124.23, 124.11, 118.31,
117.13, 111.49, 69.81, 59.57.
2.2.4 Production of 2-(3-(5-phenyloxazol-2-yl)phenoxy)ethyl methacrylate (EtMA-

PPO) Monomer

F 5 H | y
[} 0. H L
Compound (4) AMYL :E L ﬁ
B Cc p K

2-(3-(5-phenyloxazol-2-yl)phenoxy)ethan-1-ol (3) (8.1 g, 28.6 mmol, 1 eq.) was
dissolved in 190 mL anhydrous THF under argon and was cooled to 0°C. To the above
solution, methacrylic acid (3.6 mL, 42.9 mmol, 1.5 eq.), 4-dimethylaminopyridine (5.2 g,
42.9 mmol, 1.5 eq.), N,N’-diisopropylcarbodiimide (6.6 mL, 42.9 mmol, 1.5 eq.) were
successively added. The reaction mixture was stirred overnight and allowed to reach
room temperature. The precipitate was filtered off and extracted with EtOAc. The
organic layer was extracted with 5% (v/v) HCI (2 x 500 mL), 5 wt% Na2COs (1 x 400
mL), and brine (3 x 300 mL). The organic layer was dried with MgSOs, filtered and
concentrated under reduced pressure (bath of rotary evaporator water was held at 20°C
to prevent polymerization) to obtain a tan solid. The crude product was purified by
precipitation in 1400 mL of cold water from minimal acetone followed by column
chromatography using 4:1 hexanes/EtOAc to afford 7.92 g of a white solid (4), resulting
in a 79% yield."H NMR (500 MHz, DMSO-ds) 5 C: 7.84 ppm (dd, 3J=7.82 Hz, 4J=1.15
Hz, 2H), D: 7.76 ppm (s, 1H), F: 7.69 ppm (d, 3J = 7.45 Hz, 1H), E: 7.63 ppm (t, 4J =
2.02 Hz, 1H), 7.53-7.45 ppm (m, 3H), A: 7.40 ppm (t, 3J = 7.39 Hz, 4J = 1.39 Hz, 1H),
H: 7.15 ppm (dd, 3J = 8.40 Hz, 4J = 2.81 Hz, 1H), K: 6.04 ppm (s, 1H), L: 5.65 ppm (q,

4= 1.74 Hz, 1H), J: 4.49 ppm (t, 3J = 4.90 Hz, 2H), I: 4.39 ppm (t, 3J = 5.16 Hz, 2H), M:
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1.9 ppm (s, 3H). 13C NMR (126 MHz, DMSO-ds) 8 166.55, 160.00, 158.74, 150.88,
135.67, 130.53, 129.13, 128.69, 128.09, 127.38, 126.16, 124.24, 124.13, 118.71,
117.23, 111.62, 66.05, 63.10, 17.99.

2.2.5 Synthesis of 3-(3-(5-phenyloxazol-2-yl)phenoxy)propan-1-ol Precursor

G
F H
I K
Compound (5) A@_{w/@y\fw L
D

N
B ¢

3-(5-phenyloxazol-2-yl)phenol (1) (14.5 g, 61.1 mmol, 1 eq.) and potassium
carbonate (25.3 g, 183.3 mmol, 3 eq.) were dissolved in 13 mL of acetone. The mixture
was stirred and degassed with argon at 60°C for 4 hours. Then, 3-bromoethanol (11.6
mL, 128.3 mmol, 2.1 eq.) was injected dropwise via syringe to the above mixture and
was allowed to stir under argon at 60 °C for 24 hours. After cooling to room
temperature, the mixture was concentrated under reduced pressure, then re-dissolved
in EtOAc and poured into 250 mL of ice/cold H20 and extracted with EtOAc. The
organic layer was extracted with brine (2x 100mL). The organic layer was dried over
MgSO4, filtered, and concentrated under reduced pressure to afford a light brown solid.
The crude was dissolved in minimal acetone and precipitated in cold water to obtain
17.69 g of an off-white powder (5), resulting in a 98% yield. '"H NMR (500 MHz, DMSO-
ds) d 7.85-7.83 ppm (m, 3H), F: 7.66 ppm (d, 3J=7.98 Hz, 1H), E: 7.58 ppm (t, 4J= 1.81
Hz, 1H), 7.51-7.44 ppm (m, 3H), A: 7.38 ppm (t, 3J= 7.52 Hz, 1H), H: 7.10 ppm (dd, 3J
= 8.47 Hz, 4J = 2.47 Hz, 1H), L: 4.62 ppm (t, 3J=5.17 Hz, 1H), |: 4.13 ppm (t, 3J = 6.36
Hz, 2H), K: 3.61 ppm (q, 3J = 5.73 Hz, 2H), J: 1.91 ppm (p, 3J = 6.23 Hz, 2H). *C NMR
(126 MHz, DMSO-ds) 6 160.13, 159.13, 150.83, 130.42, 129.12, 128.64, 128.03,

127.41,124.19, 124.10, 118.23, 117.01, 111.37, 64.84, 57.29, 32.12.
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2.2.6 Production of 3-(3-(5-phenyloxazol-2-yl)phenoxy)propyl methacrylate

(PrMA-PPO) Monomer

G
FxyH 0
Compound (6) AMT@\Q)%OJIN
3-(3-(5-phenyloxazol-2-yl)phenoxy)propan-1-ol (5) (11 g, 37.2 mmol, 1 eq.) was
dissolved in 223 mL anhydrous THF under argon and cooled to 0°C. To the above
solution, methacrylic acid (4.7 mL, 55.9 mmol, 1.5 eq.), 4-dimethylaminopyridine (6.8 g,
55.9 mmol, 1.5 eq.), N,N’-diisopropylcarbodiimide (8.7 mL, 55.9 mmol, 1.5 eq.) were
successively added. The reaction mixture was stirred overnight and allowed to reach
room temperature. The precipitate was filtered off and extracted with EtOAc. The
organic layer was extracted with 5% (v/v) HCI (2 x 500 mL), 5 wt% Na2COs (1 x 400
mL), and brine (3 x 300 mL). The organic layer was dried with MgSOu, filtered and
concentrated under reduced pressure (bath of rotary evaporator water was held at 20°C
to prevent polymerization) to obtain a tan solid. The crude product was purified by re-
crystallization in hexanes and followed by column chromatography using 4:1
hexanes/EtOAc to obtain 8.00 g of a white solid, resulting in a 59% yield. "H NMR (500
MHz, DMSO-de) & C: 7.83 ppm (dd, 3J = 8.06 Hz, 4J = 1.24 Hz, 2H), D: 7.76 ppm (s,
1H), F: 7.68 ppm (d, 3J=7.73 Hz, 1H), E: 7.60 ppm (t, 4J = 2.32 Hz, 1H), 7.45-7.53ppm
(m, 3H), A: 7.40 ppm (t, 3J = 7.39 Hz, 1H), H: 7.15 ppm (dd, 3J = 8.40 Hz, 4J = 2.81 Hz,
1H), K: 6.04 ppm (s, 1H), L: 5.65 ppm (q, 4J=1.74 Hz, 1H), J: 4.49 ppm (t, 3J = 4.9 Hz,

2H), I: 4.39 ppm (t, 3J = 5.16 Hz, 2H), M: 1.9 ppm (s, 3H). 13C NMR (126 MHz, DMSO-
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Ds) & 166.54, 160.04, 158.84, 150.82, 135.87, 130.41, 129.08, 128.61, 128.05, 127.39,
125.76, 124.19, 124.07, 118.41, 116.92, 111.45, 64.57, 61.37, 28.04, 17.99.
2.3 Characterization

All compounds synthesized in this study were characterized by NMR ('H and
13C), PL spectroscopy, absorption spectroscopy, and differential thermal calorimetry
(DSC) in order to determine their identity, purity, and comparison to PPO. 'H and 3C
spectra were obtained on a JEOL 500 MHz liquid-state NMR and data obtained was
analyzed using MestReNova 12.0.0 software. For higher resolution, the '"H NMR of
each PPO monomer was run at 80°C in DMSO-ds. 'H-'H Correlated SpectroscopY
(COSY) spectra was collected at 80°C for MA-PPO and EtMA-PPO and can be found in
the appendix (Figures A.1-2). The NMR spectra of intermediate compounds can be
found in the appendix as well (Figures A.3-8). Ultraviolet-visible spectra (UV-Vis) and
photoluminescence (PL) were run in spectral grade cyclohexane; for PL, 280 nm was
used as the excitation wavelength. Relative photoluminescent quantum yield (PLQY)
was run with PPO as the reference dye at an excitation wavelength of 280 nm in
cyclohexane.?485 UV-Vis spectra were recorded on a Beckman Coulter DU-800
spectrometer and PL spectra were measured on Horiba Fluorolog 1057. The melting
temperature and the polymerization exotherms of the compounds were determined by
DSC. To demonstrate that the synthesized monomers were polymerizable, 0.25 wt%
azobisisobutyronitrile (AIBN) was added to each PPO monomer and studied by DSC to
determine an exothermic polymerization temperature. DSC was carried out under

nitrogen on a DSC Q2000 instrument at a scanning rate of 10°C/min.
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2.4 Results and Discussion

The following section describes the results obtained from the characterization
and study of the prepared monomers. The capabilities for these monomers to
polymerize are also discussed below.
2.4.1 Characterization of PPO Monomers

The PPO monomers were produced in moderate to high overall yields (Figure

2.2) and were obtained in two or less synthetic steps. The overall yield for PrMA-PPO

N N

61% 55% 41%
MA-PPO EtMA-PPO PrMA-PPO

Figure 2.2 Overall yields of PPO monomers.

was the lowest of all PPO derivatives due to its high reactivity with itself when being
worked up. The "H NMR spectra for MA-PPO, EtMA-PPO and PrMA-PPO are shown in
Figure 2.3 — Figure 2.5, respectively, with assigned peaks confirming the target
compounds. The carbon spectra of these compounds also confirm the target molecules
(Figure 2.6 — Figure 2.8). Both spectra show no detectable impurities and conform well
to the target molecule.
2.4.2 Spectral and Optical Properties of PPO Monomers

The absorbance and photoluminescence spectra of PPO, MA-PPO, EtMA-PPO,
and PrMA-PPO are shown in Figure 2.9, and Figure 2.10, respectively. The spectra

show the effect of introducing a methacrylate group to the PPO core on the electronic
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structure. In Figure 2.9, a very slight red shifting (~2 nm) of the absorbance maxima of
MA-PPO is observed relative to PPO and a larger red shift (~16 nm) is observed for
both EtMA-PPO and PrMA-PPO. Because these shifts are not pronounced, the energy
transfer from the matrix, PVT, to the polymerizable derivatives is expected to be
analogous to PVT and PPO. A similar slight red shifting (~2—4 nm) in the
photoluminescence is seen for all monomers, as shown in Figure 2.10. The
photoemission of these monomers are in optimal overlap with the absorption
wavelength shifter POPOP (red dotted line in Figure 2.10). Because these shifts are not
considerably different from PPO, the energy transfer from monomer to POPOP is
expected to be comparable to PPO and POPOP. The relative PLQYs measured for
these derivatives are also very similar (>89%) to the parent PPO as shown in Table 2.1,

and are within the systematic error of the relative quantum yield measurement.5465 The

Table 2.1 The physical and optophysical properties of PPO and its derivatives.

Primary Dopants | Tm (°C) | UV-max (nm) | PL-max (nm) PLQY
PPO 71 302 357 100
MA-PPO 86 304 359 92
EtMA-PPO 73 318 361 96
PrMA-PPO 46 318 361 89

high PLQY's determined for each monomer indicate that high light yields can be
expected from plastic scintillators of these materials.
2.4.3 Physical Properties of PPO monomers

The physical and optoelectronic properties of PPO and its derivatives are
summarized in Table 2.1. The melting temperature (Tm) increases when the
methacrylate group is directly attached to the PPO core (MA-PPQO), whereas a decrease

in Tm is seen in monomers with an increase in alkyl chain (EtMA-PPO and PrMA-PPO).
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Figure 2.10 The photoluminescence of PPO monomers and PPO for

comparison. The absorption of POPOP is also shown to demonstrate the
overlap necessary for efficient energy transfer.
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Figure 2.11 The addition of 0.25 wt% AIBN to MA-PPO, EtMA-PPO, and PrMA-PPO

demonstrated exothermic polymerization temperatures at 87, 96, and 99 °C,
respectively, visible via DSC.
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These results are indicative of the increase in alkyl chain and foretell that high dopant
loadings can be achieved with these monomers.2%42 Addition of 0.25 wt% AIBN to each
monomer demonstrated an exothermic polymerization temperature, shown in Figure
2.11, where polymerization occurred after the monomer had melted. These results
demonstrated the methacrylate groups attached to the PPO core are capable of
polymerization in the presence of AIBN radical initiator.
2.5 Conclusions

Three novel PPO derivatives with attached methacryloyloxy polymerizable
groups separated by varying carbon backbones were prepared using modified known
procedures with moderate to high yields in two or less synthetic steps. Various
isolations and purification methods were necessary to obtain highly pure polymerizable
dopants necessary for optimized plastic scintillator material. The synthesized and
purified novel compounds were characterized through several methods to ensure high
purity. '"H NMR and '3C NMR showed conclusively that the methacryloyloxy PPO
monomers were successfully synthesized and purified. It was found that the
photoabsorption of PPO monomers are almost identical to the parent molecule and their
PL spectra are in optimal overlap with the photoabsorption of the secondary wavelength
shifter, POPOP, guaranteeing efficient energy transfer necessary to mitigate dopant
self-absorption for high light output. It was also observed that an increase in alkyl chain
between the PPO core and the attached methacrylate group decreased the melting
temperature of the synthesized compounds, which is a favorable quality necessary for
high loading contents. Adding 0.25 wt% AIBN to each monomer displayed an

exothermic reaction of polymerization visible via DSC analysis, demonstrating
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copolymerization of monomers in a polymer matrix is possible. Overall, the modification
of the PPO core to obtain MA-PPO, EtMA-PPO, and PrMA-PPO, especially given high
PLQYs, does not appear to significantly disrupt their individual potential performance as

scintillating fluorophores.
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CHAPTER 3
PLASTIC SCINTILLATOR PREPARATION, RADIATION SETUP
AND TESTING
3.1 Introduction
The synthesized PPO-derived monomers have proven to be candidates as
primary dopants in a ternary plastic scintillator system. The various characteristics of
PPO monomers such as similar photoabsorption to parent PPO, similar
photoluminescence to PPO (optimal overlap with the photoabsorption of the wavelength
shifter POPOP), and high photoluminescent quantum yields improves chances of their
performance as primary dopants in plastic scintillators. In addition, they have the
capabilities to co-polymerize with the polymer matrix and have the potential to increase
sample hardness and thermal stability, as well as to prevent dopant leaching. Here we
report PSs prepared from over-doped PPO monomers with great pulse shape
discrimination (PSD) and high light output compared to those of traditional PPO. In
addition, the fabrication of PPO monomer scintillators produced hard and mechanically
stable plastics, they were fabricated with a reduced heating profile, and they were easily
removed from their glass molds. In contrast, traditional over-doped PPO scintillators
were very soft, difficult to remove from their glass molds, and high loadings > 20 wt%
PPO were difficult to achieve.® This chapter will discuss plastic scintillator preparation
with the use of our PPO monomers as primary dopants along with the radiation setup

and the instrumentation necessary for characterizing radiation performances.
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3.2 Experimental Setup

All reagents were purchased and used as received from Sigma Aldrich, TCI
America, or Acros unless otherwise noted.
3.2.1 Preparation of Plastic Scintillators

All synthesized PPO monomers could be easily processed through standard
solution casting methods. Glass vials from VWR were used as molds to make 2 cm
diameter x 1.4—1.6 cm thickness samples (approximately 6 g) and samples of 1.5 cm
diameter x 0.9—-1.0 cm thickness (approximately 2 g). The glass vials were washed,
oven dried, and silanized with 10 v/v % dichlorodimethylsilane in dichloromethane in
accordance with a literature procedure.®® Silanization of the 2 g sample vials was not
necessary due to the ease of release of the plastic sample from the vial after curing. A
basic alumina column with dry potassium carbonate (15:1 alumina to K2COs) was used
to remove 4-tert-butylcatechol (inhibitor) from the vinyltoluene (VT) monomer on the
same day as sample preparation. The radical initiator azobisisobutyronitrile (AIBN) was
recrystallized twice from methanol then added to inhibitor free monomer to prepare a
0.01 wt% AIBN/VT stock solution. Varying amounts of wt% primary dopant and 0.1 wt%
1,4-bis(5-phenyloxazol-2-yl) benzene (POPOP) (used as a wavelength shifter in each
prepared sample detailed in this work) were added to AIBN/VT stock solutions in
silanized glass vials to produce 2 g and 6 g scintillators. Each sample containing a PPO
monomer was gently purged with argon for ~30 minutes to displace oxygen, tightly
capped, placed in an argon filled vacuum oven under slight vacuum, and cured for 24
hours at 60°C, 24 hours at 70°C, 2 days at 80°C, and 24 hours at 90°C in accordance to

an established procedure.38
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2g sample
vials

L

2

Figure 3.1 The custom-made aluminum heating block setup for the preparation of 2 g
scintillators. The temperature probe is connected to the heating block.

The 2 g PPO monomer scintillators were prepared with the same procedure as
mentioned above, but they were heated in an aluminum block custom-made for the
dimensions of the 2 g vials (Figure 3.1). To reduce the amount of oxygen that could
enter the 2 g scintillators, the vials were tightly wrapped with Teflon tape. The 6 g PPO
control samples were prepared with the same procedure as mentioned above, but they
were cured at 80°C for 4 days and 2 days at 90°C in order to ensure proper quality PPO
scintillators. The heating profile used for the fabrication of PPO monomer scintillators
was inadequate to fully polymerize the PPO standard control samples. Once the
samples were cured and allowed to slowly cool to room temperature, the glass vials
were broken to extract the plastic puck. Samples were sanded flat first by a belt sander,
then by hand. The final touches of polishing were done on a loose cotton buffer wheel.

Mechanical and thermal stability could be determined qualitatively based on each
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sample’s ability to withstand the friction heat of the belt sander as well as the ease by
which the remaining polishing steps could be performed.
3.3 Radiation Setup, Instrumentation, and Characterization

The 2 g scintillators were used as a screening process to determine if the PPO
monomer was an appropriate candidate for 6 g scale up. They were qualitatively
analyzed for sample hardness, monomer solubility in VT, and plastic optical clarity. The
radiation performances of the 2 g scintillators were also characterized for light yield (LY)
and PSD capabilities. If the 2 g scintillators were qualitatively hard, soluble, and
displayed LY and PSD capabilities, they were scaled up to 6 g scintillators. The
radiation setup and instrumentation necessary to characterize the radiation performance
of 2 g and 6 g PPO monomer scintillators is discussed in the following subsections.

To test each scintillator for PSD and LY, each finished sample was tightly
wrapped with PTFE tape on all sides with light-tight covering, then coupled to a
Hamamatsu Extended Green Bialkali PMT (R7600U-300) using optical grade silicone
grease and exposed to multiple fields of ionizing radiation. The sample response was
measured with a DAQ system based on an in-house built, 250 Msample/s waveform
digitizer, which is controlled by a MIDAS software interface.®” The individual waveforms
were saved and analyzed utilizing the ROOT data analysis framework to develop
relevant output spectra.®®
3.3.1 Light Yield Determination

The dominant interaction in plastic scintillators is via the Compton effect, and
therefore the collected spectra for each sample was analyzed for the Compton edge

feature to quantify the LY. To determine the light yield, a '3’Cs (~1 uCi) source was
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used to calibrate each sample individually. The collected, integrated PMT anode pulse
content spectra produced a visible Compton Edge (at 477 keV) for each sample, which
is used to calculate a sample specific LY by comparing it to the Compton Edge of a
commercial BC-408 sample (low primary dopant concentration and does not display
PSD) machined to the same dimensions as our plastics.?® Light yield results are
tabulated as a percentage of the BC-408 response.
3.3.2 Pulse Shape Discrimination Characterization

To determine PSD capabilities, samples were exposed to a mixed
gamma/neutron radiation field emanating from a 244Cm/'3C (~60 mCi) source. Each
sample’s response was measured on a keVee (kilo-electron volt, electron equivalent)
scale, calibrated using the '3’Cs response spectrum. In order to display PSD, a delayed
integration time window of 32—-120 ns is compared to the total integrated pulse content
in the digitized waveforms. The quality of the PSD in each sample is determined by the
sample Figure of Merit (FOM), as discussed in Section 1.6. The FoM is calculated for
both 100-200 keVee and 400—600 keVee energy cut intervals.
3.4 Results and Discussion

The following subsections discuss the solubility of PPO monomers in VT and the
radiation performances of each sample prepared.
3.4.1 Solubility Results

The 2 g PPO monomer scintillators served as a screening process to identify the
solubility limits of each primary dopant before scaling up to 6 g scintillators. It was found
that while loadings of <15 wt% MA-PPO and <25 wt% EtMA-PPO could dissolve in VT

at room temperature, heating the undissolved mixtures to a curing temperature of 60°C
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enabled each to achieve full dissolution of loadings as high as 30 wt% MA-PPQO and 30
wt% EtMA-PPO. In comparison, PPO dissolved fully at room temperature at loadings
<30 wt% primary dopant. To achieve a 40 wt% EtMA-PPO sample, the EtIMA/VT mix
had to be degassed at 30°C because it was too viscous and difficult to degas at room
temperature. The 20-30 wt% EtMA-PPO samples remained clear for the first 24 hours
of curing and became slightly opaque thereafter, while the 40 wt% EtMA-PPO sample
remained clear throughout the whole process (Figure 3.2). Additionally, MA-PPO was
only able to reach a concentration of 30 wt% in VT. The 20-30 wt% MA-PPO remained
clear for only the first 24 hours of curing and became very opaque for the remaining
curing time. On the other hand, all PrMA-PPQO samples dissolved fully at room
temperature and remained relatively clear throughout the whole process. All
concentrations of PrMA-PPO scintillators had the most clarity when compared to MA-
PPO, EtMA-PPO, and PPO samples of the same concentrations. It's apparent that the
higher solubility of PrMA-PPQO at room temperature resulted in plastics with higher
clarity, while MA-PPO had the least solubility at room temperature and resulted in very
opaque scintillators. Traditional PPO samples remained clear throughout the entire
curing process, but PPO precipitation began to occur shortly after being released from
their glass molds. PPO precipitation can be seen to propagate in the 20 wt% PPO PS
seen in Figure 3.2. Complete PPO precipitation occurred in scintillators >25 wt% PPO.
Overall, the 40 wt% EtMA-PPO and 40 wt% PrMA-PPO PSs had the most clarity. The
final polished 6 g samples are shown in Figure 3.2. It should also be noted that all PPO
monomer scintillators of 1-40 wt% primary dopant are hard and easy to remove from

their glass molds, unlike traditional scintillators of > 20 wt% PPO which are very soft
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Figure 3.2 Photos of cured and polished 6 g PPO monomer scintillators and traditional
PPO scintillators for comparison on 0.5 x 0.5 cm grid paper.
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and difficult to remove from their glass molds.

The lower melting temperatures (Tm) of EtMA-PPO (73°C) and PrMA-PPO (48°C)
when compared to MA-PPO (86°C), correlate to the higher solubility limits at room
temperature; PrMA-PPO had the lowest Tm and the highest solubility in PVT (40 wt%) at
room temperature. Higher loadings of EtMA-PPO and PrMA-PPO may even be possible
and is the subject of future studies. Samples of 6 g 20-30 wt% PPO led to PPO
precipitation and loss of mechanical properties. Overall, the obtained samples made
from each PPO monomer ranged from opaque to transparent, had no phase separation
of the primary dye, and had excellent mechanical stability. The physical properties and
mechanical stability of the plastic scintillators fabricated through this work are discussed
in detail in Chapter 4.

3.4.2 Light Yield and Pulse Shape Discrimination Results

To determine if PPO monomer dopants were good candidates as primary
dopants in plastic scintillators, the 2 g scintillators were analyzed and tested for
radiation performance. It was found that the screening process was a good tool for the
proof of concept because the 2 g scintillators produced quantitative LYs and displayed
PSD capabilities. The 2 g data was only used as preliminary results and it helped
determine which PPO monomer could have better radiation performance when scaled
up to 6 g scintillators. The 2 g PSs data is summarized in Table 3.1 and FoM is reported
at 400-600 keVee.

To quantify the light yield (LY), the collected spectra for each sample was
analyzed for the Compton edge (CE) feature. The light outputs of the scintillators are

calculated by dividing the CE of the fabricated scintillator by the CE of the commercially
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Table 3.1 Radiation detection properties of 2 g PPO monomer scintillators.

Primary 1.0 wt% 20.0 wt% 30.0 wt% 40.0 wt%

dopant
opan LY% | LY% FoM | LY% FoM | LY% FoM

PPO 94.5 96 132 | 814 103 _ _

MA-PPO 770 | 730 076 | 566  0.90 _ _

EtMA-PPO 77.4 76.3 0.96 53.3 0.77 59.1 0.90

PrMA-PPO 89.4 75.5 0.89 75.2 1.20 70.1 1.10

available scintillator (BC 408) of the same sample size and are reported as a
percentage of BC-408 (Table 3.2). The CEs of 20-30 wt% MA-PPO scintillators are
indeterminable due to the observed broadening of the spectral shape, as shown in
Figure 3.3. The CE spectra for PPO, EtMA-PPO, and PrMA-PPO plastics can be found
in the appendix (Figures A.9—A.11). The broadening of the observed spectral shape
may be attributed to three factors that are known to affect PVT-based scintillators: 1) the
underlying Compton nature of the energy loss mechanism, 2) the non-linear physics of
the scintillation process that converts deposited energy to light, and 3) the geometry
dependent low percentage of light collected from the detector.”® For these reasons, the
LYs determined for 20-30 wt% MA-PPO scintillators result in significant inaccuracy and
are asterisked in Table 3.2. In comparison of LY, all PPO monomer scintillators are
similar to PPO scintillators at 1 wt%. In addition, EtMA-PPO and PrMA-PPO have
similar LYs to PPO at 20—30 wt%. Note that the systematic error of the LY
measurements is estimated to be +5.0%. Furthermore, 40 wt% EtMA-PPO and 40 wt%

PrMA-PPO have similar high LYs and are a good indication that their scintillation
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Figure 3.3 The Compton Edges of 6 g MA-PPO scintillators.
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Table 3.2 The radiation detection properties of 6 g PPO monomer scintillators. The Figure of Merit is reported at

400-600 keV, .

Primary 1.0 wt% 20.0 wt% 25.0 wt% 30.0 wt% 40.0 wt%
dopant

LY % LY % FoM LY % FoM LY % FoM LY % FoM
PPO 82.7 81.5 1.56 88.9 1.60 88.2 1.92 - -
MA-PPO 77.1 55.4* 0.77* 46.1* 0.90* 40.6* 0.96* - -
EtMA-PPO 72.0 79.3 1.08 83.4 1.16 78.6 1.20 90.0 1.44
PrMA-PPO 87.1 83.0 1.06 85.2 1.26 86.3 1.36 83.0 1.64

* The sample has an indeterminable Compton Edge. This results in significant inaccuracy of LY
and FoM values.
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efficiency is high.

It was found that all PPO monomer scintillators had PSD capabilities in plastics
of >20 wt% primary dopant as seen in Figures. 3.5 and Figure 3.6. Although the FoM of
scintillators >20 wt% MA-PPO are inaccurate due to the indeterminable CE of these
samples, an increase in discrimination is visible as dopant content is increased (Figure
3.5 A-C). More pronounced discrimination is seen in scintillators of >20 EtMA-PPO,
PrMA-PPO, and PPO (Figures 3.5 D—F and 3.6, respectively) in which an increase in
discrimination and specitral resolution is observed as dopant concentration is increased.
At 20-30 wt% primary dopant, PPO had the best PSD compared to all other
scintillators, but at the loss of mechanical stability. Overall, it was found that PrMA-PPO
scintillators had the best FoM when compared to all PPO monomer scintillators, as
summarized in Table 3.2, and can be considered to have adequate PSD for fast neutron
detection in the presence of background y-radiation. In addition, EtIMA-PPO was the
second best performing dopant and was capable of reaching a FoM > 1.27 at 40 wi%
loadings, also making it adequate for n/y-discrimination. The variations in LY and PSD,
outside of the experimental error may be due to the type of copolymer formed. A further
understanding of the type of copolymers fabricated (alternating, random, or block
copolymers) could assist in understanding the LY and PSD differences between the
PSs of different PPO monomers and could be evaluated by determining the reactivity
ratios of each PPO monomer through established methods.”

3.5 Conclusions
The solubility limits and radiation performance of new PPO monomer scintillators

were analyzed for application in PSD capable plastic scintillators. It was found that
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dopants with lower melting temperatures could dissolve fully at room temperature at
high loadings (EtMA- PPO and PrMA-PPQO), while MA-PPO had the highest Tm and
lowest solubility. Higher doping levels of EtMA-PPO and PrMA-PPO may be possible
and is the subject of a future study. Scintillators made from MA-PPO resulted in
indeterminable Compton edges, inaccurate FoMs and LYs, and very opaque plastics at
loadings =20 wt% primary dopant. On the other hand, scintillators made from 40 wt%
EtMA-PPO and =30 wt% PrMA-PPO resulted in excellent PSD, high light outputs, and
produced hard clear plastics that were very easy to remove from their plastics molds. In
comparison, all traditional PPO scintillators had the highest FoMs of all scintillators
fabricated, but it was found that loadings =20 wt% PPO produced very soft, bendable
plastics and ultimately the highest loading of PPO was limited to 30 wt%. Whereas over-
doping with EtMA-PPO and PrMA-PPO resulted in great PSD, high LY, and enhanced
mechanical stability and plastic clarity. Future work should investigate how the
copolymer blends affect PSD and LY. Overall, over-doped EtMA-PPO and PrMA-PPO
monomer plastic scintillators have high LYs >83% and FoMs >1.44 and can be
considered adequate for n/y discrimination. In addition, they were fabricated with a
reduced heating profile, easy to remove from their glass molds, high loading
concentrations were achieved without dopant precipitation, and hard clear plastics were

produced.
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CHAPTER 4
CHARACTERIZATION OF PHYSICAL PROPERTIES AND DOPANT
LEACHING IN SCINTILLATORS

4.1 Introduction

The PPO-derived monomers obtained from our synthetic efforts have been used
as primary dopants in co-polymerized PSs and have demonstrated high LYs and
excellent PSD performances. In addition: 1) EtMA and PrMA monomers are more
soluble than PPO; 2) resultant samples are mechanically stable even at 40 wt% PPO
monomer, unlike traditional PPO-based PSs that become “soft” at 20 wt% PPO; and 3)
in principle have virtually no leachable dopant as it is part of the polymer backbone. This
chapter will discuss the physical properties of the PSs prepared from PPO monomers
such as thermal stability, glass transition temperature, and sample hardness.
Furthermore as previously discussed, high dopant loadings lead to dopant leaching and
diffusion that produces difficulties in handling and eventual degradation of LY and PSD
performance.*® To address the consequence of high PPO loadings, leaching studies
were performed on each type of monomer-based PS and it was found that negligible
amounts of PPO monomer leached out of these scintillators.
4.2 Experimental Setup

All reagents were purchased and used as received from Sigma Aldrich, TCI

America, or Acros, and Matrix Scientific unless otherwise noted.
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4.2.1 Preparation of Plastic Scintillators for Leaching Study

Glass vials from VWR were used as molds to make samples of 1.5 cm diameter
x 0.9-1.0 cm thickness (approximately 2 g). Silanization of the 2 g sample vials was not
necessary due to the ease of release of the plastic sample from the vial after curing. A
basic alumina column plug with dry potassium carbonate was used to remove 4-tert-
butylcatechol (inhibitor) from vinyltoluene (VT) monomer. The radical initiator
azobisisobutyronitrile (AIBN) was recrystallized twice from methanol, then added to
inhibitor-free monomer to prepare a 0.01 wt% AIBN vinyltoluene stock solution. Primary
dopant in amounts of 25 wt% were added to AIBN/VT stock solutions in silanized glass
vials to produce 2 g scintillators. For this study, 25 wt% of each dopant was selected to
be consistent with the samples described in Chapter 3. No secondary wavelength
shifter was added to the leaching study samples because the amount that could
potentially leach out is negligible (~2 mg per 2 g sample). Each sample containing a
PPO monomer was gently purged with argon for ~30 minutes to displace oxygen, tightly
capped and wrapped with Teflon tape, placed into an aluminum heating block custom
made to fit the 2 g sample vials (Figure 3.1), and cured for 24 hours at 60°C, 24 hours
at 70°C, 2 days at 80°C, and 24 hours at 90°C in accordance to an established
procedure.®® A 2 g PVT sample and all 2 g PPO samples were utilized as controls and
were prepared with the same procedure as mentioned above, but they were both cured
at 80°C for 4 days and 24 hours at 90°C. Note that the 2 g PPO scintillators were cured
at 90°C for one day while the 6 g PPO scintillators (described in Chapter 3) had to be
cured at 90°C for 2 days. This is due to the ease of fabricating a small traditional PPO

sample. Once the samples were cured and allowed to slowly cool to room temperature,
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the glass vials were broken to extract the plastic puck. The samples used for the
leaching study were not polished as they were not tested for radiation detection
performance.
4.2.2 Leaching Study Setup

A Soxhlet method was used to extract dopant from the PS (Kemtech America
model). Each 2 g sample was placed into a cellulose thimble, inserted into the extractor,
and attached to a 500 mL round bottom filled with 350 mL of absolute ethanol and an air
condenser. The Soxhlet extraction setup was placed onto a heating mantle, and the
temperature of the mantle was adjusted to 101 °C under inert atmosphere. Each
extraction occurred over the period of 24 hours to allow for approximately 19 cycles of
extraction. After cooling to room temperature, the condenser was detached, and the
thimble was removed. The residue solvent was concentrated under reduced pressure
and dried under vacuum.
4.2.3 Quantitative NMR Preparation

After concentrating each residue solvent, several aliquots of 7-26 mg of residue
were dissolved in 0.5 mL of chloroform-d (CDCIs) with an additional 2.3 uL of 1,4-
dioxane used as a reference standard. Each sample was then analyzed by NMR to
quantify the concentration of primary dopant that leached out.
4.3 Characterization

The glass transition temperature (Tg) and the decomposition temperature (Td) of
each 6 g scintillator tested for radiation performance (detailed in Chapter 3) were
analyzed by thermal gravimetric analysis (TGA) and differential scanning calorimetry

(DSC), respectively. To determine the T4 of each scintillator, portions were typically cut
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from the top edge of the PS samples. DSC was carried out under nitrogen with a DSC
Q2000 instrument by heating from -20°C to 160°C at 10°C/min. Similar portions were
cut from samples to use for TGA measurements to determine Ta. TGA was carried out
under nitrogen using a TA Instrument TGA Q500 instrument with a heating rate of
10°C/min. TGA and DSC analysis used Universal Thermal Analysis software. Portions
were also taken from the bottom face of the scintillators, but no difference in Tg or Tq
was observed.

Sample hardness was subjectively observed for machinability on a belt sander
and polishing wheel during sample preparation by noting how each sample melted with
the added friction. To quantify the hardness, a Shore-D durometer (GxPro model# 560-
10D) was used. The Shore-D values were obtained with ASTM standards (ASTM D-
2440) testing procedure, but Sections 6 and 9 of this document were not met due to the
6 g samples only being 14 mm in diameter. The standard requires that measurements
be done 12 mm from any edge, and each determination of hardness must be done at
least 6 mm apart.”? For proof of concept, 3 equidistant points were sampled on the face
of the sample for ~1 s and then averaged.

To quantify the amount of dopant leaching out of the polymer matrix, an
established quantitative NMR (QNMR) procedure was followed.”® The residues obtained
from each extraction were analyzed by 'H NMR using 1,4-dioxane as a reference
standard and dopant concentration was calculated using the above referenced
procedure. To determine an accurate concentration of primary dopant, the 'H
integration of 1,4-dioxane was set to 8 and only the 'H triplet at 7.35ppm of PPO was

integrated. "H NMR spectra were obtained using a JEOL 500 MHz liquid-state NMR,
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and the data obtained was analyzed using MestReNova 12.0.0 software.
4.4 Results and Discussion

The following sections will describe the physical properties of the plastics
prepared and described in Chapter 3 along with the results from gqNMR data obtained
from the leaching studies.
4.4.1 Physical Properties of co-polymerized PPO Plastic Scintillators

The thermal properties of co-polymerized PPO scintillators were compared to the
analogous traditional PPO samples using DSC and TGA and are summarized in Table
4.1. The DSC data collected for each sample can be found in the appendix. All samples
prepared from polymerizable dopants have much higher T4 than those of traditional
PPO-based plastics indicating that co-polymerization enhances the thermal stability of
the plastics. The enhanced thermal stability of co-polymerized PPO plastics is most
noticeable in plastics of > 20 wt% primary dopant in which glass transition temperatures
are significantly higher than that of traditional PPO-based plastics. In addition, the Tg of

co-polymerized samples stay nearly constant with an increase in co-polymerizable

Table 4.1 Thermal properties of PPO monomer scintillators. Tq is reported as the
first onset temperature.

Primary Tq (°C) Ta (°C)

Dopant

Wi% "1 20 25 30 40| 1 20 25 30 40
PPO 87 24 23 8 - | 110 168 164 166 -
MAPPO 97 96 95 96 — | 108 383 388 395 —
EtMA-PPO 86 89 87 84 87 | 112 361 367 364 363
PIMA-PPO 84 85 77 80 77 | 125 366 368 377 375
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dopants which makes these PSs more applicable to commercialization. The small
changes in Tg may be due to the type of random copolymer formed.”* A decrease in Ty
as the concentration of PPO increased was expected and most likely due to PPO acting
as a plasticizing agent within these scintillators.36-38 It should also be noted that MA-
PPO plastics had the highest Tg while PrMA-PPO plastics had the lowest Ty which
correlates with the decrease in Tm observed with an increase in alkyl chain (Section
2.4.3).

Furthermore, the T4 of each PPO monomer-based scintillator is much higher than
that of traditional PPO scintillators. A similar initial decomposition temperature (first
onset temperature) between 107°C—125°C is seen for each scintillator of 1 wt% primary
dopant in which approximately 1 wit% loss is observed, and the decomposition of the
remaining polymer matrix begins above 350°C (second onset temperature). Figure. 4.1
illustrates the similar decomposition trend seen for all PPO monomer scintillators (the Td
plots of MA-PPO and PrMA-PPQO samples can be found in the appendix). The
decomposition of PVT is 350°C and it is shown as a black line for comparison in Figure.
4.1. For scintillators containing 20 wt% PPO, weight loss begins at ~120°C and
stabilizes at ~250°C at ~73 weight % (dashed orange line Figure 4.1). This was
expected and has been previously reported as likely due to PPO subliming from the
plastic scintillator and acting as a plasticizing agent.®6-3 A similar trend is seen for 25 &
30 wt% PPO scintillators. On the other hand, scintillators of >20 wt% PPO monomers
have decomposition temperatures >360°C, a further indication of enhanced thermal
stability. It was observed that at 20—30 wt% primary dopant, MA-PPO plastics had the

highest Tq. For example, the T4 of 30 wt% MA-PPO is 18-31°C higher than of a 30 wt%
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EtMA-PPO or a 30 wt% PrMA-PPO. It was also observed that although plastics of 20—
40 wt% EtMA-PPO had higher T4 than 20-40 wt% PrMA-PPO plastics, PrMA-PPO
plastics had higher Tq than EtMA-PPO plastics. The changes in T¢ from PPO monomer
to PPO monomer plastics may also be due to the type of copolymer formed.

The hardness of co-polymerized PPO plastics is also much greater than that of
traditional PPO-based plastics (Table 4.2). All scintillators had similar Shore-D values of

79-81 at 1 wt% primary dopant, but these values quickly plummet in samples >20 wt%

Table 4.2 Shore-D Hardness of plastic scintillators

Primary Hardness (Shore-D)
Dopant

1 wt% 20wt% 25wt% 30wt% 40 wt%

PPO 79 <10 <10 <10 -
MA-PPO " 80 8 = 8 8 -
EtMAPPO 79 83 8 8 85
PMAPPO 8 8 8 8 83

PPO. Increasing PPO monomer content leads to a significant increase in Shore-D
hardness as well as a significant improvement in machinability. For example, samples
made from 20—40 wt% PPO monomer all had hardness of 83—85. This indicates that the
hardness of the samples stays constant despite increased concentration. These plastics
could also be belt sanded and machine polished without melting or exhibiting induced
friction melting. Co-polymerization of PPO has the most pronounced effect in samples
of >20 wt% PPO. Without co-polymerization, the over-doped samples are very soft,

bendable, and cannot be fully machined and polished. In over-doped samples of un-
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polymerized PPO, the PPO quickly crystallizes out, leading to very opaque scintillators
(Figure 3.2). By co-polymerizing PPO to the matrix, significant increase in hardness is
observed as well as a complete suppression of dopant crystallization. Co-polymerized
PPO scintillators are proposed to inhibit any diffusion and leaching of PPO which
prevent the formation of aggregates that lead to opaque scintillators.
4.4.2 gNMR results

In the leaching studies conducted, the amount of residue collected varied in each
type of PPO monomer scintillator. The leaching studies were conducted on 25 wt%
PPO or PPO monomer, as mentioned in section 4.2.1. MA-PPO and PrMA-PPO
samples had nearly the same amount of residue collected, 15 and 13 mg, respectively.
EtMA-PPO had the highest residue collected for PPO monomer with 24 mg residue
collected. On the other hand, PPO had about 5-fold the amount of residue as EtMA-
PPO. It's a promising result that all of the PPO monomer PSs had low residue leach out
at elevated temperatures. This is in contrast with over-doped PPO PSs that show
crystallization and leaching at as low as room temperature. Figure 4.2 shows the
compiled 'H spectra of each extraction residue. The control sample of 100% PVT
proves that only grease from the extraction set up is collected and that grease is the
only residue collected for the 25 wt% MA-PPO, 25 wt% EtMA-PPO, 25 wt% and PrMA-
PPO samples; no residual un-polymerized monomer is visible for any of these samples.
Note that a change in grease was necessary, thus the change in grease peaks
intensities. On the contrary, the 25 wt% PPO sample leached out a calculated amount
of 93 mg (+ 5%) of PPO. This amount accounts for 19% of the PPO added to the

sample. These results demonstrate that co-polymerizable PPO derivatives inhibit any
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leaching of dopant out of the matrix which may enhance lifetime and radiation
performance.*®
4.5 Conclusions

The physical properties of polymerizable-PPO PSs have shown to be superior in
thermal stability and hardness when compared to traditional PPO blended. Each PPO
monomer-based scintillator had Tg and Tqa much greater than that of PPO blended
scintillators, indicating that co-polymerization of PPO enhances thermal stability. The
mechanical stability of PPO monomer scintillators display higher Shore-D hardness and
machinability than that of PPO scintillators which makes these PSs more applicable to
commercialization. It was also shown that co-polymerization of PPO inhibits any primary
dopant leaching, and it is proposed that these scintillators may maintain their high
radiation performance over time. Future work should entail the performance of co-
polymerized PPO scintillators before and after ethanol treatment as compared to PPO
scintillators as a proof of concept on the effects of dopant leaching. Other future work
should also include accelerated aging testing on co-polymerized PPO scintillators to
discover if fogging occurs in these types of materials, a common issue in plastic
scintillators.” Qverall, co-polymerized PPO scintillators are harder with higher thermal
stability than traditional PPO scintillators and inhibit dopant leaching. Future work

should entail the effects of co-polymerizing PPO on aging and performance.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions

This thesis has investigated three novel PPO derivatives, including their
application in PSs, their radiation performance, thermal stability, and mechanical
stability. The results of these investigations can be summarized as follows.

Chapter 1 provided a brief overview of scintillators and a discussion of the high
interest in PSs as a more appealing alternative for n/y detection. Also highlighted were
the attempts to co-polymerize fluorophores to the polymer matrix to overcome the
common issues associated with high doping loadings.

In Chapter 2, three novel PPO monomers with attached methacryloyloxy
polymerizable groups separated by varying carbon backbones were synthesized in two
to three steps with moderate to high overall yields and are reported in literature here for
the first time. The synthetic route towards functionalized PPO was achieved with high
yield, simple reaction routes and purification, and do not use expensive catalysts or
highly reactive starting materials. Furthermore, the functionalization of PPO-core had
little effect on the photoabsorption and photoluminescent properties, which allows the
energy transfer to be similar to that of traditional PPO plastic scintillators. Addition of
AIBN to each solid monomer displayed an exothermic polymerization reaction visible via
DSC, demonstrating that each monomer had the capability to polymerize under radical

initiated conditions.
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Chapter 3 investigated the radiation performance of PPO monomer plastic
scintillators. Dopant loadings of 40 wt% EtMA-PPO and >30 wt% PrMA-PPO had
excellent PSD and high LYs, while MA-PPO scintillators resulted in inaccurate LYs and
PSD. Over-doped plastics of PrMA-PPO produced plastics with the best clarity, had the
best n/y-discrimination, and had high light outputs when compared to all PPO monomer-
made scintillators. In comparison, traditional PPO PSs had better PSD capabilities at
high loading concentrations, but at the loss of mechanical and thermal stability.
Furthermore, the ease of fabrication of over-doped PPO monomer PSs demonstrates a
much more appealing plastic scintillator when compared to the difficultly of producing a
traditional over-doped PPO PS.

In Chapter 4, the mechanical and thermal stability properties were explored, in
addition their leaching capabilities were also analyzed. It was found that all PPO
monomer PSs had outstanding hardness, thermal stability, and prevented dopant
leaching at high concentration loadings. Figure 5.1 compares the FoM and Ty results of

the over-doped PSs fabricated through this work. Overall, PPO monomer scintillators
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Figure 5.1 a) The FoM of PPO and PPO monomer scintillators. b) The glass transition
temperature of PPO and PPO monomer scintillators.
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have high LYs and adequate PSD for n/y discrimination, were fabricated with a reduced
heating profile, were easy to remove from their glass molds, had enhanced thermal and
mechanical stability, and high loading concentrations were achieved without dopant
precipitation or leaching.
5.2 Future Work

To better understand the differences in PSD, LY, Tg, and T4 between PPO
monomer plastics, a future study on the types of copolymers formed in these systems
should be investigated — block vs random vs alternating co-polymers. A future study of
accelerated aging should also be explored on PPO monomer scintillators to determine
the lifetime stability of these plastics, as a significant decrease in performance has been
observed in PVT plastic scintillators over time in real-time applications (heating and

cooling cycles, humidity, etc.).
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Figure A.1 The 'H-H Correlated SpectroscopY (COSY) spectrum for MA-PPO
collected at 80°C.
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Figure A.2 The 'H-H Correlated SpectroscopY (COSY) spectrum for EtMA-PPO
collected at 80°C.
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Figure A.3 The 'H NMR of precursor 3-(5-phenyloxazol-2-yl)phenol (1).
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Figure A.4 The '3C NMR of precursor 3-(5-phenyloxazol-2-yl)phenol (1).
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Figure A.5 The 'H NMR of precursor 2-(3-(5-phenyloxazol-2-yl)phenoxy)ethan-1-ol
(3).
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Figure A.9 The Compton Edges of 6 g PPO scintillators.
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Figure A.10 The Compton Edges of 6 g EtIMA-PPO scintillators.
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Figure A.11 The Compton Edges of 6 g PrMA-PPO scintillators.
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Figure A.12 The DSC data collected for the 6 g 1 wt% MA-PPO scintillator. The
artifact at 200°C is an instrumental error.
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Figure A.13 The DSC data collected for the 6 g 20 wt% MA-PPO scintillator. The
artifact at 200°C is an instrumental error.
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Figure A.14 The DSC data collected for the 6 g 25 wt% MA-PPO scintillator. The
artifact at 200°C is an instrumental error.
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Figure A.15 The DSC data collected for the 6 g 30 wt% MA-PPO scintillator. The
artifact at 200°C is an instrumental defect.
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Figure A.16 The DSC data collected for the 6 g 1 wt% EtMA-PPO scintillator.
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Figure A.17 The DSC data collected for the 6 g 20 wt% EtMA-PPO scintillator.
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Figure A.18 The DSC data collected for the 6 g 25 wt% EtMA-PPO scintillator.
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Figure A.19 The DSC data collected for the 6 g 30 wt% EtMA-PPO scintillator.
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Figure A.20 The DSC data collected for the 6 g 40 wt% EtMA-PPO scintillator.
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Figure A.21 The DSC data collected for the 6 g 1 wt% PrMA-PPO scintillator.
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Figure A.22 The DSC data collected for the 6 g 20 wt% PrMA-PPO scintillator.
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Figure A.23 The DSC data collected for the 6 g 25 wt% PrMA-PPO scintillator.
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Figure A.24 The DSC data collected for the 6 g 30 wt% PrMA-PPO scintillator.
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Figure A.25 The DSC data collected for the 6 g 40 wt% PrMA-PPO scintillator.
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Figure A.26 The DSC data collected for the 6 g 1 wt% PPO scintillator.
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Figure A.27 The DSC data collected for the 6 g 20 wt% PPO scintillator.
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Figure A.28 The DSC data collected for the 6 g 25 wt% PPO scintillator.
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Figure A.29 The DSC data collected for the 6 g 30 wt% PPO scintillator.

98



100

80

60

Weight %

20

20 60 100 140 180 220 260 300 340 380 420 460 500
Temperature (°C)

— 1 wt% MA-PPO —— 20 wt% MA-PPO —— 25 wt% MA-PPO
— 30 wt% MA-PPO - - -1 wt% PPO -~ =20 wt% PPO
- - -25wt% PPO - - =30 wt% PPO —100 % PVT

Figure A.30 The decomposition of the plastic scintillators produced from MA-PPO and
traditional PPO-based plastics for comparison.
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Figure A.31 The decomposition of the plastic scintillators produced from PrMA-PPO
and traditional PPO-based plastics for comparison.
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