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ABSTRACT

Detection of special nuclear materials (SNMs) at borders andports of entry is critical

to ensuring peaceful use of �ssile materials. Plastic scintillators are viable option for �rst

line of detection for these materials due to their low cost and scalability. Based on common

polymers such as poly(vinyl toluene) (PVT) or polystyrene, plastic scintillators can distin-

guish between neutron and gamma radiation via a technique called pulse shape discrimina-

tion (PSD). PSD capable plastic scintillators allow for more accurate detection of SNMs and

would theoretically reduce the number of \nuisance alarms," triggered by naturally occurring

radioactive materials. Unfortunately, the high concentration (> 20 weight%) of 
uorescent

molecules required for PSD leads to unfavorable plasticizing e�ects like softening, low glass

transition temperature, and dopant precipitation and leaching. Additionally, the best qual-

ity scintillators are achieved through a tedious oxygen-free, 5-7 day thermal polymerization.

This dissertation describes the enhancement of the material properties and PSD capabilities

of plastic scintillators using chemistry, polymer, and material science techniques.

Initially the aim was to manipulate and improve the material properties through es-

tablished polymer science strategies. Cross-linking the traditional PVT matrix with an

aromatic dimethacrylate increased the hardness and reduced dopant aggregation without

sacri�cing radiation detection capabilities in PSD capable plastic scintillators. Building o�

the methacrylate motif, novel dopants with polymerizable methacrylate groups were synthe-

sized. By co-polymerizing the dopant with the vinyl toluenematrix, dopant aggregation and

leaching were eliminated and hardness and glass transitiontemperature increased without

losing PSD capabilities.

In order to broaden the application of PSD capable plastic scintillators, polysiloxanes

were explored as an alternative to the traditional PVT matrix. The elastomeric polysiloxane

scintillators required only 5 weight% or less of dopants to achieve neutron and gamma ray
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discrimination comparable to commercial PVT scintillators. Additionally, the polysiloxane

scintillator could be fabricated in 3 hours in air, comparedto the traditional 5-7 day process

in oxygen free environments typically required for PVT scintillators. Both switching the

polymer matrix and altering the traditional PVT matrix demonstrated that common polymer

science techniques could be applied to plastic scintillators to balance material and radiation

detection properties.

The discovery of the dimethacrylate cross-linker also a�orded the opportunity to explore

alternative fabrication techniques. Unlike vinyl toluene or styrene, methacrylate groups can

be easily photopolymerized. The second portion of this thesis applied established photopoly-

merization formulations to plastic scintillators in orderto fabricate PSD capable plastics in

1 day via photoinitiation, compared to the traditional 5-7 day process. Plastic scintilla-

tors fabricated via photopolymerization had comparable radiation detection capabilities and

material properties to traditional thermally polymerizedanalogues.

The �nal part of the dissertation forays into the potential for gamma ray spectroscopy

plastic scintillators. Incorporating high Z elements intoplastic scintillators can result in

the photoelectric e�ect, providing spectroscopic information on the gamma ray source and

improving detection of SNMs. Three classes of bismuth dopants, triaryl, trialkoxy, and

nanoparticles were explored as potential high Z dopants forplastic scintillators. Function-

alized bismuth oxide nanoparticles were the most promisinghigh Z dopants due to their

combination of scalability and dispersibility in PVT matrices.

To conclude, this dissertation highlights how an interdisciplinary approach to plastic

scintillators can lead to a balance between material properties and radiation detection ca-

pabilities. Chemistry, materials, and polymer science techniques such as dopant synthesis,

cross-linking, photopolymerization, and co-polymerization originally developed for other ap-

plications can be applied to PSD capable plastic scintillators to increase hardness, decrease

dopant aggregation, and decrease fabrication time.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Motivation

Nuclear nonproliferation safeguards combine technology and policy to ensure the peace-

ful use of �ssionable materials. Fissionable materials are any nuclides that undergo �ssion

after capturing fast or thermal neutrons. One class of �ssionable materials are special nu-

clear materials (SNMs) such as plutonium, uranium-233, and uranium-235 [1]. SNMs have a

variety of constructive applications from energy to medicine, and of course can also be used

in defense applications. Thus, a large part of nuclear nonproliferation involves careful mon-

itoring and detection of SNMs. Borders and ports of entry are two areas where monitoring

for SNMs is extremely pertinent, due to the high 
ux of vehicles, goods, and people.

The United States has nuclear nonproliferation safeguards in place at borders and ports

of entry to monitor for SNMs. Radiation portal monitors, or RPMs, act as a �rst line

of detection for SNMs, scanning shipping containers and vehicles. However, RPMs can be

triggered by naturally occurring radioactive material (NORM), like potassium-40 or thorium-

232, which can be present in benign materials such as fertilizers, bananas, cat litter, or

radiopharmaceuticals [2]. Gamma rays emitted by benign materials lead to innocent or

\nuisance" alarms, decreasing the detection accuracy of SNMs. In order to more accurately

screen for SNMs, RPMs must be able to distinguish between neutrons and gamma rays.

Neutrons are only emitted by �ssile materials and SNMs, not NORMs or benign materials.

Detection of neutrons is challenging as materials that are sensitive to neutrons are also

sensitive to gamma rays.

Currently, there are materials that are good at detecting and distinguishing neutrons from

other types of ionizing radiation, such as helium-3 and highpurity germanium. However, the

high cost and instability of these materials in ambient conditions render them less feasible for
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a widespread deployment in RPMs [3]. These materials are often used in tandem with RPMs,

as a more accurate detector screening suspicious items 
agged by RPMs. The most common

detectors used in RPMs are plastic scintillators. Based on commercially available polymers

with 
uorescent molecule additives, or dopants, plastic scintillators are economical and stable

under ambient conditions. Seminal work from Brooks et al. inthe 1960s showed that

doped plastics were sensitive to neutrons as well as gamma rays, but could not distinguish

between the two types of radiation [4]. Recently, Zaitseva et al. showed that increasing

the concentration of 
uorescent dopants in plastic scintillators allowed for neutrons to be

distinguished from gamma rays through a technique called pulse shape discrimination (PSD)

[5]. PSD capable plastic scintillators show a promising route to scalable, economical �rst

line of detection to improve nuclear nonproliferation and safeguards. The following sections

will discuss details on the components of plastic scintillators and how they work.

1.2 Basics of Radiation Detection, a Material Science Perspective

Radiation detection is a highly interdisciplinary �eld. Several books and reviews exist

that explore various aspects such as detection fundamentals, nuclear physics, or chemical

composition [6{9]. An in-depth examination of the physics, nuclear science, and chemical

components of plastic scintillators for radiation detection is out of the scope of this work.

Instead, we o�er a material scientist perspective on plastic scintillators, summarizing the

chemistry and detection physics of plastic scintillators as well as highlighting the interde-

pendence of these two �elds.

1.2.1 The chemistry of plastic scintillators

Plastic scintillators have three main components: a polymer matrix, a 
uorescent molecule

known as a primary dopant, and a wavelength shifter, known asthe secondary dopant. Care-

ful selection and tuning of each of these components is important for fabrication of e�cient

plastic scintillators. This section will summarize the role and criteria for selection of each

component.
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First, radiation is absorbed by the polymer matrix, as illustrated by step 1 in Figure 1.1.

The polymer is usually an aromatic matrix such as poly(vinyltoluene) (PVT) or polystyrene.

Aromaticity provides delocalized� electrons that allow for e�cient energy transfer between

the polymer and primary dopant. In addition to aromaticity, the polymer matrix must also

solubilize and be transparent to the emission of the primarydopant and wavelength shifter.

The primary dopant is necessary because polymer matrices tend to have low 
uorescence

quantum yield due to self-absorption.

The polymer matrix that absorbs radiation forms excited states and then may transfer

energy non-radiatively to the primary dopant (step 2 in Figure 1.1), creating either an

excited singlet or triplet state. The singlet excited statecan 
uoresce to a singlet ground

state, known as prompt 
uorescence. The triplet excited state can either non-radiatively

decay or 
uoresce via a process called triplet-triplet annihilation (TTA). In TTA, two excited

triplet states di�use and combine to form a singlet excited and a singlet ground state. The

singlet excited state can 
uoresce to a singlet ground state just as in prompt 
uorescence.

This 
uorescence from TTA occurs at the same wavelength as prompt 
uorescence but at a

longer time scale, so it is aptly referred to as delayed 
uorescence [6, 8]. In order to promote

TTA, a high concentration of primary dopant is required to decrease the distance between

molecules [5]. Thus, the ideal primary dopant must be highlysoluble in the polymer matrix,

have a high 
uorescent quantum yield, and good triplet statemobility.

After the primary dopant relaxes via 
uorescence, the energyis radiatively transferred to

the wavelength shifter, depicted in step 3 of Figure 1.1. The role of the wavelength shifter is

two-fold. First, its emission is in a range that is easily detected by the photomultiplier tube

(PMT). Further discussion of the detection set up, including the PMT, can be found in Dr.

Adam C. Mahl's dissertation [10]. Second, the wavelength shifter prevents concentration

quenching from the primary dopant. Based on these two criteria, the wavelength shifter

must have an absorbance spectra that overlaps well with the emission of the primary dopant

and an emission spectra that matches the optimum sensitivity of the PMT.
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In summary, plastic scintillators rely on the transfer of energy between three components,

the polymer matrix, the primary dopant, and the wavelength shifter. The polymer absorbs

incident radiation, transfers energy to the primary dopant, which then radiatively transfers

energy to the wavelength shifter. This is a multi-step process relying on the energetics of

each component. Balancing the criteria for each component and underlying variables is

di�cult and it is unsurprising that only a handful of plastic scintillator formulations have

been commercialized for this application[11, 12].

Figure 1.1: Components of a state of the art PSD capable plastic scintillator and their
interactions. In step (1), incident radiation is absorbed by the polymer matrix. The matrix
then transfers energy in a non-radiative process to the primary dopant in step (2). The
primary dopant 
uoresces and radiatively transfers energyto the wavelength shifter in step
(3). Finally, in step (4), the wavelength shifter 
uoresces and the pulse is ampli�ed by the
photomultiplier tube (PMT) and subsequently analyzed.

1.2.2 The physics of radiation detection

SNMs di�er from NORMs because they emit gamma raysand neutrons. Both gamma

rays and neutrons lead to 
uorescence in plastic scintillators (alternatively plastic scintillators

are sensitiveto gamma rays and neutrons), but each type of radiation interacts with matter

di�erently.

Gamma rays can interact with matter in three ways: Compton scattering, photoelectric

e�ect, and pair production. Only the �rst two of these interactions are relevant in the energy

range in which we are interested. The photoelectric e�ect isnot probable in traditional

plastic scintillators as it scales withZ e�
5 , whereZ e� is the e�ective atomic number of the

material. The Z e� of the polymer matrix and primary dopant, being primarily hydrogen,
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carbon, nitrogen, and oxygen, is too low to allow for the photoelectric e�ect. There are some

strategies to enhance the photoelectric e�ect in plastic scintillators and they are discussed

in further detail in Chapter 6. The most probable e�ect from gamma ray interactions with

plastic scintillators is Compton scattering. Compton scattering is an inelastic process by

which the incident gamma ray deposits some of its energy to exciting an electron, as shown

in the top portion of Figure 1.2. The incident gamma ray,h� , scatters an electron at some

angle,� , resulting in an excited electron and a lower energy photon,h� '. Since electrons can

scatter at any angle between 0 and 180� ; a continuum of energies is observed. This results

in a Compton continuum as illustrated in the bottom of Figure 1.2, where a continuum of

energies is detected, despite a monoenergetic gamma ray source. The maximum energy of

the Compton continuum is known as the Compton Edge, occurring when � = 180� :This

value is used in light yield calculation and calibration as discussed in Section 1.2.3.

Figure 1.2: Illustration of Compton scattering and the resulting Compton continuum. Figure
adapted from reference [8].
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Unlike gamma rays, neutrons have no net charge and thus do not interact directly with

electrons. Neutrons collide with the nucleus of atoms and eject a proton, known as a re-

coiled proton. The recoiled proton then ionizes molecules and excites electrons within the

plastic scintillator. Because protons travel a shorter distance compared to electrons and

ionize molecules along the path, breaking bonds, they generate a higher density of triplet

excited states [8]. A higher density of triplet excited states increases TTA and results in a

larger fraction of delayed 
uorescence than occurs when gamma rays excite electrons. This

phenomena of a larger fraction of delayed energy is important in distinguishing neutrons and

gamma rays via PSD as discussed in the subsequent section. Neutrons can also be detected

via interactions with isotopes such as lithium-6 and boron-10. This allows for detection of

thermal neutrons and even a phenomenon known as \triple PSD", where gamma rays, ther-

mal neutrons, and fast neutrons all have unique signals. As this technique was not studied

in this dissertation, it will not be elaborated on further.

1.2.3 The physics of pulse shape discrimination

PSD takes advantage of the di�erence in neutron and gamma rayinteractions with the

plastic scintillator. Neutrons lead to a higher fraction of delayed 
uorescence than gamma

rays due to the smaller interaction volume and higher density of triplet excited states gener-

ated by the recoiled proton (Figure 1.3(a)) [8]. By deconvoluting each pulse into a prompt

and delayed portion, each event can be categorized as a neutron or gamma ray based on

the fraction of delayed 
uorescence. Plotting each event onan axis of energy versus delayed

energy fraction results in a �gure referred to as a PSD plot, showing two distinct signals as

exempli�ed by Figure 1.3(b). The upper signal with a higher delayed energy fraction is from

neutron interactions, while the signal with a smaller delayed energy is from gamma rays. To

quantify the separation between the two signals, the �gure of merit (FoM) is calculated at

a certain energy as:

FoM =
Centroidn � Centroidg

FWHM n + FWHM g
(1.1)
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where n and g represent neutron and gamma ray signals respectively. Thisdimensionless

value allows for comparison between samples. A higher FoM indicates better separation

between neutron and gamma ray signals, increasing the accuracy of neutron detection within

a gamma ray background.

Plastic scintillators are also evaluated based on their light yield (LY). Many techniques

exist to measure absolute or relative light yield, but the work in this dissertation is based

on relative light yield measurements. Brie
y, samples are exposed to a137Cs source and the

position of the Compton edge is compared to that of a commercial standard. Light yields

are then reported as a fraction or percentage of the standard(for example, 86% of BC-408

means the sample has a light yield of 86% of the commercial sample BC-408). The Compton

edge is also used to calibrate the energy of the incident radiation in keV, electron equivalents

(keVee). A full description of energy calibration and light yield measurements can be found

in the dissertation of Dr. Adam C. Mahl [10]. In this dissertation, the FoM and LY are the

two metrics used to evaluate the PSD capabilities of plasticscintillators; higher FoM and

LY indicate increased PSD capabilities.

1.3 Overview and organization of dissertation

This dissertation describes chemical and material strategies for improving material prop-

erties of plastic scintillators capable of neutron and gamma ray detection. Traditional PVT

plastic scintillators are capable of neutron and gamma ray discrimination via PSD but re-

quire high concentrations of 
uorescent dopants. The high concentration of small molecule

dopant leads to undesirable plasticizing e�ects such as soft samples, leading to low glass

transition temperatures and dopant precipitation/leaching. Below is a brief summary of

the chemical and material science approaches explored to improve the properties of plastic

scintillators without sacri�cing radiation detection capabilities. Several new formulations of

PSD capable plastic scintillators were developed to overcome material shortcomings of over-

doped plastic scintillators. By careful design of matricesand dopants, plastic scintillators

can be customized to optimize both radiation detection and material properties.
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(a)

(b)

Figure 1.3: Neutrons generate recoiled protons leading to a higher density of triplet states
and a larger portion of delayed 
uorescence than gamma rays (Figure 1.3(a)). Plotting
the delayed energy fraction for each pulse leads to two signals, one from neutrons with more
delayed energy and one from gamma rays, which less delayed energy fraction (Figure 1.3(b)).
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1.3.1 Topic 1: Manipulating material properties of plastic scintill ators

The chapters encompassed by this �rst topic are:

ˆ Chapter 2: Mitigating poor material properties of PSD capable PVT scintillators with

methacrylate cross-linkers

ˆ Chapter 3: Methacrylate functionalized 2,5-diphenyloxazole for use as 
uorescent monomers

in plastic scintillators

ˆ Chapter 4: Polysiloxane scintillators for e�cient neutron and gamma-ray pulse shape

discrimination

The low glass transition temperature, soft samples, and dopant precipitation/leaching in

over-doped PVT plastic scintillators are undesirable material properties for commercializa-

tion. In this �rst section, we use common polymer science techniques such as cross-linking

and co-polymerization to address material property shortcomings in PSD capable plastic

scintillators.

In Chapter 2, over-doped PVT scintillators were cross-linked with two aromatic di(meth)

acrylates. Acrylates and methacrylates are known for their high hardness, glass transition

temperature, and optical clarity, but are generally not good monomers for PSD capable

plastic scintillators [13]. It was hypothesized that PSD capabilities could be retained by

using aromatic cross-linkers, since aromaticity improves energy transfer between polymer

matrix and dopants. By selecting di(meth)acrylate cross-linkers with aromatic groups, we

were able to simultaneously improve hardness and retain PSDcapabilities. No dopant pre-

cipitation was observed after several months, unlike un-cross-linked analogues. However,

since the dopant was dissolved in the initial monomer solution and e�ectively blended into

the �nal polymerized plastic, over time the dopant could conceivably precipitate and leach

out, resulting in reduced e�ciency.

In order to combat dopant precipitation and leaching, a similar polymer science approach

was taken to synthesizepolymerizabledopants. Chapter 3 discusses an approach to co-
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polymerize the dopant with vinyl toluene and create a hard, over-doped PVT scintillator

capable of PSD. Covalently bonding the dopant into the polymer matrix was hypothesized

to reduce dopant mobility and prevent dopant aggregation and leaching over time.

The �nal approach to optimize the material properties replaced the PVT matrix with

a polysiloxane matrix. Selecting polysiloxanes with high phenyl content was predicted to

promote PSD in polysiloxane scintillators. Chapter 4 details initial work to fabricate e�cient

PSD capable polysiloxane scintillators. Doping a commercial polysiloxane resin with a low

concentration of dopant (< 5 wt%) led to PSD capable plastic scintillators that performed

similar to commercial PVT scintillators. Not only do the elastomeric properties of polysilox-

ane scintillators expand the potential applications of plastic scintillators, but the ability to

functionalize the polysiloxane backbone allows for even further customization of material

properties.

In summary, to manipulate and improve the material properties of PSD capable plas-

tic scintillators three strategies were explored: cross-linking over-doped PVT scintillators

(Chapter 2), co-polymerizing the dopant with PVT (Chapter 3), and �nally replacing PVT

matrix with polysiloxane (Chapter 4).

1.3.2 Topic 2: Improving fabrication of plastic scintillators

This topic includes Chapter 5: Plastic scintillators with e�cient light output and pulse

shape discrimination produced via photo-initiated polymerization.

In academic and R&D settings, traditional plastic scintillators are fabricated via ther-

mally initiated radical bulk polymerization. In general, liquid monomer solutions with dis-

solved dopants and radical initiators are heated between 70-150� C for approximately 5-7

days in an oxygen free environment. The long curing times arerequired to minimize auto-

acceleration exotherms caused by bulk polymerizations that lead to poor quality samples

and dangerous outcomes. This is a tedious time and energy intensive process, and while

some work has been done to fabricate plastic scintillators via UV-light initiation instead of

thermal initiation, the samples from this process had low light yield and were not capable
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of PSD [14{17]. In Chapter 5, it was predicted that PSD capable plastic scintillators could

be produced via visible light initiated bulk photo-polymerization using the di(meth)acrylate

cross-linker from Chapter 2.

Previously, photopolymerization of plastic scintillators was di�cult since vinyl toluene

and stryene are not easily photopolymerized and more suitable monomers such as acrylates

and methacrylates have poor radiation detection capabilities [18]. With the identi�cation

of the dimethacrylate cross-linker in Chapter 2, photo-initiation became a viable option.

Using the bisphenol A dimethacrylate (BPA-DM) cross-linker,PVT plastic scintillators

were fabricated via photo-initiation with 2 hours of light exposure and a 12-24 hour, 70� C

post-cure. Not only did this reduced the 5 day thermal process down to ~1 day without

sacri�cing radiation detection capabilities, this process could also be carried out in air. In

summary, a photo-polymerizable formulation was developedand reduce the fabrication time

from 5 to 1 day in air.

1.3.3 Topic 3: Enhancing gamma ray detection in plastic scintillators

The chapter included in this topic isChapter 6: Improving gamma ray detection in PVT

plastic scintillators.

Previous sections focused on plastic scintillators capable of neutron and gamma ray dis-

crimination via PSD. However, increasing accuracy of detection of SNMs can also be achieved

via gamma ray spectroscopy. When a gamma ray interacts with atoms of high e�ective

atomic number,Z e� , it can deposit all of its energy by ejecting an inner shell electron from

the atom. This leads to a photopeak occurring at an energy related to the incident gamma

ray and subsequent identi�cation of the radionuclide source. However, plastic scintillators are

based on hydrocarbon polymers and thus have too low of a Ze� to produce the photoelectric

e�ect. Introducing dopants with a high Z e� , was thought to enable gamma ray spectroscopy

capabilities in plastic scintillators. To increaseZ e� of traditional plastic scintillators, high

Z e� elements were introduced into the plastic scintillator by synthesizing non-toxic heavy

metal organobismuth dopants. Chapter 6 summarizes three di�erent attempts to incorpo-
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rate bismuth dopants (triaryl bismuth, trialkoxy bismuth, and bismuth oxide nanoparticles)

into PVT plastic scintillators.
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CHAPTER 2

MITIGATING POOR MATERIAL PROPERTIES OF PSD CAPABLE PVT

SCINTILLATORS WITH METHACRYLATE CROSS-LINKERS

Adam Mahl1;� , Allison Lim 2;� , Joseph Latta1, Henok A. Yemam2, Uwe Greife1, Alan

Sellinger2;y

This chapter was published inNuclear Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors and Associated Equipmentin collabora-

tion with Dr. Uwe Greife's group at Colorado School of Mines [1]. Dr. Adam C. Mahl and

Allison Lim contributed equally and share �rst authorship. Allison Lim synthesized the 
uo-

rinated cross-linker (BPAF-DM), fabricated cross-linked samples, measured glass transition

temperatures and contacts angles, and performed preliminary kinetic studies with BPA-DM

and BPAF-DM to motivate the need for alternate heating pro�les. Dr. Adam C. Mahl and

Joseph Latta polished and performed all radiation detectionand hardness measurements

and analysis for plastic scintillator samples. Dr. Henok A. Yemam contributed to mak-

ing samples and professors Uwe Greife and Alan Sellinger advised and conceptualized this

project.

2.1 Abstract

Pulse shape discrimination (PSD) is an important method that can e�ciently identify

and separate neutron and gamma radiation signals. PSD is currently achieved in plastic

scintillators by over-doping poly(vinyl toluene) (PVT) matrices with 
uorescent molecules.

Meaningful separation of the signals requires addition of> 20 wt% 2,5-diphenyloxazole (PPO)

1Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
2Department of Chemistry and Materials Science Program, Colorado School ofMines, Golden, CO 80401,
USA

* These authors contributed equally to this publication.
„ Corresponding Author: aselli@mines.edu.
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uor in PVT. At these concentrations PPO acts as a plasticizer, negatively a�ecting the

physical properties of the �nal plastic such as hardness, machinability, and thermal stability.

This work addresses these issues by implementing a cost-e�ective solution using cross-linking

chemistry via commercially available bisphenol A dimethacrylate (BPA-DM), and a synthe-

sized 
uorinated analogue. Both improve the physical properties of over-doped PPO based

plastic scintillators without degrading the measured light yield or PSD and Figure of Merit

(FoM) . In addition, the 
uorinated analogue enhances the hydrophobicity of the surface of

the plastic scintillators, which may improve the scintillators' resistance to water di�usion

and subsequent radiation response degradation. The new formulations improve the feasibil-

ity of widely deploying long lifetime PSD capable plastic scintillators in large area coverage

assemblies.

2.2 Introduction

Plastic scintillators are currently utilized as �rst line radiation detectors for special nu-

clear materials (SNM), due to their low cost, ease of manufacture and fast response time.

Research is currently being performed on these detector materials and systems with var-

ious goals; such as making the plastic scintillators sensitive to thermal neutrons through

neutron sensitive additives (e.g. 10B, 6Li), improving the photoelectric e�ect response of

plastic scintillators through incorporation of high Z elements (e.g. Bi, Pb), and improv-

ing the radiation type classi�cation capabilities (neutron/gamma discrimination) of di�erent

polymer/
uor formulations [2{8]. The most common technique used to address the latter

is pulse shape discrimination (PSD). One current method of introducing PSD capabilities

into plastic scintillators is based on incorporating> 20 wt% 
uorescent dopants, such as

2,5-diphenyloxazole (PPO) into poly(vinyl toluene) (PVT) matrices [9]. Although this for-

mulation has been commercialized, the high concentrationsof PPO required for meaningful

PSD induce a plasticizing e�ect in the scintillators [10]. The resultant plastic scintillators are

softer, di�cult to machine and polish, and lack the thermal and structural integrity required
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for larger detector systems [11, 12].1 In addition to these issues, when deployed in certain

environments, current plastic scintillators are susceptible to degradation due to weathering

from ambient humidity and temperature 
uctuations which can lead to fogging [12, 13].

Research into improving the physical properties of PSD capable plastics includes de-

veloping new 
uorescent dopants and using cross-linkers oralternative polymer matrices

[4, 6, 14]. Common commercially available cross-linkers such as divinylbenzene (DVB) and

ethylene glycol dimethacrylate (EGDMA) used with polystyrene (PS) or PVT, have been

shown to enhance the thermomechanical properties of plastic scintillators to varying degrees,

but these improvements appear to come at a cost of degrading the radiation response of the

scintillator.

We report here on the use of cross-linkers that combine the aromaticity of DVB with the

methacrylate functional groups of EGDMA. Retaining aromaticity was broadly expected to

maintain radiation response due to the delocalized� -electrons, while the methacrylate groups

provide the functionality to be co-polymerized into vinyl toluene matrices. A combination

of these two properties was achieved with a commercially available cross-linker, bisphenol

A dimethacrylate (BPA-DM) and its analogue, bisphenol AF dimethacrylate (BPAF-DM)

(Figure 2.1). BPAF-DM was designed to improve the hydrophobicity of the scintillator

surface and bulk in an attempt to reduce water permeability,as previously observed in


uorinated polymers [15{18]. We have prepared BPAF-DM in minimal step and high yield

reactions using inexpensive and benign starting materialsthus demonstrating its scalable

production (Pages S1{S4 of Supplemental Information (Appendix A)). Both BPA-DM and

BPAF-DM proved e�ective at maintaining or even improving light yield and PSD capabilities

while simultaneously enhancing the thermomechanical properties of the plastic scintillators.

2.3 Experimental Methods

1At the time when this manuscript was submitted, Eljen Technology is starting to introduce a new variant of
its PSD capable plastic (EJ-299-33M), which tests very similarly to the scintillators prepared in this work.

17



O

O

O

O

CF3F3C

O

O

O

O

Figure 2.1: Molecular structure of BPA-DM (left) and BPAF-DM (ri ght).

2.3.1 Preparation of Plastic Scintillators

Additional details on the preparation and testing of plasticscintillators can be found

in our previous publications [5, 19]. Glass vials were silanized according to literature [20]

with dichlorodimethylsilane (DCDM) (Sigma-Aldrich) and used as scintillator molds. The

inhibitor was removed from vinyltoluene monomer (VT) (TCI America) via an alumina

(basic) column plug with dry potassium carbonate (Sigma-Aldrich). Azobisisobutyroni-

trile (AIBN) (Sigma-Aldrich) was used as a radical initiator (after puri�cation from two

recrystallizations in methanol) and dissolved in VT monomer to prepare a 0.01 wt% (0.014

mol%) AIBN/VT stock solutions. BPA-DM (Sigma-Aldrich), PPO (Sig ma-Aldrich), and 1,4-

bis(5-phenyloxazol-2-yl) benzene (POPOP) (Sigma-Aldrich) were used as received. Varying

amounts of PPO (20{30 wt%), cross-linkers (0{10 wt%), and 0.1 wt% of POPOP (used as a

wavelength shifter in each prepared sample detailed in thiswork) were added to AIBN/VT

stock solutions in silanized glass vials to produce 20 g samples which were then gently sparged

with argon for � 30 min to displace oxygen. In our standard procedure, the vials were capped

and placed in an argon �lled vacuum oven (Fisher Scienti�c Isotemp 280 A) under a slight

vacuum, and cured for four days at 80� C, then 24 h at 90� C before being allowed to slowly

cool to room temperature. This polymerization period needed to be altered for samples

modi�ed with BPAF-DM as discussed later in Section 2.4.1. The glass vials were broken to

extract the plastic pucks that were� 4.7 cm in diameter and� 1.25 cm thick. Samples were

�nished to a 
at surface by machine and hand sanding before a �nal polishing on a bu�er

wheel.
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2.3.2 Radiation and Hardness Characterization

Each �nished sample was wrapped in PTFE tape, coupled to a Hamamatsu PMT (H2431-

50) with light-tight covering, and exposed to di�erent �elds of ionizing radiation. The sam-

ples' response was measured with a DAQ system based on an in-house built, 250 Msample/s

waveform digitizer, which was controlled by a MIDAS softwareinterface [21]. The individual

waveforms were saved and the ROOT data analysis framework [22] was utilized to analyze

the collected data, and develop relevant output spectra.

The gamma response of each sample was measured using a137Cs (1 � Ci) source. The

collected, integrated PMT anode pulse content spectra produced a visible Compton edge

for each sample, which was used to calculate a sample speci�clight yield by comparing the

position of the edge to one produced from a commercial scintillator (BC-408) machined to

the same size as our samples. Samples were also exposed to a mixed neutron and gamma

radiation �eld emanating from a 244Cm/ 13C (� 60 mCi) source. Each samples' response was

measured on a keVee (kilo-electron Volt, electron equivalent) scale, calibrated using the137Cs

response spectrum. The quality of the PSD in each sample was quanti�ed by a dimensionless

Figure of Merit (FoM),

FoM =
Centroidn � Centroidg

FWHM n + FWHM g
(2.1)

through analysis of a delayed pulse content interval compared to total pulse content in the

analyzed waveforms. With typical decay times of order� 8{10 ns, a delayed integration time

window from 32{120 ns is compared to the total integrated pulse content in order to display

PSD. The FoM metric was calculated for both 100{200 keVee and 400{600 keVee energy cut

intervals.

Sample hardness was subjectively observed for machinability on a belt sander and pol-

ishing wheel during sample preparation by noting how each sample melted with the added

friction. A Shore-D durometer (GxPro model# 560-10D) was used to quantify the hardness.

The Shore-D values were obtained with the ASTM standards (ASTMD-2440) testing pro-
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cedure, where 6 equidistant points were sampled on the face of the sample for� 1 s and then

averaged.

2.3.3 Thermal Characterization

Thermal stability was quanti�ed via thermal gravimetric analysis (TGA) using a Q200

TA Instrument. To determine the decomposition temperature(T d) of the plastics, portions

were typically cut from the top edge of the plastic scintillator samples and ramped at 15

� C/min to 600 � C under an inert nitrogen atmosphere. Similar portions werecut from

samples to use for di�erential scanning calorimetry (DSC) measurements to determine glass

transition temperatures (Tg). DSC was performed on the Q2000 TA Instrument by heating

from -5 � C to 150 � C at 10 � C/min. TGA and DSC analysis used Universal Thermal Analysis

software. Portions were also taken from the interior of the scintillators, but no di�erence

was observed.

2.3.4 Contact Angle

Contact angle measurements were made on a Rame-Hart Instrument Co. Standard Go-

niometer (Model No. 200-00) using 10� l deionized water droplets. Analysis was performed

on DropImage software.

2.3.5 Kinetics of Polymerization

Admixing the di�erent cross-linkers into the monomer signi�cantly a�ected the rate of

polymerization. These e�ects were quanti�ed as compared topure monomer via gravimetric

measurements adapted from established methods in literature [22, 23]. A stock solution of

0.01 wt% AIBN in VT monomer was used to dissolve 2 wt% of cross-linker. Solutions were

degassed with argon for 10 min in glass vials before being heated at 80� C in an oil bath.

Aliquots of the polymerizing solution were removed via micropipette at designated times

and cooled to 0� C in an ice bath. The aliquot was dissolved in toluene then precipitated in

cold methanol while stirring. The precipitate was �ltered o�, dried in ambient conditions,
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and weighed. The rate of change of the ratio of polymer to remaining monomer in time is

indicative of the reactivity of the di�erent cross-linkers.

2.4 Results and Discussion

2.4.1 E�ect of Cross-Linking on Rate of Polymerization

When polymerized under the conventional conditions as described above, BPAF-DM

samples appeared to polymerize more rapidly, leading to clouding and poor-quality samples.

To verify this, the rates of polymerization were compared (Figure 2.2) as previously detailed

in Section 2.3.5. Based on this increased reactivity, BPAF-DMbased samples were produced

by heating for 24 h at 60� C, 24 h at 70� C, 48 h at 80� C, and 24 h at 90� C. This slower

heating pro�le led to clear and colorless samples allowing further testing and characterization

(Figure A.8 in Supplemental Information (Appendix A)).
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2.4.2 E�ects of Cross-Linking on Hardness and Measured Radiation Resp onse

The �rst set of experiments focused on improving hardness and machinability in over-

doped PPO plastic scintillators. For comparison, the commercial BC-408 sample, which

has low primary dopant concentration and does not display PSD, has a Shore-D value of

85. Varying amounts of BPA-DM were used with 20, 25, and 30 wt% PPO. Increasing

BPA-DM content led to an increase in Shore-D hardness (Figure 2.3) as well as a signi�cant

improvement in machinability. For example, at � 3 wt% BPA-DM the samples could be

belt sanded and machine polished without melting. Samples containing � 5 wt% BPA-DM

could withstand aggressive sanding and wheel polishing without exhibiting induced friction

melting or self-agglomeration. The same trend was observedfor BPAF-DM modi�ed samples

(Table A.1 in Supplemental Information (Appendix A)).
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Figure 2.3: Relationship between hardness and concentration of BPA-DM

Cross-linking had the most pronounced e�ect in the 30 wt% PPOsamples. Without cross-

linkers, the over-doped samples were very soft, bendable and could not be fully machined
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and polished. In all the unmodi�ed over-doped plastics, thePPO quickly crystallized (within

hours to under a week depending on the dopant concentration), leading to opaque scintilla-

tors (Figure A.8-Figure A.11 of Supplemental Information (Appendix A)). By cross-linking

the scintillators, signi�cant increases in hardness were observed together with a complete

suppression of dopant crystallization. The cross-linked scintillators remain clear, colorless,

and hard after> 8 months of ambient storage (Figure 2.4, Figure A.9-Figure A.11 inSupple-

mental Information (Appendix A)). The cross-linked polymer matrix is proposed to inhibit

di�usion of PPO, preventing the formation of aggregates that lead to opaque scintillators.

Figure 2.4: Photo showing two machined and polished samples with 30 wt% and 25 wt%
PPO content and 5 wt% BPA-DM.

In addition to successfully enhancing the hardness and machinability of plastic scintil-

lators, BPA-DM did not degrade the measured radiation response of the scintillators. As

observed in Figure 2.5, Figure 2.6 and fully detailed in Table 2.1, over-doped samples with

varying amount of cross-linker (all samples detailed contain 0.1 wt% POPOP as a wavelength

shifter) show excellent and consistent PSD. Furthermore, there is no light output reduction

observed in any of the cross-linked samples, with high concentrations of BPA-DM producing
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slightly enhanced light yields.

Figure 2.5: Energy-calibrated signal plot for a 30 wt% PPO over-doped sample with 10 wt%
BPA-DM displaying PSD.

In the over-doped plastic scintillators cross-linked withBPAF-DM (Figure A.8 in Supple-

mental Information (Appendix A)), light yield and PSD capabilities remain comparable to

unmodi�ed scintillators. Overall, these samples are harder than uncross-linked over-doped

plastics, but not as robust as BPA-DM based samples (see Shore-D and glass transition

temperature (Tg) values detailed in Table A.1-Table A.3 of Supplemental Information (Ap-

pendix A)). Further examples of radiation response spectra for cross-linked samples can be

found in Figure A.13-Figure A.15 of Supplemental Information (Appendix A).

2.4.3 E�ects of Cross-Linking on Thermal Stability of Plastic Scintil lators

The thermal properties of over-doped plastic scintillators cross-linked with BPA-DM were

compared to the analogous unmodi�ed samples using DSC and TGA analysis. All BPA-DM
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(a) For a deposited energy slice between 100-200 keVee.

(b) For a deposited energy slice between 400-600 keVee.

Figure 2.6: PSD FoM for 30 wt% PPO over-doped samples with varying degrees of crosslink-
ing
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Table 2.1: Radiation Detection Properties of BPA-DM Cross-Linked Samples

BPA-DM
(wt%)

Light Yield
(% of BC-408)

FoM @
100-200 keVee

FoM @
400-600 keVee

Hardness
(Shore-D)

I II III I II III I II III I II III
0 87 81 89 1.03 1.16 1.38 1.47 1.71 1.88 66 65 6
0.5 91 86 92 1.11 1.20 1.37 1.54 1.67 1.85 70 68 29
1 89 86 91 1.08 1.24 1.41 1.58 1.75 1.94 74 68 43
2 86 89 100 1.07 1.25 1.44 1.48 1.66 1.90 75 70 37
3 92 86 97 1.11 1.17 1.43 1.55 1.70 1.93 75 71 39
4 89 92 99 1.08 1.23 1.34 1.57 1.71 2.00 75 71 56
5 93 86 95 1.12 1.16 1.32 1.55 1.70 1.95 77 73 60
6 91 89 97 1.05 1.23 1.39 1.52 1.68 1.90 79 73 59
8 90 92 92 1.09 1.25 1.35 1.54 1.66 2.05 74 74 66
10 88 94 93 1.08 1.16 1.35 1.53 1.71 1.82 77 75 73

I { Samples contain 20 wt% PPO

II { Samples contain 25 wt% PPO

III { Samples contain 30 wt% PPO

cross-linked samples have a higher glass transition temperatures (Tg) than the unmodi�ed

PPO samples, indicating cross-linking enhances the thermal stability of the plastics (Ta-

ble 2.2). As the concentration of PPO increased, the Tg decreased, which is expected and

most likely due to PPO acting as a plasticizer within these scintillators [23]. The same

thermal stability e�ects were observed for BPAF-DM modi�ed samples leading to machin-

able scintillators, but less pronounced as compared to the BPA-DM samples. TGA revealed

decomposition temperatures (Td) of > 350� C for samples without PPO. For scintillators con-

taining 30 wt% PPO, weight loss begins at 170� C and stabilizes at 70% weight at� 260� C

(Fig. S11 in Supplemental Information). This is likely due tothe sublimation of PPO as the

Td of PPO is much higher than this (a stated boiling point at 360� C under ambient pres-

sure). The decomposition of the remaining cross-linked polymer matrix then begins over

350� C like the non-PPO containing samples. Cross-linked samples exhibit a slower maxi-

mum decomposition rate, attributed to cross-linkers impeding decomposition of the polymer

matrix [24].
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Table 2.2: Thermal Properties of BPA-DM and BPAF-DM Cross-Linked Samples

Cross-Linker
T g (‰)

I II III
0 wt% 36.3± 0.5 30.1± 1.0 20.7± 2.0
5 wt% BPA-DM 57.9± 2.8 42.5± 2.0 31.2± 2.4
8 wt% BPA-DM 49.6± 0.5 48.8± 4.7 34.8± 0.4
5 wt% BPAF-DM 43.2± 1.3 24.1± 0.9 27.5± 0.9
8 wt% BPAF-DM 45.0± 1.0 32.0± 0.7 22.6± 2.8

I { Samples contain 20 wt% PPO

II { Samples contain 25 wt% PPO

III { Samples contain 30 wt% PPO

2.4.4 Enhancing the Hydrophobicity of Plastic Scintillators

When plastic scintillators are exposed to humid conditions and 
uctuating temperatures,

water vapor is absorbed by the matrix and can cause a fogging e�ect which leads to degra-

dation of the radiation response signals [12, 13]. It may be possible to mitigate this issue

by increasing the hydrophobicity of the plastics' exposed surfaces. Fluorinated polymers

tend to be more hydrophobic, so the contact angles of BPA-DM and BPAF-DM samples

were measured to quantify the hydrophobicity of the prepared plastic scintillator surfaces

(detailed in Section 2.3.5). As shown in Table 2.3, varying the amount of BPA-DM did not

induce a signi�cant change in the hydrophobicity of the plastics. For reference a pure PVT

sample containing no dopant was prepared and shows a contactangle of 95± 3. Samples

cross-linked with BPAF-DM displayed on average, a measurableincrease in contact angle,

which is attributed to the increased 
uorine content as shown in other cases in the liter-

ature [15{18]. The larger contact angle indicates the surfaces of BPAF-DM cross-linked

samples are more hydrophobic, which may help stabilize scintillators in humid conditions.

Further experiments using controlled humidity chambers are necessary to further explore

this approach.
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Table 2.3: Measured Contact Angles of Cross-Linked Scintillators

PPO (wt%)
Contact Angle (Degrees)

0 wt% 5 wt% 8 wt%
- BPA-DM BPAF-DM BPA-DM BPAF-DM

20 97 ± 3 98 ± 3 94 ± 6 94 ± 5 104± 1
25 97 ± 1 89 ± 7 106± 2 88 ± 8 102± 2
30 92 ± 6 93 ± 3 102± 1 93 ± 8 98 ± 2
Averages* 96 ± 4 92 ± 4 101± 6 93 ± 8 101± 2

* { Including all samples prepared, independent of PPO conten t.

2.5 Conclusions

Large volume production and wide-scale deployment of PSD capable plastic scintillators

need to balance enhanced radiation discrimination, thermomechanical properties, stability,

and light yield. We report in this work on a system that can achieve excellent PSD, high light

yield, hard machinable plastics, and stability under ambient conditions. We achieve this by

formulating PVT based scintillators, using both commercially available BPA-DM, and in-

house synthesized 
uorinated BPAF-DM methacrylate based cross-linkers. The BPAF-DM

was designed to improve the hydrophobicity of the plastic scintillators, which may improve

the scintillators' resistance to water di�usion and subsequent radiation response degradation.

These new plastic scintillators can be prepared from inexpensive starting materials, and

known processing conditions leading to scalable systems.
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CHAPTER 3

METHACRYLATE FUNCTIONALIZED 2,5-DIPHENYLOXAZOLE FOR USE AS

FLUORESCENT MONOMERS IN PLASTIC SCINTILLATORS

Allison Lim 1* , Griselda Hernandez1* , Joseph Latta2 , Henok A. Yemam3, Wasana

Senevirathna3 , Uwe Greife2,4, Alan Sellinger1,3 „

This chapter was published inACS Applied Polymer Materialsin collaboration with Dr.

Uwe Greife's group at Colorado School of Mines [1]. Allison Limand Griselda Hernandez

share �rst authorship as this manuscript was based on the master's thesis work of Griselda

Hernandez. Griselda Hernandez scaled up polymerizable dopants, fabricated some of the

original samples, and performed ethanol soxhlet extraction and subsequent1H NMR mea-

surements. Allison Lim fabricated samples, conceptualizedand executed additional Soxhlet

extractions to demonstrate copolymeriztaion, and analyzed results. Joseph Latta polished

and performed all radiation detection measurements and analysis for plastic scintillator sam-

ples. Dr. Henok A. Yemam and Dr. Wasana Senevirathna established synthesis conditions

for the polymerizable dopants. Professors Uwe Greife and AlanSellinger advised and con-

ceptualized this project.

3.1 Abstract

Interest in plastic scintillators for the detection of special nuclear materials (SNMs) has

increased in recent years due the development of systems capable of distinguishing between

neutron and gamma radiation. For example, poly(vinyltoluene) (PVT) based scintillators

over-doped with the 
uorescent small molecule 2,5-diphenyloxazole (PPO) distinguish the

1Materials Science Program, Colorado School of Mines, Golden, CO 80401, USA
2Nuclear Science and Engineering Program, Colorado School of Mines, Golden, CO 80401
3Department of Chemistry, Colorado School of Mines, Golden, CO 80401
4Department of Physics, Colorado School of Mines, Golden, CO, 80401
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„ Corresponding Author: aselli@mines.edu.
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two types of radiation via pulse shape discrimination (PSD). However, PPO over-doping

leads to softening of the plastic and dopant aggregation causing major issues with detection

e�ciency, lifetime and scalability. To improve the plastic scintillator properties while retain-

ing e�cient PSD performance, methacrylate-based derivatives of PPO were synthesized for

copolymerization with vinyl toluene. The use of polymerizable dopants results in PSD ca-

pable plastic scintillators with increased mechanical andthermal stability while eliminating

dopant aggregation and leaching.

3.2 Introduction

Accurate detection of special nuclear materials (SNMs), suchas plutonium and uranium,

requires separation of neutron and gamma ray signals due to false positives from benign

gamma emitters such as bananas, porcelain, or kitty litter [2, 3]. Historically, materials

such as3He, inorganic crystals, and liquid scintillators were e�cient at detecting fast and

thermal neutrons, but their high cost and poor ambient stability limit widespread usage [4].

To reduce the usage of these expensive materials, plastic scintillators are of interest as a

�rst line of detection for radioactive materials at airports, international borders, or ship-

ping ports, due to their low cost and scalability [5, 6]. However, most plastic scintillators

are sensitive to both neutron and gamma rays and thus cannot distinguish between benign

and SNMs. Recently, a formulation of plastic scintillator that can distinguish neutron and

gamma radiation via pulse shape discrimination (PSD) has been developed [7]. In the pro-

posed mechanism of PSD, neutrons induce more triplet excited states in the scintillator than

gamma rays, leading to a larger fraction of delayed versus prompt 
uorescence [8{10]. Thus,

by quantifying the ratio of prompt to delayed 
uorescence, neutron and gamma radiation

can be distinguished. Currently, the only method to achievePSD in plastic scintillators re-

quires high loadings (> 20 wt%) of 2,5 diphenyloxazole (PPO) in poly(vinyltoluene)(PVT).

While over-doped plastic scintillators are capable of e�cient PSD, such high loadings of PPO

leads to undesirable plasticizing e�ects such as low glass transition temperature (Tg) and

dopant migration and subsequent precipitation [11{13]. These issues reduce the e�ciency
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and lifetime of PSD capable plastic scintillators. Cross-linking has been used extensively in

various �elds to prevent migration of small molecules in polymers [14, 15]. Recent work in

our group cross-linked vinyltoluene with aromatic dimethacrylates via photo and thermal

initiation resulting in plastic scintillators with improv ed mechanical and lifetime properties

without signi�cantly a�ecting radiation detection capabi lities [1, 11]. This technique appears

to have minimized dopant aggregation and precipitation, but as the dopant is only blended

in the polymer matrix, it can still di�use and leach out over extended periods of time. A

promising alternative to improve plastic scintillator properties, such as dopant aggregation

and leaching, is to covalently attach the dopant to the matrix via copolymerization. This

approach has recently been reported in the literature [16, 17] with 50 wt% of a cross-linkable

derivative of (DPPA) resulting in a scintillator with relati vely low PSD [18]. Furthermore,

DPPA required a 5-step synthetic process with pyrophoric reagents and a low overall reaction

yield which is not ideal for large scale synthesis needed to commercialize this technology. The

ideal 
uorescent monomer must be synthesized with inexpensive chemical reagents in fewer

reaction steps and higher reaction yields. In addition, themonomer needs to be copolymer-

ized with vinyltoluene at high concentrations to induce PSDcapability. The mechanical and

dopant leaching properties of the copolymers must also be signi�cantly improved as compared

to simply over-doped PPO in PVT. Based on the above criteria, we designed PPO based

methacrylate monomers that can be copolymerized with vinyltoluene for plastic scintillators

with improved mechanical properties [19] and the desirableradiation detection properties of

PPO based scintillators [11, 12]. Three 
uorescent monomers with alkyl linkers of di�erent

lengths between the PPO moiety and the methacrylate functional group were synthesized

in 2-3 steps with good yields (Figure 3.1,Figure 3.2). These novel monomers were then bulk

polymerized with vinyltoluene to produce plastic scintillators that were evaluated for their

radiation response and mechanical properties compared to the blended PPO analogues.
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Figure 3.1: PPO and synthesized 
uorescent monomers based onPPO.

3.3 Experimental

MA-PPO, EtMA-PPO, and PrMA-PPO monomers were synthesized as outlined in Fig-

ure 3.2, starting with an oxidative cyclization reaction of3-hydroxybenzaldehyde with 2-

aminoacetophenone hydrochloride co-catalyzed by I2 [20], followed by a combination of Stei-

glish esteri�cation and Williamson alkylation chemistry. The progress of all reactions was

monitored by thin layer chromatography (TLC). All reagents were purchased and used as

received from Sigma Aldrich, TCI America, Matrix Scienti�c, Acros, or Alfa Aesar unless

otherwise noted.

3.3.1 Synthesis of 3-(5-phenyloxazol-2-yl)phenol Precursor (1)

3-hydroxybenzaldehyde (10.3 g, 84.3 mmol, 1 eq.) was dissolved in 200 mL anhydrous

DMF under an argon atmosphere. To the above solution, 2-aminoacetophenone hydrochlo-

ride (45.6 g, 337.2 mmol, 4 eq.), iodine (21.4 g, 84.3 mmol, 1 eq.), t-butyl hydroperoxide

(70% in H2O) (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 and was complete by TLC (25% EtOAc, 75% hexanes). After cooling to room

temperature, the reaction was poured into a 1L solution of concentrated sodium thiosulfate

(Na2S2O3) and allowed to stir overnight to quench excess iodine. The aqueous solution was

washed with ethyl acetate (EtOAc) (2 500 mL) and the organic layers were combined and

further extracted with DI water (1 500 mL) and brine (2 500 mL). The organic layer was

dried over magnesium sulfate (MgSO4), �ltered, 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 o�-white solid (71% yield). 1H NMR (500 MHz,
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Figure 3.2: General scheme for synthesis of MA-PPO, EtMA-PPO, and PrMA-PPO. De-
tailed characterization can be found in the B, Figure B.1-Figure B.7.
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DMSO-d6) d, 9.86 ppm (s, 1H), 7.83{7.79 ppm (m, 3H), 7.50{7.45 (m, 4H), 7.37{7.31 ppm

(m, 2H), 6.91 ppm (dd, 3J = 8.15 Hz, 4J = 2.30 Hz, 1H).13C NMR (126 MHz, DMSO-d6) d

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.

3.3.2 Synthesis of 2-(3-(5-phenyloxazol-2-yl)phenoxy)ethan-1-ol precursor (3 )

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 under argon. After 1.5

hours at 90� C, 2-bromoethanol (3.8 mL, 53.3 mmol, 3 eq.) was injected dropwise via syringe

stirred under argon at 90� C for 18 hours. After cooling to room temperature, the mixture

was poured into 200 mL of cold H2O, and extracted with EtOAc. The organic layer was

further extracted with brine (4 200mL) and dried over MgSO4, �ltered, and concentrated

under reduced pressure to yield a tan solid. The crude solid was dissolved in THF and

precipitated in cold hexanes to obtain 4.93 g of an o�-white powder (99% yield) that was

pure enough, by NMR, for use in subsequent reactions.1H NMR (500 MHz, DMSO-d6) d,

7.87{7.84 ppm (m, 3H), 7.67 ppm (d, 3J = 7.7 Hz, 1H), 7.60 ppm (t, 4J= 1.9 Hz, 1H),

7.52{7.45 ppm (m, 3H), 7.40 ppm (t, 3J = 7.4 Hz, 1H), 7.12 ppm (dd, 3J = 8.2 Hz, 4J =

2.9 Hz, 1H), 4.93 ppm (t, 3J = 5.5 Hz, 1H), 4.10 ppm (t, 3J = 5.11 Hz, 2H),3.76 ppm (q,

3J = 5.10 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) d 160.10, 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.

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

3-(5-phenyloxazol-2-yl)phenol (14.5 g, 61.1 mmol, 1 eq.) and potassium carbonate (25.3

g, 183.3 mmol, 3 eq.) were dissolved in 15 mL of acetone and stirred under argon at 60� C

for 4 hours. 3-bromo-1-pentanol (11.6 mL, 128.3 mmol, 2.1 eq.) was added dropwise via

syringe to the above mixture stirred 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 H2O. The aqueous layer was extracted with
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EtOAc. The combined organic layers were extracted with brine(2 100mL). The organic

layer was dried over MgSO4, �ltered, and concentrated under reduced pressure to a�orda

light brown solid. The crude was dissolved in minimal acetone and precipitated in cold water

to obtain 17.69 g of an o�-white powder (98% yield) that was pure enough, by NMR, for

use in subsequent reactions.1H NMR (500 MHz, DMSO-d6) d 7.85-7.83 ppm (m, 3H), 7.66

ppm (d, 3J = 7.98 Hz, 1H), 7.58 ppm (t, 4J = 1.81 Hz, 1H), 7.51{7.44 ppm (m, 3H), 7.38

ppm (t, 3J = 7.52 Hz, 1H), 7.10 ppm (dd, 3J = 8.47 Hz, 4J = 2.47 Hz, 1H), 4.62 ppm (t, 3J

= 5.17 Hz, 1H), 4.13 ppm (t, 3J = 6.36 Hz, 2H), 3.61 ppm (q, 3J = 5.73 Hz,2H), 1.91 ppm

(p, 3J = 6.23 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) d 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.

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

3-(5-phenyloxazol-2-yl)phenol (1) (10.1 g, 42.6 mmol, 1 eq.) was dissolved in 255 mL

THF under argon and the solution 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.), and

N,N'-diisopropylcarbodiimide (9.9 mL, 63.9 mmol, 1.5 eq.) were successively added. The

reaction mixture was stirred overnight and allowed to reachroom temperature. After the

reaction was complete by TLC (1:1 EtOAc:hexanes), the precipitate was �ltered o� and

rinsed with EtOAc. The combined organic layers were extracted with 5% (v/v) HCl (2

500 mL), 5 wt% Na2CO3 (1 400 mL), and brine (3 250 mL). The organic layer was dried

with MgSO4, �ltered, and concentrated under reduced pressure at 20� C to obtain an o�-

white solid. The crude product was dissolved in minimal acetone and precipitated into cold

stirring DI-water. The product was further puri�ed by column chromatography using 4:1

hexanes/EtOAc, and re-crystallization in hexanes to a�ord 11.18 g of a white (86% yield).

1H NMR (500 MHz, DMSO-d6) d 8.00 ppm (d, 3J = 7.73 Hz, 1H), 7.88 ppm (t, 4J = 1.73

Hz, 1H), 7.85 ppm (dd, 3J = 7.48 Hz, J4 = 1.19 Hz, 2H), 7.79 ppm (s, 1H), G: 7.63 ppm

(t, 3J = 8.25 Hz, 1 H), B: 7.51 ppm (t, 3J = 8.25 Hz, 2H), A: 7.41 ppm (t, 3J = 7.74 Hz,

1H), 7.36 ppm (dd, 3J = 8.36 Hz, 4J = 1.87 Hz, 1H), 6.34 ppm (s, 1H), 5.91 ppm (q, 4J =
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1.26 Hz, 1H), 2.06 ppm (s, 3H).13C NMR (126 MHz, DMSO-d6) d 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.

3.3.5 Synthesis of 2-(3-(5-phenyloxazol-2-yl)phenoxy)ethyl methacrylat e (EtMA-
PPO) (4)

Synthesis of EtMA-PPO followed the procedures for the synthesis of MA-PPO, with

2-(3-(5-phenyloxazol-2-yl)phenoxy)ethan-1-ol (8.1 g, 28.6 mmol, 1 eq.). The reaction was

monitored by TLC with 1:1 EtOAc:hexanes as the eluent. The crude product was puri�ed

by precipitation in 1400 mL of cold water from minimal acetone followed by column chro-

matography using 4:1 hexanes/EtOAc to a�ord 7.92 g of a white solid (79% yield). 1H NMR

(500 MHz, DMSO-d6) d 7.84 ppm (dd, 3J = 7.82 Hz, 4J = 1.15 Hz, 2H), 7.76 ppm (s, 1H),

7.69 ppm (d, 3J = 7.45 Hz, 1H), 7.63 ppm (t, 4J = 2.02 Hz, 1H), 7.53{7.45 ppm (m, 3H),

7.40 ppm (t, 3J = 7.39 Hz, 4J = 1.39 Hz, 1H), 7.15 ppm (dd, 3J = 8.40 Hz,4J = 2.81 Hz,

1H), 6.04 ppm (s, 1H), 5.65 ppm (q, 4J = 1.74 Hz, 1H), 4.49 ppm (t, 3J =4.90 Hz, 2H),

4.39 ppm (t, 3J = 5.16 Hz, 2H), 1.9 ppm (s, 3H). 13C NMR (126 MHz, DMSO-d6) d 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. (p, 3J = 6.23 Hz,2H). 13C NMR (126 MHz,

DMSO-d6) d 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.

3.3.6 Synthesis of 3-(3-(5-phenyloxazol-2-yl)phenoxy)propyl methacrylat e (PrMA-
PPO) (6)

The synthesis of PrMA-PPO was carried out using the same procedures as the synthesis

of MA-PPO, with 3-(3-(5-phenyloxazol-2-yl)phenoxy)propan-1-ol (1) (11 g, 37.2 mmol, 1

eq.). The crude product was puri�ed by recrystallization inhexanes and followed by column

chromatography using 4:1 hexanes/EtOAc to obtain 8.00 g of a white solid (59% yield). 1H

NMR (500 MHz, DMSO-d6) d 7.83 ppm (dd, 3J = 8.06 Hz, 4J = 1.24 Hz, 2H), .76 ppm (s,

1H), 7.68 ppm (d, 3J = 7.73 Hz, 1H), 7.60 ppm (t, 4J = 2.32 Hz, 1H), 7.45{7.53ppm (m,
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3H), 7.40 ppm (t, 3J = 7.39 Hz, 1H), 7.15 ppm (dd, 3J = 8.40 Hz, 4J = 2.81 Hz, 1H), 6.04

ppm (s, 1H), 5.65 ppm (q, 4J =1.74 Hz, 1H), 4.49 ppm (t, 3J = 4.9 Hz, 2H), 4.39 ppm (t, 3J

= 5.16 Hz, 2H), 1.9 ppm (s, 3H).13C NMR (126 MHz, DMSO-d6) d 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.

3.3.7 Preparation and Testing of Plastic Scintillators

Figure 3.3: Example of copolymerization scheme of polymerizable dopant (MA-PPO) and
VT.

Plastic scintillators were bulk polymerized (Figure 3.3) and polished according to proce-

dures established in previous work [11, 21]. Accordingly, varying amounts of primary dopant

and 0.1 wt% 1,4-bis(5-phenyloxazol-2-yl) benzene (POPOP,secondary dopant/wavelength

shifter) were dissolved in a stock solution of inhibitor-free vinyltoluene (VT) containing 0.01

wt% of radical initiator azobisisobutronitrile (AIBN). Samples were gently purged with ar-

gon for ~30 minutes to displace oxygen, tightly capped, placed in an argon �lled vacuum

oven under slightly reduced pressure. Samples containing EtMA-PPO were heated at 40� C

in a sand bath while bubbling due to low solubility at room temperature. All samples with


uorescent monomer were cured for 24 hours at 60� C, 24 hours at 70� C, 2 days at 80� C,

and 24 hours at 90� C. PPO control samples were cured at 80� C for 4 days and 2 days at

90� C to ensure the highest quality PPO scintillators. Samples were cooled to room tem-
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perature and the glass vials were broken to extract the plastic scintillator. The samples

were then sanded and polished to cylinders approximately 1.5 cm in diameter and 1.2 cm

tall. Hardness was quanti�ed with a Shore-D durometer (GxPromodel# 560-10D). Three

equidistant measurements were taken from the polished faceof the plastic scintillator and

the average was reported in this work. Radiation response measurements are detailed in our

previous work [1, 11, 21] using a Hamamatsu Extended Green Bialkali PMT (R7600U-300).

Samples were exposed to a137Cs source and the position of the resulting Compton edge was

compared to that of a commercial BC-408 sample machined to the same dimension. By

comparing the Compton edge energies, the relative light yield could be calculated for all

samples. The ability of plastic scintillators to distinguish neutron and gamma radiation was

quanti�ed with the dimensionless quantity, Figure of Merit (FoM). The FoM was calculated

by exposing samples to a244Cm/ 13C (~60 mCi) mixed neutron/gamma source, given by the

equation:

FoM =
Centroidn � Centroidg

FWHM n + FWHM g
(3.1)

wheren and g refer to neutron and gamma signals respectively. A larger FoM implies better

separation between neutron and gamma signals and is typically given for a 400-600 keVee

energy slice [7].

3.4 Results and Discussion

3.4.1 Physical Properties of Fluorescent PPO Monomers

The three synthesized monomers, MA-PPO, EtMA-PPO, and PrMA-PPO (Figure 3.1),

showed nearly identical absorption and emission spectra toPPO (Figure 3.4). The slight

broadening of the absorption and emission spectra could be due to additional vibrational

levels introduced by the alkyloxy linkers and methacrylategroup [18]. Relative PLQYs

were also similar (> 89%) to the parent molecule, PPO (100%), within the systematic error

of the relative quantum yield measurement (Table 3.1) [22, 23]. The high PLQYs were a

good indication that plastic scintillators fabricated from these monomers could be e�cient
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uorescent dopants and lead to high light yields in plastic scintillators. However, PLQY and

absorption and emission spectra are of monomers in solutionand may not be indicative of

the properties of the polymerized dopant in the solid-state.

Table 3.1: Thermal and optical properties of PPO and synthesized monomers

Tm
a � abs,max

(nm)
� em,max

(nm)
PLQYb

PPO 71 302 357 100
MA-PPO 86 304 359 92

EtMA-PPO 73 318 361 96
PrMA-PPO 46 318 361 89

a - Tm is the melting point as determined by Di�erential Scanning Calorimetry (DSC) b

PPO is normalized to 100% PLQY

3.4.2 Properties of Polymerizable PPO/PVT Plastic Scintillato rs

According to Zaitseva et al, discrimination between fast neutron and gamma radiation

signals via PSD requires 20-40 wt% of a primary dopant in PVT [7, 12]. Having repro-

duced this phenomenon in our laboratories with PPO, we initially prepared 6g MA-PPO

samples with similar dopant concentrations. 1 wt. % MA-PPO samples were also prepared

to compare trends in light yields at lower dopant concentrations. MA-PPO dissolved read-

ily in liquid VT at all concentrations tested and remained clear after bubbling with argon.

However, the over-doped samples quickly became opaque during the bulk polymerization

(Figure 3.5). Since polymerized MA-PPO samples had improved hardness, Tg, and decom-

position temperatures over blended PPO analogues and did not show evidence of unreacted

MA-PPO monomer after a 24 hour Soxhlet extraction in THF, as discussed later in 3.4.3,

we concluded that MA-PPO had been polymerized and the opacitywas not due to insol-

uble MA-PPO monomers. The opacity is likely due to the incompatibility of polymerized

MA-PPO and VT domains within the growing co-polymer leading tophase separation [24].

As a result of the opacity, MA-PPO samples all had low light yield but still showed signs of

neutron and gamma discrimination at 20-30 wt% MA-PPO (Figure 3.6). The promising im-
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Figure 3.4: Absorption (top) and emission (bottom) spectra for dilute solutions of MA-PPO,
EtMA-PPO, and PrMA-PPO in cyclohexane with PPO and POPOP for comparison.
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provements in mechanical properties and potential for PSD capabilities in MA-PPO samples

led us to synthesize two more soluble polymerizable dopants, EtMA-PPO and PrMA-PPO.

The hypothesis is that the more soluble monomer dopants would lead to plastic scintilla-

tors with the added mechanical properties as observed with MA-PPO yet retain the optical

clarity at higher concentrations resulting in e�cient PSD.

Figure 3.5: PVT samples (6g) with PPO, MA-PPO, EtMA-PPO, or PrMA-PPO and 0.1
wt% POPOP. Each grid square is 0.5 cm x 0.5 cm.

Adding alkyl and/or alkyloxy moieties is a popular method to solubilize rigid small

molecules and has been shown to be successful for PSD capabledopants in PVT [21]. There-

fore, EtMA-PPO and PrMA-PPO were synthesized with alkyloxy linkers between the PPO

and methacrylate moieties to enhance solubility both before and after polymerization. Both

EtMA-PPO and PrMA-PPO were synthesized on at least 10g scales,indicating that these
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Figure 3.6: PSD plots after exposing 30 wt% MA-PPO, 40 wt% EtMA-PPO, 40 wt% PrMA-
PPO, and 30 wt% PPO samples to a244Cm/ 13C source. All show separation between neutron
and gamma radiation signals.

Figure 3.7: Light yield (left) and FoM (right) of PPO and PPO monomer samples.
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dopants can be e�ectively scaled even in a standard synthetic lab, without the need for

expensive precious metal catalysts. 6g plastic scintillators composed of 1 and 20-40 wt%

EtMA-PPO and PrMA-PPO were prepared for comparison to MA-PPO and PPO samples.

All samples were soluble in VT at room temperature except for 40wt% EtMA-PPO that

required mild heating at 40� C while bubbling with argon. Since AIBN has a half-life of 96

hours at 50�C,26 we assumed no signi�cant initiation occurred during the 40� C, 30 minute

argon sparge. Both EtMA-PPO and PrMA-PPO polymerized sampleswere more clear than

analogous PPO and MA-PPO samples but remained slightly cloudy at lower concentrations.

Interestingly the clarity of EtMA-PPO and PrMA-PPO samples increased concurrently with

increased concentration of polymerizable dopant (Figure 3.5). This is likely due the polymer

domains of EtMA-PPO and PrMA-PPO being more \soluble" within the PVT matrix upon

bulk copolymerization. Researchers working on bulk copolymers for optical applications

have reported similar trends in transparency. For example,since monomers usually have

di�erent refractive indices and form heterogeneities in the bulk material due to nonideal

random polymerization, large losses in transparency due toscattering can occur. Only ideal

random copolymers or alternating copolymers tend to be transparent. Azeotropic composi-

tions can also lead to transparent copolymers, as seen for high conversion, bulk polymerized

1-adamantyl methacrylate and styrene [25]. Further work toestablish reactivity ratios be-

tween EtMA-PPO or PrMA-PPO and VT is necessary to determine the cause of opaqueness

at varying monomer ratios. Attempts to evaluate the copolymer molecular weight by chro-

matography (GPC) using THF and 1,2-dichlorobenzene at 80� C were unsuccessful due to

low solubility. Because the radical bulk polymerization isallowed to go to near complete

conversion, the polymers are likely very high molecular weight. High degree of conversion

of radical bulk polymerized styrene methyl methacrylate copolymers have been shown to be

soluble in THF and have high molecular weights [26]. Thus, theinsolubility may be due to

a more heterogeneous copolymer or the nature of the 
uorescent monomers themselves.
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The improved clarity of EtMA-PPO and PrMA-PPO copolymer samples with VT over

MA-PPO analogues led to signi�cantly higher light yield and FoM (Figure 3.7). The FoM of

EtMA-PPO and PrMA-PPO samples increased with increasing concentration of 
uorescent

monomer as expected based on results with PPO in PVT [7, 11]. At40 wt% both EtMA-

PPO and PrMA-PPO plastic scintillators had FoM above 1.2, an unprecedented FoM for

polymerized dopants. Following the trend of increased FoM with increased concentration

of polymerizable dopant, exceeding 40 wt% of the polymerizable dopants is expected to

lead to even higher FoM. However, both EtMA-PPO and PrMA-PPO aresolid at room

temperature, so the solubility of each respective dopant limits loadings in vinyl toluene. The

gentle heating required for 40 wt% EtMA-PPO samples suggests40 wt% EtMA-PPO in

vinyl toluene is approaching the solubility limit. Further work to maximize the loading of

EtMA-PPO and PrMA-PPO is currently underway. Surprisingly, there was also an empirical

correlation between chain length of the alkyloxy linker andthe FoM. PrMA-PPO showed

the highest separation of fast neutron and gamma signals, albeit lower than 30 wt% PPO

(Figure 3.7). The longer chain-length could increase the mobility of triplet state electrons

due to higher vibrational modes, or it could add 
exibility to the monomer and allow multiple

PPO moieties to align favorably for triplet state mobility [27, 28]. Di�erences in LY and

FoM could be due to spectral mismatch leading to lower energytransfer processes despite

the similar spectra of monomers and PPO in solution. Preliminary solid-state emission

spectra indicate there is complete energy transfer from theprimary dopant to POPOP (B,

Figure B.8), but further work must be done to probe the energy transfer between the polymer

matrix and dopants in the solid state to understand di�erences in LY and FoM.

While the radiation detection properties of samples containing 
uorescent monomers were

slightly lower than their blended PPO analogues, the mechanical properties were greatly en-

hanced. For example, all samples containing> 20 wt% of the 
uorescent monomers had

signi�cantly higher hardness than the blended PPO analogues (Figure 3.8). As methacry-

late based polymers are known to have high hardness [11, 19],we attribute this increase in
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Figure 3.8: Hardness (top), glass transition temperature (middle), and decomposition tem-
perature (bottom) of 6g plastic scintillators with polymerizable dopants compared to PPO
standards.
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hardness due to the polymerized methacrylate domains within the PVT matrix. In addition,

MA-PPO, EtMA-PPO, and PrMA-PPO samples had high glass transition and decomposi-

tion temperatures across all concentrations, unlike the blended PPO analogues. The mechan-

ical properties of blended PPO samples deteriorated rapidly with increasing concentration

of PPO (Figure 3.8), leading to soft and unmachinable plastics. The higher glass transition

and decomposition temperatures is further evidence that the monomers are copolymerized

into the PVT matrix.

3.4.3 Leaching Studies with Polymerizable PPO/PVT Plastic Scintilla tors

Soxhlet extractions of 2g and 6g samples were performed to evaluate dopant leaching

and qualitatively assess monomer conversion. A 24-hour (19cycle) Soxhlet extraction with

ethanol was done on 2g samples of 25 wt% MA-PPO, EtMA-PPO, PrMA-PPO and PPO

without any wavelength shifter (POPOP). Since PPO and the 
uorescent monomers are

soluble in ethanol but PVT is not, the ethanol Soxhlet extraction was a model system for

how the dopant could di�use and leach out of plastic scintillators. The residue from each of

the four samples was collected and analyzed via quantitative 1H NMR with 1,4-dioxane as

the internal standard. Only the 25 wt% PPO sample shows evidence of leached dopant based

on the 1H integration of 1,4-dioxane and the1H triplet at 7.35 ppm of PPO; approximately

19% of the original PPO leached out of the 25 wt% PPO sample. Quantitative 1H NMR

did not show any presence of residual monomer from MA-PPO, EtMA-PPO or PrMA-PPO

samples, implying that they have been copolymerized into the PVT matrix (Figure 3.9).

To further con�rm that the 
uorescent monomers have been polymerized, either as ho-

mopolymers or copolymers with VT, a Soxhlet extraction with THF was performed on 6g

samples of 30 wt% MA-PPO and 30 wt% PrMA-PPO with POPOP. THF should solubilize

any low molecular weight polymers as well as unreacted monomers. After 24 hours (~ 32

cycles), the �ltrate was collected and concentrated for qualitative 1H NMR. Evaluating the

aromatic region for the �ltrate from 30 wt% MA-PPO shows signal from vinylic protons at

6.70, 5.72, and 5.21 ppm, indicating unreacted VT remaining in the sample. There was no
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Figure 3.9: Quantitative 1H NMR spectra of residue collected from various plastic scintilla-
tors after Soxhlet extraction.
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evidence of unreacted MA-PPO due to the lack of vinylic signals attributed to MA-PPO at

6.40 and 5.81 ppm (Figure 3.10) and a lack of 
uorescence in theextracted sample. Since no

unreacted MA-PPO was extracted and the aromatic region is predominantly VT, we have

preliminary evidence that MA-PPO has been polymerized and islikely incorporated in higher

molecular weight polymer chains. A similar e�ect is observed for a 30 wt% PrMA-PPO, 0.1

wt% POPOP sample (B, Figure B.13).
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Figure 3.10: 1H NMR of �ltrate collected from a 24 h (~32 cycles) Soxhlet extraction of 30
wt% MA-PPO, 0.1wt% POPOP sample with THF. 1H NMR of POPOP, VT, and MA-PPO
are included for comparison.

All EtMA-PPO and PrMA-PPO samples at all concentrations have remained clear for

months indicating no observable dopant di�usion and aggregation have occurred. While

further studies on accelerated aging must be conducted, this is preliminary evidence that

polymerizing MA-PPO, EtMA-PPO or PrMA-PPO, instead of simple blending using PPO,

will extend the lifetime of plastic scintillators while concurrently signi�cantly improving the
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mechanical properties.

3.5 Conclusions

A simple, scalable, and e�cient reaction route was designedand developed to synthesize

three novel polymerizable PPO derivatives. The derivatives were copolymerized with VT

via methacrylate groups to yield 6g plastic scintillators with superior mechanical properties

and no dopant leaching or di�usion over analogous blended PPO doped samples. However,

only EtMA-PPO (FoM=1.44) and PrMA-PPO (FoM=1.64) samples achieved acceptable

PSD relative to PPO (FoM=1.92) samples at similar concentrations. Further work on the

reactivity and kinetics of polymerization of these monomers must be done to understand the

reason for cloudiness at lower concentrations of methacrylate monomer. In addition, larger

samples will be synthesized as the e�ects of auto-acceleration during bulk polymerization are

more signi�cant as the mass of the sample increases, however, neither material nor radiation

detection properties are expected to di�er signi�cantly. Despite the slightly lower light yield

and FoM, this is the �rst example of polymerizable dopants capable of PSD greater than

1.00 between 400-600 keVee energy cuts.
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CHAPTER 4

POLYSILOXANE SCINTILLATORS FOR EFFICIENT NEUTRON AND GAMMA-RAY

PULSE SHAPE DISCRIMINATION

Allison Lim 1 , Jonathan Arreue2 , Paul B. Rose Jr.2
y
, Alan Sellinger1,3* , Anna S.

Erickson2*

This chapter was published inACS Applied Polymer Materials in collaboration with

Dr. Anna Erickson's group at the Georgia Institute of Technology. Allison Lim fabricated

polysiloxane samples, synthesized the primary dopant (PhF), measured solid state emission,

and provided analysis of LY and FoM measurements. Dr. Alan Sellinger fabricated and

Dr. Paul J. Rose Jr. tested preliminary samples. Jonathan Arrue tested all samples for

publication and professors Anna Erickson and Alan Sellinger advised and conceptualized

this project.

4.1 Abstract

Plastic scintillators based on thermoplastics, such as polystyrene and poly(vinyl toluene)

(PVT), are capable of neutron and gamma radiation detection via pulse shape discrimination

(PSD) when over-doped with select 
uorescent molecules. This class of plastic scintillator

has been extensively studied but is limited to applicationssuitable for thermoplastics. For

applications requiring 
exibility, scintillators composed of elastomers, such as polysiloxanes,

o�er an alternative to PVT scintillators. Polysiloxane scintillators are inherently 
exible and

have short processing time on the order of 3 hours in air and equivalent or better detection

1Materials Science Program, Colorado School of Mines, Golden, CO 80401, USA
2Georgia Institute of Technology, Nuclear and Radiological Engineering, G.W.Woodru� School of Mechan-
ical Engineering, 770 State St., Atlanta, Georgia 30332, USA

3Department of Chemistry, Colorado School of Mines, 1500 Illinois Street, Golden, CO, 80401
* Corresponding Author: aselli@mines.edu and anna.erickson@gatech.edu
„ Present address: Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA
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capability at reduced doping concentration (< 5 wt%). This work presents polysiloxane-

based scintillators, containing only 1{5 wt% of 2,5 diphenyl-oxazole (PPO) or 9,9-dimethyl-

2-phenyl-9H-
uorene (PhF) as primary dopants and 9,9-dimethyl-2,7-distyryl-9H-
uorene

(SFS) as a wavelength shifter. A 5 wt% PPO polysiloxane samplehad improved neutron

and gamma ray PSD and comparable light yield than EJ-299-33 tested under the same

conditions, i.e. FoM of 1.33± 0.03 at 450 keVee and light yield of 94% relative to EJ-299-33.

The 5 wt% PhF-polysiloxane sample had a higher light yield, 144% of EJ-299-33, but lower

FoM under the same conditions (FoM of 1.09± 0.03). This work highlights the potential of

polysiloxanes as a matrix for PSD capable plastic scintillators.

4.2 Introduction

Plastic scintillators are often used in radiation portal monitors as a �rst line of detection

for special nuclear materials (SNM) at international borders and points of entry. Pioneered

by Brooks et al. in 1960,[1] modern formulations of plastic scintillators have been developed

to distinguish neutrons from gamma rays.[2{10] The abilityto detect neutrons enhances

the accuracy of plastic scintillators since only SNM and source materials, such as252Cf and

alpha-n sources, emit neutrons, while both SNM and benign materials emit gamma rays.

One method to distinguish neutrons from gamma rays is pulse shape discrimination (PSD).

Thermoplastics, such as poly(vinyl toluene) (PVT) or polystyrene, are capable of PSD if the

plastic is over-doped with 
uorescent small molecules, such as 2,5-diphenyloxazole (PPO).[2]

This over-doping technique has been commercialized, but the large amount of 
uorescent

dopant required for PSD (> 20 wt.%) leads to unfavorable material properties such as a

lower glass transition temperature and dopant precipitation over time.[11] Some work to

mitigate these e�ects has been done, including a commercialcross-linked sample from Eljen

Technology (EJ-276).[10{12] EJ-276 showed PSD capabilitiessimilar to a commercial liquid

scintillator, EJ-309, with sources reporting a �gure of merit (FoM) above 2 at 500 keVee and

similar light yields to EJ-299-33, at 56% anthracene.[10, 13{15] This proprietary formulation

represents a large step towards replacing liquid with plastic scintillators. EJ-276 and other
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cross-linked formulations of plastic scintillators mitigate many of the undesirable material

properties, but the cross-linking strategy may also limit some of the potential applications.

The rigidity and high hardness of cross-linked formulations prevents dopant aggregation and

is desirable for large scale scintillators but renders themunsuitable for applications requiring


exibility.

Polysiloxanes, also known as silicones, have been considered as an alternative to tradi-

tional matrices used in plastic scintillators.[16{20] As elastomers, polysiloxanes are inherently


exible and easy to process under ambient conditions, o�ering a complementary set of prop-

erties to thermoplastics. Unlike oxygen sensitive vinyl toluene or styrene formulations used

for traditional plastic scintillators,[10, 21, 22] polysiloxanes can be cured from easy-to-process

resins with tunable viscosities in ambient conditions. Recently, Marchi et al. reported that

polysiloxane scintillators up to 112 cm3 in volume with low dopant loading (< 8 wt% PPO)

are capable of PSD.[20] A 4 wt% PPO polysiloxane scintillator (5.1 cm3) had a FoM of 0.65

and light output of 45% of EJ-212 (about 29.3% of anthracene),3 months after fabrication.

A large sample 112 cm3 in volume was also produced, with a FoM of 0.523 and light output

of 17% of EJ-200 (10.9% anthracene) two years after fabrication. This was the �rst time

PSD capabilities were shown in large polysiloxane scintillators, even after several months

of storage. With these promising results from aged polysiloxane scintillators, we sought to

improve the PSD capabilities of polysiloxane scintillators. Polysiloxane scintillators approx-

imately 5.4 cm3 in volume were fabricated with PSD capabilities similar to commonly used

PVT plastic scintillators. Based on a modi�ed commercial silicone resin doped with� 5

wt% PPO or an in-house synthesized dopant 9,9-dimethyl-2-phenyl-9H-
uorene (PhF), and

a novel wavelength shifter, 9,9-dimethyl-2,7-distyryl-9H -
uorene (SFS), shown in Figure 4.1,

polysiloxane scintillators with excellent light yields and PSD capabilities were produced in

just 3 hours at 150°C in air.[23, 24]
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Figure 4.1: Commercial primary and secondary dopants (PPO and POPOP) and synthesized
primary and secondary dopants (PhF and SFS) used in this study.

4.3 EXPERIMENTAL METHODS

PhF was synthesized via Suzuki coupling; detailed conditions can be found in Appendix

C. 9,9-dimethyl-2,7-distyryl-9H-
uorene (SFS) was synthesized according to procedures out-

lined in our previous work.[9] Purity was assessed via1H NMR (500MHz JEOL ECA-500)

and GC/MS (Varian CP-3800 GC, 1200 L Quadrapole MS/MS with a Restek Rsi column).

4.3.1 Sample Fabrication

Glass scintillation vials were used as molds and silanized with a 10 v/v% dichlorodimethyl-

silane (Sigma) solution in dichloromethane, according to our previous work.[11, 25] Polysilox-

ane scintillators (6 g) were prepared by dissolving the primary and secondary dopant in an

equal mass of xylenes (Sigma-Aldrich) under gentle heating in the glass vial. Once the

dopant was completely solubilized, the two-part commercial polysiloxane (Wacker LUMISIL

579) was added and the vial was capped shut and vortexed for 30-45 seconds to achieve a

homogenous mixture. The polysiloxane sample was cured in the capped vial at 150°C for

three hours, in air. Samples measuring approximately 1.9 cmin diameter and 1.9 cm in

height were removed from the oven and carefully broken out ofvials before cooling.

4.3.2 Radiation Testing

Experiments were carried out using a CAEN DT5730 14-bit digitizer operating at 500

MS/s. DPP{PSD �rmware together with CAEN CoMPASS software were used to obtain
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waveforms associated with particle interactions in the scintillator. Samples were wrapped

in PTFE tape and coupled to the Hamamatsu R6095 PMT with RX600k optical grease

(Rekon Components, Inc) without additional polishing, then exposed to a 40-mCi AmBe

source and the waveforms were integrated using long and short gates to calculate the FoM.[2]

To ensure consistency between each of the samples, the same PMT was used as well as the

same digitizer, power supply, blackbox, and method for coupling the scintillator and PMT.

Further details on FoM calculation can be found in our previous work.[9, 11] A 273{µCi 137Cs

source was used for light output and spectroscopic comparison with commercially available

scintillators. To calculate relative light yield, the Compton edge was �tted with a Gaussian

curve and the half-maximum was used to estimate the positionof the Compton edge. The

integrated light outputs of scintillators, produced over the course of six hours, were compared

with that of EJ-299-33 to get the relative light yield at the Compton edge of137Cs (480 keV).

A second photon source, a 12-mCi60Co source, was used in tandem with the137Cs for relative

energy calibration using the position of the Compton edge ofeach of these sources. The two

Compton edges (60Co and 137Cs) were used as calibration points to obtain the electron

equivalent energy. Due to the low energy resolution of thesesamples, the Compton edge

from each photopeak of Co-60 were indistinguishable, so theCompton edge from selected

to be the highest energy edge and assumed to a superposition of the Compton edges from

the 1.33 MeV and 1.17 MeV photons. No collimation or neutron/gamma attenuators were

employed in this work for reproducibility. The source-to-detector distance was �xed at 15.24

cm (6 inches) for all experimental measurements.

4.4 Results and Discussion

A two-part commercial polysiloxane resin from Wacker (Wacker LUMISIL 579) was se-

lected for high phenyl content and optical clarity. Up to 5 wt%of PPO and 0.1 wt% SFS was

added and the resin was cured at 150°C for 3 hours to produce clear polysiloxane scintilla-

tors, approximately 1.9 cm in diameter and 1.9 cm in height. SFS, shown in Figure 4.1, was

used as a secondary dopant for its enhanced solubility in thepolysiloxane matrix over the
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commercially available POPOP.[9] All samples were initially clear but slightly yellow due to

the strongly pigmented SFS, as shown in Figure 4.2. The PPO-polysiloxane samples did not

require any additional machining or polishing before testing. Additional surface treatment

was not necessary, but best results were achieved after wiping or soaking in isopropanol to

remove any residual dopants on the surface. All samples prepared in this work contained 0.1

wt% SFS and thus will be identi�ed only by their primary dopant in the remainder of this

manuscript.

Figure 4.2: Polysiloxane plastic scintillators with varying concentrations of PPO and PhF,
24 hours after fabrication.

After curing, the PSD capabilities of each sample were quanti�ed by measuring the rela-

tive light yield (LY) and �gure of merit (FoM). The �gure of mer it quanti�es the separation

between neutron and gamma ray signals. A 2 wt% PPO-polysiloxane scintillator showed

comparable FoM to a similar sized EJ-299-33 sample at all energies. Above 2 wt% PPO,

PPO-polysiloxanes had higher FoM than EJ-299-33 (FoM of 1.13± 0.02 at 450 keVee), with

a 5 wt% PPO achieving a FoM of 1.33± 0.03 at 450 keVee. Trends in PPO concentration

and FoM can be seen in Figure 4.3 and are also tabulated with associated error in Ap-

pendix C, Table C.1. Despite the high FoM, PPO-polysiloxanehad slightly lower LY than

EJ-299-33, between 86-94% of EJ-299-33, as depicted in Figure 4.4. The 137Cs responses of

PPO-polysiloxane samples used to calculate LY are shown in Figure 4.5 and the curves are
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overlaid with their Gaussian �t in Appendix C, . The EJ-299-33 sample had a much broader

Compton Edge than the PPO-polysiloxane samples, as seen in Figure 4.5, Figure C.12 possi-

bly due to increased scattering or re-absorption. This highlights a shortcoming in the widely

accepted method of using the position maximum of the ComptonEdge, or some percentage

of the max, to calculate relative LY.[2, 3, 26{29] Samples with a very broad response will lead

to arti�cially high values of relative LY. Some groups have done Monte-Carlo simulations

and analysis to better estimate the position of the Compton edge,[26, 27] but more consensus

within the community is necessary to standardize an accurate method that accounts for the

position and broadening of the Compton Edge when reporting LY.

Initially, PPO appeared soluble up to 5 wt% in the polysiloxane matrix, as seen in the

initial sample pictures in Figure 4.2. However, over 2 months of storage in ambient condi-

tions, the 5 wt% sample showed visible signs of dopant precipitation, shown in Figure 4.6.

Below 5 wt%, there were no signs of dopant precipitation by visual inspection, implying

PPO was soluble only up to 4 wt% in the polysiloxane.

As higher concentrations of PPO did not seem stable in the polysiloxane matrix, we

explored another primary dopant, PhF, shown in Figure 4.1. PhFwas developed as a

primary dopant for PVT plastic scintillators in previous work and had a moderate light

yield and FoM but resulted in harder samples than PPO. A 20 wt%PhF-PVT (4.7 cm

diameter and 1.2 cm in height) had a FoM of 1.16 between 400 and600 keVee, a LY of 70%

of BC-408, and a Shore-D of 81. The analogous 20 wt% PPO-PVT sample had better PSD

capabilities, with a FoM of 1.61 and LY of 89% of BC-408 but hada Shore-D of only 69.[9]

The better mechanical properties of PhF based scintillators and moderate PSD capabilities

made it a promising candidate for polysiloxane scintillators.

Fabricated according to the same method as PPO-polysiloxane scintillators, PhF was

soluble in polysiloxanes up to 5 wt%. Above 5 wt%, PhF crashed out during curing. PhF-

polysiloxane scintillators pictured in Figure 4.2 did not show visible signs of dopant pre-

cipitation after 4+ months in ambient conditions. PhF-polysiloxane scintillators were also
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(a)

(b)

Figure 4.3: FoM of PPO-polysiloxane (a) and PhF-polysiloxane(b) samples at varying
energies, compared to commercial sample EJ-299-33. The associated error is represented by
the shaded portions and the values are tabulated in Appenix C(Table C.1 and Table C.2).

64



Figure 4.4: Light yield of PPO- and PhF-polysiloxane scintillators, relative to commercial
sample EJ-299-33. The relative LY was calculated by comparing the position of the Compton
edge, approximated at 50% of the local maximum intensity. Values are tabulated in Appendix
C, Table C.3.

capable of PSD at low concentrations. A 5 wt% PhF-polysiloxane scintillator had a FoM

of 1.09± 0.03 at 450 keVee, similar to EJ-299-33, with a FoM of 1.13± 0.02 at 450 keVee.

While the PhF-polysiloxane scintillator FoM was lower than PPO-polysiloxane analogues,

PhF-polysiloxane samples had much higher relative LY, ranging between 111% and 144%

of EJ-299-33 as shown graphically in Figure 4.4. This trend wasnot observed in PhF-PVT

analogues, as PhF had a lower LY than PPO-PVT samples as mentioned above. The137Cs

response of PhF-polysiloxane samples, depicted in Figure 4.5and the C, Figure C.13, shows

much sharper Compton edges at higher energies than EJ-299-33. The high LY and lack

of dopant precipitation in PhF-polysiloxane scintillatorsrenders PhF interesting for further

study as a primary dopant in polysiloxane scintillators despite the slightly lower FoM.

PPO-polysiloxane scintillators based on phenylmethyl polysiloxanes have shown PSD ca-

pabilities, but had lower FoM and LY than EJ-299-33A.[20] We suspect the high phenyl

content, implied by the high refractive index (1.54) of the Wacker formulation may con-
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(a)

(b)

Figure 4.5: 137Cs response of PPO- (a) and PhF-polysiloxane (b) samples. EJ-299-33 (black)
shows a broad Compton edge.
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Figure 4.6: Polysiloxane samples containing 5 wt% PPO (left)and PhF (right) 2 months
after fabrication. Visible aggregation and clouding is evident in PPO sample.

tribute to the high FoM and LY in PPO and PhF-polysiloxane samples. While the exact

composition of the Wacker formulation is proprietary, we know it contains vinyl, hydride,

and alkoxy terminated siloxanes and oligomers. Thus, the cross-linking density and poten-

tial of condensation reactions may also contribute to the enhanced PSD capabilities of these

samples over previously published work. Work is currently underway to fabricate custom

formulations to test these hypotheses.

In addition to the high phenyl content, the low solubility of the dopants in the polysilox-

ane matrix may also lead to enhanced PSD. Preliminary solid-state emission spectra of PPO

in polysiloxane (without any wavelength shifter) shows a redshift and broadening between 1

and 4 wt% PPO. The 4 wt% PPO-polysiloxane sample had a emission spectra that closely

matched the shape of a 20 wt% PPO-PVT sample, leading us to believe that PPO aggre-

gated similarly and formed excimers.[29] Further experiments to compare the decay time are

being considered to con�rm the formation of excimers.

PhF-polysiloxane scintillators also exhibit a red shift andbroadening when dopant con-

centration increased from 1 to 4 wt%. Increasing PhF from 1 to4 wt% in polysiloxane and

1 to 20 wt% in PVT resulted in similar red-shifted and broadened emission (Figure 4.7,

Table 4.1). As with PPO, the similarities in spectral shape ofa 20 wt% PhF-PVT and

4 wt% PhF-polysiloxane emission spectra suggest that favorable aggregation and excimer

formation may occur to promote PSD at low loadings of PhF in polysiloxanes. The red
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shift in the PhF-PVT spectra compared to the PhF-polysiloxane spectra may be due to the

non-planarity of the molecule. The dihedral angle between the 
uorene core and the phenyl

ring in the 2nd position is reported as 41.1°.[29] Rotations or deviations from this calcu-

lated dihedral angle can be caused by di�erent solvents or matrices such as polysiloxane and

PVT. This e�ect may not be observed with PPO as its ground stategeometry is predicted

as planar.[9]

Table 4.1: Wavelength of maximum emission of PPO and PhF in PVTand polysiloxanes

� max , PPO (nm) � max , PhF (nm)
1 wt% in polysiloxanes 407 356
4 wt% in polysiloxanes 411 360

1 wt% in PVT 400 398
20 wt% in PVT 408 405

4.5 Conclusions

Plastic scintillators composed of a polymer matrix with various dopants o�er a route to

customizable radiation detectors, including systems for neutron and gamma ray discrimina-

tion. Traditionally, thermoplastic scintillators based on polystyrene or PVT have been doped

with greater than 20 wt% of PPO to distinguish neutrons from gamma rays via PSD. The un-

desirable properties such as softening, low Tg, and dopant aggregation have been addressed

by techniques such as cross-linking, and Eljen Technologies has commercialized a formulation

rivaling the performance of liquid scintillators (EJ-276).One area traditional thermoplastics,

especially cross-linked formulations, fall short is in applications requiring 
exibility. In this

work, we demonstrated that 
exible, elastomer polysiloxane based plastic scintillators are

capable of PSD at low dopant loadings. Polysiloxane scintillators (6g) were prepared in 3

hours in air from a commercial siloxane resin with PPO or PhF as primary dopants and SFS

as a wavelength shifter. A 5 wt% PPO polysiloxane sample produced a higher FoM than a

commercial PVT scintillator but slightly lower light yield, with an FoM of 1.33± 0.03 at 450

keVee and relative LY of 94% of EJ-299-33. PhF-polysiloxane scintillators were also capable
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Figure 4.7: (Top) Emission of PPO in PVT and polysiloxane at varying concentrations.
A similar broadening and redshift is observed in PVT and polysiloxanes with increasing
concentration of PPO. (Bottom) Emission of PhF in PVT and polysiloxanes. A red-shift
and broadening is observed with increasing concentration of PhF.
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of PSD with a FoM of 1.09± 0.03 at 450 keVee and LY of 144% compared to EJ-299-33.

Despite a lower FoM than PPO-polysiloxane analogues, PhF-polysiloxane scintillators are

still of interest due to the high LY and lack of dopant precipitation. Polysiloxane scintillators

may achieve good PSD and LY at low concentrations of dopants due to a lower solubility of

selected dopants leading to favorable aggregation and enhanced excimer formation. Work

to thoroughly characterize material properties and optimize curing conditions is underway.

By no means a replacement to thermoplastic scintillators, polysiloxane scintillators o�er a


exible alternative that is still capable of PSD on par with some thermoplastic scintillators.
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CHAPTER 5

PLASTIC SCINTILLATORS WITH EFFICIENT LIGHT OUTPUT AND PULSE

SHAPE DISCRIMINATION PRODUCED VIA PHOTO-INITIATED

POLYMERIZATION

Allison Lim 1 , Adam Mahl2 , Joseph Latta2,3 , Henok A. Yemam4 , Uwe Greife2,3 , Alan

Sellinger1,4*

This chapter was published in theJournal of Applied Polymer Science[1] in collabo-

ration with Dr. Uwe Greife's group at Colorado School of Mines. Allison Lim developed

the photopolymerizable formulations, fabricated all samples, and performed solution based


uorescence measurements. Dr. Adam C. Mahl and Joseph Latta polished and performed

all radiation detection measurements and analysis. Dr. Henok A. Yemam fabricated prelim-

inary samples and professors Uwe Greife and Alan Sellinger advised and conceptualized this

project.

5.1 Abstract

Poly(vinyltoluene) (PVT) over-doped with 2,5-diphenyloxazole and using 1,4-bis (5-

phenyloxazol-2-yl) benzene as a 
uorescent secondary dopant can be used to detect and

di�erentiate neutron and gamma radiation via scintillation. The low cost of PVT makes

these plastic scintillators attractive for both portable and larger sized �rst line detection

of special nuclear materials. Current fabrication methodsrely on thermally-initiated radi-

cal polymerization that generally requires an approximately 5-day heating process in order

to produce high quality scintillators. In this work we report a proof-of-concept photopoly-

merization process to prepare plastic scintillators up to 20g in size in 1 day. These plastic
1Materials Science Program, Colorado School of Mines, Golden, CO 80401, USA
2Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
3Nuclear Science and Engineering Program, Colorado School of Mines, Golden, CO 80401, USA
4Department of Chemistry, Colorado School of Mines, Golden, CO 80401, USA
* Corresponding Author: aselli@mines.edu.
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scintillators were comparable to standard thermally polymerized samples in terms of their

physical properties and response to various radiation sources.

5.2 Introduction

Detection of special nuclear materials (SNM) at ports of entry, airports, and interna-

tional borders is crucial for global security. Going forward, the most e�cient and sensitive

forms of radiation detection, such as single crystal scintillators or 3He �lled gas detectors

are too expensive to be used as a �rst line of detection [2]. Plastic scintillators are a more

economical alternative since they are based on inexpensivecommodity type polymer matri-

ces such as poly(vinyl toluene) (PVT) or poly(styrene) dopedwith 
uorescent molecules

[3, 4]. Newer formulations that are over-doped with 
uorescent molecules such as 2,5-

diphenyloxazole (PPO) are especially important since theyare capable of discriminating

neutron and gamma radiation signals with a technique calledpulse shape discrimination

(PSD) [4{7]. PSD capable plastic scintillators are fabricated via thermally-initiated, radical

bulk polymerization. This method yields high quality scintillators but is ine�cient due to

the extended time requirement and high polymerization temperatures. Fabrication of large-

scale plastic scintillators is especially challenging dueto the concern of auto-acceleration

exotherms inherent to bulk polymerization. Photopolymerization is a potentially quicker

and gentler polymerization method commonly used in the �eldof dental composites where

monomers are converted to hard cross-linked materials in ambient conditions. While a

variety of single and multi-component photo-initiating systems have been commercialized,

camphorquinone (CQ) { amine systems (Figure 1) are some of themost widely used [8{10].

CQ is a commonly used photo-initiator since it has a strong absorption in the visible region

(450-480nm), and amines are often used as co-initiators to increase the rate of initiation

via a more reactive radical. The more reactive amine radicalis generated via an exciplex

formed with the excited CQ leading to the initiation process[10{12]. As tertiary amines

have been shown to be good co-initiators, 4-dimethylamino benzonitrile (DMABN) was

selected for this study [12, 13]. The CQ-DMABN photo-initiating (PI) system e�ciently
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initiates polymerization for methacrylate or acrylate monomers that are widely used in the

dental industry [9, 10]. Methacrylate-based polymers perform well in dental �llings, but in

general not as matrices for plastic scintillators [13, 14].Plastic scintillators are often based

on vinyl toluene (VT) or styrene monomers which are more di�cult to photo-polymerize

than methacrylate monomers [8, 15]. In our recent work, we demonstrated bisphenol A

dimethacrylate (BPA-DM) (Figure 5.1) can be used as a cross-linker in PVT-based scintil-

lators without diminishing its radiation detection properties [16]. Based on these results, we

report here the use of CQ-DMABN to initiate the photopolymerization of BPA-DM in VT

to fabricate PSD capable scintillators in a ~1-day process,as opposed to the traditional ~5-

day thermal bulk polymerization. This study serves as a proof of concept for an alternative

and quicker fabrication process for plastic scintillatorswhile maintaining excellent physical

properties and radiation detection capabilities.

O

O

O

O

bisphenol a dimethacrylate
(BPA-DM)

O

O

camphorquinone
(CQ)

N

N

4-(dimethylamino) benzonitrile
(DMABN)

Figure 5.1: Chemical structure of bisphenol-A-dimethacrylate, camphorquinone, and 4-
(dimethylamino) benzonitrile.

5.3 Experimental Methods

5.3.1 Preparation of Plastic Scintillators

Details on plastic scintillator preparation can be found inour previous work [7, 16, 17].

Silanized glass vials were used as scintillator molds [18].Vinyl toluene monomer was

stripped of its inhibitor by passing through an alumina column with dry potassium car-

bonate. Bisphenol A dimethacrylate (BPA-DM) (Sigma-Aldrich), camphorquinone (CQ)

(TCI America), 4-(dimethylamino) benzonitrile (DMABN) (Comb i-Blocks), 2,5-diphenyl

oxazole (PPO) (Sigma-Aldrich), and secondary dopant 1,4-bis(5-phenyloxazol-2-yl) benzene
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(POPOP) (Sigma-Aldrich) were used as received. An equimolar mixture of CQ and DMABN

was reported as an e�cient photo-initiator ratio and thus used at 0.5 wt% for each sam-

ple [11, 12, 19]. BPA-DM (10 wt%), varying amounts of PPO, 0.1 wt% of POPOP, and

the photo-initiating system were dissolved in VT monomer to provide 20g total, which was

sonicated for 5 minutes to help dissolve the dopants, and then deoxygenated with gentle

argon bubbling for 30 minutes. After another minute of sonication to re-disperse and dis-

solve POPOP, the sample was sealed with PTFE tape on the vial threads and around the

outer edge of the screw top lid then exposed to 470 nm (Figure 5.2), 150 W LED light in

a mirrored chamber for 2 hours. The sample was transferred toa vacuum oven and cured

at 70C for 24 hours under 15 in Hg of argon. Samples were broken out of the glass vials

and �nished by machine and hand sanding followed by polishing on a bu�er wheel. Finished

samples measured ~4.7 cm in diameter with a height of ~1.3 cm.

5.3.2 Characterization of Plastic Scintillators

UV-Vis absorption spectroscopy was performed on a Beckman Coulter DU 800 spec-

trometer. Solution 
uorescence spectra were collected from a Horiba JobinYvon NanoLog

(Model FL-1057). Hardness of plastic scintillators was determined with a Shore-D durometer

(GxPro model# 560-10D). The average of 6 equidistant pointson the polished sample face

is reported according to ASTM D-2440. Radiation responses were measured and quanti�ed

as detailed in our previous work [7, 16]. Samples were wrapped with PTFE tape, coupled to

a Hamamatsu photo-multiplier tube (PMT) (H2431-50) with optical grade silicone grease,

then enclosed in a light-tight wrap. Sample response was measured with a DAQ system based

on an in-house built, 250 Msample/s waveform digitizer. Thegamma response and position

of the Compton edge was determined by exposing samples to a137Cs (~1µCi) source for 5

minutes. The position of the Compton edge for each sample wascompared to the Compton

edge of an EJ-200 sample machined to the same dimensions as oursamples to determine the

relative light yield, as seen in previous literature [4, 20,21]. Samples were also exposed to a

mixed gamma/neutron radiation �eld using a244Cm/ 13C source (~60 mCi) for 20 minutes to
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determine PSD capabilities quanti�ed by the dimensionlessFigure of Merit (FoM) metric:

FoM =
Centroidn � Centroidg

FWHM n + FWHM g
(5.1)

where n and g refer to the neutron and gamma signals respectively. Further details on the

calculation of the FoM can be found in our previous work [7, 16].

5.4 Results and Discussion

Initially, we attempted to photo-initiate VT with CQ-DMABN si nce VT is used as the

matrix in state-of-the-art plastic scintillators. After 2h of curing under 470 nm light and

a 70� C post-cure, the VT sample remained a viscous liquid. To facilitate e�cient photo-

initiation, we selected a cross-linker that would incorporate the more photo-active methacry-

late group. Our previous work has shown BPA-DM increases the hardness of the plastic but

does not negatively a�ect any of the radiation response [16]. Combining 1 wt% of the estab-

lished PI system with varying concentrations of BPA-DM and PPO, we fabricated clear and

colorless 6g PVT plastics after 2 hours of 470 nm light exposure followed by a 24 hour, 70� C

post-cure under reduced argon pressure. The hardness and minimum curing time were eval-

uated for the 6g samples, with 10 wt% BPA-DM samples being optimal. When scaling up to

20g samples, the concentration of the photo-initiating system had to be re-optimized as the

1 wt% PI system led to non-homogeneous yellow plastics after2 hours of light exposure and

24 hours of 70� C reduced-pressure post-cure, likely indicating the presence of unreacted CQ

(a yellow powder). Studies have shown that the penetration depth of the light has a measur-

able e�ect on polymerization in dental polymers [10]. Rapidvitri�cation of the sample may

trap unreacted CQ, leading to the yellow discoloration. Theconcentration of the PI system

was reduced to 0.5 wt% to allow CQ to react before the plastic fully polymerized. With this

composition, clear and colorless 20g plastics scintillators (Figure 5.3) were fabricated after

2 hours of light exposure and 24 hours at 70� C under reduced pressure, as opposed to the

traditional 5-day thermal polymerization process. Decreasing the concentration further to

0.1 wt% led to soft gel-like plastics, so 0.5 wt% was used for all 20g samples.
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Figure 5.3: PVT based photopolymerized plastic scintillators (20g). From left to right 20,
25, 30 wt% PPO with 10 wt% BPA-DM. Far right 30 wt% PPO under a 365nm light.

All 20g samples in this study were over-doped (> 20 wt%) with PPO to distinguish

between neutrons and gamma rays via PSD, as discussed in our previous work [7, 16]. For

example, with 20, 25, and 30 wt% PPO, photopolymerized plastic scintillators show evidence

of PSD capabilities based on the separation of neutron and gamma ray signals in Figure 5.4,

quanti�ed by the Figure of Merit (FoM). Additional plots are shown in Figure D.1-Figure D.6

in Appendix D. According to literature, a FoM greater than 1.27is adequate for PSD [22].

Note that a FoM can be measured at any energy and increases at higher energies so measuring

FoM at lower energies, like 400-600 keVee, implies that these scintillators are well suited for

detecting neutrons and gamma rays via PSD. The FoM values in tested samples improved

with increasing concentration of PPO as expected, from 1.43, 1.64, to 1.76 respectively,

with corresponding light yields of 83, 84, and 84% compared to EJ-200 response (Table 5.1,

Figure 5.5).

Table 5.1: Properties of Photopolymerized and Thermally Polymerized Samples with 10
wt% BPA-DM

PPO
(wt%)

FoM
(400-600
keV ee)

Light Yield
(% EJ-200)

Hardness
(Shore-D)

Photo. Thermal. Photo. Thermal. Photo. Thermal.
20 1.43 1.53 83 88 67 77
25 1.64 1.71 84 94 63 75
30 1.76 1.82 84 93 63 73
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(a)

(b)

Figure 5.4: PSD plot for a 30 wt% PPO sample (a) and the corresponding energy slice
projection (b) between 400-600 keVee displaying separation between neutron and gamma
ray signals.
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Figure 5.5: 137Cs Compton edge features of photo-polymerized samples compared to EJ-200.
Comparison of Compton edge of each sample to position of Compton edge for EJ-200 was
used to determine relative light yield.

Photo-initiated plastics are capable of PSD and are comparable to analogous thermally

polymerized samples, fabricated in our previous work (Table 5.1, \Thermal") [16]. The

slightly lower FoM implies there may be a triplet state quencher present in photo-initiated

samples. One example of a triplet state quencher is oxygen [23, 24]. While these samples

were bubbled with argon to remove oxygen, the 2-hour cure took place in ambient conditions

during which time oxygen could di�use back into the sample. Preliminary studies with 20g

samples cured in a nitrogen glovebox showed similar radiation response but were soft. Further

work is underway to optimize the PI system for samples cured under nitrogen. Another

possible quenching source may be residual components of thePI system. For example, CQ,

DMABN, or their unreacted radical species may be quenching excited states, leading to

a lower FoM and/or light yield. Figure 5.6 shows an overlap between the absorption of

CQ and emission of PPO in cyclohexane. This indicates unreacted CQ may quench PPO

excited states and thus reduce 
uorescence. Solutions of CQ-DMABN, PPO, and POPOP
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indicate CQ and DMABN quenched 
uorescence, but solid-statephotoluminescence and

radioluminesence studies must be done to accurately identify quenching mechanisms.

Figure 5.6: Absorption spectra of DMABN and CQ in cyclohexane with 
uorescence spectra
of PPO in cyclohexane.

If residual CQ or DMABN are not quenching excited states, thenthe lower light yield

and/or FoM may be due to di�erences in the polymer matrix. CQ decomposes to a stable

radical upon irradiation with 470 nm light [10, 12]. This radical may remain in the sample,

quenching excited states necessary for e�cient PSD. Previous literature on the photopoly-

merization of styrene with dimethacrylates has shown, via electron spin resonance (ESR)

[25, 26] that higher concentrations of radicals do exist in samples. Highly cross-linked sys-

tems tend to have higher concentrations of entrapped radicals due to rapid gelation and

vitri�cation. As the sample transitions from gel to solid, free radicals on photo-initiators or

un-terminated polymer chains can become immobilized [27].However, these studies involve

highly cross-linked systems with 50-100 wt% of the dimethacrylate and are not necessar-

ily representative of our system [25, 26, 28]. The 70� C post-cure should help to terminate

these immobilized radical species, but it is possible some radicals still remain. We are cur-

rently designing ESR experiments to compare radical concentrations in photopolymerized

and thermally polymerized samples. If unreacted radicals detract from radiation response,

then increasing the duration of the cure or time and temperature of the post-cure should
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lead to improved radiation response by increasing mobilityand subsequent termination of

radicals. In an attempt to improve radiation response, we increased the curing time for 25

wt% PPO plastic scintillators. Curing a 25 wt% PPO sample for5 hours under 470 nm

light in air then post-curing at 70� C for 24 hours yielded a clear and colorless plastic but

the hardness remained the same as for a 25 wt% PPO sample curedfor 2 hours. A FoM of

1.56 and a light yield of 72% were also comparable to 2 hours ofcuring. Thus, increasing

the light curing time did not have a measurable e�ect on the radiation response of plastic

scintillators, so we continued with a 2-hour light cure timefor subsequent experiments. As

increasing the cure time did not have a signi�cant e�ect on the radiation response, a longer

and higher temperature post-cure was attempted. Samples with 25 wt% PPO samples were

cured under 470 nm light for 2 hours then post-cured in a vacuum oven at 80� C for 1, 2,

or 3 days. After 2 days at 80 C, the hardness was comparable to thermally polymerized 25

wt% PPO, 10 wt% BPA-DM sample (Table 5.2). However, there was nosigni�cant change

in radiation response.

Table 5.2: Properties of 25 wt% PPO, 10 wt% BPA-DM photopolymerized samples post-
cured at 80� C

Length of
Post-Cure

(Days)

FoM
(400-600 keVee)

Light Yield
(%EJ-200)

Hardness
(Shore-D)

1 1.63 80 61.5
2 1.56 78 74.5
3 1.61 78 77.0

The extended higher temperature post-cure did not improve radiation response of photo-

polymerized plastic scintillators. The slightly lower radiation detection properties may be

due to morphological di�erences inherent to the two polymerization methods. During ther-

mal polymerization, initiation is a steady-state process occurring uniformly throughout the

sample. Initiation occurs via vinyl toluene or BPADM, but this is not true for photo-

polymerization. Photoinitiation primarily occurs via the methacrylate groups on BPADM;
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as we showed earlier in this paper that VT alone does not e�ciently photo-polymerize with

CQ-DMABN, leading only to viscous liquids. With large samples and bulk polymerization,

this is no longer a steady state initiation process. The photo-initiator concentration is in-

homogeneous. CQ in the interior of the sample will only initiate polymerization after CQ

closest to the light source undergoes radical formation. This leads to a gradient in the con-

centration of CQ and an inhomogeneous polymer network [29, 30]. An irregular polymer can

prevent formation of or quench excimers necessary for energy transfer to the dopant. Sub-

sequent work characterizing and comparing the kinetics forthermal and photo-polymerized

samples should be done to ascertain di�erences in morphology.

5.5 Conclusions

PSD capable plastic scintillators comparable to the radiation response of thermally-

initiated plastic scintillators were fabricated in ~1 day via photo-initiated bulk polymer-

ization, signi�cantly reducing the time and energy required. Not only does this serve as

a proof-of-concept for photo-initiation of vinyl toluene-based systems, but this shorter and

gentler polymerization technique will allow novel, more thermally sensitive dopants to be

incorporated into plastic scintillators. Because these scintillators can be produced approxi-

mately �ve times faster than thermally-polymerized samples, we can also expedite screening

new formulations and materials. Additional work must be doneto develop photo-initiating

systems optimized for this vinyl toluene based system whilemaintaining radiation detection

properties. We have explored alternative curing and post-curing conditions, but more work

needs to be done to understand this photo-initiated system.The current photo-initiator

and polymer matrix formulation based on commercially available component serves as a

proof-of-concept for a quicker alternative route to fabricate plastic scintillators.
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CHAPTER 6

IMPROVING GAMMA RAY DETECTION IN PVT PLASTIC SCINTILLATORS

The chapter was part of a collaboration with Dr. Uwe Greife's group at Colorado School

of Mines. Allison Lim synthesized and characterized all bismuth dopants and fabricated

samples. Dr. Adam C. Mahl polished and performed radiation detection measurements on

preliminary samples. This work has not been published.

6.1 Introduction

Previous chapters discuss plastic scintillators for neutron and gamma ray discrimination,

but the radiation detection community is also interested inplastic scintillators as low-cost

detectors for gamma ray spectroscopy. Gamma ray spectroscopy can give detailed informa-

tion about the speci�c radiation source by identifying speci�c radionuclides. Unfortunately,

traditional plastic scintillators are not capable of gammaray spectroscopy for reasons de-

scribed below. Gamma rays can interact with matter in three ways: Compton scattering,

photoelectric e�ect, and pair production. Compton scattering and the photoelectric e�ect

are the two dominant interactions that occur in the energy range for which we are interested.

Of these two interactions, only Compton scattering occurs in traditional plastic scintillators

where by an incident gamma ray,h� , deposits a portion of its energy via ionization of a free

electron in the matrix or dopant, resulting in a recoiled electron, ee� , and a scattered gamma

ray, h� 0. The recoiled electron is detected at some energyEe� , which is dependent on the

scattering angle,� , as idealized in Figure 6.1 (left). This leads to a continuum of energies

measured and a Compton edge occurring at some energyEe� , where� = � , as exempli�ed

in Figure 6.1 (left, bottom). This is an inelastic process so it is impossible to calculate the

energy of the incident gamma ray,h� , for gamma ray spectroscopy. In order to identify the

energy of the incident gamma ray and collect information about the source, the photoelectric

e�ect must occur.
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The photoelectric e�ect occurs when the incident gamma ray deposits all of it's energy

in a material by ionizing an inner shell electron, resulting in an emitted electron with an

energy,Ee� :

Ee� = h� � Eb

where h� is the incident photon energy andEb is the binding energy of the electron. By

detecting the energy of the emitted electrons, the energy ofthe incident gamma ray can be

calculated. The emitted electrons with energyEe� manifest as a photopeak, as illustrated

in Figure 6.1 (right). However, the photoelectric e�ect is proportional to Ze�
5. Traditional

plastic scintillators, composed of organic molecules and polymers, have a lowZe� and thus

the photoelectric e�ect does not occur. One way to induce thephotoelectric e�ect in plastics

to achieve gamma ray spectroscopy is to introduce heavy metals such as Sn, Pb, or Bi, all

of which have highZe� .

Figure 6.1: Generalized schematic for gamma ray interactionwith a plastic. The gamma
ray can interact inelastically and only deposit some of it'senergy in the plastic matrix; this
is known as Compton scattering (left). For highZ e� , the gamma ray can deposit all of it's
energy in the plastic matrix. This e�ect is known as the photoelectric e�ect (right).

Several groups have explored heavy metal dopants includingelements such as Pb [1, 2], Sn

[1, 3], and Bi [4{9] to increase theZe� of plastic scintillators. The low toxicity of Bi compared
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to Pb and Sn renders Bi a less toxic and more environmentally friendly option. Bismuth

dopants, like many other heavy metal dopants, are often insoluble in the polymer matrix and

can lead to 
uorescence quenching. To avoid 
uorescence quenching and maintain a high

light yield, triphenylbismuth was added to a polyvinylcarbazole (PVK) polymer matrix with

an iridium triplet state sensitizer to enhance light yield.These samples had a high light yield

and good photopeak resolution but were never scaled up due tothe cost of PVK [9]. Ideally,

scintillators would be based on low cost plastics like PVT or polystyrene. Further work was

done with triphenylbismuth and bismuth methacrylate in PVT, but the samples had low LY

or poor energy resolution [4, 8]. A summary of bismuth dopants and resulting light yields

is summarized in Table 6.1. To meet the demand for high Z plastic scintillators with high

light yield, we report e�orts to synthesize and solubilize organobismuth dopants for gamma

ray spectroscopy in PVT plastic scintillators, without sacri�cing light output.

6.2 Experimental Methods

NMR spectra were measured on a JEOL ECA 500 liquid-state NMR spectrometer and

analyzed using the MestreNova software. A Thermo Electron NIcolet 4700 was used to

measure FTIR spectra and a TA Instruments TA Q500 was used for thermograviametric

analysis.

6.2.1 Synthesis of Triaryl Bismuth Dopants

General Synthesis of Triaryl Bismuth Dopants via Grignard Reaction

Bismuth trichloride was added to an oven dried round bottom 
ask �tted with an air con-

denser. After purging and re�lling three times with argon, anhydrous THF (Sigma-Aldrich)

was added to solubilize the bismuth trichloride. The solution was cooled to -10� C and the

appropriate Grignard reagent was added dropwise. The reaction was re
uxed at 70� C unless

otherwise stated and monitored for completion via TLC. Oncecomplete, the reactions were

cooled to room temperature, quenched with methanol or isopropanol and diluted with ethyl

acetate. The solution was washed with saturated sodium bicarbonate (x2), DI water (x1),
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Table 6.1: Previously reported bismuth dopants

Bi Dopant wt% wt% Bi Fluorophore(s) Matrix
LY

(Ph/MeV)
Size

(cm3)
Ref

Bi

40 19 3% DPA PVK 11880 0.036 [9]

Bi

40 19 3% FIrpic PVK 30641 0.036 [9]

Bi

3.7 1.8
22.2% PPO,

0.1% POPOP
PVT 7100 14.7 [4]

Bi

7.1 3.4
21.4% PPO,

0.1% POPOP
PVT 4600 14.7 [4]

Bi

13.3 6.3
20.0% PPO,

0.1% POPOP
PVT 3000 14.7 [4]

Bi

18.7 8.9
18.8% PPO,

0.1% POPOP
PVT 2000 14.7 [4]

Bi

23.5 11.2
17.6% PPO,

0.1% POPOP
PVT 1000 14.7 [4]

Bi

O

O

O
O

O
O

8 3.9
13.0% PPO,

0.1% POPOP
PVT 2500 20.8 [4]

Bi

O
O

O
O

O

O

40 17
1.7% PPO,

0.03%
bis-MSB

PVT 600 2.4 [4]

Bi

O
O

O

O O
O

40 16
1.7% PPO,

0.1% bis-MSB
PVT 650 2.4 [4]

Bi

O

O

O
O

O
O

15 6
2% PPO,
0.1% DPA

PVT 5000 32.8 [8]
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Figure 6.2: General scheme for synthesis of triaryl bismuth dopants.

and brine (x1) before drying with sodium sulfate and concentrating under reduced pressure.

Further puri�cation is detailed below.

Synthesis of tri-o-tolyl bismuthane (Bi(oT)3)

The general procedures for synthesis of triaryl bismuth dopants was followed using bis-

muth trichloride (10.4 mmol) and o-tolyl magnesium bromide(2.0 M in THF, Sigma-Aldrich,

36.2 mmol). The crude product was eluted with hexanes from anammonium hydroxide pre-

treated silica column with ca. 3% activated charcoal then recrystallized from hexanes.1H

NMR (500 MHz, chloroform-d) d 7.58 (dd, J = 7.3, 1.3 Hz, 1H), 7.43 { 7.34 (m, 1H), 7.30

(td, J = 7.5, 1.4 Hz, 1H), 7.13 { 7.05 (m, 1H), 2.47 (s, 3H). See Appendix E, Figure F.5

Synthesis of tri(2,6-dimethylphenyl) bismuthane (Bi(mX)3)

The general procedures for synthesis of triaryl bismuth dopants was followed using bis-

muth trichloride (1.91 mmol) and 2,6-dimethylphenyl magnesium bromide (1.0 M in THF,

Sigma-Aldrich, 7.63 mmol). The crude oil was pur�ed via 
ash chromatography and recrys-

tallized from hexanes. 1H NMR (500 MHz, DMSO-d6) d 7.14 { 7.07 (m, 6H), 7.07 { 7.02

(m, 3H), 2.24 (s, 5H), 2.23 (s, 13H). See Appendix E, Figure F.14
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Synthesis of tri(4-
uorophenyl) bismuthane (Bi(FPh3))

4-
uorophenyl magnesium bromide was prepared. Magnesium turnings (120 mmol) were

dried overnight then cooled under vacuum in a round bottom 
ask. Anhydrous THF (60 mL)

was added under argon and then a few drops of 1,2-dibromoethane (Sigma-Aldrich) were

added to activate the magnesium. The reaction was cooled to -10� C before slowly adding

1-bromo-4-
uorobenzene and allowed to come to room temperature. The reaction mixture

was re
uxed at 75� C for 24 hours then cooled to ambient temperature. The solution was

canula transferred to a solution of bismuth trichloride (1.9 mmol) in THF (25 mL) under

argon at -10� C. The reaction was stirred at ambient temperature for 1 hourthen re
uxed

for 1.5 hours. After cooling to room temperature, the generalprocedures for liquid-liquid

extraction were followed (above). The crude was puri�ed viacolumn chromatography with

silica and ca. 3% activated carbon (15% ethyl acetate, 85% hexanes) then recrystallized

from hexanes. 1H NMR (500 MHz, Chloroform-d) d 7.69 { 7.57 (m, 1H), 7.13 { 7.00 (m,

1H). See Appendix E, Figure F.10

6.2.2 Synthesis of Bismuth Alkoxide Dopants

Figure 6.3: General synthesis of bismuth alkoxide dopants via the decomposition of triaryl
bismuth.
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General Synthesis of Bismuth Alkoxide Dopants

In an oven dried schlenck 
ask, triphenyl bismuth (Combi-Blocks) was dissolved in anhydrous

toluene under argon. The reaction was heated at 90� C for 1 hour to decompose triphenyl

bismuth, then the appropriate carboxylic acid was slowly added. The reaction was monitored

by TLC and upon completion, was cooled to room temperature and worked up as detailed

below.

Synthesis of bismuth tripivalate Bi(pv)3

The general procedure for synthesis of bismuth alkoxide dopants was followed with triph-

enyl bismuth (5.9 mmol) and pivalic acid (18.7 mmol) in 15 mL anhydrous toluene. When

the reaction was complete by TLC (9:1 hexanes:EtOAc), the reaction was cooled to room

temperature, and the precipitate was �ltered and recrystallized from warm hexanes. 1H

NMR (500 MHz, DMSO-d6) d 1.09 (s, 1H). See Appendix E, Figure F.11

Synthesis of bismuth trimethacrylate Bi(ma)3

Triphenyl bismuth (Strem, 21.5 mmol) was added to a dry roundbottom 
ask �tted with

an air condensor. After purging with argon (x3), methacrylicacid (TCI America, 25 mL,

0.296 mol) was added and heated to 120� C for 1 hour. The reaction was then cooled to room

temperature, �ltered through a fritted glass funnel and washed with chloroform resulting in

a white powder. 1H NMR (500 MHz, DMSO-d6) d 5.87 (s, 3H), 5.45 (s, 3H), 1.78 (s, 9H).

See Appendix E, Figure F.12

Synthesis of bismuth tribenzoate Bi(bza)3

Followed the general procedure for synthesis of bismuth alkoxides with triphenyl bismuth

(3.49 mmol) and benzoic acid (11.1 mmol) until TLC (hexanes)showed no evidence of triph-

enyl bismuth. The reaction was cooled to room temperature and �ltered through fritted glass

funnel and washed with hexanes. Dissolved in minimal warm THFthen precipitated into
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cold hexanes. Collected a �ne white powder.1H NMR (500 MHz, DMSO-d6) d 7.91 (d, J =

6.8 Hz, 2H), 7.51 (d, J = 45.8 Hz, 3H). See Appendix E, Figure F.13

6.2.3 Functionalization of Bismuth (III) Oxide Nanoparticles

Synthesis of SiO2@Bi2O3 Nanoparticles

IGEPAL co-520 (Sigma-Aldrich, 3.6 g) was dissolved by sonication in cyclohexane (Sigma-

Aldrich) in an oven dried 2 neck round bottom 
ask. Bismuth (III) oxide nanoparticles (Alfa

Aesar, 38 nm, 50 mg) were suspended in 5 mL cyclohexanes then added to the round bot-

tom 
ask and sonicated for 10 minutes. Ammonium hydroxide (Sigma-Aldrich, 500 � L)

was added and the solution was stirred for 5 minutes before adding tetraethyl orthosilicate

(Sigma-Aldrich, 375� L). After 24 hours, the solution was centrifuged and the nanoparticles

were re-dispersed in hexanes. Repeated 2 more times then dried under vacuum.

Synthesis of Methacrylate Functionalized Bi2O3 Nanoparticles

IGEPAL co-520 (Sigma-Aldrich, 21.6 g) was dissolved by sonication in cyclohexane

(Sigma-Aldrich) in an oven dried 2 neck round bottom 
ask. Bismuth (III) oxide nanopar-

ticles (Alfa Aesar, 38 nm, 300 mg) were used as received and added to the solution was

sonicated for 20 minutes before stirring vigorously. Ammonium hydroxide (Sigma-Aldrich, 3

mL) was added dropwise then stirred for 5 minutes before adding 3-(trimethoxysilyl)propyl

methacrylate (TCI America, 2.4 mL) dropwise. The solution was heated to 50� C for 24

hours then 60� C for an additional 24 hours. The reaction was cooled to room temperature,

centrifuged, then re-suspended in toluene. The centrifugeand resuspension process was

repeated two more times.

6.2.4 Fabrication and Characterization of Bismuth Doped Plastic Scin tillators

Thermally initiated and photo-initiated poly(vinyl tolue ne) samples (2 g) were fabricated

according to methods outlined in Chapters 2 and 5. Brie
y, glass vials were silanized using
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dichlorodimethylsilane (Sigma-Aldrich) and the appropriate dopants and wavelength shifters

were weighed, added to the vial, then dissolved with uninhibited vinyl toluene monomer (TCI

America, mixture of isomers). For thermally initiated samples, azobisisobutyrnitrile (AIBN)

(recrystallized twice from methanol) was dissolved in the uninhibited vinyl toluene. The

photo-initiators were added to each sample individually. The solution was then bubbled

with argon for at least 20 minutes before polymerization. Thermal polymerization occurred

at 80� C for 4 days then 90� C for 1 day. Photo-polymerized samples were cured for 2 hours

with a 470 nm, 150 W LED set up then post cured under various conditions outlined below.

6.3 Results and Discussion

Previous work with PVT-triphenylbismuth scintillators showed good energy resolution

despite susceptibility to degradation [4], so three other triarylbismuth dopants were synthe-

sized, shown in Figure 6.2. Due to the low melting points, tabulated in Table 6.2, 1 g samples

were fabricated at 60-80� C for 5 days instead of the standard 80-90� C process. At 5 wt%,

all synthesized dopants and triphenylbismuth were solublein vinyl toluene as observed in

Figure 6.4a, but decomposed during polymerization as evidenced by the opacity and yellow

color of the samples seen in Figure 6.4b-f. Suspecting thermal degradation, we attempted to

fabricate PVT-Bi(Ph) 3 samples via photopolymerization with 1 wt% of the photo-initiating

system (1:1 CQ:DMABN) and 10 wt% BPADM. We predicted the faster,lower temperature

photopolymerization would circumvent thermal degradation. Initially, Bi(Ph) 3 was soluble

in vinyl toluene, as seen in Figure 6.5. The yellow color is dueto the pigmented CQ used as

the photo-initiator that becomes clear as it decomposes. During light exposure, the samples

became black, indicating bismuth dopants still decomposedat room temperature. After a

post-cure at 50� C overnight, the samples lost the black color but were brittle gels when

broken out of vials. Triphenylbismuth and the synthesized triaryl bismuth dopants may be

susceptible to radical attack, not just thermal degradation as evidenced by the blackening

and incomplete polymerization in photopolymerized samples.
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Figure 6.4: 1 g PVT samples with 5 wt% of various bismuth dopantsafter a) dissolution
and degassing in vinyl toluene monomer then b) 24 hours at 60� C and c) an additional 24
hours at 60� C followed by d) 24 hours at 70� C then e) 24 hours at 80� C and �nally f) 24
hours at 90� C.

Table 6.2: Thermal properties of bismuth dopants

Dopant Td (� C) Tm (� C)
Bi(Ph) 3 212 78
Bi(mX) 3 228 128
Bi(oT) 3 188 132

Bi(FPh) 3 201 78
Bi(pv) 3 135 167
Bi(ma)3 141 Polymerized
Bi(bza)3 248 Unable to det. by DSC
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Figure 6.5: 2 g photopolymerized PVT samples with 10 wt% BPADM and 1 wt% of the
photo-initiating system (1:1 CQ:DMABN) and 5 wt% (top) or 10 wt% (bottom) Bi(Ph) 3.
The bismuth dopant and photoinitiating system were dissolved in vinyl toluene monomer
(a), then exposed to 470 nm light for 1.5 hours (b) followed byan additional 1.5 hours (c).
The samples were then transferred into a vacuum oven and cured at 50� C for 1.5 hours (d),
3 hours (e), then overnight (f).

Since triarylbismuth dopants did not seem stable under thermal or photo-initiated radical

polymerization, bismuth trialkoxides, shown in Figure 6.3,were synthesized as more stable

bismuth dopants. We hypothesized that the bismuth-oxygen bonds would be more stable and

less sesceptible to thermal, hydrolytic, and/or radical degradation. However, when added at

1 and 10 wt% to vinyl toluene, none of the bismuth alkoxide dopants were soluble, forming

opaque, white dispersions pictured in Figure 6.6. The dopants were insoluble during the

polymerization process likely due to their highly polar nature, but did not turn yellow or

brown, indicating the dopants were stable under polymerization conditions. Longer alkyl

chains could act as solubilizing groups and were considered, but increasing the molecular

weight of bismuth dopants by adding solubilizing groups e�ectively decreases the mol% of

bismuth. Thus, while bismuth trialkoxides were more stablethan triaryl bismuth dopants,

the insolubility limited their application to PVT scintilla tors.

Neither bismuth alkoxides or triarylbismuth dopants balanced solubility and stability,

so a third class of bismuth dopants, bismuth (III) oxide nanoparticles, were explored as a

stable and soluble alternative to organobismuth dopants. Bismuth (III) oxide nanoparticles

(38 nm) were initially dispersed in vinyl toluene monomer with 1-10 wt% PPO and 0.1 wt%

POPOP but aggregated at the bottom of the sample during polymerization. In an attempt

to better solubilize the dopants, the particles were coatedwith a thin layer of SiO2 using
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Figure 6.6: 2 g PVT samples with 1 or 10 wt% of bismuth alkoxide dopants after 4 days at
80� C and 1 day at 90� C.

tetraethoxy silane (TEOS). IGEPAL-CO-520 was used as a non-ionic surfactant to limit the

thickness of the SiO2 layer and prevent aggregation [10]. FTIR of the coated bismuth oxide

nanoparticles showed a strong band at 1046 cm-1 with a broad shoulder at approximately 1220

cm-1, indicative of amorphous SiO2[11]. Access to SEM, TEM, or Dynamic Light Scattering

(DLS) was unavailable at the time thus the thickness of the SiO2 layer was not quanti�ed.

Despite evidence of a silica coating, the bismuth oxide nanoparticles still aggregated at the

bottom of the sample.

Figure 6.7: FTIR spectra of SiO2@Bi2O3 coated nanoparticles shows a strong band at 1046
cm-1, indicating successful coating of the bismuth oxide nanoparticles with SiO2.

To lock the bismuth oxide nanoparticles into a homogeneous dispersion within the poly-

mer, we attempted to decrease the polymerization time usingpre-polymerized vinyl toluene.

The monomer solution containing all components except the bismuth nanoparticles was
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heated at 80� C for 2 hours to form a more viscous solution. The nanoparticles were then

added and sonicated, but the bismuth oxide still aggregatedduring the bulk polymerization

as seen in Figure 6.8.

Figure 6.8: 2 g PVT samples containing 1 wt% PPO and 0.1 wt% POPOPwith varying
concentrations of bismuth (III) oxide nanoparticles.

Figure 6.9: Scheme for synthesis of 3-(trimethoxysilyl)propyl methacrylate coated bismuth
oxide nanoparticles where the blue band represents O-Si-Bi-O bonding at the interface.

As the bare bismuth oxide nanoparticles were not easily dispersed in the VT monomer

solution and subsequent polymerized PVT matrix, surface functionalization with organic

groups was performed. We selected 3-(trimethoxysilyl)propyl methacrylate to functional-

ize the bismuth (III) oxide nanoparticles, as shown in Figure6.9. We predicted that the

polymerizable methacrylate groups would help disperse thebismuth oxide nanoparticles via

chemical integration into the polymer matrix. FTIR of the functionalized nanoparticles,

shown in Figure 6.10, suggested successful functionalization based on the appearance of the

C=O stretch at ca. 1720 cm� 1and the C=C alkene stretch ca. 1640 cm� 1. The higher

temperature, 2 day process was unsuccessful, likely due to the methacrylate self reaction

instead of reacting with the surface. TGA of the bismuth oxide nanoparticles reacted with

3-(trimethoxysilyl)propyl methacrylate for 2 and 4 days atroom temperature show that the

longer reaction time leads to a higher degree of functionalization, evident from the larger
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mass loss (Figure 6.11). Assuming the reported surface area ofthe bismuth oxide nanopar-

ticles (180 m2/g) is unchanged, the approximate surface coverage is 0.12 mmol/m 2 and 0.51

mmol/m 2 for the 2 and 4 day room temperature reactions respectively [12]. Preliminary 2

g samples with the 4 day functionalized bismuth oxide nanoparticles appeared better dis-

persed than the unmodi�ed particles but further work to incorporate the functionalized

nanoparticles in thermal and photopolymerized samples must be conducted.

Figure 6.10: FTIR spectra of bismuth oxide nanoparticles unmodi�ed and reacted with
3-(trimethoxysilyl)propyl methacrylate for 2 days at 60� C, 2 days at room temperature, and
4 days at room temperature.

6.4 Conclusion

Gamma ray spectroscopy via the photoelectric e�ect allows for identi�cation of radionu-

clides, further improving the accuracy of detection of special nuclear materials. In order to

induce the photoelectric e�ect in plastic scintillators, heavy metals such as Bi, Pb, or Sn are

required to increase the e�ective atomic number. Incorporating heavy elements in plastic

comes at a cost; highZ elements under go the photoelectric e�ect but also quench 
uores-

cence, leading to a lower light yield and less accurate plastic scintillators. We attempted

to synthesize 3 di�erent classes of soluble bismuth dopantsin order to increase the bismuth

loading without a�ecting the light yield. Initially, triar ylbismuth dopants were synthesized

but were not stable under thermal or photopolymerization conditions, so a group of bismuth

trialkoxides were explored. The alkoxides were more thermally stable but insoluble in PVT.
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Figure 6.11: TGA decomposition pro�les of unmodi�ed bismuthoxide nanoparticles and
bismuth oxide nanoparticles reacted with 3-(trimethoxysilyl)propyl methacrylate for 2 and
4 days at room tempertaure. All samples were run in air.

Finally, we attempted to suspend bismuth (III) oxide nanoparticles in PVT. This would

allow for very high concentrations of Bi to be incorporated.At this time, we were unable

to achieve a homogenous distribution of nanoparticles within the polymer matrix, but the

nanoparticles still remain the most promising. Future workshould focus on functionalizing

the bismuth (III) oxide nanoparticles and synthesizing smaller particles for use as dopants

in plastic scintillators.
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CHAPTER 7

CONCLUSIONS AND FUTURE OUTLOOK

7.1 Summary of Dissertation

Plastic scintillators are currently used at borders and ports of entry as a �rst line of

detection for special nuclear materials (SNMs). Unfortunately, plastic scintillators are trig-

gered by naturally occurring radioactive materials (NORMs)as well as SNMs due to their

sensitivity to gamma rays. Recent work has developed formulations capable of distinguishing

neutrons from gamma rays, leading to more accurate detection of neutron emitting SNMs

[1, 2]. However, the state of the art method of distinguishingneutrons and gamma rays

with plastic scintillators required high concentrations of 
uorescent dopant to achieve pulse

shape discrimination (PSD). High loadings of dopant leads tolower glass transition temper-

ature and dopant aggregation/leaching, which decreases the lifetime and e�ciency of plastic

scintillators [3]. PSD capable plastic scintillators mustbe stable, scalable, and capable of

discriminating between neutrons and gamma rays to accurately detect SNMs. Balancing the

material and radiation detection properties requires careful selection of all the components

in plastic scintillators. This thesis was divided into three topics that address separate parts

of this issue.

Topic 1: Manipulating material properties of plastic scintillators

In Chapters 2, 3 and 4, material properties of PSD capable plastic scintillators were

manipulated using common polymer science techniques without negatively a�ecting the ra-

diation detection properties. First, aromatic di(meth)acrylate cross-linkers were predicted

to increase hardness and glass transition temperature without a�ecting PSD capabilities of

the traditional PVT-PPO formulation. The aromaticity was th ought to help retain radi-

ation detection capabilities while the methacrylate groups and cross-linking increased the

hardness and glass transition temperature. The cross-linked matrix should be explored with
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other dopants, both commercial and synthesized. This strategy improved material proper-

ties but did not necessarily prevent dopant precipitation as the dopant was still blended or

dissolved in the matrix. Thus, polymerizable dopants were synthesized by chemically adding

methacrylate groups to PPO.

Covalently bonding the dopant to the polymer matrix via synthesis of polymerizable

dopants was thought to eliminate dopant leaching and aggregation of over-doped PVT scin-

tillators. While the radiation detection capabilities wereslightly inferior to traditional PVT-

PPO samples, this served as a proof of concept that polymerizable dopants could improve

the hardness and glass transition temperature properties of plastic scintillators and still

achieve PSD. As with the cross-linked formulation, more rigorous characterization of the

matrix would help understand why these samples performed slightly worse than traditional

over-doped analogues. Molecular weight determination andthe average repeat length of

the random co-polymer may help us understand how distance between dopants a�ects PSD

capabilities. Samples with polymerizable dopants also transitioned from opaque to trans-

parent as the concentration of dopant increased. The characterization of the repeat length

and understanding the kinetics would help tease out the reasons behind this transformation.

Polymerizable dopants and cross-linking exemplify two polymer science techniques ap-

plied to plastic scintillators that successfully improvedmaterial properties and retained PSD

capabilities. The �nal portion of this topic explored polysiloxane-based scintillators. It was

hypothesized that high phenyl content polysiloxanes wouldbe 
exible yet capable of high

light output and good PSD. At 4x lower concentrations and quicker and simpler fabrication

than PVT scintillators, the polysiloxane samples rivaled commercial PVT samples in all scin-

tillation metrics. Demonstrating that polysiloxane scintillators were capable of good PSD

opened up the possibility for a variety of new applications due to their elastomeric and sim-

ple quick curing properties. Polysiloxane scintillators is a relatively new area of exploration

in the Sellinger lab and is discussed in detail in the following Future Work section.

Topic 2: Improving fabrication of plastic scintillators
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One of the drawbacks of PVT based plastic scintillators is thelong, high temperature,

oxygen sensitive polymerization process. In academic settings, scintillators are fabricated via

a radically initiated bulk polymerization. This is very sensitive to oxygen and requires tem-

peratures between 70-150� C for 5-7 days. Combining photointiators with the dimethacrylate

cross-linker from Chapter 2 was thought to allow for bulk photopolymerization of PSD capa-

ble plastic scintillators. A formulation was developed that could be fabricated in one day in

air at 70� C via photo-initiated polymerization. Using the same dimethacrylate cross-linker

from Chapter 2, samples could be exposed to 470 nm light for 2 hours in air and then post-

cured at 70� C. This reduced the time of fabrication �ve fold and opens up the possibility

for use of thermally sensitive dopants and additive manufacturing. However, the photo-

intiating system seemed to quench the light yield. Alternative photo-initiating systems such

as phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) have shown promising results

but samples have not been tested for LY or PSD. The BAPO photoinitiator was used with

organic glass forming molecules and vinyl toluene as part ofa collaboration with Sandia

National Laboratory (Livermore) to fabricate bar shaped scintillators. Future work should

focus on combining glass forming molecules with the photo-polymerizable formulation in

order to achieve e�cient scintillators with a variety of form factors.

Polysiloxane scintillators with high light output and excellent PSD are also fabricated

in 3-5 hours at 150� C in air, much quicker than traditional PVT scintillators. Polysilox-

anes can also be photo-initiated, expanding the possible fabrication techniques to additive

manufacturing as well.

Topic 3: Enhancing gamma ray detection in plastic scintillators

In order to better detect gamma rays and identify the source,dopants with a high atomic

number can be incorporated. Elements such as lead, bismuth,and tin can lead to the

photoelectric e�ect in plastic scintillators, providing spectroscopic information on the gamma

ray source. Incorporating bismuth dopants with low toxicity was hypothesized to increase

Ze� and lead to the photoelectric e�ect in plastic scintillators. Three di�erent classes of
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bismuth dopants were incorporated into PVT scintillators inan attempt to balance solubility

and stability of the dopants. Unfortunately, none of the bismuth dopants led to samples

that produced the photoelectric e�ect. Of the three classesof dopants explored, surface

functionalized bismuth oxide nanoparticles were the most promising. Exploring smaller

nanoparticles and selecting di�erent functional groups should help suspend the bismuth oxide

nanoparticles in the polymer matrix. Additionally, these nanoparticles could be incorporated

in the polysiloxane matrix, which cures quicker than the PVT formulation.

The work in this dissertation took an interdisciplinary material science approach to un-

derstanding and improving plastic scintillators for radiation detection. In the future, we

hope a continued collaboration between chemists, nuclear engineers, physicists, and mate-

rial/polymer scientists will lead to a deeper understanding and rational design of plastic

scintillators for a wide variety of applications.

7.2 Future Work

Plastic scintillators have been studied as a cost e�ective �rst line of detection, but there

are only a handful of dopant-matrix combinations that exhibit good neutron-gamma ray dis-

crimination. New matrix formulations, like the dimethacrylate cross-linkers, polymerizable

dopants, and polysiloxanes begin to explore alternatives to traditional PVT scintillators and

address material and fabrication shortcomings. However, very little work has been done

to identify the underlying criteria that leads to a good matrix or dopant for PSD capable

plastic scintillators. Future work on better understanding the PSD mechanism and the how

the chemistry of the components a�ects radiation detectioncapabilities will be imperative

for development of novel formulations. Based on the work in this dissertation, two routes of

future work have emerged, dopant development and matrix development/characterization.

7.2.1 Dopant development

In order to understand why very few dopants are capable of PSDin PVT scintillators,

dopant synthesis must be coupled with computation and characterization. Computation has
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been underutilized in dopant exploration. Some work in the Sellinger group has explored

ground state geometry, but ideally we would like to be able toestimate triplet excited state

energies to examine the e�ects of energetics on triplet triplet annihilation (TTA).

Not only does dopant design and synthesis need to be paired with computation, but future

work must include more rigorous characterization to understanding intermolecular e�ects.

For example, in polysiloxane scintillators, only 4-5 wt% ofdopants are required for PSD,

as opposed to 20-30 wt% in PVT (Chapter 4). We hypothesized this may be due to lower

solubility leading to favorable aggregation within the polysiloxane matrix but were unable

to conclusively con�rm this. In the future, dopant development must be coupled with solid

state absorption and emission as well as techniques like XRD,solid state NMR, or TEM

in order to try and characterize dopant aggregates. Finally,we have used solution based

relative PLQY to evaluate the potential e�ciency of dopants in plastic scintillators. This is

a rough estimate as often times dopants with good PLQY have low LY and FoM in plastic

scintillators. Solid state PLQY measurements with varioussources including a neutron

source would give us a better idea of what a�ects the LY and PSDof plastic scintillators. I

also believe that the lifetime of triplet and singlet excited states may have an a�ect on the

LY and PSD. Longer triplet state lifetimes increase the potential for triplet state di�usion

and TTA, leading to better FoM. By measuring the triplet state lifetime and synthesizing

dopants with long lifetimes we may be able to design more e�cient primary dopants.

With these computational and characterization criteria in mind, there are three avenues

for dopant development. First, thiazole based dopants (Figure 7.1) can be explored to under-

stand the e�ect of heteroatoms on LY and PSD. Preliminary work with 2,5-diphenylthiazole

shows the dopant crystallizes easily and is less soluble in polysiloxanes and PVT than PPO.

Ideally, future work will continue to explore di�erent derivatives and characterize the lifetime

of these thiazole analogues to PPO.

The second avenue for dopant development is thermally activated delayed 
uorescent

(TADF) dopants. TADF dopants take advantage of reverse intersystem crossing between
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Figure 7.1: Structures of proposed thiazole dopants. The R group can be an alkyl chain to
increase solubility or a polymerizable group as seen in Chapter 3 with polymerizable PPO
dopants.

close singlet and triplet excited states. In molecules withtriplet and singlet excited states

that are very close in energy, triplet excited states can reverse intersystem cross and populate

singlet excited states, illustrated in Figure 7.2. This leads to delayed 
uorescence arising

from an intramolecular phenomenon, rather than relying on TTA which requires triplet

state di�usion between multiple molecules. Theoretically, this would lead to PSD at lower

dopant concentrations, eliminating the plasticizing e�ects due to over-doping. Hajagos et

al. incorporated TADF molecules developed for OLEDs in PVT scintillators and observed

signs of neutron and gamma ray separation, but were unable toachieve good PSD at low

concentrations [4]. Preliminary collaborative work with Georgia Tech (Prof. Anna Erickson's

group) using TADF based sulfones in polysiloxanes showed very high light yields but low

solubility and no PSD. Further work must be done to optimize testing set ups and develop

TADF molecules for radiation detection applications.

The �nal area of dopant development suggested are silsesquioxanes. This group of

dopants was previously studied in the Sellinger group. Heck coupling of vinyl silsesquioxanes

with brominated PPO derivatives led to PPO - silsesquioxanes with varying amounts of PPO

attached to the silsesquioxane core and unreacted vinyl groups. Upon incorporation with

PVT, the samples turned brown likely due to decomposition under the radical polymerization

conditions, thus silsesquioxanes were not pursued further. Now that polysiloxane matrices

are being explored, silsesquioxanes functionalized with PPO or PhF should be revisited.

An example of a functionalized silsesquioxane core is depicted in Figure 7.3. Immobilizing

dopants on the silsesquioxane core will suppress dopant aggregation and could decrease the
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Figure 7.2: Scheme of TADF mechanism. Triplet excited state ispopulated and can tran-
sition to a singlet excited state via reverse intersystem crossing (RISC) if �E ST is small.

distance between triplet excited states to promote TTA. Since the polysiloxane resins are

cured via Karstedt's Pt catalyst together with condensation reactions, there should not be

reactive radicals present that can attack the silsesquioxane core. Additionally, the unreacted

vinyl groups might be serendipitous as they can react with silicon hydride groups present in

the polysiloxane resin, increasing cross-linking densityand co-polymerizing the dopant into

the matrix. Characterization of these silsesquioxane dopants will be important: UV-Vis/PL

and lifetime measurements at minimum should be done to understand aggregation e�ects.

Figure 7.3: Example of Heck coupling of PPO and vinyl silsequioxane for use as a polymer-
izable dopant in polysiloxane matrices.

115



7.2.2 Matrix development

Chapter 4 showed polysiloxanes could be used as matrices forPSD capable plastic scintil-

lators. A commercial polysiloxane from Wacker was used as the matrix for its high refractive

index and phenyl content. Similar formulations did not perform as well. While these ma-

trices had demonstrated high LY and FoM with low dopant loadings, the formulations are

proprietary. Without knowledge of the components of the matrix, it is di�cult to understand

why the polysiloxane scintillators are successful and how we can design better matrices. Fu-

ture work should focus on understanding how polysiloxane matrices promote PSD at low

dopant loadings through matrix modi�cation and development. Fabricating custom matri-

ces and controlling properties such as degree of cross-linking, phenyl content, phenyl group

connectivity and other additives would give us an idea of what promotes PSD in polysilox-

ane scintillators. Custom matrices also opens up the possibility for alternative fabrication

methods and incorporation of new dopants.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 2

Supporting Information to a paper published inNuclear Instruments and Methods in

Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment

Adam Mahl1;� , Allison Lim 2;� , Joseph Latta1, Henok A. Yemam2, Uwe Greife1, Alan

Sellinger2;y

A.1 Chemical Characterization

NMR was performed on a JEOL 500 MHz liquid state NMR and spectra were analyzed

using the MestReNova software. GC-MS was performed on VarianCP-3800 GC coupled to

a 1200 L Quadrapole MS/MS with a Restek Rsi column.

A.2 Synthesis of BPAF-DM

4,4'-(Hexa
uoroisopropylidene)diphenol (Sigma-Aldrich)(7.11 g, 0.021 mol, 1 eq.) was

dissolved in anhydrous THF (Sigma-Aldrich) under argon and cooled to 0‰. Methacrylic

acid (TCI America) (4.56 g, 0.053 mol, 2.5 eq.), N,N'-diisopropylcarbodiimide (DIC) (Sigma-

Aldrich) (6.67 g, 0.053 mol, 2.5 eq.), and 4-N,N-dimethylaminopyridine (DMAP) (Sigma-

Aldrich) (3.88 g, 0.032 mol, 1.5 eq.) were used as received andslowly added sequentially. The

reaction was allowed to come to room temperature and checkedfor completion via TLC (5:1

hexanes:ethyl acetate). Liquid-liquid extraction was performed with 5% HCl (x2), saturated

sodium bicarbonate (x2), DI-water (x1), and brine (x1) and the resulting organic layer was

1Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
2Department of Chemistry and Materials Science Program, Colorado School ofMines, Golden, CO 80401,
USA

* These authors contributed equally to this publication.
„ Corresponding Author: aselli@mines.edu.
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dried with anhydrous magnesium sulfate (Sigma-Aldrich) before concentrating on a rotary

evaporator using room temperature water bath temperature.The crude white powder was

puri�ed via 
ash chromatography and recrystallized in hexanes to a�ord a white solid (78%

yield). 1H NMR (500 MHz, DMSO-d6) � 7.38 (d, J = 8.7 Hz, 2H), 7.31 (d, J = 8.8 Hz, 2H),

6.26 (s, 1H), 5.89 (s, 1H), 1.97 (s, 3H). 13C NMR (126 MHz, DMSO-d6) � 165.28, 151.73,

135.56, 131.47, 130.10, 128.49, 124.39 (q, J = 286.4 Hz), 122.61, 63.97 (p, J = 25.2, 24.5

Hz), 18.42. 19F NMR (471 MHz, DMSO-d6) � -63.24. GC/MS expectedm/z 472.38. Actual

m/z 472.3. Melting Point 108‰. Decomposition temperature 220‰. Figure A.1

CF3F3C

O

O

O

O

O

OH

CF3F3C

HO OH

BPAF-DM

+ DIC, DMAP

THF, 0 °C to rt

+ 2H2O2

(perfluoropropane-2,2-diyl)bis(4,1-phenylene) bis(2-methylacrylate)
Chemical Formula: C23H18F6O4

Molecular Weight: 472.38

Figure A.1: Synthesis of BPAF-DM via Steglich esteri�caiton.

A.3 Dopant Characterization

A.4 Sample Photographs

A.5 Plastics Characterization

Table A.1: LY, FoM and Hardness Properties of BPAF-DM samples

BPAF-
DM
(wt%)

Light Yield
(% of BC-408)

FoM @
100-200 keVee

FoM @
400-600 keVee

Hardness
(Shore-D)

I II III I II III I II III I II III
0 87 81 89 1.03 1.16 1.38 1.47 1.71 1.88 66 65 6
5 89 92 93 1.10 1.15 1.39 1.53 1.60 1.91 75 70 45
8 89 90 93 1.09 1.24 1.37 1.52 1.73 2.00 78 73 63

I { Samples contain 20 wt% PPO

II { Samples contain 25 wt% PPO

III { Samples contain 30 wt% PPO
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Figure A.2: 1H NMR of BPAF-DM.
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Figure A.3: 13C NMR of BPAF-DM.
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Figure A.4: 19F NMR of BPAF-DM.

Table A.2: Thermal Decomposition of BPA-DM. Onset 1 is likely PPO sublimation from
the plastic sample.

PPO
(wt%)

BPA-DM
(wt%)

Onset 1 (‰) Onset 2 (‰) Tmax Slope
(‰)

Max Slope
(wt%/ ‰)

Tg (‰)

20
0 165.1± 4.8 368.8± 2.6 399.3± 1.8 1.40± 0.05 36.3± 0.5
5 179.0± 4.5 355.6± 14.4 400.0± 2.3 1.20± 0.17 57.9± 2.8
8 154.4± 2.6 345.4± 3.2 393.1± 4.1 1.04± 0.04 49.6± 0.5

25
0 181.9± 4.7 362.4± 2.1 397.2± 1.0 1.21± 0.04 30.1± 1.0
5 181.4± 0.5 367.9± 3.6 402.7± 0.9 1.16± 0.13 42.5± 2.0
8 176.5± 5.1 357.1± 6.3 401.9± 2.8 1.03± 0.02 48.8± 4.7

30
0 183.3± 2.1 375.4± 1.1 403.5± 1.1 1.21± 0.02 20.7± 2.0
5 167.0± 1.7 361.9± 7.9 396.5± 1.2 1.11± 0.09 31.2± 2.4
8 182.9± 1.9 369.0± 3.2 402.4± 2.3 1.02± 0.01 34.8± 0.4
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Print Date:  08 Sep 2017 12:57:32

Chromatogram Plot

File: ...inger\allison\data\20170617_bpafdm_16-17-20176-27-32 pmstandard.xms
Sample: 20170617_bpafdm_1                 Operator: Chemistry
Scan Range: 1 - 2986 Time Range: 5.12 - 31.52 min. Date: 6/17/2017 6:27 PM
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GCounts 20170617_bpafdm_16-17-20176-27-32 PMstandard.xms TIC Filtered
20.0:700.0> 1A

   Seg 1, Time: 5.12-31.52, Scan Functions: 1

688 801 913 1026 Scans

11
.6

2

(a)

Print Date:  08 Sep 2017 12:55:14

Scan 757 from ...son\data\20170617_bpafdm_16-17-20176-27-32 pmstandard.xms

Spectrum from ...0170617_bpafdm_16-17-20176-27-32 pmstandard.xms
Scan No: 757,  Time: 11.617 minutes
3 points averaged.  Not background corrected.
Comment: 11.617 min. Scans: 756-758 20.0:700.0> Ion: NA RIC: 1.530e+10
Pair Count: 606   MW: 0   Formula: None
CAS No: None  Acquired Range: 20.0 - 700.0 m/z
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Spectrum 1A
11.617 min, Scans: 756-758, 20.0:700.0>, Ion: NA, RIC: 1.530e+10BP: 69.1 (1.675e+9=100%), 20170617_bpafdm_16-17-20176-27-32 pmstandard.xms

(b)

Figure A.5: GC-MS chromatogram (a) and mass spectrum (b) of pure BPAF-DM.
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Figure A.6: DSC curve for BPAF-DM displaying melting point and polymerization peaks.
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Figure A.7: TGA decomposition pro�le for BPAF-DM.
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Figure A.8: Photos of BPAF-DM samples. Each square is 1 cm by 1 cm.

Table A.3: Thermal decomposition of BPAF-DM modi�ed scintillators. Onset 1 is likely
PPO sublimation from the plastic sample.

PPO
(wt%)

BPA-DM
(wt%)

Onset 1 (‰) Onset 2 (‰) Tmax Slope
(‰)

Max Slope
(wt%/ ‰)

Tg (‰)

20
0 165.1± 4.8 368.8± 2.6 399.3± 1.8 1.4 ± 0.05 36.3± 0.5
5 164.9± 0.6 357.7± 5.9 393.5± 2.7 1.3 ± 0.14 43.2± 1.3
8 166.7± 2.3 362.7± 9.2 396.5± 0.3 1.2 ± 0.11 45.0± 1.0

25
0 181.9± 4.7 362.4± 2.1 397.2± 1.0 1.2 ± 0.04 30.1± 1.0
5 175.2± 1.7 361.9± 4.8 394.4± 2.2 1.1 ± 0.09 24.1± 0.9
8 164.4± 1.4 359.7± 2.8 398.1± 1.9 1.1 ± 0.03 32.0± 0.7

30
0 183.3± 2.1 375.4± 1.1 403.5± 1.1 1.2 ± 0.02 20.7± 2.0
5 173.0± 3.0 363.7± 5.2 396.5± 0.3 1.2 ± 0.12 27.5± 0.9
8 164.1± 4.1 380.5± 11.5 399.7± 3.2 1.2 ± 0.03 22.6± 2.8
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Figure A.9: Photos of BPA-DM samples with 20 wt% PPO. Each squareis 1 cm by 1 cm.
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Figure A.10: Photos of BPA-DM samples with 25 wt% PPO. Each square is 1 cm by 1 cm.
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Figure A.11: Photos of BPA-DM samples with 30 wt% PPO. Each square is 1 cm by 1 cm.
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Figure A.12: Thermal decomposition curves for cross-linked and uncross-linked samples.
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Figure A.13: 137Cs Compton edge features of plastic scintillators with varying concentrations
(0-10 wt%) of BPA-DM and 20 wt% PPO.

Figure A.14: 137Cs Compton edge features of BPAF-DM linked samples (detailed in ta-
ble Table A.1)
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Figure A.15: Energy-calibrated signal plot for a 30 wt% PPO over-doped samples with 8
wt% BPAF-DM displaying PSD.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3

Supporting Information to a paper published in theACS Applied Polymer Materials

Allison Lim 1* , Griselda Hernandez1* , Joseph Latta2 , Henok A. Yemam3, Wasana

Senevirathna3 , Uwe Greife2,4, Alan Sellinger1,3 „

B.1 Chemical Characterization of Fluosrescent Monomers

Figure B.1: 1H NMR of MA-PPO.

B.2 Radiation Detection and Material Properties of Plastic Scint illators

1Materials Science Program, Colorado School of Mines, Golden, CO 80401, USA
2Nuclear Science and Engineering Program, Colorado School of Mines, Golden, CO 80401
3Department of Chemistry, Colorado School of Mines, Golden, CO 80401
4Department of Physics, Colorado School of Mines, Golden, CO, 80401
* Authors contributed equally to this publication.
„ Corresponding Author: aselli@mines.edu.
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Figure B.2: 13C NMR of MA-PPO.

Figure B.3: 1H NMR of EtMA-PPO.
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Figure B.4: 13C NMR of EtMA-PPO.

Figure B.5: 1H NMR of PrMA-PPO.
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Figure B.6: 13C NMR of PrMA-PPO.

Figure B.7: DSC heating curves displaying distinct melting temperatures for MA-PPO,
EtMA-PPO, PrMA-PPO and polymerization exotherms, induced with 0.25 wt% AIBN.
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Figure B.8: Solid-state emission spectra of PVT based plasticscintillators with varying
dopants. The large redshift and broadening of the MA-PPO is attributed to the opaque
sample and implied aggregation and/or phase separation.
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Figure B.9: The PSD plots of 6 g PVT samples containing 0.1wt% POPOP and a) 20 wt%
MA-PPO b) 25 wt% MA-PPO c) 30 wt% MA-PPO d) 20 wt% EtMA-PPO e) 30 wt%
EtMA-PPO and f) 40 wt% EtMA-PPO.
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Figure B.10: The PSD plots of 6 g PVT samples containing 0.1wt% POPOP and a) 20
wt% MA-PPO b) 25 wt% MA-PPO c) 30 wt% MA-PPO d) 20 wt% EtMA-PPO e) 30 wt%
EtMA-PPO and f) 40 wt% EtMA-PPO.
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Figure B.11: 137Cs response of 6g samples with 0.1 wt% POPOP and varying concentrations
of PPO. Position of Compton edge for each sample was comparedthat of BC-408 to determine
light yield.

Figure B.12: 137Cs response of 6g samples with 0.1 wt% POPOP and varying concentrations
of EtMA-PPO. Position of Compton edge for each sample was compared that of BC-408 to
determine light yield.
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Figure B.15: Thermal decomposition pro�le for plastic scintillators with varying concentra-
tions of 
uorescent monomers or dopants.
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 4

Supporting Information to a paper submitted toACS Applied Materials and Interfaces

Allison Lim 1 , Jonathan Arreue2 , Paul B. Rose Jr.2
y
, Alan Sellinger1,3* , Anna S.

Erickson2*

Synthesis of 9,9-dimethyl-2-phenyl-9H-
uorene (PhF)

2-Bromo-9,9-dimethyl-9H-
uorene (Ark Pharm, 1 eq.), phenylboronic acid (Combi-Blocks,

1.25 eq.), tetrabutylammonium bromide (Sigma-Aldrich, 10 mol%), and Pd(dppf)Cl2 (Strem

Chemicals, 3 mol%) were dissolved in 1,4-dioxane (Sigma-Aldrich), bubbled with argon for

30 minutes, in an oven dried Schleck 
ask. 5M K2CO3 was added and the solution was

heated at 85� C for 24h. The reaction was cooled to room temperature and diluted with

DCM before liquid-liquid extraction with DI water (x3), and brine (x1). The organic layer

was dried with anhydrous magnesium sulfate and concentrated. The crude product was

dissolved in DCM and passed through a silica column with activated charcoal with hexanes

as the eluent. The o�-white solid was recrystallized from hexanes to form white crystals. If

the crystals remained o�-white, the product was passed through a second silica column with

activated charcoal and hexanes as the eluent in order to obtain white crystals. 1H NMR

(500 MHz, DMSO-d6) � 7.87 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 6.7 Hz, 2H), 7.71 (d, J = 7.2

Hz, 2H), 7.62 (dd, J = 7.9, 1.6 Hz, 1H), 7.54 (d, J = 6.4 Hz, 1H), 7.45 (t,J = 7.7 Hz, 2H),

7.37 { 7.27 (m, 3H), 1.47 (s, 6H).

1Materials Science Program, Colorado School of Mines, Golden, CO 80401, USA
2Georgia Institute of Technology, Nuclear and Radiological Engineering, G.W.Woodru� School of Mechan-
ical Engineering, 770 State St., Atlanta, Georgia 30332, USA

3Department of Chemistry, Colorado School of Mines, 1500 Illinois Street, Golden, CO, 80401
* Corresponding Author: aselli@mines.edu and anna.erickson@gatech.edu
„ Present address: Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA
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Figure C.1: 2D PSD plot for commercial sample EJ-299.

Figure C.2: 2D PSD plot for 1 wt% PPO-polysiloxane sample.
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Figure C.3: 2D PSD plot for 2 wt% PPO-polysiloxane sample.

Figure C.4: 2D PSD plot for 3 wt% PPO-polysiloxane sample.
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Figure C.5: 2D PSD plot for 4 wt% PPO-polysiloxane sample.

Figure C.6: 2D PSD plot for 5 wt% PPO-polysiloxane sample.
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Figure C.7: 2D PSD plot for 1 wt% PhF-polysiloxane sample.

Figure C.8: 2D PSD plot for 2 wt% PhF-polysiloxane sample.
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Figure C.9: 2D PSD plot for 3 wt% PhF-polysiloxane sample.

Figure C.10: 2D PSD plot for 4 wt% PhF-polysiloxane sample.
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Figure C.11: 2D PSD plot for 5 wt% PhF-polysiloxane sample.

Figure C.12: 137Cs responses of PPO samples and EJ-299 used to calculate relative light
yield. The lighter lines represent the measured data while the opaque lines represent the
Gaussian �t used to estimate the position of the Compton edge.
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Table C.1: FoM of PPO-Polysiloxane samples with varying concentration of dopant and
0.1% SFS

Energy
(keVee)

PPO 1% PPO 2% PPO 3% PPO 4% PPO 5% EJ299

50 0.33± 0.18 0 ± 0 0.8 ± 0.05 0.81± 0.04 0.76± 0.05 0.3 ± 0
150 0.71± 0.06 0.77± 0.05 1.01± 0.04 1.02± 0.03 1 ± 0.04 0.33± 0.09
250 0.87± 0.05 0.95± 0.04 1.13± 0.03 1.14± 0.03 1.16± 0.03 0.76± 0.03
350 0.97± 0.04 1.05± 0.03 1.27± 0.03 1.25± 0.03 1.27± 0.03 0.97± 0.02
450 1.05± 0.04 1.13± 0.03 1.28± 0.03 1.33± 0.03 1.33± 0.03 1.13± 0.02
550 1.14± 0.04 1.17± 0.03 1.38± 0.03 1.36± 0.03 1.46± 0.03 1.26± 0.02
650 1.16± 0.04 1.21± 0.03 1.43± 0.02 1.43± 0.02 1.49± 0.02 1.29± 0.01
750 1.21± 0.03 1.32± 0.03 1.44± 0.02 1.43± 0.02 1.54± 0.02 1.39± 0.01
850 1.27± 0.03 1.36± 0.03 1.42± 0.02 1.52± 0.02 1.6 ± 0.02 1.37± 0.01
950 1.33± 0.03 1.36± 0.03 1.54± 0.02 1.52± 0.02 1.59± 0.02 1.46± 0.01
1050 1.3 ± 0.03 1.43± 0.03 1.51± 0.02 1.59± 0.02 1.64± 0.02 1.52± 0.01
1150 1.37± 0.03 1.4 ± 0.03 1.59± 0.02 1.58± 0.02 1.7 ± 0.02 1.37± 0.01
1250 1.35± 0.03 1.43± 0.02 1.71± 0.02 1.6 ± 0.02 1.67± 0.02 1.47± 0.01
1350 1.4 ± 0.03 1.49± 0.02 1.59± 0.02 1.64± 0.02
1450 1.42± 0.03 1.54± 0.02 1.59± 0.02 1.52± 0.01
1550 1.6 ± 0.02 1.49± 0.01
1650 1.49± 0.01
1750 1.6 ± 0.01
1850
1950
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Table C.2: FoM of PhF-Polysiloxane samples with varying concentration of dopant and 0.1%
SFS

Energy
(keVee)

1% PhF PhF 2% PhF 3% PhF 4% PhF 5% EJ299

50 0.55± 0.28 0.34± 0.16 0.3 ± 0.2 0.3 ± 0
150 0.28± 0.26 0.2 ± 0.4 0.36± 0.14 0.67± 0.06 0.78± 0.04 0.33± 0.09
250 0.53± 0.08 0.67± 0.06 0.75± 0.05 0.84± 0.04 0.91± 0.04 0.76± 0.03
350 0.63± 0.07 0.8 ± 0.05 0.87± 0.04 0.93± 0.04 1.03± 0.03 0.97± 0.02
450 0.72± 0.06 0.9 ± 0.04 0.97± 0.03 1.05± 0.03 1.09± 0.03 1.13± 0.02
550 0.8 ± 0.05 0.98± 0.04 1 ± 0.03 1.11± 0.03 1.17± 0.03 1.26± 0.02
650 0.83± 0.05 1.04± 0.04 1.11± 0.03 1.2 ± 0.03 1.18± 0.02 1.29± 0.01
750 0.87± 0.05 1.11± 0.03 1.12± 0.03 1.26± 0.03 1.27± 0.02 1.39± 0.01
850 0.94± 0.05 1.14± 0.03 1.21± 0.03 1.27± 0.03 1.34± 0.02 1.37± 0.01
950 0.93± 0.05 1.16± 0.03 1.23± 0.03 1.34± 0.03 1.39± 0.02 1.46± 0.01
1050 0.97± 0.05 1.2 ± 0.03 1.29± 0.02 1.42± 0.02 1.47± 0.02 1.52± 0.01
1150 1.03± 0.04 1.23± 0.03 1.28± 0.02 1.38± 0.02 1.48± 0.02 1.37± 0.01
1250 1.07± 0.04 1.23± 0.03 1.32± 0.02 1.44± 0.02 1.42± 0.02 1.47± 0.01
1350 1.04± 0.04 1.27± 0.03 1.35± 0.02 1.53± 0.02 1.53± 0.02
1450 1.03± 0.04 1.32± 0.03 1.35± 0.02 1.46± 0.02 1.56± 0.02 1.52± 0.01
1550 1.07± 0.04 1.34± 0.03 1.41± 0.02 1.5 ± 0.02 1.59± 0.02 1.49± 0.01
1650 1.11± 0.04 1.43± 0.03 1.42± 0.02 1.57± 0.02 1.63± 0.02 1.49± 0.01
1750 1.09± 0.03 1.38± 0.02 1.44± 0.02 1.66± 0.02 1.62± 0.02 1.6 ± 0.01
1850 1.43± 0.02 1.65± 0.02
1950 1.81± 0.02

Table C.3: LY of PPO and PhF, relative to EJ-299-33

wt% PPO PhF
1 0.93 1.16
2 0.87 1.11
3 0.86 1.32
4 0.94 1.42
5 0.94 1.44
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Figure C.13: 137Cs responses of PhF samples and EJ-299 used to calculate relative light
yield. The lighter lines represent the measured data while the opaque lines represent the
Gaussian �t used to estimate the position of the Compton edge.
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER 5

Supporting Information to a paper published inJournal of Applied Polymer Science

Allison Lim 1 , Adam Mahl2 , Joseph Latta2,3 , Henok A. Yemam4 , Uwe Greife2,3 , Alan

Sellinger1,4*

Figure D.1: PSD plot for 20 wt% PPO and 10 wt% BPA-DM photo-polymerized plastic
scintillator.

1Materials Science Program, Colorado School of Mines, Golden, CO 80401, USA
2Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
3Nuclear Science and Engineering Program, Colorado School of Mines, Golden, CO 80401, USA
4Department of Chemistry, Colorado School of Mines, Golden, CO 80401, USA
* Corresponding Author: aselli@mines.edu.
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Figure D.2: 400-600 keVee energy slice projection a 20 wt% PPO and 10 wt% BPA-DM
photo-polymerized plastic scintillator.

Figure D.3: PSD plot for 25 wt% PPO and 10 wt% BPA-DM photo-polymerized plastic
scintillator.
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Figure D.4: 400-600 keVee energy slice projection a 25 wt% PPO and 10 wt% BPA-DM
photo-polymerized plastic scintillator.

Figure D.5: PSD plot for 30 wt% PPO and 10 wt% BPA-DM photo-polymerized plastic
scintillator.
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Figure D.6: 400-600 keVee energy slice projection a 30 wt% PPO and 10 wt% BPA-DM
photo-polymerized plastic scintillator.
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Figure F.1: 1H NMR spectra for Bi(FPh)3
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Figure F.2: 1H NMR spectra for Bi(pv)3
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Figure F.3: 1H NMR spectra for Bi(ma)3
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Figure F.4: 1H NMR spectra for Bi(pbza)3
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Figure F.5: 1H NMR spectra for Bi(oT)3
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Figure F.6: 1H NMR spectra for Bi(FPh)3
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Figure F.7: 1H NMR spectra for Bi(pv)3

159



�������������������������������������������������������������������������������	�����	�����
����
�������
��������

�����
����
�����	�


�����
����
��������

�����
����
�����
�	

���
���

��

���
���

��

���
���

��

�������� ��

���� �� ��

��

���� ��

���� ��

��
��

���� ��

���� ��

��
��

�������������������	�	�������
���������
���� ����������������������������������������������������������������������������������������������

Figure F.8: 1H NMR spectra for Bi(ma)3
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Figure F.9: 1H NMR spectra for Bi(pbza)3
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Figure F.10: 1H NMR spectra for Bi(FPh)3
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Figure F.11: 1H NMR spectra for Bi(pv)3
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Figure F.12: 1H NMR spectra for Bi(ma)3
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Figure F.13: 1H NMR spectra for Bi(pbza)3
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Figure F.14: 1H NMR spectra for Bi(mx)3
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