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ABSTRACT

Plastic scintillation is a simple detection process for sensitive nuclear atmgrchas uranium
and plutonium isotopes. The material consists of a polymer matrix, a fluorgsoeary dopant and a
wavelength shifter and is directly connected to a photomultiplier tube. The msdracts with the incident
radiation and transfers the absorbed energy to the primary dopant that then transfers some of tihe energy t
the wavelength shifter. The cascade of energy transfers determines the gfti€iéatection that currently
is not on par with other radiation detectors e.g. crystal scintillatoga®filled proportional counters in
terms of energy resolution and neutron sensitivity. However, plastic stimtllare inexpensive, mass
producible in different shapes and forms, and safe for transportation andefidgrdent. The efficient
detection of sensitive nuclear materials that emit gamma and fast neutkgulastic scintillator would
provide an affordable and safe alternative to the existing state-afithadiation detectors. To achieve a
comparable level of detection, the understanding of the fundamental radiation dgtemtiEss in plastic
scintillator needs to be investigated further and more thoroughly.

In this thesis, two methods were explored to achieve enhanced radiation devectos
commercial products: 1. detection of mixed radiation fields (neutron and gawsnayer-doping of
fluorescent aromatic small molecules and 2. detection of thermal neutrongerparation of boron
containing aromatic small molecules. The over-doping method led us to expleml selasses of
fluorescent small molecules synthetically and computationally. These molecuéep-iggphenyl (PTP),
fluorene and 2,5-diphenyloxazole (PPO) derivatives. The solubility limpgaoh-alkylated and meta-
alkylated PTP derivatives in polyvinyltoluene (PVT) were inversely correlatibdtié respective melting
points of the derivatives. The para-alkylated PTP derivatives precipitatadhe PVT matrix around 7
wt% despite showing promising radiation detection. On the other hand, meta-alkyl&téddP solubility
limits up to 20 wt% in PVT with surprisingly poor mixed radiatidectimination. The reason for their
poor performance was attributed due to the softening of the plastic matighat tiopants concentrations
This reason was confirmed by ground state geometry calculations that showed Rafveeras non-
planar dopants prone to vibrationally dissipate triplet state energies. Expetiyaehis was proved by the
near identical discrimination of PPO and one of the meta-alkylated PTP mixatiomdiscrimination in
poly(methyl methacrylaje

Several fluorene derivatives were synthesized via simple chemistry with @eadéllent yields.
Half of the derivatives were planar and the other half were non-planar. Thatides all had different
optical and physical properties that determined their radiation detectianrpanice. In these derivatives,
material impurity (< 0.2%) drastically impacted their performance. Also,ishmeric effect on the

detection efficiency awsexplored. Similar to PTP derivatives, the inverse correlation betweé&ngnabint



of derivatives and their solubility limit in PVT were observed. Onthefluorene derivatives demonstrated

the second best mixed radiation discrimination reported in literature. In additio of the fluorene
derivatives showed superior mechanical hardness when overdoped compared to corresponding PPO
concentrations. Encouraged by this result, high melting point PPO derivatives waresiged, one of

which showed superior mechanical hardness compared to PPO while demonstrating compatbie ra
discrimination.

The detection of thermal neutrons was explored by both commercially available, and zgdthesi
boron containing dopants. The synthesized boron dopants were produced via both microwave and
conventional heating modified Miyaura borylation conditions from multi-halo fomat benzene and
pyrene starting materials. Non-symmetrical boron dopants showed high solrlibetter overall thermal
neutron detectior’?B enriched small molecule showed similar result as commercial scintilattdrneeds
to be explored more. Boron containing pyrene molecules developed a deep yellow color and atechonst
poor detection efficiency.
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CHAPTER 1. LITERATURE REVIEW AND RESEARCH MOTIVATION

1.1. Introduction

Radiation detection and measurement is an integral part of homeland security, power applications,
medical treatment/diagnosis and academic discoveries with a few examples providddoherkand
security mainly utilizes radiation detection for patrolling illegalfficking of special nuclear materials
(SNM) and monitoring environmental expostireQ PHGLFDO DSSOLFDWLRQV LWV ZLG
neutron therapy, x-ray imaging, and dosage and exposure management of radiation treatrarogérfor
patients?3 The applications of radiation detection in academia are vast and include the diségvetyn,
elucidation of non-crystalline structures such as enzymes, colloids and polymers usinhgiderahgle
neutron scattering techniqgue and gamma spectroscopy for isotopic analysis wipuditiglyermanium
(HPGe) detector$®

One of the methods to detect radiation uses scintillators. A scintillagrb® defined as any
material that emits fluorescence or phosphoresekght when it interacts with a high-energy particle or
ionizing radiationThe light produced can often be analyzed to help identify the source and type of radiation
There are two different types of scintillators that are currentlgt based on the phase of their scintillator
base - solid or liquid. Solid scintillators consist of inorganic or organicatsystich as sodium iodide (Nal),
bismuth germanate (BGO), barium fluoride (Bafnthracene and stilbene crysfalhese crystals have
high density, and efficient light collection and outpttowever, the difficulty to grow large area crystals,
relatively high density (mass), brittleness and hygroscopic properties, togéthexpensive price tags
makes them only useful in smaller scale applications or arrays. Solid scintillatoasetttordable and
easy to produce in large volumes are plastic scintillators such as poligivieye) (PVT), polystyrene
(PS), or poly(methylmethacrylate)-PMMA based scintillators doped with emissolecules. These are
mainly used as a first-line of detection to identify the existencenifing radiation. The second type of
scintillator is liquid-based consisting of emissive dopants dissolved in orgalvients. Unlike plastic
scintillators, liquid scintillators are often flammable, toxic, highly demsito oxidation leading to
scintillation quenching, and prone to evaporation due to volatile solvents. sl they have to be
thoroughly deoxygenated and then sealed well from ambient conditions; this is an addastrial the
manufacturing process.

Thus, plastic scintillators are a viable, inexpensive and safe alternative to caystaligjuid
scintillators. Its detection mechanism generally relies on the fundamental ioterattradiation with
matter; for example, photons or charged radiation interacting directtyeléittrons of a material and/or
neutron radiation indirectly interacting via the nuclei of constituentstesulting in ionized electrofds®

The detection is reliant on non-radiative energy transfer from the polymex toad primary fluorescent
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dopant and subsequent radiative energy transfer to a wavelength'stiftére emission of the wavelength
shifter is matched to the most readily available photomultiplier tube (PMT) tmahonly has a maximum
photo-sensitivity between 400-450nm. The resulting scintillation pulse mprieetrons at the cathode of
the PMT that undergoes electron multiplication through dynodes and the outpuisiereglgas kilo-
electron volt electron equivalent (Key/(pulse height)*141t should be noted that there are other efficient
PMTs based on silicon photodiodes but their utilization in plastic scintillatorsrentdyrless common.

The manufacturing of inexpensive, stable, efficient, and large scale radiation dagectacial to
control nuclear threats at international borders, ports of entry and affpbrtshe literature, plastic
scintillators as a first line of detection for gamma and neutron rawliest reported, but there is a lack of
emphasis on novel synthetic efforts to minimize cost and improve current techndfegiesxamples are
listed below to give the reader an idea of the state of the art. Existiiggvs on plastic scintillators could
help the reader understand the subject matter B&tter.

1.2. Commonly Used Polymer Matrices and Fluorescent Dopants
Plastic scintillators utilize inexpensive, readily available and easily fabdiqailymes for initial

moderation and absorption of radiation. The optical transparency of plastic sonstikatrucial to reduce
reabsorption of emitted light and increase the collection of light. Figure Miti@scchemical structures
for commonly used polymer scintillation matrices. Note that relative to oth&ices, PMMA lacks an
aromatic chromophore in its polymer backbone but has the lowest refractive index itddligint
transmission properties. As a result, plastic scintillators made out BAPMquire incorporation of UV
absorbing additives such as naphthalene. This usually leads to less efficient sciniltgigrges that are
susceptible to radiation damage and environmental exp¥sureoly(dimethylsiloxaneo-
diphenylsiloxane) derivatives, commonly known as silicone rubber, are the most robtistnpdsces
capable of withstanding high radiation exposure. Despite this characteristimesrubber is rarely used
as a plastic base because 1) it is an elastomer allowing additives to migratgragdtagvhich eventually
leads to quenching of emitted light, 2) its elasticity inhibits manufiactwof different sizes, shapes and
forms of plastic scintillator&!® On the other hand, polycarbonate is a hard thermoplastic that easily
degrades in UV light causing it to yellow and compromise its scintillation efficiefeymiost commonly
used matrices are PS and PVT due to their relative ease of fabrication, iboitypange with dopants

and high scintillating efficiencies relative to other inexpensive mattices.
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Figure 1.1 Common polymer matrices used in plastic scintillators.

There has been only a few literature reports targeting better performingepatyatrices. Few
exceptions are the synthesis of poly(pentafluorostyrene) as a high density thstimdpi fast neutron
detectior??, polyimide derivative thin films targeting improved hardness and radiation resistahand
poly(benzyIMMA-<o-MMA) to reduce quenching of light by excimer trappfigW TV LPSRUWDQW WR (
a $1/g plastic scintillator is the targeted price set by Department of $&edeid the modification of current
polymer matrices or discovery of new matrices should consider this constrarg. is a good review on
conjugated polymers used for radiation detection, but the cost of these mat#riafdikely meet the

constraints listed alve.?®

1.2.1The Making of Plastic Scintillators

Commercially, plastic scintillators are fabricated via bulk thermal polyaon, injection
molding or extrusion. For small scale set ups, cell casting is prefeaaddseof simplicity and affordability
of materials , WV KLJKO\ UHFRPPHQGHG WR DYRLG WKHRXVHHRIRDTREL
peroxide as radical initiators as they may result in yellowing of §iciatillator due to unquenched radicals
interacting with ambient oxygéefi. This has been reported in the case of both PS and PVT based
scintillators. A uniquely different approach to prepare plastic scintillators is photogdbation that uses
UV or even visible light to initiate polymerizatiéh. The usual recipe consists of a photosensitizer that
breaks down into a radical upon UV/visible light exposure, then the raditatdsia photoinitiator that

later initiates the monomer. Thereafter, the initiated monomer carrte pnopagation. In some cases, an



organic base and a cross-linker may be used to fully cure the initiated mc@&hetopolymerization has

the advantage of curing a small-scale plastic within hours as demonstrated for scintillation application.

1.2.2Commonly Used Fluorescent Dopants

The most commonly used primary fluorescent dopants in plastic scintillators are 2,5-
diphenyloxazole (PPOp-terphenyl (PTP) and naphthene (Figure 1.2). PPO is superior compared to the
other dopants due to its high photoluminescence quantum efficiency (PLQE), high galulmémmon
polymer matrices, short emissive lifetime (<10 ns) and optical overlagPMitiPS (emission of PVT/PS
overlaps with absorption of PP&)The wavelength shifters (Figure 1.3) are mainly selected based on their
high PLQE, short emissive lifetime, absorption overlap with the emission oanyridopants to ensure

maximum radiative energy transfer (Figure 1.4) and emission within the photosensfthling PMT*

DO

Napathalene p-terphenyl 2,5-diphenyloxazole

Figure 1.2 Typical primary dopants used in plastic scintillators.
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POPOP Trans-4,4'-diphenylstilbene 9,10-diphenylanthracene

Figure 1.3 Typical wavelength shifters used in plastic scintillators.
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Figure 1.4 Optical overlap between emission of primary dopant (PPO) and absorption of wavelength
shifter (dimethyl POPOP) (experimental data from Sellinger lab).

1.3. Synthetic Efforts to Maximize Output of Plastic Scintillators

As described earlier, there have been very few examples of newly developed dopplatstitor
VFLQWLOODWRUYV 7KH GRSDQWYV LQ )LJXUH KD¥EH BHMWQQ Q&WHWERV
reports in literature geared towards the synthesis of alternative ddpartiggher efficiency plastic
scintillators. One promising example was reported by Park and coworkers. Theyiggdthegiantum dot
(Q-dot) to replace the commonly used wavelength shifters, tested its opticapovdth PPO and
compatibility in PS. The Q-dot had an outer shell of ZnS and inner core of CdSe. Thediunze of the
Q-dot was hypothesized to be dependent on the size of the dots which can bt efiuthe emission
peak to a suitable PMT (not just blue sensitive PMTsJowever, due to poor optical overlap between
PPO and the Q-dot and unmatched Q-dot emission well outside of blue PMT, the fitillhtson
properties were very low and there were two final luminescence peaks (PPOdmty idiicative of
incomplete radiative energy transfer. The PLQE of the Q-dot was not reporteffarahtsizes of Q-dots
were not prepared in order to validate their hypothesis. Another example wesetb&an iridium (l11)
complex doped in biocompatible polymer dots for x-ray detection. The detection mechanisifaistai
plastic scintillators and utilizing a high-Z atom (Ir) enhances thbgtitity of x-ray interaction with the
detector? This will be thoroughly discussed in section 1.3.1.

Aminabhavi et al. have done a study on the efficiency of energy transfer processssnbat
primary (Exalite 416) and a wavelength shifter (Coumarin 515) in PS solutions. In the Sia
concentration of Exalite 416 was kept constant and the amount of Coumarin 515 was \ayelsavie
shown that by exciting the mixture at the excitation wavelength of Exalite 416, the combined fluorescence

appeared to look more like a pure Coumarin 515 fluorescence as its concenti@tased. This was
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attributed to complete dipole-dipole resonance energy transfer from Exalite 4d6n@ih 5153 This is
a good example of how a primary dopant is matched to a wavelength shifter for effidiative energy
transfer. Similar studies have come to the same conclé&iihese early studies show the importance of
concentration and energy transfer from host (primary) to dopant (waveldniiggn) sn related systems.
The overlap of primary dopant photoemission and photoabsorption of wavelengthishiftecial for
complete radiative energy transfer.

A more recent study focused on copolymerizing 1,8-naphthalimide derivatitresimyltoluene,
styrene and methacrylatelt was proposed that incorporating a fluorescent dopant into the backbone of
polymer matrices could increase the non-radiative energy transfer from tlive tmétie dopant since the
energy transfer is highly dependent on the distance between the amatrike dopant (Equation 1%).
Despite the proposed increase in d GLDWLYH HQHUJ\ WUDQVIHU WKH VWXG\
copolymerization of dopants has to the final light output and hardness of thequsiilators. In addition,
the study reported that 1.0% of the synthesized monomers did not show pulse shapieatiscriwhich
was to be expected due to insufficient delayed energy (see section 1.3.8r Siudies with more
emphasis on immobilization of PPO derivatives in polystyrene matrix were condudted. studies
showed that incorporation of fluorescent dopants led to superior mechanical strength but the shortcomings

were decreased light output and lower solubility.

AR SR & —”fo-Aj:_?é,é (1.1)

Equation 1.1 Dependence of nehADGLDWLYH HQHUJ\ WUDQVIHU RQisGLVWDQF
the lifetime of donor (PVT), Ris the critical transfer distance where radiative deactivation and non-
radiative transfer occur equally. R is the distance between the donor and acceptor (primary dopant). FRE
stands for Forster Resonance Energy Transfer which is the non-radiative energy firamsthe matrix to
the primary dopant.

1.3.1Detection of Gamma Radiation by Plastic Scintillators
Any radiation that is capable of directly ionizing an electron while intiagaevith a material is
simply known as ionizing radiation. Some examples of ionizing radiation are algliéepaprotons and
gamma radiation. The scope of this section will be limited to gamma radiatiom&eadiation originates
from radionuclide decay of unstable isotopes sucfaB, 1*'Cs and°Co. Depending on the energy of the
gamma radiation and electron density of a material, the result of a gamma ray interacttbe misterial
FRXOG YDU\ | WKH PDWHULDO GRHVQTW KDVYHDRN\WK &+ DW RPDW LW K"
off electrons losing small fractions of energy along the way. This interaction is called Compteringcat

In the presence of high Z atoms, a gamma ray could lose all its energy whilegegattelectron



(photoelectric absorption), giving rise to a characteristic photopeak eqtra &nergy of the incident
gamma. In the case of a gamma ray with energy higher than 1.023MeVpibdaise an electron-positron
pair as a result of pair productiéh.

Plastic scintillators commonly detect gamma radiation via Compton scatieiihg. reason for
this is the lack of high Z atoms in plastic scintillators that are mainlyposead of carbon and hydrogen
(effective nuclear charge#&10). Increasing the£ increases the probability of interaction with gamma
radiation and induces a photopeak as a result of photoelectric absorption. A high-chexterigl als
enhances the stopping power of the medium in which the radiation is traveling. StoppaTgf a particle
in a medium is a function of its charge and mass as well as the electron detistynedium. For instance,
the stopping powder of gamma radiation is higher in concrete than plastic due tecthenedensity
difference between the two materials.

Recenly, a Lawrence Livermore National Lab group reported a commercially available
organobismuth compound loaded into plastic scintillators. For instance, triphenylbismiats) (Bas
shown to be compatible with poly(vinylcarbazole) and 9,10-diphenylanthracene (DPA) asstiength
shifter™ The relative gamma light yield was very low due to static fluoresaprereching and unoptimized
light emission. In addition, due to BiRtthe final plastic had a deep yellow color that explains the low
efficiency with a blue sensitive PMT. Up to 40% BiBlg weight was mixed in PVK, increasing thg:Z
of the plastic by nearly sSt-ROG WV GRXEWIXO WKDW LQFOXVLRQ RR GRSD
MHHI[FHOOHQWYT PHFKDQLFDO \AWdinHICe atadie€izatioR Sf\BiPEdp&d pgadtib U L W\
scintillators over a wide range of gamma energies was described by Boadnesworkeré? The authors
noted that the use of Ir-complex increased the light output compared to the useiohalag@velength
shifter DPA. However, DPA has the advantage of nearly 90-fold shorter emiésione that makes it
more practical for border patrolling applications.

A similar system with standard plastic formulation (PS as a matrixjgocating tricarboxylate
and triaryl bismuth compounds was reported by Hammel and coworkers with maximumg$oagio 17%

Bi by weight?® This study only focused on low-energy gamma radiation. A complete charaateriaeatr
a wide range of gamma energies might be useful due to radiation dose depesfdpabestyrene
discoloratiorf*

The most recent Bi-loaded plastic scintillator utilizes bismuth tripivalate (csM&i.8% Bi). The
standard PVT as a matrix, 2% PPO as a primary dopant and 0.1% DPA as a wavelength shifter were used.
Up to 70% Bi-tripivalate was incorporated into the pla$tid@he mechanical strength of such high dopant
loaded plastic is expected to be soft due to incomplete termination of propagatingsraticging the
FRQFHQWUDWLRQ RI ELVPXWK LQ WKH SODVW BPiesGHoBeYef;Vis DO WHU W

concentration increased, the samples became noticeably colored. Despite thelapticaf the samples,



the light yield decreased significantly as the amount of Bi-tripigalas increased. This quenching was

attributed to increased triplet excitonstiaUH QRW EHLQJ H[SORLWHG LQ WKLV V\VWH
harvesting metal complex was not used in this study to compare it to the preystem. In all of these

studies, the aging effect of high Bi loaded plastics after irradiatisaraples is not reported. This would

be an important parameter to predict its longevity.

Lead is another high Z metal that is commercially available up to 5% loadingsiit gkintillators
with Eljen Technologies (EJ-256) and Saint Gobain Crystals (BC-452). Recbhatly has been very few
Pb dopants reported for detection of ionizing radiation. Lead methacrylatecgasly reported as a dopant
used for low dose x-ray detection in plastic scintillatérs.

In addition to bismuth and lead, high Z containing additives are not frequepttaeé in the
literature for gamma spectroscopy. This is due to fluorescence quenching and opticalgclaiudi
scintillators leading to significant light output decrease. To get arthisdproblem, gadolinium was
incorporated in a nanocrystal capped by non-polar groups for dispersion in PVT by Pei aneisdWork
They went further by attaching a copolymerizable substituent on the nanoctlyatadsabled loading up
to 40% gadolinium oxide nanocrystals in PVT. The incorporation of a high-densitgrpstad in PVT
increases the stopping power of the medium, and the presence of a high Z atom imterasten with
gamma radiation. One of the composites (31% nanocrystal) had excellentadicachanical properties
and demonstrated a photoelectric peak with 11.4% energy resolution. It would havedresting if they
had tested the response of their composites to thermal neutrons. The reason for thissughesttome
clear after section 1.3.2. As the low cost of scintillators is a huge incentiVe) Mvould have been useful
to compare the cost of preparing such a hybrid plastic scintillator to a commeawiiligble crystal or
plastic scintillator used for gamma spectroscopy.

It's noteworthy that the high-Z dopants reported in the literature are comnyeawiailiable. The
lack of synthetic modification of these dopants to decrease static quenching, inohelbiiey and improve
mechanical properties is apparent. In recent years, multiple examples on the syntbiesisutif aryl

compounds have been reporfétipwever their utilization in practice is non-existent to our knowledge.

1.3.2Neutron Radiation Detection by Plastic Scintillators

Neutron radiation is produced from very specific sources. It is encountered @gamtectors,
small scale or national laboratory neutron sources, medical physics and nuclgansgNM). Despite
its widespread use, detecting neutron radiation is more difficult thaarghand charged ionizing radiation.
Its lack of charge and weak magnetic dipole moment enables it to go through materials withactingt
via Coulombic forces. As a result, a neutron transfers its energy via scattering off thesnmievhich the
recoiled nucleus behaves like a high-energy charged particle and loses gig tendre material via

Coulombic interaction. Becauseneutron has similar mass to a hydrogen nucleus, it could elastically
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bounce off small Z atoms such as hydrogen or helium nuclei while losing acsighifiortion of its energy.
This is the main mechanism used to slow down a high-energy neutron (slowed downsnatgron
coPPRQO\ UHIHUUHG DV pWKHUPDOL]JHG QHXWURIQWLR® WKBDERLB @ |
it interacts with a fissile nuclide such &#823523, 233Th and?3®?4Pu. This reaction is mainly used for
nuclear power and weapons production. Lastly, absorption of a thermal neutron by a matetédd to
a release of gamma rays (radiative capture) and a release of positively charged particlegretmisas
alpha particles. This is the main mechanism by which thermal neutrons are detected.

Materials capable of detecting neutrons should have two characteristics in order to foe idea
as neutron detectors. They must contain a lighter element to slow down fast nautransisotope with a
high neutron absorption cross section to capture the thermalized neutabaf$he art thermal neutron
detectors uséHe gas because it has a high neutron cross-section value of 5333 Barns (k&aivalsnt
to 100fn¥). When thelHe filled detectors (termed proportional counters) are exposed to thermal neutrons
they release protons and triton charged particles (Table 3). Because thimrisaexiothermic (a positive
Q-energy value), the released charged particles can ionize atoms in a gas bausilegase of electrons
that can be collece E\ DSSO\LQJ DQ H[WHUQDO YROWDJH 7KH FROOHFW
equivalent electron energy (in units of kilo-electronVolt electron equivalensgk@/reported that is
proportional to the incident neutron energy. Howetlée, (0.000137% of natural heliung scarce and has
become prohibitively expensive so not a good candidate going forward to meet tirggtemands due
to concerns of proliferation of nuclear materials. As a result, thexenidespread effort in academia and
industry toreplace’®He gas towards lower cost and high neutron cross-section elements such as those shown
in Table 3* The main goal here is to find high neutron cross-section materials that can bafedimto
stable plastic scintillators.

One such element is lithium, of which tfig isotope (7.6% natural abundance) has a relatively
high neutron cross-section value of 940 Barns. Lithium dopants are based on hydrophilicsaltsathiat
are difficult to blend into hydrophobic plastic scintillator formulations. This unalalsi property typically
leads to clouding of plastic scintillators due to water absorption, and subsegqabné of scintillation
output. However, there have been few examples of lithium dopants successfulpoiated in basic
plastic formulations (Table 1). Lithium pivalate and methacrylate, for pkeahave shown compatibility
with PVT and PS at loadings up to 0.14 and 0.8BRtespectively. Although Breukers et al have managed
to put the mostLi (0.63%) in a plastic scintillator by copolymerizing lithium methdate with styrene,
WKH\ GLGQTW WHVW WKHLU S WRIIXE RV X ILE & HD VKDWY WK \VIRX YU HJ X C
have chosen not to disclose their results, which seems to be a common prabtiéeh. °Li enriched
salicylate offered a better potential material as a thermal neutromureapbpant in poly(2-

vinylnaphthalene) composite films, but the composite had minimal transparency that quéeeclg



yield as well as thermal neutron capture sighdlhe best thermal neutron capture was showslLby

pivalate doped in PVT with a neutron capture peak at 400keVee. The decline of somtlNartime (aging

effects) is not reported.

Table 1.1 Commonly used isotopes for thermal neutron detection and their properties.

Isotopes used fg Isotopic Cross Absorption product(s) Examples of use
neutron capture | Abundance | section
(%) (Barns)
*He 0.000137 5333 *H+p+Q Proportional gas
Q=0.764 MeV chamber
6L 7.59 940 5+ . 4 Li(OCOCHy)
Q=4.78MeV Li-3-PSA
Li(OCOCCH.CHs)
18 19.9 3835 L8 OH9 | BFs; B(OCH)s
Q=5.10MeV m-Carborane
1%5Gd 14.80 61100 1%6xG 1%*G & ( 4 | GAOOCCHCOPhH
Q=8.54MeV Gd(I-OPr}
157Gd 15.65 259000 18+G 18*xG & ( 4 | GA(NG;)3(TBP)
Q=7.94MeV GdOOC(CH)2Ph
*Represents excited nuclei. CE is conversion electrons, which are monoenergetic electrons.

Li(OCOCH=CH) is lithium methacrylateli-3-PSA isLi-salt of 3-phenylsalicylic acid.i(OCOC(CH)s

is lithium pivalate. B(OCh)s is trimethoxyborate. ERin is bis(pinacolato)diboron, 124TrBB is 1,2,4-
triborylatedbenzene. GAdOOCQ@EOPh is gadolinium benzyol acetate, Gd(QjRs) gadolinium(lll)
isopropoxide, GA(N€)s(TBP) is gadolinium trinitrate tributylphosphate, GAOOCERh is gadolinium
phenylpropionate.

108 has a higher neutron absorption cross-section (3835 Barns) and natural abundang¢h@®.9%
lithium and is more compatible with plastic scintillator formulatiorise Boron dopant most reported in
literature and commercially sold is m-carborane, icosahedral clusters of pefb#w), carbon and
hydrogen (Figure 1.5). Simulation results frecsaDLWVHYDYV JURXS /DZUHQFH /LYHUPRL
shown that 0.74%B (equivalent to 3.7% natural boron) in a 1cm thick plastic scintillatocapture 84%
of thermal neutron¥. However, increasing the amount of boron in plastics compromises the light output,
mechanical strength and lifetime of the final product. Furthermore, m-carborang éxpensive (1g/$84
Alfa-Aesar). We have shown that synthesizing small molecules via sligbtlyffied Miyuara borylation
conditions could substitute the expensive m-carborane. Please refer to chapter 5 éaf slgittiesis and

discussion of these boron containing small molecules that includes erfiBhadlecule.
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Figure 1.5 Structure of m-carborane and its boron content.

Gadolinium isotopes have the highest neutron absorption cross-section (Tabe%dide its
higher natural abundances, Gd containing additives for plastic scintillaterarafFigure 1.6 shows three
Gd additives and their light output declikY HU DQ LQFUHDVH LQ FRQFHQWUDWLRQ 7
additives drastically change the light output of plastic scintillatofis.dtso reported in the literature that
increasing the concentration of thermal neutron sensitive additives decteaseptical clarity and
efficiency of plastic scintillators. Thus, there is a need for betisigd and synthesis of Gd ligands that
inhibit aggregation and minimize fluorescence quenching. Other studies have exdierettdigands
demonstrating promising resufs>*Note that there is a lack of standard amount of primary and wavelength
shifters in literature reports when thermal neutron additives are usedalrésilt, the reader should be

careful in directly comparing Gd loaded plastic scintillators in Figure 1.6.
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Figure 1.6 Relative light output of Gd-doped plastic scintillators.
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1.3.3ldentifying Mixed Radiation by Pulse Shape Discrimination

The types of radiation encountered in the field is a mix of different wyfpesliation, for example,
neutron and gamma radiation. The difference in ionizing energies of neutron and gatiatiar leads to
different concentrations of singlet and triplet excited states in plastitillatdrs. The de-excitation of
single states exponentially decays via prompt fluorescence on the order of nanosduemds direct de-
excitation of triplet states is practically quenched via non-exponentialicadiss processé$in the case
of liquid and crystal scintillators, triplet excitons migrate and collide wilerdtriplet excitons to give rise
to triplet-triplet annihilation. This produces a de-excited singlet stata andund singlet state. The de-
excited single state is quenched via delayed fluorescergeWidh the same spectral shape as the prompt
fluorescence but at a longer decay time on the order of microseconds. Becawseradigtion has higher
ionizing energy than gamma, the relative intensity of delayed fluorescenpareshto total light collected
(Quota) is higher compared to gamma radiation. This is used as the basis for a pteabriidue called
pulse shape discrimination (PSD). The separation between gamma and neutron epealksitisd by a
figure-of-merit (FOM), which is a mathematical equation of the distance between the centridiels iy
the sum of the width at half-maximum of neutron and gamma peaks.

Liquid and crystal scintillators have been widely used to achieve®P$be reason for this is due
to two opposing reasons. In the case of liquid crystals, the chromophores akeedigsside a mobile
phase that makes migration of triplet-excited state electrons easier and heme@ecassible for collision
and subsequent annihilation, which is the basis of PSD. On the other hand, the closeypaoginnfidity
of crystals allows triplet-triplet annihilation to happen effitignOn the contrary, plastic scintillators are
typically not capable of discriminating the pulse difference between neutrongaamuia radiation.
However, there have been recent literature reports exhibiting PSD in @eistitiators. The reports
employ two methods to induce PSD: over-doping primary dopants and tigametal charge-transfer
(MLCT). The over-doping method was first reported by Zaitseva ¥tBi}.varying the concentration of
PPO (primary dopant) up to 30% in PVT matrix, the signal difference between remurgamma radiation
widened as the concentration of PPO increased, as shown in Figure 5. ThéP§awith higher PPO
loading is attributed to increased density and migration of tripletegkstates that in turn increases the
likelihood of triplet-triplet annihilation. However, the light output bése samples were 20% relative to
liquid scintillators due to concentration fluorescence quenching. Thédbiolutput was improved by 3.5-
fold by incorporating 0.2% DPA to the PPO-PVT mix. The addition of DPA as the evaythl shifter
GLGQYW FDXVH VWDWLVW LER CoRke®idus FRD naidihgs) 2 0

The mechanical integrity of a plastic scintillator with 30% PPO is comjzed and this could
hinder its potential field deployment. Another report using the over-doping method usetifiedp

amount of m-terphenyl in PMMA.. Pei et al recently synthesized a copolyehie derivative of
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dpKHQ\ODQWKUDFHQH DQG H[SORUHG LWV 36" HIILWLHIMQIW RQ WK
with corresponding concentrations of PPO, it demonstrated that synthesis could grlagial part in

designing alternative plastic scintillators based on new or improved emissive dopants.
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Figure 1.7 Over-doped PPO demonstrating pulse shape discrimination. Graph taken from reference #56.

Despite the success of PPO for PSD application in plastics, thexebiabeen similar reports in
literature with other readily available primary dopants such as p-terptsitygne, anthracene and
naphthalene. The difficulty of incorporating high loadings of these dopants in PR polymer is due to
solubility issues. WV EHOLHYHG WKDW DWWDFKLQJ VROXELOL]LQJ JURXS
solubility in the commonly used matrices such as PVT, PS and PMMA. This is explorégilimdehapter
2. An effective primary dopant would be highly soluble in these matris®wt compromising their

mechanical integrity.

1.3.41dentifying Mixed Radiation by Spectral Shape Discrimination

The second method of PSD in plastic scintillators is demonstrated by incorpduatingscent
metal-ligand dopants. Metal-ligand dopants harvest triplet excited states viarlsipicoupling that
traditionally are quenched by complex non-radiative procé&sese utilization of triplet excited state
electrons in plastic scintillators drastically increases the theoretioaimum light yield by three-fold. Such
enhancement in light yield has been extensively reported for electroluminesc@ngariic Light Emitting
Diodes (OLED) and demonstrated for plastic scintillators, for the firs,tiog Doty and coworkefs.
Synthesized Ir-complexes were used with various tunable ligands as metal-ligand charge transfér (MLCT
dopants, Coumarin 540 A as a wavelength shifter and PS as the polymer matrix. Tunabletmamds
metal ions have been shown to change the lifetime and emission wavelength ofahexciptd state¥.

Figure 1.8 shows the two Ir-complexes used in the study. Note that triplet-harveasitig gtintillators
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employ spectral shape discrimination as opposed to pulse shape discrimination. fétemcdif in
mechanism lies in the energy transfer of triplet excited states of irigiutne metal dopant instead of
triplet-triplet annihilation. The intensity of the MLCT and prompt fliem@nce is counted relative to the
respective energy deposition of neutron and gamma radiation. Note that neugrtmes,virtue of their
recoil nucleus interaction, produce higher population of triplet electrons thanayaays. Therefore, as
expected, the intensity ratio of delayed fluoresce from the MLCT over the totdlatadmt will be higher

as shown in Figure 1.9.

Figure 1.8 Chemical structures of the Ir(ppy)2(acac) (left) and Ir(ppy-F2)2 (right) dopgouise &nd
description taken from reference #59.
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Figure 1.9 Spectral shape discrimination with Iridium complex. Graph taken from reference #59
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The advantages of MLCT over the over-doping method is minimal use of metal complexes
(<0.5%), simple reaction routes, high yield synthesis and higher mechanaaitistiof final plastic
scintillator. The disadvantages are expensive metal complexes, longer decay times tteatiinger
response and incompatibility with blue sensitive PMTs due to emission of the Irec@mileing in the
sky blue to red range. However, these disadvantages could be improved upon as this area is very new with

many options to consider.

1.4. Overview of Dissertation

Radiation detection has had a significant impact in our society over thievastecades. The
applications of radiation detection range from energy sustainability via nuclear plants to medical
WUHDWPHQWY DQG GLDJQRVLV WR SURWHFWIHHUD WILREH6GDQYWR Q D\
the simplest form of radiation detection in which a signal of ligktm#&ted due to interaction of ionizing
radiation with a fluorescent organic, hybrid or inorganic molecule. The use of inespamnsi readily
available organic molecules incorporated in equally inexpensive polymer matricededate the
development of plastic scintillators as a form of first line of detection. Over phastic scintillators have
evolved to serve as a probe to detect neutrons, gamma radiation and disetingrgdgnals between the
two. The incorporation of high Z atoms in plastics have increased the probabifigrmma radiation
interaction and, has led to the observation of photo peaks via photoelectric absorpttm oter hand,
incorporation of high neutron cross section isotopes has made the detectiomaf thewtrons possible,
which will eventually replace the rare and very expendilegas proportional counters. Further progress
has made it possible to discriminate the signals of neutrons from a gamatanadackground, termed
pulse shape discrimination. This marks the latest progress of plastic scintillators.

The steady progress of plastic scintillators has increased their functionalihettg still plenty
of research to be done. This is especially true in finding synthetic routesgiothe cost of thermal neutron
detecting dopants such as m-carboranes, inexpensive high Z dopants for gamma spgctiodc
availability of multiple primary dopants for PSD other than PPO. All thisdcbe possible with further
involvement of synthetic chemists in this interdisciplinary field.

In chapter 2, various alkylatgdterphenyl derivatives are synthesized to evaluate the correlation
between the physical properties of these derivatives (such as melting daimititgdimit in PVT and S

Sstacking) and performance in a mixed radiation sources. The geometrical shapes addseteite

energies of the dopants were compared with PPO to gain insight into the elashanism of PSD. These
insights were further explored in chapter 3. The mechanical stability of Is¢arsl made from these
dopants was also measured to gain an understanding for the softening of piastiatars as high
concentration of dopants is incorporated. Although Henok A Yemam was the first anttios chapter

various people contributed to this chapter.
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Chapter 3 deals with fluorene derivatives as dopants for use in PSD appticdthe fluorene
derivatives were synthesized from low cost starting materials in higlsyising simple chemistry. The
photophysical and thermal properties were investigated for their influemadiation sensitivity/detection
performance, and mechanical stability. Select fluorene derivatives producedaseingimples whose
mechanical properties exceeded those of the commercial PPO based scintilldtersgpraducing
acceptable PSD capabilities. The physical properties of the synthesized doparttswénvestigated to
examine their effect on the samples. Planar derivatives of fluorene were fdendighly soluble in PVT
matrices with little to no aggregation induced effects. The excited stateemn@ygth singlet and triplet)
were used to explain the discrimination performance and provide more evidence to ditetmative
theorems introduced earlier in chapter 2.

In chapter 4, a different synthetic approach was taken to further investigate tHersupexd
radiation discrimination performance of PPO. One of the synthetic approaches inweraheshge the
thermal properties and geometrical shapes of PPO while keeping the optieatipsajpe same. Another
approach slightly changed the optical properties while varying the other jmepéstthird approach
changed all the properties by immobilizing PPO on a 3-dimentional inorganic doeeradiation
performance is compared to PPO. In some cases, the mechanical stability of the ticasgtdaslator
doped with PPO derivatives were found to be more enhanced over the correspordimjagtie
scintillators at the same concentration. The results from this study providedséd improve mechanical
hardness of PSD capable plastic scintillators.

7KH ODVW FKDSWHU FKDSWHU GHDOV ZLMWRXD WRSHH WKDSM
However, this chapter deals with decades old scintillation problem: repfkténgas-filled proportional
detectors for detection of thermal neutron. Recent literature advances in thisasarbaen thoroughly
discussed. The lack of synthetic efforts to prepare better dopants contaifingehigon cross section
isotopes such &8B, 6Li and *%*'*Gd was highlighted. The ease of preparation and purification have led us
to synthesize small molecules containing boron up to 10 %wt. Theindhaeeutron detection efficiency
was compared with increa¥B content in the plastic and, the effect it had on light output and FoM in case
of over-doped PPO samples. Contrary to what was observed for PSD dopants én 2khépnon-
symmetrical boron dopants had higher solubility limits and hence better thermal net¢aiodeAs a
proof of conceptl®B enriched aromatic compounds were synthesized, doped in a plastic scintillator and
their thermal neutron detection efficiency compared to other boron containing ssteadutas. Adam Mahl

polished and tested plastic samples.
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1.5. Thesis Organization

Chapter 1 was the only chapter solely authored by Henok A Yemam. The thet afapters
required inputs from colleagues and collaborators. In chapter 2, Adam Mahl helpedakiitiy mplastic
samples, polished and analyzed all the samples with radiation sources. Dr. Jonathan Tirddlatadcal
the excited states energies, Joshua T. Koube calculated the ground state geomédsest plwe Greife
and Alan Sellinger supervised and supplied the starting ideas. In chapter 3, Adaheldediiwith making
plastic samples, polished and analyzed all the samples with radiation sourcesndiinad Tinkham
calculated the excited states energies, Joshua T. koubek calculated the @teugelosnetries, professor
Uwe Greife and Alan Sellinger supervised and supplied the starting ideas. Chapterlaptet 8 were
just accepted for publication (Aprii 2017) by Chemistry-A European Jour(@aDl:
10.1002/chem.201700877).

In chapter 4, Adam Mahl helped with making plastic samples, polished and analyzed afigles sa
with radiation sources. Joshua T. koubek calculated the ground state geometries, ofe<smife and
Alan Sellinger supervised and supplied the starting ideas.

Chapter 5 is a collection of two published articles and soon to be submittdel. ditiese were
RXWOLQHG DV pWKH WKUHH DSSURDFKHVTVIKH® DHUWKDPSW HV SOKHEC
Nuclear Instruments and Methods in Physics Research Section A; Accelerators, Spexsr@estctors
and Associated Equipment (http://doi.org/10.1016/j.nima.2016.01.073). In this article, Adam Njall hel
with making the samples, polished them all and characterized theirigadiarformance. The second
approach or published article is published by Scientific Reports (doi: 18si€383401). In this article,

Dr. Unsal Koldemir provided initial experimental conditions and made TBPatsyddr. Sean Parkin
analyzed TBP crystal using XRD, Tyler Remedes polished some samples and toas mEtsamples,
professor Uwe Greife and Alan Sellinger supervised and supplied the startingridbadakt approach or

soon to be submitted article, Joshua T. Koubek calculated the ground state geometries and scaled up MBB
synthesis, Dr. Roshan Fernando provided the experimental conditions and proof of concept $gnthesis
MBB.
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CHAPTER 2. HIGHLY SOLUBLE P-TERPHENYL AS EFFICIENCT DOPANTS IN PLASTIC
SCINTILLATORS FOR SENSITIVE NUCLEAR MATERIAL DETECTION

Slightly modified from submitted manuscript to Chemistry - A European Journal (accepted Apr. 2017)
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Henok Yemam, Adam Mahlonathan Tinkham, Joshua T. Koubek, Uwe Greife, Alan Sellinger

2.1. Introduction

Special Nuclear Materials (SNM), such?&%*U and?**Pu, are radioactive isotopes classified as
VSHFLILF QXFOHDU PDWHULDOV WKDW FRXOG GRWWQ@WIHO RY [EYH XV
| of the Atomic Energy Act of 1954The potential danger of these isotopes in significant quantities makes
them strictly regulated and controlled substances throughout the world. Theatefordd be beneficial if
the domestic and international borders, ports of entry, and airports around thevererldquipped with
radiation detectors to deter possible illicit trafficking of SNM. The current sparsely deplogetbdetise
a combination of thermalizing plastic scintillators &hié gas proportional chambers for identification of
SNM.®! The widespread application of these combined detector systems has become prohibitive due to the
increasing cost ofHe gas. As a result, new plastic scintillators are being investigatadiiss-line of
detectors for ionizing radiation (i.e. gamma and neutron) due to their loywtass$ reproducibility, ease
of handling and installation. Despite these qualities, the current base formuatiows inherently capable
of differentiating the signals of neutron and gamma radiation. This propertiidal as sources of gamma
radiation are significantly more common when compared to neutron radiation;ttdrebkeing a key
indicator of SNM. Being able to differentiate the two signals will hegntify SNM from naturally
occurring radioactive materials (NORM) or medical isotopes suélTasand®’Co %2

The working principle of plastic scintillators is the absorption ofoining radiation by an
inexpensive polymer matrix [e.g. poly(vinyltoluene) (PVT)] followed by theseghent cascade of energy
transfers to a primary fluorescent dopant and an optional wavelength shifterfiffdignthe emitted
photons are collected by a photodetector such as a photomultiplier tube (PMT) or phdtbtfiddeulse
is generated that is proportional to the type and energy of the incidentoradiatrecent years, research
groups have begun investigating and describing methods to enhance the sensitivitycafqifaiiators
for distinguishing fast neutron signals from background radiation. A simple, redotelucethod has
emerged by introducing an increased amount of highly soluble, fluorescent primary @wea+ttoping)
into a standard plastic scintillator formulation to induce interactitvag allow for pulse shape
discrimination (PSD) analyst§. PSD analysis makes use of the slight difference in decay signatures
between signals induced by different types of incident radiation. Gamma radiation, edneeztectrons

in the plastic, inherently deposits less energy over the same distance telaisatron radiation that
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produces proton recoifé.As a result, neutrons scattering through the plastic will result in hagberic

excitation density distributed in singlet and triplet excited stdtdhe singlet state electrons decay
promptly via fluorescence whereas the triplet state, that is populated at arhighérough the protons,

decays via phosphorescence: a quantum-mechanically forbidden transition thanrdgtétent emission
wavelength with a much longer decay signature. However, another interaction can occur \ikdn exc
triplet states are allowed to interact with each other. These tsipliets can combine into a higher triplet

state, or annihilate (referred to as triplet-triplet annihilation (TPAJhe resulting singlet states from this
process then decay via fluorescence, but on a longer time scale (delayed fluorescence) due to the nature of
the interaction. The signals of the collected wave forms can be differentigtesvbyiuch of the collected

light was generated by delayed fluorescence, thus discriminating neutron from gamma signals.

At lower primary dopant concentrations (<5.0 wt%), the signals from neutrayaamaa radiation
appear identical (due to the lack of any significant delayed fluorescence) aeddeniifying the incident
radiation is not possible without employing more complex and expensive inorgadictsdd detectors
(such as Nal, HPGe, Csl, BAF® However, when samples were produced that contained highly soluble
primary dopants that were admixed at >10.0 wt% concentration, the resulting speetfaundrto allow
for meaningful PSD analysis. Currently, the accepted theory for PSD cteshilihigher primary dopants
concentrations is that the migration and annihilation of first excited tigphéts increases, that leads to
increased delayed fluorescence (Schemg®@To our knowledge, only PPO, a diphenylanthracene (DPA)
derivative, andnterphenyl have been reported in literature to show PSD capabilities when doped at high
concentrations in common polymer matriée8’ Furthermore, PPO is the only primary dopant capable of

PSD used in a commercial plastic scintillator product.

/—> 1/9 (S; +Sg) |------ » Delayed Fluorescence

5/9 (Ts + Sp)

Scheme 2.1 Collision of first triplet excited states and the products of their annihilatifir§T triplet
excited state, SFirst singlet excited stategSSinglet ground state s Higher Triplet excited state].

At higher concentrations of PPO, the mechanical properties of the fineatplssften, making it
challenging to process into final form/shape, as well as transportatioethddployment. There is no
definitive explanation as to why over-doping PPO leads to enhanced PSD capabifitpzzed to other

dopants such as-terphenyl or the DPA derivative in plastic scintillators. The main reasonifoistiue
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to the lack of highly soluble fluorescent dopants in order to systematically studgrdrmeeters that affect
the PSD efficiency. If efficient TTA is the driving mechanism, then overrdppther highly emissive
primary dopants should introduce similar PSD capabilities as well.

In this chapter, alkylate@-terphenyl derivatives were synthesized that could be admixed into
common plastic matrices at high concentrations to: 1. to explore PSP-teithhenyl derivatives; and 2.
help identify the PSD mechanism. Therefore, we have prepared highly luminesckiedlkyerphenyl
with the intent of identifying the main parameters that affect the onseefiotency of PSD. To
systematically study these parameters. The effects of attaching alkyl/solgbgipups ontg-terphenyl
were explored in relation to the melting point, solubility limit inTR\&and PSD performance of the final
plastic.

2.2. Experimental Section
The synthesis, characterization of small molecules and description giribyérties were done by
Henok A Yemam whereas the plastic scintillator samples were preparechbddaoh Mahl and Henok A
Yemam. The radiation testing and analysis were solely performed by Adam Mehtomputational
results were provided by Dr. Jonathan Tinkham and Joshua T. Koubek.

2.2.1lInstrumentation

All reagents were purchased from either Sigma-Aldrich, Frontier Scegmifir Cl America unless
otherwise noted. 'H and *C NMR spectra were obtained on a JEOL ECA 500 liquid-state NMR
spectrometer and data obtained was manipulated in ACD/NMR processor so@asdghromatography
mass spectra (GC/MS) was acquired on a 1200L Varian GC/MS system witte aQuipd analyzer,
MS/MS capabilities and two modes of ionization. Thermal properties were measured on Q2000 TA
Instruments DSC: Differential Calorimetry Instrument. Photo absorption was medsur@dckman
Coulter DU 800 spectrometer with a xenon light source combined with an optical monochrtraat
allows scanning of wavelength from 200-800nm. Photoluminescence was recorded by Fluorolog
Spectrofluormeter FL 1057.

2.2.2Preparation of Samples, Radiation Set-up and Testing

An alumina column plug was used to remove the inhibitor from 4-vinyltolueremer (TCI
America). The radical initiator azobisisobutyronitrile (AIBN) (Aldrichas recrystallized twice from
methanol and stored in a freezer. A stock solution of 0.01 wt% AIBN in 4tgloghe was prepared and
stored in a freezer. Glass jars from VWR were used as molds to make 4.7 cm diandefed Bycm
thickness samples (approximately 20.0 g). The sample compositions are X wt% primary dope#s, 0.1
POPOP and (99.9-X) wt% 4-vinyltoluene unless otherwise noted. For samples above p@imagy

dopant, the glass vial was silanized with dichlorodimethylsilane (SAjmiach) in accordance with a
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literature proceduré After the dopant solutions were prepared in 4-vinyltoluene, argon gas wag gentl
bubbled in the solutions for 20 minutes to displace oxygen. The glass jars were then cajpoe dnazual
argon filled vacuum oven under slight vacuum (Fisher Scientific isotemp 280A) and left to cure for 4 days
at 80°C and 24hr at 98C. Once the samples were cured and slowly air cooled to room temperature, the
glass jars were broken and the plastic discs were collected (Figure 2.6).

The samples were machined down to one flat side (meniscus side) using 100 gripesabgpa
hand or by belt depending on its mechanical and thermal stability. Then, the sa®selished using
150, 220, 300, 400, 600 and 600 wet-grit sandpapers. The final touches of polishing were done on a loose-
cotton buffer wheel using white abrasive polishing compound and finished with blisgbedmpound.
Each sample has 4.7 cm diameter and 1.1-1.3 cm thickness. Solid scintillator samplightlyenedapped
in white Teflon tape on all sides but one and attached to a HamamatsuH2¥I31¢(50)with silicone
optical grease. The whole assembly was wrapped in aluminum foil and sealdigivitight electrical
tape. The PMT was biased using standard electronics and read out with a custom built wavefoem digit
and DAQ system controlled by a MIDAS interfd€e.

6DPSOHV ZHUH ILUVAY NWBRYWHG WIRPPD HPLVVLRQ RI NHO L
JHQHUDO OLJKW RXWSXW SURSHUWLHV ([DPLQHQWWHKH DRV LW NRIQ
WKLV RXWSXW VSHFWUD DOORZHG XV WR FDORGG UDQNGH. YH.ISRXKD @ D\PCSF
HQHUJ\ VFDOQH%LERABDULQJ HDFK VDPSOH V & ( ORFDWLRQ WR D
ORFDWLRQ RQ DQ DEVROXWH VFDOH ZH GHWHUPL @H® ID H[ISRDYWGY
WR BP & VRXUFH LQ WZR GLIIHUHQW VKLHOGLQJ FRQIMWNXR Q VDIGRR V
JDPPD ILHOGV )LUWWWX:OBEDG ¥XDN® R VKLHOG WKH GHWHFWRU D
DQG WUDQVIFQMXAWD RQDWSHFWUXP DW WKH GHWHFWR UHXRADRQLR Q
UHVSRQVH DV ZHOO DV WHVW3® QFD S RBERAWMALWKH VDPSOHV Q

2QFH HQRXJK VWDWLVWLFV ZHUH REWDLQHG WK FROOWHDFW H C
DQDO\VLV IUDPHZRUN WR GHYHORS UHOHY DR ®GRXX\OSWHN \VAKDHSFHWUIHD\
LQIRUPDWKHR ®WRUHG SXOVH LV LQWHJUDWHG RYHU L @\ HHUMHQMR Q
WLPH SEBXIOR/GI $UHD" LV SURSRUWLRQDO WR WKH GHSRVMWRHG HQ
VERIWLOODWLRQ SKRWRQV 7KH LQWHOWDDKMWGRYHUDD GBQDEH X WHE® MV E
SXOVH VKDSH 7KH UDWLERGRIZXE QW \WEHPE'HD D\HG 3Q 8 0L YUD\FIA RO V
WR GLVSOD\ DQG TXDQWLI\ SXOVH VKDSH GLVFULPLQDWLRQ

2.2.3Computation Setup
NWchem 6.5' was used to perform DFT computations on single molecules, and Avégadso
used to both construct the initial starting geometries, analyze thenggidometries, and export the ray-

tracing images using the POV-Ray export option. Ground state geometries were casipgt&3LYP/6-
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31G*, and all energies were computed using CAM-B3LYP/6-31G**. Singlet and triplet staggesneere
computed by optimizing the excited state geometry of the target state using tGéSCAM-B3LYP/6-
31G** level. The energy of the singlet and triplet states were taken asfaremtik in total energy between
the optimized excited state, and the optimized ground state. This general approachutingoexcited
state energy levels has previously been established.

Ground state geometries and energies can quickly be calculated using the hybrid fusicyien B
with a decent basis set, and there is an overwhelming amount of |ettaatiutilizes this. Excited state
approaches can be more sensitive to other effects and require more care to calcetdtermogies. For
example, normal DFT functionals all incorrectly approximate the asymptotic belo&el@ctron density.
While negligible for small molecules in the ground state, the effect becoaresappreciable when dealing
with conjugated aromatic molecules in the excited state where large changes in éésxityrcan occut®
To this end we have utilized the range-separated hybrid (RSH) functional, CAMMB3thich offered a
good balance of accuracy and computing time.

We initially attempted to utilize TD-DFT to model the excited state eetrstructure, but these
calculations failed to converge due to instability in calculating the intermedjdé states. However, we
found CIS was capable of converging on the singlet and triplet state geometriesTDAIFT is capable
of more accurate energies in open-shell systems, CIS is a more efficlemitjteccapable of similar
accuracy in closed-shell systems. For stilbene and PPO, our T1 and S1 numbers match well auth previ

experimental and computational numbgré.

2.2.4Synthesis Procedures

Generally, the synthesis of PTP derivatives were achieved with Suzuki cobpliwgen an
arylhalide (1.0 equivalent) and an arylboronic acid or ester (1.2-1.5 equivalenpotatsium carbonate
(3M) as the base, tetrakis(triphenylphosphine)palladium(0) [4.0 mol %heasdtalyst and tetra-n-

butylammonium bromide as the transfer-phase catalyst while toluene and water serve asritse solv

2.2.4.1. Synthesis ofp-alkylated PTP derivatives
5
O
2-(4-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolan 0
In oven-dried Schlenk flask under argon atmosphere, 1-bromo-4-(tert-butyitee(2.90 mL,
28.2 mmol) and 8.58 g bis(pinacolato)diboron (33.8 mmol) were dissolved in 604ndiokane. Oven-
dried potassium acetate (4.14 g, 42.2 mmol) was added quickly to the mixtureetbllmw[1,1'-
bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (923 mg, 1.13 mmol). Themiwias heated
at 90C overnight. Once the reaction was complete, the mixture was cooled tdenope@rature and 100

mL ethyl acetate was added to quench the reaction. DI water (30 mL) was ado@cct the aqueous

22



phase, 50 mL brine (2X) was used to wash the organic phase, and it was dried over anhydrawsniligSO
filtered. After concentrating down the filtrate, silica column chromatograptiyhexanes as eluent gave
5.57 g white powder (76%3H NMR (500.0 MHz, CDG)): / vV o+ vV o+ BCc v
{*H} NMR (125.8 MHz, CDC} [/ .39, 125.27, 123.98, 83.54, 34.83, 30.64, 24.26.

4-(tert-butyl)-1,1":4",1"-terphenyl (tBuPT. . . :

In oven-dried 150 mL Schlenk flask under argon atmosphere, 4-bromobiphenyl (4.48 g, 19.2 mmol)
was added to 18 mL anhydrous toluene followed by 6.0 g(df(&rt-butyl)phenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (23.1 mmol). Then, a mixture of 7.97 g oven-dried potassium carb@ratarfiol)
in 18 mL degassed DI water and 620 mg tetra-n-butylammonium bromide (1.62 ware added to the
mixture. Tetrakis(triphenylphosphine)palladium(0) (888 mg, 0.77 mmol) was adde¢deantxture was
heated to S overnight. The mixture was checked for completion by TLC (hexanes). duitepletion,
the mixture was cooled to room temperature and dumped into 150 mL cold methanol and leftiowvernig
a flammable freezer. It was then filtered and dried and passed through a staalbsilimn chromatography
with hexanes as eluent to yield 4.4 g white powder (86RbNMR (500 MHz,CDCl; / P +
7.60 (d, 2H), 7.55:7.44 (m, 4H), 7.38 (t, 1H), 1.40 (s, 9HAC {*H} NMR (125.8 MHz, CDC}{ /

140.73, 139.64, 137.64, 129.35, 127.88, 127.53, 127.22, 126.68, 126.31, 125.91, 125.01, 34.43, 30.77.

FO7
B
2-(4-butylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolan ©

In oven-dried Schlenk flask under argon atmosphere, 5.0 mL 1-bromo-4-butylbenzene (28.2
mmol,) and 8.58 g his(pinacolato)diboron (33.8 mmol) were dissolved in 60 milidkdne. Oven-dried
4.14 g potassium acetate (33.8 mmol) was added quickly to the mixtweddllby 93 mg [1,1'-
Bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (923 mg, 1.13 mmol). Theimixtas heated
at 90C overnight. Once the reaction was complete, the mixture was cooled taemperature and 100
mL ethyl acetate was added to quench the reaction. DI water was added to extractdhe ploase, 50
mL brine (2X) was used to wash the organic phase, and it was dried over anhydrousavidSittered.
After concentrating down the filtrate, silica column chromatography withnesxas eluent gave 6.92
white powder (82%)H NMR (500.0 MHz, CDGJ): / G + 7.08(m,2H),2.57 (d, 2H), 1.55
(s, 2H), 1.28 (s, 28H), 0.88 (d, 3HL {*H} NMR (125.8 MHz, CDC}): /146.20, 135.26, 127.23, 83.55,
35.89, 33.57, 25.59, 24.58, 14.54.
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4-butyl-1,1":4',1"-terphenyl (nBuPT Q O

In oven-dried 150 mL Schlenk flask under argon atmosphere, 4-bromobiphenyl (4.48 g, 19.2 mmol)
was added to 18 mL anhydrous toluene followed b{4-Butylphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (6 g, 23.10 mmol). Then, 8.0 mL aqueous solution of potassium carbonatadl,&.én
M) and 619 mg tetra-n-butylammonium bromide (1.92 mmol) were added to the mixture.
Tetrakis(triphenylphosphine)palladium(0) (888mg, 0.77 mmol, 4.0% eq) was added and thie mad
heated to S overnight. The mixture was checked for completion by TLC (hexanes).dsitepletion,
the mixture was cooled to room temperature and dumped into 150 mL cold methanol and left avernight
a flammable freezer. It was then filtered and dried and passed through a staatbéilimn chromatography
with hexanes as eluent to yield 4.81 g white powder (87.39d}MR (500 MHz,CDCl; / , @),

7.58 (d, 2H), 7.47 (t, 2H), 7.37 (t, 1H), 7.29 (d, 2H), 2.68 (t, 2H), £7%9 (m, 2H), 1.41 (m, 2H), 0.98
(t, 3H). °C {*H} NMR (125.8 MHz, CDC}  /
127.76, 127.37, 126.54, 126.07, 35.17, 35.50, 22.30, 13.38.

4.4"-di-tert-butyl-1,1"4',1"-terphenyl (ditBuPTP); . . . E

In oven-dried 100nL Schlenk flask under argom atmosphere, 1,4-dibromobenzene (411 mg, 1.74
mmol) and 2(4-(tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (999 mg, 3.84 mmol) were
added to 8 ml anhydrous toluene. Then, 8 mL aqueous solution of potassium carbonate (1&®rivihol,
and 56.1 mg tetra-n-butylammonium bromide (0.17 mmol) were added to the mixture.
Tetrakis(triphenylphosphine)palladium(0) (80.0 mg, 69.9 umol) was added and theemisisiheated to
90°C for 24hr. After checking the completion by TLC (8:2 hexanes to ethyl acett@tegaction was cooled
to room temperature and dumped intord) cold methanol and left in flammable freezer overnight. The
mixture was filtered, dried and passed through a plug silica chromatography colimhexénes and 20%
ethyl acetate as co-eluents to yield 550 mg white powder (93%NMR (500 MHz, CDC}  / Vv
4H), 7.59 (d, 4H), 7.49 (d, 4H), 1.38 (s, 18MC {*H} NMR (125.8 MHz, CDC}  /

129.86, 128.86, 128.54, 128.09, 127.59, 127.16, 126.84, 122.65, 121.42, 100.29, 32.45, 31.45.

4-bromo4'-((2-ethylhexyl)oxy)-1,1'-biphenyl

In oven-dried 250nL round bottom flask under argon atmosphere, 2-ethylhexyl bromide (8.5 mL,
48.0 mmol) was added to a solution of 4-bromophenol (9.96 g, 40.0 mmol), 2.80 g potassimxidaydr

(50.0 mmol) and 609 mg sodium iodide (4.00 mmol) im@0anhydrous ethanol. The solution was refluxed
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for 36hr and checked for completion with TLC (hexanes). After completion, theosoludis concentrated

down and 100nL ethyl acetate was added, the inorganic layer was extracted with brine solution and dried
over anhydrous magnesium sulfate. It was then concentrated down and passed through ausilica col
chromatograph with hexanes and few drops of ethyl acetate as the eluent to yieldd@rlegs powder
(83.0%). *H NMR (500.0 MHz, CDGJ): / G + vV o+ \I1H)#1.02 (s, G
8H). *C {*H} NMR (125.8 MHz, CDC}): / 159.51, 140.02, 132.79, 131.41, 129.16, 127.94, 121.00,
115.85, 70.85, 39.18, 30.92, 29.47, 24.21, 23.19, 14.99, 10.99

4-((2-ethylhexyl)oxy)-1,1"4",1"-terphenyl (ehPTP)
In oven-dried 150nL Schlenk flask under argon atmosphere, 4-brdi¥(¢2-ethylhexyl)oxy)-1,1'-

biphenyl(5.80 g, 16.1 mmol) was added to 16 mL anhydrous toluene, followed by 2.35 g of phenylboronic

add (19.3 mmol). Then, 16.0 mL aqueous solution of potassium carbonate (32.0 mmla2@®517 mg

tetra-n-butylammonium bromide (1.60 mmol) were added to the mixture.

Tetrakis(triphenylphosphine)palladium(0) (742 mg, 642 umol) was added and theemirds heated to

90°C for 24hr. The mixture was checked for completion by TLC (hexanes). Theoreagts cooled to

room temperature, precipitated in cold methanol and left overnight in flammabeleefr It was then

filtered, dried and passed through a small silica column chromatography with hexaluesngdt was then

reprecipitated in cold methanol and stored in flammable freezer overnight. The whiter peas filtered

and dried (4.03 g, 70.09%H NMR (500 MHz, CDC}  / 762 (m, 6H), 7.59 (d, 2H), 7.48 (t, 2H),

7.37 (t, 1H), 7.03 (d, 2H), 3.92 (d, 2H), 1.78 (m, 1H), 146425 (m, 8H), 0.96 (m, 6HYC {H} NMR

(125.8 MHz, CDd / 8,

126.69, 126.22, 115.38, 114.08, 70.41, 39.82, 38.80, 30.37, 23.74, 14.50, 13.51, 10.51.

4-heptyl-1,1":4',1"-terphenyl (heptyIPTP O O

In oven-dried 150mL Schlenk flask under argon atmosphere, 4.0 g 4-brheptyl-1,1'-
biphenyl (12.1 mmol) and 1.77 g phenylboronic acid (14.5 mmol) were added to 14 mL anhyiremss. t
Aqueous solution of 14.0 mL potassium carbonate (28.0 mmol, 2.0 M), 389 mg tetra-n-butglamm
bromide (1.21 mmol) and 558 mg tetrakis(triphenylphosphine) palladium(0) (48l were added to the
mixture. The mixture was heated to°G0for 48hr. It was then cooled down to room temperature,
precipitated in cold methanol and left overnight in flammable freezer. Taeeéllimixture was dried and

passed through a silica column chromatography with hexanes as eluent to yield 3cowhageapowder
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(88.4%).'H NMR (500 MHz, CDC}  / P+ G + , \M), 7.6 (d, 2H), W
2.74(d, 2H), 1.75 (t, 2H), 1.42 (m, 9H), 1.00 (t, 3R {*H} NMR (125.8 MHz, CDC}  142.67, 141.12,
140.54, 140.15, 138.35, 129.92, 128.33, 127.89, 127.08, 36.04, 31.99, 29.66, 28.67, 23.07, 15.04, 14.11.

2.2.4.2.  Synthesis oim-alkylated PTP derivatives

Qo/\/\/

In oven-dried 250nL round bottom flask under argon atmosphere, 1-bromopentane (5.45 mL, 44.0

1-bromo-3-(pentyloxy)benzenkr

mmol) was added to a solution of 3-bromophenol (7.0 g, 40.0 mmol), 2.80 g potassium hydi@xide (
mmol) and 610 mg sodium iodide (4.0 mmol) in@Q anhydrous ethanol. The solution was refluxed
overnight and checked for completion with TLC 9:1 hexanes to ethyl acetimiecémpletion, the solution

was concentrated down and 100 ethyl acetate was added and the inorganic layer was extracted with
brine solution and dried over anhydrous magnesium sulfate. It was then coededtran and passed
through a silica column chromatograph with hexanes as the eluent to yield 9.0 gssabir(92.6%)'H

NMR (500.0 MHz, CDG): / v o+ vV o+ vV o+ vV o+

4H), 0.94 (s, 3HYC {*H} NMR (125.8 MHz, CDC}): /159.73, 130.94, 122.62, 118.19, 112.64, 67.99,
28.68, 22.33, 14.38, 13.39

0
3-(pentyloxy)-1,1"4',1"-terphenyl (mopPT

In oven-dried 150nL Schlenk flask under argon atmosphere, 1-bromo-3-(pentyloxy)benzene (5.0
g, 21.6 mmol,) was added to 40 mL anhydrous toluene, followed by 7.5 g of 4-biphenidlamidr(22.6

mmol). Then, 20 mL aqueous solution of potassium carbonate (40.0 mmol, 2.0 M) and 6&&2arng

NN

butylammonium bromide (2.06 mmol) were added to the mixture.
Tetrakis(triphenylphosphine)palladium(0) (997 mg, 0862 umol) was added and thieemixs heated to

9(°C for 24hr. The mixture was checked for completion with 9:1 hexanes to ethykaédtar completion,

the mixture was cooled to room temperature and dumped intmL5®Id methanol and left overnight in

a flammable freezer. It was then filtered and dried and passed through a staalbsilmn chromatography

with hexanes and few intermittent drops of ethyl acetate as eluent to yiegjdvbife powder (88%)H

NMR (500 MHz, CDCY /  m, 6H), 7.48 (t, 2H), 7.37 (t, 2H), 7.24-7.19 (m, 2H), 6.93 (dd, 1H), 3.93

(t, 2H), 1.77 (m, 1H), 1.43 (m, 8H), 0.97 (t, 6MAC {*H} NMR (125.8 MHz, CDC}  /

140.56, 139.84, 130.27, 129.34, 129.00, 128.01, 127.51, 126.65, 126.21, 119.91, 118.58, 113.85, 112.47,
67.91, 28.89, 28.16, 22.33, 13.47.
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3-(tert-butyl)-1,1":4',1"-terphenyl (m-tBuPTP Q O

In oven-dried 150nL Schlenk flask under argon atmosphere, 1-bromo-3-(tert-butyl)benzene (2.74
g, 12.9 mmol) was added to 26 mL anhydrous toluene, followed by 4-biphenylboronic acid, (5513
mmol). Then, 13.0 mL aqueous solution of potassium carbonate (26.0 mmol, 2.0 M) and 415 mg tetra-n-
butylammonium bromide (2.29 mmol) were added to the mixture.
Tetrakis(triphenylphosphine)palladium(0) (595 mg, 515 umol) was added and the midsidecated to
90°C overnight. The mixture was checked for completion with 9:1 hexanes to ethigtea After
completion, the mixture was cooled to room temperature and dumped intoL1&8ld methanol and left
overnight in a flammable freezer. It was then filtered and dried and passed tarsogthl silica column
chromatography with hexanes as eluent to yield 2.80 g white powder (F6%MR (500 MHz,DMSO-
ds / 72 (m, 4H), 7.69 (d, 2H), 7.64 (s, 1H), 7.46 {#)37.32-7.40 (m, 3H), 1.35 (s, 9HJC {*H} NMR
(125.8 MHz, CDCG}  /
126.94, 126.79, 126.56, 125.16, 123.77, 99.97, 37.55, 31.04.

3,5-di-tert-butyl-1,1":4',1"-terphenyl (m-ditBuPTP)

In oven-dried 150mL Schlenk flask under argon atmosphere, 1-bromo-3,5-di-tert-butylbenzene
(3.46 g, 12.9 mmol) was added to 26 mL anhydrous toluene, followed by 4-biphenylbordr(i. 88ig,
15.4 mmol). Then, 13.0 mL agueous solution of potassium carbonate (26.0 mmag),aa@ #1.5mg tetra-
n-butylammonium bromide (2.29 mmol) were added to the mixture.
Tetrakis(triphenylphosphine)palladium(0) (595 mg, 515 umol) was added and theemiss heated to
9(°C overnight. The mixture was checked for completion with 9:1 hexanes to ethigtea After
completion, the mixture was cooled to room temperature and dumped intoL1&8ld methanol and left
overnight in a flammable freezer. It was then filtered and dried and passecdtharsomll silica column
chromatography with hexanes as eluent to yield 3.0 g white powder (68%MR (500 MHz, CDCY  /
7.65-7.70 (m, 6H), 7.48 (m, 5H), 7.38 (t, 1H), 1.42 (s, 188){*H} NMR (125.8 MHz, CDC}  /
140.14, 129.37, 128.39, 128.04, 127.77, 127.57, 127.13, 126.70, 126.31, 122.16, 120.93, 34.92, 20.93.
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Br\©/0\/(/\/
1-bromo-3{(2-ethylhexyl)oxy)benzene

In oven-dried 25@nL round bottom flask under argon atmosphere, 2-ethylhexyl bromide (7.90 mL,
44.0 mmol) was added to a solution of 3-bromophenol (7.0 g, 40.0 mol), 2.80 g potassiundeyc@xi
mmol) and 610 mg sodium iodide (4.0 mmol) inrfA0 anhydrous ethanol. The solution was refluxed for
36hr and checked for completion with TLC 9:1 hexanes to ethyl acetate. After complati solution was
concentrated down and 100L ethyl acetate was added, the inorganic layer was extracted with brine
solution and dried over anhydrous magnesium sulfate. It was then concentratedndbpassed through
a silica column chromatograph with hexanes as the eluent to yield 10.8 g color(64s384).*H NMR
(500 MHz, CDCY) / #11 (m, 1H), 7.09 (s, 2H), 6.86 (s, 1H), 3.83 (s, 2H), &8%6 (m, 1H), 1.61
+1.21 (m, 12H), 1.08:0.78 (m, 9H)*C {*H} NMR (125.8 MHz, CDC}{  160.37, 129.88, 122.94,

118.49, 112.90, 70.73, 38.91, 30.64, 23.96, 14.72, 10.71.
>

3-((2-ethylhexyl)oxy)-1,1":4',1"-terphenyl (mehPT Q O

In oven-dried 100 mL Schlenk flask under argon atmosphere, 1-broni®3-
ethylhexyl)oxy)benzene (3.67 g, 12.9 mmol) was added to 26 mL anhydrous toluene, followed by 4-
biphenylboronic acid (5.13 g, 15.4 mmol). Then, 13.0 mL aqueous solution of potassium ea(b6:iat
mmol, 2.0 M) and 415 mg tetra-n-butylammonium bromide (1.29 mmol) were addbd tixture.
Tetrakis(triphenylphosphine)palladium(0) (595 mg, 515 yumol) was added and theemisds heated to
90°C overnight. The mixture was checked for completion by TLC (hexanes). The remaiafuenched
by 100mL ethyl acetate and washed withrBQ DI water followed by 50nL brine solution twice. It was
then filtered, dried and passed through a small silica column chromatography with leexeluest. It was
then precipitated in cold methanol and stored in flammable freezer overnighthita@owder was filtered
and dried (3.50 g, 76.1%) NMR (500 MHz, CDC}  / m, 6H), 7.48 (t, 2H), 7.4%7.3 (m, 2H),
7.20 (m, 2H), 6.93 (d, 1H), 3.93 (d, 2H), 1.77 (m, 1H), 1.43 (m, 8H), @87 (m, 6H)3C {*H} NMR
(125.8 MHz, CDC}  / :
126.20, 119.83, 118.49, 113.92, 112.68, 70.38, 39.80, 30.57, 23.80, 14.50, 13.51, 11.52, 10.53.

2.3. Results and Discussion

PTP has been used as a primary fluorescent dopant together with 1,4-bis(6xzzein2-yl)

benzene (POPOP) as a wavelength shifter in basic plastic scintillator fbomsilay several groups

28



including commercial producers of scintillators, eg. Saint Gobain Cry$taldts high fluorescence
guantum vyield (93%), fast decay lifetime (1.05 ns) and high photospectral ovettap\ilitand POPOP
makes it an efficient dopafft.”® However, due to its limited solubility in current plastic scintillator
formulations, it has never been investigated for PSD application in plastgide of the early attempts by
Birks.2° Birks had used 2.5 wt¥terphenyl in polystyrene as a proof of concept to show how fast neutron
signals could be separated from gamma radiation, though exhibiting only wedR P& here attempt to
increase the solubility of PTP to further study this promising family of fluorescent dopants.

2.3.1Synthesis and Physical Characterization of PTP Derivatives

The solubility of PTP in PVT was increased by changing the position anthlengalkyl
substituents on PTP. As expected, this minimally affected the photophysical proffegugss 2.2-2.p
and yielded a more useful form of the dopant for possible PSD properties in pladiilatses via over-
doping. Finkelstein and modified Miyaura borylation reactions were used to synthesizesgre from
inexpensive starting materials, whereas Suzuki coupling of the precursors affordedlthe@iucts with
good to excellent reaction yields (Schemes 2.2 and 2.3, Figur&2The choice of the alkylated
substituents was made based on the price of starting materials, as wetkaetbscale up and purification

schemes.
Br BPin or B(OH),
Pd(PPhs),, K,CO, Ry =H. R=Bu
O i - R,=-H, R,=-nBu
Toluene/H,0 (1:1), 90°C R=-(2-ethylhexyl), Ry=-H

Ry=-heptyl, Ry=-H
‘ K C
O
. 4 R;orR
R, Bpin= ——-B\ 1 2

0]

Schene 2.2 Synthesis of para-alkylatpeerphenyl derivatives

B

Br R, =-H, R,=-tBu
Pd(PPh,),4, K,CO 1 > 2
+ O (PPhs), K205 - R,=-tBu, R,=tBu
Toluene/H,0 (1:1), 90°C R;=-H, R,=-OPentyl
R R R,=-H, Ry=-(2-ethylhexyl)

R,

1 2

R,

Scheme 2.3 Synthesis of meta-alkylated p-terphenyl derivatives
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these derivatives are reported here for the first time in literatureexidegtion are tBuP R hepPTF® and
ditBuPTP®. None of these, apart from PTP and hepPTP in plastic scintillator and liqoidliator
respectively, have been reported for use as a primary dopant in plastic scinfiltoalkylated PTP
derivatives showed nearly identical absorption and emission properties astitdJar, as seen in Figures
2.2-2.5. The relative photoluminescent quantum yields (PLQY) of these derivaté/atso very similar
(>90%), as shown in Table 2.1, and these deviations are within the systematic &eaetitive quantum
yield measuremerit. The thermal properties of PTP derivatives was studied using differeraiatiag
calorimetry (DSC) and results shown in Table 2.1. The Tm vary greatlyoineranother and as expected,
the malkylated PTP derivatives showed much lower values compared topthtylated counterparts.
Interestingly, some of these derivatives appear to have multiple thermal transitioesZ Tabéuggesting
liguid crystalline (LC) phases (that has been previously reported ftetgypmoleculesy®®, but we found
no correlation between the existence of the LC-phases and the position of the sajupitiap. In addition,
the existence and position of the LC-phase did not noticeably affect scomikdticiency of the dopants.

Results for PPO is shown for comparison.

Table 2.1p-terphenyl derivatives and their physical properties.

Primary dopanty Tm LC-phase UV-max PL-max Relative PLQY
(°C) (C) (hm) (nm) (%)
PPO 72 N/A 304 367 100
PTP 213 N/A 281 341 93
tBUPTP 187 N/A 277 344 93
nBuPTP 180 126180 277 345 91
ehPTP 179 N/A 285 353 93
hepPTP 174 121-174 278 344 98
ditBuPTP 255 245255 280 349 -
mtBuPTP 94 N/A 274 342 90
MtBLPTP 136 N/A 275 345 97
mopPTP 64 57-62 275 346 95
mehPTP 11 N/A 274 346 100

Melting Point (Tm) was determined by TA Instruments Q2000 Differential ScaQailogimetry
UV-VIS was run in spectral grade cyclohexane wBeckman Coulter DU 800 Spectrometer
Photoluminescence (PL) was run wittuorolog Spectrofluorimeter FL105&xcited at 290 nmPL

Quantum Yield (PLQY)was run with PTP as the reference dye and excitation wavelength at 270 nm.
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e

tBuPTP, 72% nBuPTP, 65% ehPTP, 70% hepPTP, 88% ditBuPTP, 92%
O O 0
mtBuPTP, 76% mtBu,PTP, 68% mopPTP, 88% mehPTP, 76%

Figure 2.1 PTP derivatives and their reaction yields. [ditBuPTP is not shown on Schemes 2.2/2.33 as a
matter of convenience.]
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Figure 2.2 Photoabsorption of p-alkylated PTP
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Figure 2.3 Photoemission pfalkylated PTP

32



— PTP abs

o
e

—— mtBuPTP abs

mtBu2PTP abs

Normalized intensity
o
(o]

mopPTP abs
0.4 — mehPTP abs
0.2
0
240 290 340 390

Wavelength(nm)

Figure 2.4 Photoabsorption of m-alkylated PTP
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Figure 2.5 Photoemission of m-alkylated PTP

2.3.2Solubility Test and Radiation Performance

The solubility limit of PTP in PVT was determined to be 2.0-3.0 wt% iaemgent with literaturé
Thep-alkylated derivatives (Figure 2.1) solubility in PVT were determindzk between 5.0-7.0 wt% with
the exception of tBUPTP (Figure 2.1) and ditBuPTP (Figure 2.1). The higherxgwalints of PTP, tBUuPTP

and ditBuPTP when compared to the rest ofptatkylated derivatives correlate to the lower solubility
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limit. ditBUuPTP had the highest melting point and lowest solubility in RYII0 wt%). The relationship
between high melting points of the dopants and low solubility in PVT were directblated and provided
motivation to synthesize lower melting point PTP derivatives (to incrigesasolubility within PVT),
through the synthesis ofalkylated PTP derivatives (Table 2.1, Schemé. lxdalkylated PTP derivatives
had much higher solubility limits; up to 20.0 wt% in PVT. The increase in sojubditrelates with the
lower melting points of the derivatives. The high solubility alloweddsting of PSD capabilities via over-
doping. Note, mehPTP (Figure 2.1) has a melting point lower than room temperature andstimag w

explored further for over-doping due to extreme softening (gel-like) dirthkplastic at concentrations of
10.0 wt%.

"wi’f :

¢ 1 4 Y
a2 J_
5% nBuPTP 7% nBuPTP % hepPTP
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i e
ﬂ%_# jk i f
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Figure 2.6 Plastic scintillators doped with the new p-terphenyl derivatives. [Each square is 1cm x 1cm]
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Figure 2.7 Compton edge comparison of commercial scintillatopadklylated PTP derivatives.
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Figure 2.8 Compton edge comparison of commercial scintillatomeaiklylated PTP derivatives.



To test their radiation response, each sample was polished (Figuredupled to a PMT
(Hamamatsu H2431-50) and then exposed to various radiation sources. ¥i3$, gamma source was
used to measure the gamma response. The dominant photoelectric interadtisticrsgintillators is via
the Compton effect. Therefore, the collected spectra are analyzed for the Compton edgélfeddaation
of which can be used to quantify the light yield (LY) and generate an endiigyatian unique to each
sample (Figure 2.7 and 2.8). Light yield is a general property of plastitilatdrs that describe their
scintillation or energy transfer efficiency. In literature, ligtelgls are often presented by comparing with
signals from commercial scintillators such as Saint Gobain Crystals (BC-40B)jand echnology. The
137Cs response spectra of all the samples are shown in Figures 2.7 and 2.8. In this stutly,cingits
of the samples are compared to a similarly sized sample of BC 408 acquired fro@&iim Crystals.
The CE of PTP derivatives containing plastic scintillators are divided b§Ehaf BC-408. The result is
reported as a percentage (in Tablg.2.2

Table 2.2 Radiation response of plastic scintillator with soluble derivatives of PTP

Primary 1.0 wt% 5.0 wt% 10.0 wt% 15.0 wt% 20.0 wt%
Dopants LY (%) LY (%) |FOM |LY (%) |FOM |LY (%) |FOM |LY (%) |FOM
PTP 97.1 - - - - - - - -
t-buPTP 85.4 71.0 058 |- - - - - -
n-buPTP 87.5 69.0 0.67 |- - - - - -
ehPTP 89.6 65.0 052 |- - - - - -
hepPTP 77.1 55.0 0.56 |- - - - - -
mtBuPTP | 86.0 94.0 0.79 |90.0 0.81 |89.0 072 |- -
mMtBwLPTP | 79.0 68.0 0.57 [88.0 0.79 |67.0 0.81 |- -
mopPTP 63.3 62.0 0.64 |76.0 0.71 |67.0 0.77 |64.0 0.87
PPO 90.0 80.0 0.65 |87.0 1.10 |88.0 1.21 |89.0 1.61

In comparison for light yieldp-alkylated PTP derivatives are similar to PTP at 1.0 wt%. Note that
the systematic error of the light yield (LY) measurements of this experisestiinated to be +5.0% (Table
2.2). The variation in LY outside of the experimental error is believed to be dhe tadrphological
changes within the plastic as the solubilizing chain of the derivativesases, that in turn decreases the
S Stacking of the derivative$.This leads to a decrease in non-radiative energy transfer from the PVT
matrix to the primary dopant. Similar trends were observed with 1.0wdkylated PTP derivatives, with
mopPTP (Figure 2.1) showing the lowest light yield as shown in Table 2.2. The stdranke affects the
S- Stacking of the derivatives and decreases the homogeneity of the solution. This loweeditibedik
of Fdrster Resonance Energy Transfer (FRET) between PVT to dopants, resuitwerirscintillation

efficiency or light output.
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Next, a?**Cm/3C source was used to generate a mixed neutron and gamma radiation field. The
individual samples response was energy calibrated usint}’@® spectrum, and then analyzed for any
LQGLFDWLRQ RI Q 36" SDKdHquditiflelt by QfigurdRolf-n3erit (FoM) measuring the
separation of the two types of signals at a given enepgglkylated PTP derivatives did not have high
enough solubility in PVT _(<7.0 wt%) to generate sufficient TTA, resultirglow FoM (Table 2.2). Thus,
only the initial onset of PSD was demonstrated close to the solubility Tietdrop in the light yield from
1.0 to 5.0 wt% is expected due to concentration fluorescence quenching (Table 2.2).uli$efr@®O
are shown as the last entry in Table 2 for comparison.

The increased solubility of theralkylated PTP derivatives allowed for more significant PSD
analysis. mtBuPTP showed promising PSD at 5.0 wt% with a FoM value highehéaarresponding
PPO at 5%, but the FoM stopped increasing with higher concentrations, showingdexeease at 15.0
wt%. This was counterintuitive to our expectation as higher concentrationsnairpdopants should lead
to efficient TTA and hence better PSD. However, the same trend was also obsénvedBmPTP in
which there was not a significant increase in FoM as the concentration increaseldf® to 15.0 wt%.
Due to this trend, samples with higher concentrations were not pursued. The reaseneeeling PSD
performance with increasing dopant concentration could be attributed to moiphb&ftpcts allowing
the energy transfer from triplet excited states to be quenched because fnabdigsipatiorf The effect
of morphology on triplet excited state migration and density within a non-conjugyesein such as PVT
needs to be investigated further. In addition, the light yield of the tlopath respect to concentration

shows no discernable pattern, which is currently being investigated.
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Figure 2.9 Onset of Pulse Shape Discrimination (PSD) of 5.0 wt% mopPTP and 0.1 wt% POPOP in PVT
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Figure 2.10 Pulse Shape Discrimination (PSD) of 20 wt% mopPTP and 0.1 wt% POPOP in PVT

Figure 2.9 and 210/ KRZ WKH Q 36' DQDO\VLV RI ZW DQG ZW

The increase in FoM as the amount of mopPTP increases is thought to be due to enbpéatcstdite

migration that leads to higher concentration of TTA and subsequent delagezsfiencé The 5.0 wt%

sample showed onset of discrimination at higher energies where the discrimimshie®”0.0 wt% sample

becomes better resolved at lower energies. However, the increased FoM comparespording PPO
FRQFHQWUDWLRQ ZDVQTW RQ Sdbtheremkat ahyRrddaGadsiipbetween\gedm&rigalz K H W K
VKDSHV RI GRSDQWYV DQG 36" SH UKRwWRdatGhatexteQsiG@iatiowdr FbratwvV D ZH
of molecules quenches triplet state electrons via vibrational dissipation. Teecsforparing the ground
geometrical shapes of PPO and PTP derivatives might helped us understand the ladk ofalesste in

FoM for m-alkylated PTP derivatives from 10 to 20 wt%. As shown in Figure théInolecules have

been color coded for visual clarity. Oxygen is red, nitrogen is a light blue, and carbposgpieeyellow,

and green. The three different color carbons show: purple the main plane of tbenhasend determined

by most number of carbon atoms in a single plane, yellow are part of the baselmbut are twisted

slightly out of plane as compared to the purple and the angle that is twistedisislthe picture, and the

green carbons are solubilizing functional group carbons. Hydrogens, are not showrelatasented for

in the DFT calculations. PPO is a perfectly planar molecule with the three aromgdisitting flat on the

plane of conjugation at 1800n the other hand, both m-alkylated/p-alkylated PTP derivatives have a
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slightly twisted phenyl ring from the other two phenyl rings b§ #6m the plane of conjugation. In
addition, the solubilizing alkyl chains are out of plane from the plane of ctigng This discrepancy
between PPO and PTP derivatives geometrical shape may contribute to thedBseb difference

between the two.

Figure 2.11 Computational data for geometrical optimization of PTP derivatives and PPO.

2.3.3Hardness Measurement m-alkylated PTP Derivatives

The mechanical properties were evaluated by using a Shore-D durometer (Gd&ig B60-
10D). For this measurement, six equidistance points on the flat side of a sampleeasteesh and
averaged. Onlyn-alkylated PTP samples were measured due to insufficient data points fealitytated
derivatives to make a meaningful comparison. The graph shows hardness dropping off regtsirigc
dopant concentration (Figure 2.12). This could be a result of fluorescent dopants retalyimerization
that creates softer plastic scintillat8t8? mopPTP has the most drastic drop off correlating with the lower
melting point. Addition of cross-linkers such as 1,4-divinyl benzene to agrpribblem was not attempted

but will be investigated in future work.
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Figure 2.12 Hardness of final m-alkylated PTP plastic scintillators as a function of dopzertcation.

2.3.4Possible Mechanisms for Underperformance of PTPs

There are two plausible theories that could be at play here, perhaps blothenigsponsible for
the observed PSD of PPO and other primary dopants. The first one is basedtocadzade of triplet
energy transfers in which the triplet state of the matrix directly tranigfeenergy to the primary dopant
which then transfers it to the wavelength hifThis could only be if the triplet states are coupled, that
essentially is an overlap of the wavefunction that describes the triples®stdtherefore, the main
requirement for this theory is the energetic matching (overlap of waviefanbetween the matrix and the
fluorescent dopants. Assuming this theory to be true and triplet state ererigieen PS and PVT are
equal®® there is a 340 meV difference between the first triplet state en¢fg)esf PPO and PTP. For
example, PPO having a lowek Would make it more energetically favorable than PTP (Figure 2.13).
Additionally, as eluded to earlier, its planar structure may leadamrorystalline domains that could allow
for enhanced mobility of triplet state electrons and therefore higblealpility for triplet-triplet annihilation
to create delayed fluorescerfédBecause the wavelength shifter (POPOP) is only 0.1 wt% in the plastic,
the probability of the triplet state energy being quenched by POPOP isahirlowever, the primary
dopant in PSD experiments is usually between 10-30 wt% and hence the triplet enezggmilally get
trapped by the primary dopant. TOne might ask why tripleW/ ULSOHW DQQLKLODWheRQ GRHV!
T, of PVT. The answer lies on the high energy of the first singlet excited thttés about 5.35 eV
compared to 4.30 eV for PPO or 4.52 eV for PTP and hence the probability of ammiHiatiling to
delayed fluorescence is minimal. In addition, the non-crystalline nature of the polymeinthilctriplet

mobility that is why quenching by a neighboring primary dopant is a dominant route.
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Figure 2.13 Triplet energy levels of typical plastic scintillator components

The major drawback of this theory is that it assumes that the mixed radialébninteracts with
the matrix to create excited states. This assumption is wrong as it was etkiynéver-doping PPO in
PMMA that showed a lower PSD compared to corresponding concentrations of PPO%h Fhi§ means
the mixed radiation is directly interacting with the primary dopant aedtiog the triplet excited states
without the need for triplet energy transfer from the matrix. Hencedbeé for a second thgo The second
theory emphasizes on how triplet excited states are created and is thordisghlssed by Birk®.
Essentially the population of triplet excited states is due to ion recombinatich was observed for
fluorescent molecules (naphthalene and anthracene) dissolved in a hydrocan®nt sath as
cyclohexané® lon recombination populates more triplet states than singlet excited dtete® the
availability of three relatively stable degenerate triplet states than sbtgtet (statistical reasoning).
Assuming this theory to be true, the variation in the density détrgxcited state for PPO and PTP is
essentially constant due to their similar triplet energies. Therd¢f@alifference lies in the mobility and
eventual annihilation of triplet excited state which heavily depends on the synwhéiwy fluorescent
dopant as shown by the massive discrepancy in FOM between a naphthalene (negligent) and a pendant
naphthalene derivative crystal, {ishaphathalenylethyl)amine, with FoM over twé.
To evaluate this theory, we made two 6.0 g samples with 20 wt% magiRTT20 wt% PPO in
PMMA with 0.1 wt% POPOP as the wavelength shifter. If theory two is true, then both mopPTP and PPO
in PMMA should lead to similar FoM since the ion recombination should lead to rspoitaulation of
triplet state electrons in both. As shown in Figure 2 W KH RO IRU 332 VDPSOH LVQTW VLJC
from mopPTP. This shows that the matrix plays a significantly roletermdaning the PSD performance
RI IOXRUHVFHQW SULPDU\ VPDOO PROHFXOHYVY ,WfV DOVR ZRUWK Q
hardness compared to 20 wt% PPO in PMMA which is why its BabD QDU JURXQG VWDWH JHR
inhibit (via vibrational dissipation) the formation of delayed fluorescembe light output of the two

samples came out to be 70% compared to BC-406.
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Figure 2.14 Pulse Shape Discrimination of mopPTP and PPO in PMMA
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To validate the size of the sample was independent of the radiation maréermdifferences
between mopPTP and PPO, we made two 6.0 g samples with 20 wt% of the dopants and 0.P@®6 PO
in PVT. Similar to the 20.0 g samples, the difference in PSD between iRaRITPPO were significantly
different (Figure 2.15). The light output of 20 wt% mopPTP and 20 wt% PP®© 9&% and 97%

respectively.

IlllllIIIIIIIIIIHIIIIIHIIII]lI[HIIIIIIHII

20% mop-PTP in PVT - FoM 0.66

20% PPO in PVT - FoM 1.10

Gamma

PN P S SO N TN N U U A NN O

Fast neutron

)

ROfTTTT

0.25 0.3 0.35 0.4

0.45

Figure 2.15 Pulse Shape Discrimination of mopPTP and PPO in PVT
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2.4. Conclusion

The softening of plastics when over-doped with high concentration of primary dopants is a critical
problem in the development and commercialization of new, next generation plasticasoiatiith PSD
properties. It appears that the melting point of primary dopants is a predictige ttzat affects the
solubility limit in PVT and the mechanical strength of the resultanttiplaSelectm-alkylated PTP
derivatives showed encouraging PSD capabilities with enhanced mechanical propertiesed¢dmpar
corresponding concentration of PPO. The exception to this was mopPTP that showdid dediawe in
hardness when over-doped in PVT in addition to showing little to negligibleaserin FoM. This was
attributed to the lack of symmetry and high probability of vibrational/rotatiematgy dissipation of PTP
derivatives due to their geometry.

Although we were successful in preparing PTP derivatives with enhanced sglobiit-doping
did not lead to a significant PSD in all cases. While we achieved comparablenFalkilated PTP
derivatives relative to PPO at concentration < 10.0 wt%, the FoM plateaued0 and 20.0 wt%. In
addition, despite the geometrical similarity between mopPTP and mtBuPTP, theatisgrbptween the
observed FoM implies that triplet exciton migration has a preferred morpholpgitalay to achieve
efficient TTA. This observation was further supported by the planariBP@ that shows a much better
FoM after > 10.0 wt% despite having similar optical properties as PTiatidegs. In addition, the
discrimination performance of 20 wt% mopPTP and 20 wt% PPO in PMMA wetaiseaniphasizing the
significance of the polymer matrix.

The exact physics responsible for efficient PSD is still elusive, howeeehelieve it could be
explained by a mix of the two plausible theories presented here. We will faxihlere these theories in
chapter 3 using fluorine derivatives. Our future work will focus on thegestigations along with
computational modeling of excited states as well as the effect of plastic meclmojaities on PSD

performance.
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CHAPTER 3. FLUORENE DERIVATIVES FOR PULSE SHAPE DISCRIMINATION
Slightly modified from submitted manuscript to Chemistry - A European Journal (accepted Apr. 2017)
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Henok Yemam, Adam Mahlonathan Tinkham, Joshua T. Koubek, Uwe Greife, Alan Sellinger

3.1. Introduction

Plastic scintillation is crucial in the identification of special nucheaterials (SNM). It provides
the initial detection of ionizing radiation by attenuating the incident radiatioergy through a
thermoplastic matrix and converting it to visible light via a cascade of energy tramsiermoderation of
incident radiation energy could also be done by a primary dopant if it is piasire plastic at high
concentration8’ In this case, the primary dopant has to be stable optically in the presenceai$ rdtiing
polymerization so that the cascade of energy transfer is uninterrupted and reaches thetjgligiotabé
(PMT). As discussed in chapter 2, there are very few alternative primarytsigganed towards specific
applications when it comes to plastic scintillators. In continuing the searalidrnative primary dopants
and achieving a better understanding of the mechanism behind pulse shape discriminatiomrevéhexpl
parameter space of fluorene derivatives.

Fluorene derivatives have been frequently used in Organic Light Emitting [ade)) research
due to ease of chemical manipulation, efficient and predictable photophysical properties, tiadilitg| st
efficient light output, and relatively low co$t1%2 Early on, there were multiple literature reports on
fluorene derivatives as additives in liquid scintillat¥¥s'°The reports focusing on fluorene derivatives as
primary dopants in plastic scintillators were all substituted at the C-2 angdiflon but not substituted
at the C-9 position (Figure 3.%% 1%-197However, the methylene hydrogens at the C-9 position (being
doubly benzylic) are susceptible to oxidation and possible attack by radtc&!q his might explain why
the scintillators made from unsubstituted fluorene at thedsition develop a yellow to green color

depending on the substitution at the 2 and 7 positions.

m 9th position
H H

/N \/ 7th position

2nd position

Figure 3.1 Unsubstituted fluorene molecule
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The ease of substituting at these three positions was key in decidimaeedkiorene derivatives
as these positions could be used to add solubilizing alkyl chains and/or exteadjngation length
depending on the range of absorption/emission target (260-500nm). Other researchezsplared
fluorescent small molecules such as substituted pyrazoline and naphthalidmide dueas¢hafisynthetic
modification®® 11°Both of these small molecules have heteroatoms (N, O) and the authors havieedugges
that might be the reason for the improved emission in plastic scintillatbhrshese dopants. In addition,
heteroatoms could increase the effective nuclear charge (Z) of the moleculesddcfe on the other hand,
is directly related to spin-orbit coupling as shown by the Hamiltonian opérdquation 3.2 Therefore,
attaching heteroatoms such as halogens or group V/VI containing aromatic rings (such as thiapinene, fu
or pyrrole) may lead to increased density of triplet state elestlue to the heavy atom effect (Z) or due
to weak coupling between the excited triplet state and the non-bonded ground state. Fer Huelwitio,
benzophenone is the popular example in which ISC is nearly 100% and phosphorescence could be observed
at 77K 11t

<8 6
*eod FW Ha O

Equation 3.1 Hamiltonian operator for spin-orbit coupling [Z is effectiveeauatharge, e is the

FKDUJH RI DQ HOHFWURQ 0 LV WKH BHUURIWWLNOWFWURQFXQXEB FPLE

light, | is the angular momentum quantum number.

$V GLVFXVVHG LQ FKDSWHU WULSOHW WULSOHW D RIPKSIOCH]V
SURFHVV WKDW UHTXLUHV SRSXODWLRQ RRB\LWLSOHW QGCN YW H LK O
SURGXFH D VEQOONMG ,Q VLPSOH K\GURFDUERQ IOXRUHVIFWRW PRC
HOHFWURQV LV PLQLPDO GXH WR WKH ODEFEQWHUWM\YRVH D WRRVVEDQSIL
VSLQ RUELW FRXSOLQJ ,Q DGGLWLRQ ORQJHW K®MLP HWKICPHH B D B/DUH
YLEUDWLRQDO GLVVLSDWLRQ DQG DWWDFN E\ PROHFXODU R[\JHQ

In this chapter, fluorene derivatives were synthesized that could be admixed intorcqtastic
matrices at high concentrations to: 1. find alternatives to PPO thatolezfticient PSD with enhanced
mechanical properties; and 2. help identify the PSD mechanism. Similar to chamtee parameters were
systematically studied. First, fluorene derivatives with varied absarpmd emission were compared to
PPO based on their general scintillation characteristics in PVT and PSDvzerdar. Second, the effect of
geometrical shape on the solubility limit, PSD capability and light yield is explored.
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3.2. Experimental Section
The synthesis, characterization of small molecules and description girihyeérties were done by
Henok A Yemam whereas the plastic scintillator samples were preparechbydaoh Mahl and Henok A
Yemam. The radiation testing and analysis were solely performed by Adam Mahktomputational

results were provided by Dr. Jonathan Tinkham and Joshua T. Koubek.

3.2.1Instrumentation
The same instrumentations used in section 2.2.1. were used here as well witbethteon that
GC-MS was used quantitatively to evaluate the ratio of geometrical isomers of SF and the effeaiveness

the purification method utilized.

3.2.2Preparation of Samples, Radiation Set-up and Testing

Same as section 2.1.2 except for production of 6.0 g samples in addition to the 20.0 g samples
shown in chapter 2. The dimensions for 6.0 g samples are 2.25 cm in diameter arinapely 14.0 mm
tall. All sample polishing, testing and analysis of samples radiation perfoemaas done by our

collaborators.

3.2.3Computation Setup

The same set-up was used as section 2.2.3. The goal in this section was to identify planar and
non-planar fluorene derivatives so that their radiation performance could be corretatdeiviground
state geometries.

3.2.4Synthesis Procedures

9,9-dimethyl-2-phenyl-9H-fluorene (PhF) Q O

In oven dried 150nL Schlenk flask under argon atmosphere, 2.68 g phenylboronic acid (22.0
mmol) was added to 4.0 g 2-bromo-9,9-dimemethylfluorene (14.6 mmol) mL1&nhydrous toluene.
Aqueous solution of cesium carbonate (15.0 mL, 45.0 mmol, 3.0 M) was added to the,fokawed by
472 mg tetra-n-butylammonium bromide (1.46 mmol) and 675 mg tetrakis(triphenylpi®sphi
palladium(0) (584 pumol). The mixture was heated t&C90vernight and TLC (hexanes) was used to check
for completion. Once completed, the reaction was quenched iy ®hyl acetate and washed byra0
DI water and 50nL brine solution twice. Silica chromatography with hexanes as eluent was useiiyto p
product mixture and then recrystallized in methanol resulting in 3.25 g white powderi{82#)R (500
MHz, DMSO-Ds / 4 (m, 2H), 7.81 (d, 2H), 7.73 (d, 3H), 7.62 (dd, 1H), 7.51 (d, 3H), 7, 2A)} 7.28-

7.39 (m, 3H), 1.49 (s, 6H¥C {*H} NMR (125.8 MHz, CDC}  /
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129.77, 128.44, 128.21, 127.22, 126.90, 125.90, 123.58, 122.26, 121.30, 121.02, 120.03, 119.76, 47.18,
28.07.

OO
9,9-dimethyl-2,7-diphenyl-9H-fluorene (PFP) Q

In oven dried 250mL Schlenk flask under argon atmosphere, 12.2 g phenylboronic acid (100
mmol) was added to 16.0 g 2,7-dibromo-9,9-dimemethylfluorene (45.4 mmol) ih 46mgdrous toluene.
Aqueous solution of potassium carbonate (45.0 mL, 3.0 M) was added to the mixtaveeddiy 1.46y
tetra-n-butylammonium bromide (4.54 mmol) and 2.10 g tetrakis(triphenylphosphinadipai(0) (1.82
mmol). The mixture was heated to°@0overnight and TLC (hexanes) was used to check for completion
Once the reaction was done, the mixture was dumped into cold methanol and leftérzbe dvernight.
Then, it was filtered and dried. Silica chromatography with 10% activatbdrcand eluted with hexanes
to get 13.0 g white product (82.6%) NMR (500 MHz,CDCl; / d, 2H), 7.81 (d, 6H), 7.71 (d, 2H),
7.59 (t, 4H), 7.48 (t, 2H), 1.71 (s, 6HJC {*H} NMR (125.8 MHz, CDC{  154.58, 141.47, 138.22,
129.57, 128.24, 127.94, 128.24, 127.94, 126.64, 121.11, 121.14, 120.87, 119.87, 47.16, 26.94.

O30
9,9-dimethyl-2-styryl-9H-fluorene (SF)

In 150 mL oven-dried Schlenk flask under argon atmosphere, 4.04 ml styrene (30 & 12rq)
was added to a solution of 2-bromo-9,9-dimehtylfluorene (29.3 mmol, 1.0 eq) ami 4Mhydrous
toluene. N,N- dicyclohexylmethylamine (7.5 mL, 35.16 mmol, 1.2 eq) was added to the mixture, followed
by 449.2 mg bis(tri-tert-butylphosphine)palladium(0) (0.88 mmol, 3.0% eq) and the mixture was tieated t
80°C overnight. The mixture was checked by TLC( hexanes) for completion and quenchetlbg Byl
acetate followed by 56L brine solution twice and concentrated down. The white powder (7.0 g, 80.6%)
was purified by silica chromatography with hexanes as eluent and recrysiallimethanol*H NMR (500
MHz, DMSOds / 5 (s, 1H), 7.80 (d, 2H), 7.62 (d, 2H), 7.55 (q, 2H), 7.39 (t, 2H), ZB26 (m, 5H),
1.47 (s, 6H).1*C {*H} NMR (125.8 MHz, CDC}  /
129.09, 128.86, 128.39, 127.83, 127.43, 126.93, 126.73, 126.17, 125.63, 123.55, 122.36, 121.24, 119.99,
47.07, 27.05.
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O30
9,9-dimethyl-2,7-di((E)-styryl)-9H-fluorene (SFS

In 250 mL oven-dried Schlenk flask under argon atmosphere, 10.7 ml styrene (93.7 mmol) was
added to a solution of 2,7-dibromo-9,9-dimehtylfluorene (42.6 mmol) and 80 mL anhydrous told&ne. N
dicyclohexylmethylamine (11.0 mL, 51.1 mmol) was added to the mixture, followed by 485 (tngtert-
butylphosphine)palladium(0) (850 pmol) and the mixture was heated@@@rnight. The mixture was
checked by TLC(hexanes) for completion and purified the same way as SF resultinghtrnyéliow
powder (14.0 g, 82.5%) NMR (500 MHz,CDCl; / d, 2H), 7.70 (s, 2H), 7.66 (d, 4H), 7.6Q (d
2H), 7.48 (t, 4H), 7.37 (m, 2H), 7.32 (d, 4H), 1.64 (s, 6f0.{"H} NMR (125.8 MHz, CDCl,  154.94,
141.00, 139.00, 137.83, 136.97, 129.76, 129.03, 127.30, 126.14, 121.23, 111.97, 47.11, 27.93.

CQ S0
9,9-dimethyl-2-(naphthalen-2-yl)-9H-fluorene (NapF) Q

In oven dried 50 mL Schlenk flask under argon atmosphere, @i4taphthalen-2-ylboronic acid
(820 umol) was added to 190 mg 2-bromo-9,9-dimemethylfluorene (680 umol) ire@nyldrous toluene.
Aqueous solution of potassium carbonate (3.00 ml, 6.00 mmol) was added to the rfiktuwved by 22.1
mg teta-n-butylammonium bromide (70 pumol) and 31.7 mg tetrakis(triphenylphosphinedjueti(0)
(27.0 pmol). The mixture was heated to°©@0Oovernight and TLC (hexanes) was used to check for
completion. Once completed, the reaction was quenched by 50 mL ethyl acetate ancdow&shead DI
water and 50 mL brine solution twice. Silica chromatography with hexanes as eluardedas purify

product mixture and then recrystallized in methanol resulting in 200 mg white powder (91%).

3.3. Results and Discussion

We tested five fluorene derivatives that could potentially be used as emisgiants to better
understand the scintillation process as related to PPO. Dimethyl fluorep€) (Mel PPO were directly
purchased from Sigma-Aldrich. iWewas tested both as purchased and then after further purification. 9,9-
dimethyl-2-phenylfluorene (PhF), 9,9-dimethyl-2,7-diphenylfluorene (PFP), 9,9-din2#tykylfluorene
(SF) and 9,9-dimethyl-2,7-di((E)-styryl)fluorene (SFS) were synthesizedtiremespective 2-bromo-9,9-
dimethylfluorene and 2,7-dibromo-9,9-dimethylfluorene precursors via Suzuki eckl ¢dupling. The
fluorene derivatives (Figure 3.2) were designed to evaluate the effecthoblnet and red-shifting the
photo-absorption and emission spectra as compared to PPO as shown in Figure 3.4 and 3aio8cintill

samples for this study were prepared and tested in the same manner as the PTP derivativeptesed sam
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3.3.10ptical and Physical Properties of Fluorene Derivatives

G0 Oy OO0

Me,F PhF

OO O 0~0

Figure 3.2 Fluorene derivatives for use as dopants in plastic scintillators in this study
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Figure 3.3 Absorption of fluorene derivatives.
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Figure 3.4 Emission of fluorene derivatives.
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Melting points and optical properties of the fluorene derivatives and RPautined in Table 3.1
The range in values of these properties will be key in determiningatameter(s) that affects their
scintillation efficiency in PVT. PPO is used as a control to compare Fdlws for PSD capabilities and
thermomechanical properties of the final plastic scintillator. BC-408 from Gainain Crystals was used

for light yield comparison

Table 3.1 Photophysical properties and melting points of fluorene derivatives and PPO.

Primary Tm UV-max | PL-max PLQY
dopants (°C) (nm) (nm) (%)
PPO 72 304 367 100
MeF 96 264 304,317 |45
PhF 86 289 330,346 |64
PFP 175 342 390 89

SF 113 338 387 72
SFS 125 371 411,436 | 100

p-terphenyl was used as a reference dye for PLQY measurement.l6favié PhF, excitation
wavelength at 270 nm whereas PPO was used as a reference dye for PFP and SF Bu@mema
excitation wavelength at 320nm. 9,10-diphenylanthracene was used as a refgecioceSFS, excitation
wavelength at 350nm. Cyclohexane was used as a solvent for all UV/VIS andaBurements. Melting

point was measured using the same DSC procedure as used for the PTP.

3.3.2Radiation Performance of Fluorene Derivatives

The photoemission of ME (Figure 3.3) is blue-shifted from PPO by 60 nm so the overlap with
the absorption of POPOP is decreased relative to PPO, and the expectedtpighsioould decrease as
well due to less energy transfer. As predicted, 1.0 wt%4F\s&ows lower light output compared to the
same PPO sample (Table 3.2). The purified 1.0 wt%-Mbowed a drastic increase in light output, nearly
1.5-fold compared to as received MeTherefore, the purity of materials (>99% by GC) is a key parameter
for the optimization of energy transfer (light output) as impurities may quench fluorescenc

The photoemission of PhF is also blue-shifted from PPO, but only by 22 nm and/d61RhF
showed similar light output compared to PPO. Similar light output was observed for 1.0 wt% PFP as well.
The photoemission from SF is red-shifted from PPO by 20 nm and a 1.0 wt% SE sasygbmparable
light output to a corresponding PPO control. This indicates that the optimipdtiba overlap between
primary dopant emission and secondary absorption is not a dominant factor fene&antillation in

agreement with literatur®. SFS absorbs and emits within the same region as POPOP so as expected,
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showed a high light output as a stand-alone dopant (Table 3.2). This again indicatéectiveredss of
non-radiative energy transfer (or FRET) between optically uncoupled matrix and défeahave used
SFS as a wavelength shifter and showed equivalent performance as DPA and POPOP, two of the most
commonly used wavelength shifters. Currently, there is no correlation observesibdight output and
PLQY of the fluorene based dopants. This is due to a secondary effect of optical mismateleen tiee

matrix and the primary dopants caused by the blue/red shifting.

Table 3.2 Radiation responses of fluorene derivatives plastic scintillators and PPO.

Primary | 1.0wt% 5.0 wt% 10.0 wt% 15.0 wt% 20.0 wt% 25.0 wt%
Dopants LY LY | FOM | LY FOM | LY FOM | LY | FOM LY FOM
(%) (%) (%) (%) (%0) (%)
MeF 53.0 520 | 041 | 37.0 | 049 | 42.0 - 43.0 - - -
MeaFX 77.0 85.0 | 0.53 | 70.0 - 64.0 - 61.0 - - -
PhF 96.0 83.0 | 0.62 | 90.0 | 0.97 | 66.0 | 0.94 | 70.0 | 1.16 - -
PFP 92.0 89.0 | 0.69 - - - - - - - -
SF 88.0 76.0 | 043 | 61.0 | 0.63 | 63.0 | 0.72 | 550 | 0.73 | 64.0 | 0.78
SFS 82.0 - - - - - - - - - -
PPO 90.0 80.0 | 065 | 870 | 1.10| 88.0 | 1.21 | 89.0 | 1.61 | 91.0 | 1.73

*Asreceived Mg) ZDV SXULILHG E\ SDVVLQJ WKURXJK D VLOLFD FROXPQ .
was made without a POPOP wavelength shifter.

Three out of the five tested fluorene dopants can be overdoped in PVT to aaiguigree (Table
3.2). Despite increased purity, the PSD for all over-dopedFMeas negligible, that we are further
investigating (Table 3)2However, it proves that not all soluble fluorescent dopants could produce PSD
a mixed radiation environment. Similar results were observed when trans-stilbene evaomed in
polystyrene. This could possibly be due to unmatched triplet excited states beteweeattix and
fluorescent dopant leading to non-radiative quenctfing.

PhF also has a high solubility limit in PVT at over 20.0 wt% with a comparghlsditput relative
to corresponding PPO samples. Purified crystals of PhF were crushed and usee sampgles that
showed a 1.16 FoM for 20% PhF, to our knowledge the highest FoM reported for a non-Ratveeri
(Table 3.2, Figures 3)5’

Even though, NapF precipitated out at 10.0 wt% in 6.0 g sample, it showed a pgdA8& (~0.8
FoM) similar as PPO at the same concentration. It also showed high light outpeut irRiPO at the same
concentration at 91% relative to BC-406. The light output marginally changed as we increased the amount
doped in PVT from 1.0 to 5.0 to 10.0 wt% staying within 85-91% of BC-406. Future wilsiarea will
include introducing longer alkyl chains at the 9-position in order to prepare nmaldesderivative of
NapF.
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Figure 3.5 Pulse Shape Discrimination (PSD) of 20 wt% PhF and 0.1 wt% POPOP in PVT.
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Figure 3.6 Plastic scintillators doped with fluorene derivatives and PPO. [Each square is 1cm x 1cm]
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3.3.3Effect of Geometrical Isomers on Radiation Performance

SF, on the other hand, showed >25.0 wt% solubility in PVT with good light toamdumechanical
properties. However, the increase in FoM from 5.0 to 25.0 wt% SF was unexpedtediglriiTable 3.2).
The reason for the low PSD at high SF concentrations is proposed to be attolibheedmall percentage
of cis-isomer present in SF as shown in GC/MS data (Figure 3.7). $heXiuited triplet state for cis-SF
(1.93eV) was found to be lower than that of trans-SF (2.21eV) via our computatimheling data. Hence,
it could be acting as a trap site to the first excited triplet states of3fins agreement with what others
have observed in a mixed crystal scintillator syst&nin addition to the negligible increase in FoM,
samples with a higher concentration of SF developed a fluorescent yellow aatorghlymerization that
is attributed to aggregation effect at higher concentrations (Figure 3.6).

Figure 3.7 Geometrical isomers of SF chromatogram and corresponding MS.

To validate this hypothesis, the trans-isomer was selectively precipitatediaoitastional
precipitation in cold methanol (Figure 3.8 his resulted in a significantly whiter powder with the filtrate

being a yellow oil, indicating the optical difference between the tamess. Twelve samples (6.0 g each
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sample) were made as shown in Table 3.3 in PVT. Each sample contained @ORGP. As shown, the

trans-SF samples were noticeably yellower than the isomerically impwangbtes. We speculate this to

be a result of aggregation induced effect since the trans-SF is a planar eyalapable of pi-pi stacking,

possibly forming J-aggregat&s.7 KLV PLJKW VHHP WR EH LQ GLUHFW FRQIOLFW
concentration that results in a colorless plastic. However, the emissiam®3F is redshifted from PPO

by 20 nm that might be why it developed a yellow color in aggregates.

Figure 3.8 Chromatogram of SF after column (top) and the 5th precipitation in cold methaohYbot

As shown in Table 3.3, both the isomerically pure samples (Trans-SF) and impuressésip!
showed statistically insignificant difference in both light output and FoM contivavghat we expected.
This could perhaps be due to the small size of the samples that was 6edghfesample. Scale up of the

both molecules are currently underway and larger samples (20.0 g) will be explored.
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Table 3.3 Radiation performance of isomerically mixed SF and isomerically puré&tans-

Primary |1.0wt% | 5.0wt% 10.0 wt% 15.0 wt% 20.0 wt% 25.0 wt%

Dopants LY LY |[FOM| LY |FOM | LY |FOM | LY FOM LY FOM
%) | (%) (%0) (%) (%0) (%)

SF 87 85 - 81 | 0.67 | 82 | 0.60 84 0.59 75 0.58

TransSF 87 84 - 87 | 0.56 | 85 | 0.55 88 0.63 74 0.60

Each sample is 6.0 g

3.3.4Effect of Ground State Geometry on Radiation Performance

Generally, fluorene derivatives and PPO had higher solubility in PVT than PTRtdes
regardless of melting point or photophysical properties. For instance, SFhigheamelting point than
mtBUuPTP but also a higher solubility in PVT (~25.0 vs ~20.0 wt%). The sameifor SF and PPO vs
mopPTP. To investigate this, the molecular geometry and angle measurementsaetes nvith Density
Functional Theory (DFT) based code using the PBE generalized gradient appgomsraad TZ2P basis
set in an all electron calculatioithese calculations were made using the Slater type orbitals of Amsterdam
Density Functional 2016.104 (ADF2018}The models showed that dopants with the highest solubility
(SF and PPO) were completely planar whereas the less soluble PTP derivativesdidkeopleenyl rings
out of plane from the other two phenyl rings by 142@ptimized geometry for all the dopants can be
found in Figure 3.9. Going forward we believe that computation can play an impotéintunderstanding
how dopants work so that we can predict and design more efficient dopants.

,WITV LPSRUW D Q \engvderiv@tivé\seimplek Bave dHowhRho noticeable physical change
or degradation for over ten months. We would also like to emphasize that these seanplesade via
bulk radical polymerization that has its drawbacks with regards to inconpietmation of propagating
radicals and long reaction timie.

As shown in Figure 3,3he molecules have been color coded for visual clarity. Oxygen is red,
Nitrogen is a light blue, and carbons are purple, yellow, and greenthiBeedifferent color carbons show:
purple the main plane of the base compound determined by mast number of carbon atomggeiplkase,
yellow are part of the base molecule but are twisted slightly out of plane as compareguliplinand the
angle that is twisted is shown in the picture, and the green carbons are solubitiztianal group carbons.

Hydrogens, are not shown but were accounted for in the DFT calculations.
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Figure 3.9 Ground state geometrical optimization of fluorene derivatives.

3.3.5Hardness Measurement

Hardness measurements were done using the shore durometer as done with the PTP derviatives.
Selected fluorene derivatives showed similar FOM values (PhF) as compahedctrresponding PPO
samples at 10 wt% loadings, and also displayed similar light output (SB}rander thermomechanical
material properties. As shown in Figure 3.10, as the concentration of PPO is increased, the hatdness of
final plastic scintillator decreases dramatically. The same was truerbdrgsed MeF and purified Mg=".
The discrepancy in hardness between purified Me2F* and purchased Me2Risi@torg since it might
help us understand the influence of impurities on hardness. PhF and SF both had muclojoo#érirdr
hardness as concentration increagdePand NapF precipitated out at 10 wt%, and were thus not studied
further for PSD. This suggests that the inverse relationship betweengpalints of dopants and solubility

in PVT generally holds true for fluorene derivatives as well as PTP derivatives
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Figure 3.10 Hardness of final plastic scintillators as a function of dopant concentration.

As discussed at the end of chapter 2, two theories were discussed. Both emphagizgdrtance
Rl WULSOHW HQHUJ\ WUDQVIHU IURP WKHWPDWDWHW KVWXPILQULWR L
Figure 3.11 below shows the first excited triplet stat¢ €hergies of PS (assumed to be similar as PVT)
and primary dopants. The ©f Me2F and PhMe2F are both higher tharoff PPO. Therefore, we would
expect a more efficient energy transfer from T1 of PS (or PVT) to th®®both Me2F and PhF. This is
supported by actual discrimination of neutron and gamma radiation (due to TTA) observaehead
reported in Table 3.2. The high ®f Me2F, despite its planar geometry (Figure 3.9), might be the reason
why there was no discrimination observed despite incorporating up to 25.0 ViR¥d irilThe non-planar
geometry PhHFigure 3.9 could also inhibit its triplet mobility, allowing non-radiativéptet state
guenching. Following the same reasoning, thefTtrans-SF is lower than all the primary dopants and
wavelength shifter (POPOP). Therefore, théPVT energy transfer could easily be quenched by POPOP
or be susceptible to quenching before it reached fans-SF. Hence why the FoM for highly doped trans-
6) VDPSO Hr¥sulk in @nRréssive FoM despite its planar geometry.
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Figure 3.11 First excited triplet energies of plastic scintillator components.

3.4. Conclusion

The softening of plastics when over-doped with high concentration of primary dopants is a critical
problem in the development and commercialization of new, next generation plasticasoratifith PSD
properties. It appears that the melting point of primary dopants is a predictige tfeat affects the
solubility limit in PVT and the mechanical strength of the resultantipldstaddition, planar dopants such
as SF and PPO had higher solubility in PVT than the non-planar PTP derivaglesm-alkylated PTP
and fluorene derivatives showed encouraging PSD capabilities with enhanced mechapiediep
compared to corresponding concentration of PPO.

We were successful in preparing derivatives with enhanced solubility, andbler® show that
over-doping any fluorescent dopants does not lead to high PSD. The synthesized fluoreneedeuiithti
varied optical properties had no direct correlation between spectral overlap ofsdejphrhe wavelength
shifter, and final scintillating light output. Overdoped samples showed PSD, hotthetsame degress
PPO. PhF at 20 wt% showed the highest reported FoM (1.16) for a non-PPO deratiiermore, the
hardness of this sample compared to the corresponding 20 wt% PPO sample was much harder (Shore D of
81 vs 69) resulting in a final plastic that could be easily handled and polished.

The exact physics responsible for efficient PSD is still elusive, however vablaréo conclude
that planar molecules heavily influence how triplet states migratiédecaind annihilate each other. In
addition, the energy states of triplets relative to the matrix tripiets & crucial in determining the final

PSD measured.

58



CHAPTER 4. THERMALLY AND MECHANCIALLY SUPERIOR PLASTIC SCINTILALTORS
FOR PULSE SHAPE DISCRMINATION USING 2,5-DIPHENYLOXAZOLE DERIVATIVES

4.1. Introduction

As described in chapters 1-3, plastic scintillators are a century old techtisdogyill have plenty
of use for the advancement of science and security of our society. Currentigremeginly being utilized
for identifying the mere presence of ionizing radiation. The radiation deteugohanism relies on the
absorption of incoming radiation by inexpensive plastic base/matrix (symblyagnyltoluene (PVT) and
polystyrene (PS)) and then a cascade of energy transfers to a primary fluorescent dopant aredgtlwavel
shifter. A photomultiplier tube (PMT) photosensitivity is aligned wittia maximum photoemission of a
wavelength shifter in order to maximize the collection of emitted photons bplalsdc scintillator.
Advances in this field have been incremental at enhancing the detection capabifitéestic scintillators
to gamma radiation via incorporation of heavy métefs 11° fast neutron via introduction of dense plastic
matrice$!, thermal neutron via introduction of plastic compatible boron or lithium dofialifsand,
discrimination of fast neutron in gamma background radiation via Spectra Shape id&@musing
iridium complexes or pulse shape discrimination (PSD) using over-doped fluorescent dopamsD,
first demonstrated by Zaitsev et al in 2012, has been the gold standard technidastitosgintillators
when it comes to discrimination of ionizing radiatfSnChis technique relies heavily on highly soluble
fluorescent dopants to increase the migration and collision of triplet svatesult in particle dependent
delayed fluorescence. As of now, 2,5-diphenyloxazole (PPO) is the only commettiddipant for PSD
capable plastic scintillators with excellent figure-of-merit (FOM). idegr, over-doped PPO (>15% by
mass) leads to soft and thus mechanically useless samples. In order to thisgateblem, alternative
derivatives have been explored as a fluorophore for plastic scintillators. Rre@¥ol et al explored
polymerizable Z4-naphthyl)-5-phenyloxazole to make a PS scintillating resin b&afélshough the
SHUIRUPDQFH RI voKphr With PP@Qdop2doeéd@dd the polymerizable derivative led to a more
stable resin beads.

In the previous chapters, we have showed that over-dopegbhenyl and fluorene derivatives
with higher melting points exhibit better mechanical properties whendmgd than PPO; even though
PPO demonstrated superior discrimination capabilities. We hinted that the sufisci@mination
capabilities of PPO at higher concentration may not be inherent to PPk laaiftness of plastic matrix
allowing triplet mobility and migration that results in a better PSbpive this hypothesis, here we have
prepared PPO derivatives with nearly identical optical properties add?PHRSD application but lead to

plastic scintillators with superior thermal and mechanical properties.
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4.2. Experimental Section
The synthesis, characterization of small molecules and description of their properiemner
by Henok A Yemam whereas the plastic scintillators samples were prepared by both Adam Mahl and
Henok A Yemam. The radiation testing and analysis were solely performed by Adam Mahl. The

computational results were provided by Dr. Jonathan Tinkham and Joshua T. Koubek.

4.2.1.Instrumentation
The same instrumentations used in section 2.2.1. were used here as well exbetiteon that
GC-MS was used quantitatively to evaluate the ratio of geometrical isomers of SPO.

4.2.2Preparation of Samples, Radiation Set-up and Testing

Same as section 2.2.2. All sample polishing, testing and analysis of samples radiftionance

O
)

4-bromophenyl)-2-phenyloxazole (BrPPO)

was done by our collaborators.

4.2.3Synthesis Procedures

lodine (1.86 g, 7.33 mmol) was added to the mixture ®f4'-dibromoacetophenoi{@.33 mmol,
926 mg), benzylamine (0.50 ml, 3.99 mmol) and oven-drigddX (2.44 g, 13.3 mmol) in 20.0 mL of
DMF, and then the mixture was stirred at 80 °C. After the reaction was eenipl TLC analysis (9
hexanes: 1 ethyl acetate), 30 mL ethyl acetate was added to dilute the reactioe, fotowed by the
treatment of saturated sodium thiosulfate solution to quench the reaction. @hie tager was separated,
washed in water (3 x 10 mL), and dried over anhydrous sodium sulfate. Silica column chromatography
eluted with hexanesgthyl acetate (9:1) gave a yellow powder (870 mg, 8TtINMR (500 MHZz,CDCls)
/ vV o+ J = 49® Hz, 4H}3C {*H} NMR (125.8 MHz, CDC}  /
128.75, 126.22, 125.51, 123.85, 122.18.

Br@ﬁ
0
\ /)

5-(4-bromophenyl)-24-tolyl)oxazole (BrPPOMe) N

lodine (1.86 g, 7.33 mmol) was added to the mixture-®f4'-dibromoacetophenone (3.33 mmol,
926 mg), 4-methylbenzylamine (510 pL, 3.99 mmol) and oven-drig2lK (2.44 g, 13.3 mmol) in 20.0
mL of DMF, and then the mixture was stirred at 80 °C. After the reactiortavaplete by TLC analysis
(9 petroleum ether: 1 ethyl acetate), 30 mL ethyl acetate was addedeadl#lueaction mixture, followed

by the treatment of saturated sodium thiosulfate solution to quench the reabgoorganic layer was

separated, washed in water (3 x 10 mL), and dried over anhydrous sodium sulfate. Silica column
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chromatography eluted with petroleum etiethyl acetate (2) gave a pale yellow powder (500 mg, 50%).
'H NMR (500 MHz,CDCl;  / vV o+ vV o+ vV o+ By {*Hp

NMR (125.8 MHz,CDCl;
Br
@C’
)
\ N

122.53, 21.97.
5-(4-bromophenyl)-24-(tert-butyl)phenyl)oxazole (BrPPOtBu

lodine (1.86 g, 7.33 mmol) was added to the mixture-®f4'-dibromoacetophenone (3.33 mmol,
926 mg), 4-tertbutylbenzylamine (710 uL, 3.99 mmol) and oven-dri€K(2.44 g, 13.3 mmol) in 20
mL of DMF, and then the mixture was stirred at 80 °C. After the reactiorcovaplete by TLC analysis
(9 petroleum ether: 1 ethyl acetate), 30 mL ethyl acetate was addedddldilueéaction mixture, followed
by the treatment of saturated sodium thiosulfate solution to quench the reabgoorgénic layer was
separated, washed in water (3 x 10 mL), and dried over anhydrous sodium sulfate. Silica column
chromatography eluted with petroleum etiethyl acetate (9:1) gave a pale yellow powder (750 mg, 75%).
'H NMR (500 MHz,CDCls) / G + vV o+ G ¥ {*H} NMR125:8
MHz, CDCk  /
100.31, 35.38, 31.58.
OVS-PPOMe (SSQ-PPOMe)

To avacuum dried and degassed 50 mL Schlenk flask, octavinylsilsesquioxane (208 pgol)
was added, followed by @-bromophenyl)-2p-tolyl)oxazole (800 mg, 2.55 mmol) and bis(tri-tert-
butylphosphine)palladium(0) catalyst (1.64 mg, 3.20 umol). The flask was evacuateefitd with
nitrogen three times. Anhydrous toluene (10.0 mL) was added, followed by additids,N-
dicyclohexylmethylamine (550 pL, 2.55 mmol). The reaction was left to stir overai@®C. Once there
was no starting material detected by TLC, the product was cooled to roomdampeand precipitated in
acidic methanol and left in the freezer overnight. The mixture was grfdigted and dried. It was then
dissolved in minimal THF and reprecipitated in cold methanol and gravity filtergtugAsilica column
chromatography was used to remove residual catalyst eluted with ethyl atetateah off-white powder
with deep blue fluorescence under UV light lamp.
SSQPPOtBu

To a vacuum dried and degassed 50 ml Schlenk flask, mixed T-8, T-10 and T-12 silsesquioxane
(160 mg, 210 umol) was added, followed b{sbromophenyl)-24-(tert-butyl) phenyl)oxazolé590 mg,
1.66 mmol) and bis(tri-tert-butylphosphine)palladium(0) catalyst (1.10 mg, 2.10).um@ flask was
evacuated and refilled with nitrogen three times. Anhydrous toluene (10 mLadeasl, followed by

addition of N,N-dicyclohexylmethylamine (360 pL, 1.68 mmol). The reaction watolstir overnight at
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8(0°C. Once there was no starting material detected by TLC, the product wastcometh temperature
and precipitated in acidic methanol and left in the freezer overnight. ™ierenivas gravity filtered and
dried. It was then dissolved in minimal THF and reprecipitated in cold metaadatollected by gravity
filtration. A plug silica column chromatography was used to remove residaystatluted with ethyl

acetate. The product is an off-white powder with deep blue fluorescence under UV light lamp.

N
L)
¢
4-bromo-2,5-diphenyloxazole (PPO-Br)

In oven and vacuum-dried 500 mL schelenk flask, 2,5-diphenyloxazole (40.0 g, 180 mmol) was

Br

added to 200 mL degassed chlorform. N-bromosuccinimide (48.3 g, 270 mmol) was addeffask the
followed by few drops of hydrobromic acid. The reaction was stirred for a é&§GitReaction was cooled
down to room temperature after confirming completion by TLC ( 9 hexanes: 1 ettateac€he mixture
was preciptated in cold methanol and left in the freezer overnight. The producbiessed by gravity
filtration and dried resulting in white fluffy powder (50.0 g, 92 %),ijjgetion in cold methanol could be
done few timestH NMR (500 MHz,CDCl;  / GG + G 7.48 (m, 5H), ¥.39 (t,
1H). 2*C {*H} NMR (125.8 MHz, CDC}  / .38, 129.30, 129.24,
126.86, 126.25, 125.84, 125.51, 124.51, 112.56

0

K@
N
2,4,5-triphenyloxazole (TPO) O
In oven dried 100 mL Schlenk flask under argon atmosphere, 100 mg phenylboronic acid (820
pmol) was added to 210gd-bromo-2,5-diphenyloxazole (690 umol) in 6 mL anhydrous toluene. Agueous
solution of potassium carbonate (2.00 mL, 3.0 M) was added to the mixture, followed IyR@tta-n-
butylammonium bromide (70.0 umol) and 31.7 mg tetrakis(triphenylphosphine) palladi@d@)mol).
The mixture was heated to®@overnight and TLC (hexanes) was used to check for completion. Once the
reaction was complete as determined by TLC, liquid-liquid extraction waswdtn80 mL ethyl acetate
and 30 mL DI water. The product mixture as then passed through anhydrous magnesiwen sulfat
concentrated down and purified by silica chromatography with 10% activated carberugad with
hexanes to get 160 mg white powder (78.5%)NMR (500 MHz,CDCl; / vV o+ 4H), G
7.48 (s, 3H), 7.45t7.30 (m, 6H)**C {*H} NMR (125.8 MHz, CDC}  /
131.04, 129.83, 129.35, 129.05, 128.85, 128.14, 127.44, 127.15, 125.92
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4-(4-methylstyryl)-2,5-diphenyloxazole (VPO)

In 150 mL oven-dried Schlenk flask under argon atmosphere, 1.05 mL 4-methylstyrerd) ( mm
was added to a solution of 2.@04-bromo-2,5-diphenyloxazole (6.67 mmol) and 20.0 mL anhydrous
toluene. N,N- dicyclohexylmethylamine (1.70 mL, 7.99 mmol) was added to the mixture, followed by 136
mg bis(tri-tert-butylphosphine)palladium(0) (270 pmol) and the mixture was hies8€C overnight. The
mixture was checked by TLC (1 hexanes: 1 dichloromethane) for completion and quencheul st
acetate followed by 50 mL brine solution twice and concentrated down. The offqadvitder (7.00 g,
80.6%) was purified by silica chromatography (10% activated carbon) with hexanes as eluent &ith a sm
amount of dichlormethane and recrystallized in methanol. \+PMR (500 MHz,CDCls) /8.17 - 8.23
(m, 3H), 7.79 (d, ¥), 7.63 (d, M), 7.46 - 7.56 (m,H), 7.39 - 7.45 (t, #), 7.18 - 7.25 (t, &), 2.39 (s, Bl).

Q

!

N
v
J°
2,5-diphenyl-4-styryloxazole (SPO)

Same procedure as VPO apart from using styrene instead of 4-methylstyreneppaider (84%
yield). *H NMR (500 MHz,CDCl;) / SSP 2H3, @.79 - 7.83 (d, &), 7.70 (d, H), 7.61 - 7.65 (d,
2H), 7.49 - 7.59 (m, B), 7.40 - 7.47 (m,B), 7.29 - 7.37 (m, B). %*C {H} NMR (125.8 MHz, CDC}  /
159.95, 146.26, 136.97, 135.29, 132.42, 130.99, 129.71, 129.48, 129.18, 128.66, 128.20, 127.97, 127.57,
125.84, 125.61, 117.58, 116.36.

4.3. PPO Variants
These variants are substituted at the 4 position on the oxazole ring that characteristicsly m
the variants optically similar to PPO while altering their physical propertiésrsalting point and

decomposition temperatures.

4.3.1Synthesis and Physical Properties of PPO Variants Type-1
2,4,5-triphenyloxazole (TPO) was synthesized through a two-step route as shown in &dheme
PPO was brominated in the first step with 96% vyield and then the brominated &P¢upled with

63



phenylboronic acid via normal Suzuki coupling conditions yielding a white powitlei75% yield. On the
other hand, the synthesis of 2,5-diphenyl-4-styryloxazole (SPO) arid-méthylstyryl)-2,5-
diphenyloxazole (VPO) were achieved via normal Heck coupling conditions wjitene and 4-
methylstyrene respectively (Scheme 4.1).

OH

|
Br. B\OH O
N ] N 0
\
R NBS, HBr }\Q Pd(PPh),, K,CO [,
O O ( 3)4> 2 3 - O N

CHCl3, 65°C Toluene/H20 (1:1), 90°C

PPO gg\ TPO

g |2
=2~
9@
~

2|z

= R
R

R=-H, SPO
R=-Me, VPO

Scheme 4.8ynthesis of PPO derivatives.

Figure 4.1 shows the comparison of UVs\and photoluminescence (PL) of PPO and PPO
derivatives. As for TPO, from ground state geometrical computational optimizétisimgg ADF), the
phenyl ring in the fourth position is orthogonal to the plane of phenyl rings in the secomithgmoisition
as well as the core oxazole itself. Hence the reason for the near identicalapbotption and
photoemission of PPO and TPO. This indicates that there is minimal orbitipizetween the phenyl
ring in the fourth position and the rest of the molecule. This is in agreemera wéh-known practice in
thermally activated delayed fluorescence OLEB&Ve believe the rotational and vibrational freedom at
the 4" position might be the reason for the drdp i3/4< IURP 3329V WR 73297V DV D
vibrational dissipation (Table 4.1!° The UV-Vis/PL of SPO and VPO are redshifted by about 20 nm. The
reason for this is also explained by the ground state geometrical shape thatrgh(pirenyl ring in the
second position) for both SPO and PPO getting pushed out of the plane of conglgdtiynand therefore

the styryl group in the fourth position locks the oxazole and the phenyl ring in the fifth positionen plan
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Figure 4.1UV-Vis and PL of PPO and TPO.

The physical and optophysical properties of PPO and its derivatives are summaiiiadteil
Both melting and decomposition temperatures (Rd) 332 GHULYDWLYHYV DUH KLJKHU WKI
be key for use in high-temperature areas/bordé’¢fV SRVVLEOH WKDW WKH 7G FRXOG SF

at which these small molecules sublime.

Table 4.1 Physical properties of PPO and its derivatives.

Dopant Tm Td UV-Vis PL max | Relative PLQY
(C) | (C) | (hm) (nm) (%)

PPO 72 132 | 304 364 100

TPO 115.11] 169 | 308, 309 | 375 67

SPO 114 196 | 328 395 -

VPO 139 - - - -

Tm-Melting point, Td-decomposition temperature.

4.3.2Radiation Performance of PPO Variants Type-1

In total, six plastic scintillator samples of 6.0 g each were made with TR&®photoabsorption
and photoemission similarities between PPO and TPO was important in debeliifect of symmetry,
melting point and PLQY have on radiation performance. As described earlier sR#&Eractly planar
whereas TPO is not. In terms of solubility, both PPO and TPO have high solubilitgyinteiuene
exceeding 25 wt%. Figure 4.2 shows the relationship between the light ougR®and TPO doped PVT
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samples as the concentration increases. Both maintained nearly constant lightlespjiet change in
concentration. For PPO, the light output was nearly 100% compared to BC-406 comsmntitdtor
ZKHUHDV 7321V OLJKW RXWSXW VWD\HG FRQVWDRDRWH DV HDQW X RS0 \
3/4< RI 332 DQG 732 LQGLFDWLQJ WKH GLRgFOW FKRW IRKODBXMR Q (EGI &
noteworthy that both dopants showed a slight increase in light output as the icditseinicreased in PVT.

This is contrary to our expectations of concentration fluorescence quendcierig dopant aggregation at

higher concentrations. However, it is possible that the first non-radiativeyerargfer from PVT to these

dopants could be increasing more dramatically compared to the radiative energy toahsferavelength

shifter (POPOP), outweighing concentration fluorescence quenching. Figushal® the excellent

discrimination TPO demonstrate even at low energies.

Figure 4.2 Pulse Shape Discrimination of 20 wt% TPO, 0.1 wt% POPOP in PVT (6g sample)
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Figure 4.3 Light output dependence on the concentration of PPO and TPO
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Figure 4.4 Concentration dependence of pulse shape discrimination of PPO and TPO (6g sample).

Figure 4.3 shows the correlation between these dopants and mixed radiation disonminat
performance. Both dopants showed identical discrimination (FoM) up to 10 wt%. Howesed,0aftt%
3329V GLVFULPLQDWLRQ LQFUHDVHG GBDRVAKHDHIOA WIKWKL QG PUIDDN ¥
TPO samples stopped below 1.0 FoM. If we were to assume that PSD is a rasiplebfriplet
annihilation, the symmetry of these dopants must come in play with discriminatiomperta. PPO being

planar is prone to aggregation véaSstacking and in contrary, 32V ODFN RI VA\PPHWU\ LQKLEL
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of aggregation domains. If the density of triplet state electrons is the sane-toped PPO and TPO, the
mobility of these states will determine their eventual annihilation. Thexrgtoe lack of symmetry in TP

could perhaps be the reason for the reduced discrimination performance due to lowstdt#iabbilities
in TPO vs PPQ!

4.3.3Hardness of Over-doped PPO Variant Type-1
There were noticeable mechanical differences among samples with varying sumiodapants
and these differences were qualitatively measured by thermal analysis using Di$Glalds temperatures
of plastic scintillators are assumed to produce samples with enhanced mechanictibpréperzor blade
was used to cut 15-20 mg from each sample to be used to measure glass transitioruterhp&&C. As
shown in Figure 4.4, PPO doped plastic showed a drastic decrease in glass trafsitierta TPO doped
SODVWLF VFLQWLOODWRU 7KLV FRUUH ¥ D WFHOHYVORR Q¥ IR- WAKLH $ R\X/W K

~N
o O

N —e—PPO

TPO

Glass transition of plasti€)
P N W b OO O
O O O O o o o

0 5 10 15 20 25 30
% wt primary dopant

Figure 4.5 Correlation between glass transition of plastic scintillators and amountarfypdiopant as
measured by differential scanning calorimetry (DSC).

4.4. Silesequioxanes Doped Plastic Scintillators (PPO Variant Type-2)

The synthesis of rigid 3-D dopants potentially alleviates the issue of dopant @gmregersus
concentration. For example, it is well known that increasing the concentrationocésitent dopants
beyond just 1% results in concentration quenching and red shifté®? R&.PSD generally requires an
excess of 15% dopant, there will clearly be some aggregation and red shifted PLI\Nomsatechanism
for the concentration quenching is tBeSaggregation of the dopants due to their planar aromatic molecular
structure. The goal of the 3-D dopant study is to prepare non-aggrelggtihg fluorescent dopants and

study the effects of concentration on scintillation and PSD. Silsesquioxanes & @sge-dimensional
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cores which have been used as a versatile reactive intermediate to imenfbdiescent dopants to
decrease aggregation induced effects, increase thermal stability and glasertraamsjteraturé?! Octa,
deca, dodeca vinyl SSQ mixtures have excellent reactivity with commonlgtaedirominated fluorescent
molecules via Heck coupling. The ease of purification via precipitatiiowied by short silica
chromatography, and high solubility in common organic solvents makes them goathtesds a primary

dopant for scintillatiort?2

O
Br + NH, _ %201 Br o R
DMF, 80°C
s R \
T N

R=-H (BrPPO)
R=-CH; (BrPPOMe)
R=-tBu (BrPPOtBu)

Scheme 4.2 Synthesis of brominated oxazole derivatives

Br
N w L/

BrPPO BrPPOMe BrPPOtBu

Figure 4.6 Chemical structure of brominated PPO derivatives

To date we have prepared 3-D dopants based on octa\8rgilsesquioxane (OVS) and a mixture
of 5% octavinyl-T8-, 65% decavinyl-T10- and 30% dodecavinyl-T12 (40%) $6(@s. In order to explore
SSQs for scintillation application, brominated PPO derivatives were siggtasing a domino reaction
with iodine as a co-catalyst in Scheme 4.2 which uses dibromo-acetophenong/lasubatituted primary
benzylamine with yields ranging from 50-874%.
As shown in Figure 4.5, three brominated PPO derivatives were synthesized. Their proton NMRs
are overlayed as shown in Figures 4A8. expected, the absorption and emission of brominated PPO
derivatives were nearly identical to each other and redshifted from PPO (Figure 4.8). Tlaifidigimce
among the brominated PPO derivatives is attributed to contribution by the additim aikyl chains (-
Me and -tBu). TKH EURPLQDWHG 332V DUH UHGVKLIWigue #3RHovESer, DOEHLW
WKH VKLIW EHFRPHV PRUH SURQRXQFHG RQFH EURPLQDMHMHG 33
immobilization of PPO derivatives was achieved via normal Heck coupling condifioneme 4.3). It was

difficult controlling the number of PPO derivatives attached to the QX8 despite varying catalyst,
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equivalence of BrPPO derivative relative to vinyl cages, reaction timayaedof base used. Multiple
purifications including silica column chromatography, precipitation and reciyatah techniques were

attempted to separate the fractions without success.

Figure 4.7"H NMR of BrPPO, BrPPOMe and BrPPOtBu

Figure 4.9 shows the MALDI mass spectra of the immobilized PPOMe (OVS-PPOMe) with 1,8,9
trinydroxyanthracene as the matrix in dichloromethane. The fragments shown in Figure 4.8 thdicat
more than eight PPOMe (Ligand-L) were attached. In this case up to 11 substitutionshieaedawhich
means more than one ligand was attached per vinyl group on the OVS. Otlaechress have observed

similar resultg?? 124

70



1.2

——PPO abs
1
> —PPO em
£0.8 ——BrPPO abs
I=
- —— BrPPO em
Q 0.6
= ——BrPPOMe abs
£
c 04 BrPPOMe em
Z
——BrPPOtBu abs
0.2
—— BrPPOtBu em
0 A - ==
225 325 425 525 625

Wavelength (nm)

Figure 4.8UV-VIS/PL of PPO and PPO derivatives
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Scheme 4.3 Heck coupling synthesis of immobilized PPO derivatives.
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Figure 4.9 MALDI-TOF MS of OVS-PPOMe.

As shown in Figure 4.10, both photoabsorption and photoemission of OVS-PPOMe were redshifted
from PPO by 40nm. The stoke shift of OMB320H LV QHDUO\ QP UHODWLYH WR 3
theoretically makes it more suitable for scintillation use due to itseliight reabsorption. Notice that
maximum photoemission of OVS-PPOMe is within the photosensitivity of blue, RiMFefore use of
wavelength shifter is not needed. Unlike PPO, there are no peak features for bgaticaband emission

of OVS-PPOMe indicating fixed transitions with little to no vibrational modes or digsipat
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Figure 4.10UV-VIS/PL comparison of PPO and immobilized PPO
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Figure 4.11 Thermal gravimetric analysis of PPO and immobilized PPO (OVS-PPOMe).

Figure 4.11 shows the change in mass response of PPO and OVS-PPOMe with temperature. PPO
starts decomposing/subliming at around °C3@nd completely decomposes/sublimes by’@50hereas
OVS-PPOMe is stable up to 300C (<5% mass loss). The gradual mass loss seerPRQM& thermal
profile is evident of multiple ligands attached to the core. The superiorahproperty and large stoke-
shift encouraged us to make a 20g sample with 1.0 wt% OVS-PPOMe in P6Linatwavelength shifter.
Surprisingly, as the polymerization progressed, the sample developed a dark color ttesie
concentration, we have no idea where the dark color comes from. However, it dmgtedlue color
under illumination with a 365nm lamp which meant the ligand attached (PPOMe) istatitl during
polymerization. The scintillation result froffNa gamma source (1.27 MeV) was the bare minimum-1%
light output.

In case the issue is somehow related to the OVS core, we have prepared anoth€ &B3I8%vn
in Scheme 4.4. The yield of this reaction was similar to OVS-PPOMeoahd 90%, white powder with
bright blue fluorescence under 365nm hand lamp. The MALDI with 1,8,9-trihydroxyanthiac@HeCl,

(Figure 4.12) shows that all the three cage cores reacted successfully with BrPPOtBu.
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Scheme 4.4 Mixed cages Heck coupling with BrPPOtBu (Only tetra¥igngSQ product is shown)

Like OVS-PPOMe, the distribution of ligand attachment per vinyl is still randdin up to 9

ligands per 8 vinyl groups. There were two samples made with the mixedP@4tBu but it developed

the same dark color as OVS-PPOMe during polymerization. As a result, cyclophosphazenad?PO

synthesized as alternative immobilized PPO and doped 1.0 wt% in PVT wat@telength shifter and

observed scintillation approximately 40% of commercial scintillation. Thisfmf concept result suggests

WKDW 664V KDYH LQVWDELOLW\ LVVXHV GXULQJ WKH UDGLFDO SR
More investigation is needed to explore the parameter space for the developmark oblor

during polymerization. In general, the sample quality needs to improve and the reaseqglifgible

scintillation from gamma radiation also needs further study. Going fdrvatering the method of

polymerization and the polymer matrix might both suitable routes.
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Figure 4.12 MALDI TOF MS of mixed caged attached with PPOtBu.

4.5. Conclusion

Mechanically and thermally stable plastic scintillators allow the deployment of radiatiatodete
in remote areas due to its inherent capability to withstand high temmgsaithre synthesis of PPO
derivatives at the®position with a simple bromination of PPO and subsequent Heck or Suzuki coupling
at high yields and simple purification schemes allowed us to synthesize thestablly dopants. Plastic
scintillators made from these dopants were mechanically superior compared tadoPP® plastic
scintillators. We also synthesized immobilized PPO derivatives at higisyiglh relatively high thermal
decomposition. However, the plastics made from these dopants developed dark color duringzatigmeri
and scintillated poorly despite bright blue emission under 365 nm irradiation. asenréor this is
attributed to the core cage somehow being affected by radicals since a different core (cyclicpho3phazenes

attached with PPO showed scintillation (35% LY) with a gamma source.
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CHAPTER 5. BORON CONTAINING SMALL ORGANIC MOLECULES FOR DETECTION OF
THERMAL NEUTRON

Slightly modified and reprinted with permissions from Macmillan Publishers Limited @bpy® 2015
and Elsevier B.V. Copyright © 2016.

Henok AY, Adam Mahl, Unsal Koldemifyler Remedes, Sean Parkin, Uwe Greife, Alan Sellinger
Additional data to be submitted shortly. Additional authors are Joshua T Koubek and Roshan Fernando.

5.1. Introduction

30DVWLF VFLQWLOODWRUYV DUH SRO\PHU EQV HBY @HHIEAEMWRRIQR
RWKHU FKDUJHG, WV UWRZABRVW IDVW WLPLQJ UHVROXWLRIQNDQG HLC
D ILOMHNGHWHFWLRQ PHWKRG FRPSDUHG W RRIZMHR/UWHID QA FHFW\WR/ WHEAE Y
RI KLIJIK QHXWURQ FDSWXUH LVRWRSHV LQ B5@DW WH B PADFQ. @QW XOVURWD |
WKHUHIRUH FROQFXUBWHIDNOGE KWHGEWRWK DW LQWHUQDWLRQWO ERU
WUDIILFNLQJ RI VSHFLDO QXEKB HODR \WODUHFUWD DWQ G LM FUHDVLQJ GH
LVRWRSHVW PEMG BYWK FRPSDUDEOH WKHUPDO QHXWURQ FDSWXUFH
DEXQGDQFHV KDYH EHH&XUQMAWNGHYWBEBSPHQWY RI QHXWURQ VH
PDLQO\ UHO\ RQ FRPPHUFLDOO\ DYDLODEOH FDUHERRDR® VW ®DQOWH @Y
TKHUPDO QHXWURQY DUH GHWHFWHG Y L BDVQKHPHHDSAX X WU B JUW B HWLFR_(
OLJKW SURGXFHG E\ W HUMH®IKDV B G UEW WFIOIHWW UHD FWEZ R QWHRRZIQRIQQ
LOQGXFHG UHD FRWDIMRD WEHUPDO FURVV+HHEWLRQERIUQV EMQU& WHYV XC
PDVV LRQV DO PRDWIHKHGSURGXFWY WKDW FDUU\ VLJQLILFDQW NLQH

v.E Ev* A4 y{t/AB&" 3Lta

v.EE*AE WzIGA& 3L usiA8av’ ‘was;

st$ EJ L\

Equation 5.1 Boron capture reaction with thermal neutron. Carboranes (~75% wt.jranéycu
the state-of-the-art boron dopant for detection of thermal neutron. Althougbraaes have high boron
content, they have limited solubility in plastic scintillator formulations varg expensive, and the cost is
significantly higher in theit®B enriched form. Alternatives to carboranes need to be produced with efficient
synthesis methods and inexpensive reagents. However, organic scintillators suffler ionligetection
from a type of pulse height defect, named alpha quenching, that reduces the numbeeaEemitilation
photons to a small fraction of the quantity emitted in detection of gamma plhafttime same energy. It

has been observed that the addition of higher concentrations of additives (fluorescent or neutron sensitive)
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can lower the overall light output of a scintillator and/or worsen the alpha lijngneffect. The
combination of light output and alpha quenching determines the overall performanceirdillatsr in

how well one can separate the neutron reaction signal from gamma backgrounds and electronic noise.

$OWHUPBWKRBY RI WKHUPDO QHXWURQ GHWHFWLRQ LQFOXGH
HQULFKHG ERUR®) JDXRUOGHG SURSRUWLRQDO FRXQWHUV DQG
ZLWK OLTXLG VFLQWLOODWRUV GRSHG ZLWK ERRRE YARP SRIRZED M\
FU\WWDOV LQ ODUJH TXDQWLWLHV IRU VL% K DL\F D/GIW HUWHH D LFPR YWHDLY/
GHSOR\PHQW GXH WR LWV JDVHRXV IRUP D:WLODREERQWQFRQGH® LVRX
SK\WLFDOO\ ¥HPARBPHWVWR KH\ VXIIHU IURP UHGXFHG HINAUR@FLHV
KDYLQJ D VROLG ERURQ ZDOO FRYHUDJH 7ULPHWKQY ¥RWIDMNNL RV
EHHQ UHSRUWHG KRZHYHU WKLV PROHFXOHDWKKSGUQ®\\WQBDIOW U KX
WR EH YHU\ ZHOO VHDOHG IURP R[\JHQ LQ RUGEUHWRFUMGKF R WK F
LVRWRSLF FDQGLGDWH V/LRRIVGF I* G WDLLAHO Q@ RAR LDW X WHDIWFRV K Y HK BV F |
ODFN RI DYDLODELOLW\ DQG UHGXFHG FR FEHNMW L E)XQWWK HALR\RKU HQ M/
SULFHARARQWDLQLQJ DGGLWLYHV WR WKHVH PDWULFKHY Q8HGUGWR
WR DFKLHYH QHXWURQ VHQVLWLYLW\ LQ D FRVW HIIHFWLYH PDQQF

'HWHFWLRQ RI QHXWURQ SOD\V DQ LPSRUWWDIIW FNRGH RQ WXKH
QXFOHDU PDWHULDOV :LWK LQFUHDVLQJ G HRHDANQHEF WRKIN FoXHUBUHRQ WG
DUH EDVHMB RIN SURSRUWLRQDO FRXQWHUV VXUURXQGHG E\ WK
VLIJQLILFDQWO\ PRUH H[SHQVLYH 7KHUHIRUH HDQWWHH@DWLY H\HQC
FRPSDUDEOH VLJQDO WR EDFNJBRRQGW D ®Y R @FRHWHLRXDWWY HV KD
SODVWLF RU OLTXLG VFLQWLOODWRU FRPSRXQGNW{RKRWI RQWDLQ
DQG*G *G LVRWRSHM JURXS LV IREFXVLQJ RQ WKH LQFRUSRUDWLR
FRPSRXQGV EHFDXVH RI WKH VLJQLILF® QWWYDK\LX K DK Bl E) R Q@ G DQHF X\
FURVV VHFWLRQ DQG HDV\ DYDLODELOLW)\ LQ KLJKO\ HQULFKHG LV
ERURQ LQ WKH FKHPLFDO IRUP RI FDUERUDQ B W HQWRWS/MIMNLF PD
KDV EHHQ XVHG LQ VRPH FRRPHUYIFUD @V IS RS®XFWVRI WKH QHXWURC
SURGXFW LV VWLOO GRPLQDWHG E\ FDUERUDQRI\D GOREHZ WDHVB QB
GHSOR\PHQW LQ ODUJH SRUWDO W\SH PRQLWRW DRS$QE AW\ IRFOW D §
DUH QRW \HW FRPSBWH® IGHHWWRWRUV PRWLYDWLQJ IXUWKHU UHVH
VI\VWHPV

We hereby present three simple approaches to detect thermal neutrons using simplganall

molecules containing boron.
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5.2. Experimental Section
The synthesis, characterization of small molecules and description of their properiemner
by Henok A Yemam whereas the samples were prepared by both Adam Mahl and Henok A Yemam. The
radiation testing and analysis were solely performed by Adam Mahl. The computational results were

provided by Dr. Jonathan Tinkham and Joshua T. Koubek.

5.2.1.Instrumentation

All reagents were purchased from either Sigma-Aldrich, Frontier ScemtifiTCl America unless
otherwise noted. H and *C NMR spectra were obtained on a JEOL ECA 500 liquid-state NMR
spectrometer and data obtained was manipulated in ACD/NMR processor software.

X-ray data were collected on a Bruker-Nonius X8 Proteum CCD diffractometer @sing
radiation. The structures were solved using SHELXT and refined using SHELXL progranesubdol
fragment editing, including the construction of suitable disorder models wisnped using the XP
program of SHELXTL. Hydrogen atoms were included using a riding model. The final snoded
checked using an R-tensor, and by validation routines of the Platon program asemniptein the IUCr
checkCIF facility.

Mass spectrometric measurements were acquired in positive-ion and negative-ionitiodes
Bruker Ultraflextreme MALDI-TOF mass spectrometer (Bruker DaltonicdeBib, MA) equipped with
a 355 nm Nd:YAG laser. Spectra were collected in reflector mode giid soltage of 50.3%, and a low
mass cutoff of 200 Da. Five replicate spectra were collected for each analysishstl@imposites at a
sampling frequency of 1 kHz using automated laser rastering.

Molecular weight and molecular weight distributions of polymer samples deteemined by gel
permeation chromatography (GPC) using stabilized tetrahydrofuran (THF) as thenglloentiow rate of
1.0 mL/min (Viscotek GPC pump; PLgel 5um MIXED-C and MIXED-D columns: moleautgght range
200-2,000,00@nd 200-400,000 g/mol (PS equiv), respectively.

5.2.2Preparation of Samples, Radiation Set-up and Testing

Azobisisobutyronitrile (AIBN) was recrystallized twice from methanol. The inhibitor in 4-
vinyltoluene was removed by filtering through a 100 mg plug of a potassium carbonate araduaisia
mixture. An example of a typical plastic scintillator disc preparationfizllasvs. In a 120 mL clear glass
bottle, the calculated amounts of 2,5-diphenyl oxazole (PR@}bis(5-phenyloxazol-2-yl) benzene
(POPOP), boron based materials, and AIBN were dissolved in the liquid 4-vinyltoluene enondie
clear solution was degassed by gently bubbling with argon gas for 15-30 misplace and remove
oxygen.The presence of oxygen inhibits polymerization, causes significant lighti@miggenching, and

sample discoloration. Therefore, the atmosphere inside the vacuum oven was exchanged from air to argon
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via a few cycles of evacuation followed by argon refilhe solution was then bulk polymerized in an oil
bath or an argon-filled vacuum oven at@f@or 96 hours, followed by 90 for 12 hours. The sample was
cooled to room temperature and the glass bottle was broken with a muifeg, agiclear polymer disk of
scintillating polymer. The sample was machined down to one flat side (meniscus side) using 100 grit
sandpaper by hand or by belt depending on its mechanical and thermal stability.thEheample was
polished using 150, 220, 300, 400, 600 and 600 wet-grit sandpapers. The final toudiehiofypvas
done on a loose-cotton buffer wheel using white abrasive polishing compound and finighdduei
buffing compound. Each sample has 4.7 cm diameter and 1.1-1.3 cm thickness.
Solid scintillator samples were tightly wrapped in white Teflon tapeall sides but one and
attached to a Hamamatsu PMA2431-50)with silicone optical grease. The whole assembly was wrapped
in aluminum foil and sealed with light-tight electrical tape. The RMS$ biased using standard electronics
and read out with a custom built waveform digitizer and DAQ system controlled by a MIDAS inférface.
6DPSOHYV ZHUH ILUVAYW NEBRYHG WIRPPD HPLVVLRQ RI NH9 LC
JHQHUDO OLJKW RXWSXW SURSHUWLHYV ([DPLQHQWWWHKH DRW LW NRQ
WKLV RXWSXW VSHFWUD DOORZHG XV WR FDORL® UDQ/GH YH.GRKD O DWPCSF
HQHUJ\ VFDOH»WLEGRABDOULQJ HDFK VDPSOH V & ( ORFDWLRQ WR D
ORFDWLRQ RQ DQ DEVROXWH VFDOH ZH GHWHUPLQHG D UHODWLY|
1H[W WKH VDPSOHV ZEP R WBRYHE MDRWZR GLIITHUHQW VKLHO
ZKLFK SURGXFH GLIITHUHQW PL[HG QHXWUR @ HVQGS JDIP\P X Y HKBEOW R VK
GHWHFWRU DQG VDPSOHV IURP WK fiQHXPAPWDRID® X [S B RS WX DOQW PALKH/ &
ZKLFK DOORZHG XV WR WHVW IDVW QHXWURQDPHVSFRAOIYSIDEY ZIHDLCH §
1H[W WKH VDPSOH DQG VRXUFH ZHUH SODFHGH@HD UWPEMD W KD WV
DOWHU WKH QHXWURQ VSHFWUXP SURGXFLQR WHWWH RZKKHQPIOL |}
UHVSRQVH DQGYW. QHAWUIRQ@QVKHDFWLRQ RFFXUULQJ LQ WKH VDPSOH
LQ D FDGPLXP VKLHOG ZLWKLQ WKH SRO\ HWK\OH@HX VDR & FXBWX
FURVV VHFWLRQ WKLV H[SRVXUH RI RXU VDPSORZHBOX\V VO W R G O
JDPPD EDFNJURXQG VSHFWUD WKDW FRXOG EH VXDWHPIRWHQ@ J UPHRRJ
FOHDUO\ WKH WDRPGWHHWR WKHUPDO QHXWURQV
2 H HQRXJK VWDWLVWLFVY ZHUH REWDLQHG WKH FRGDWBWHG
DQDO\WVLV IUDPHZRUN WR GHYHORS UHOHY DDR@WGRXX\OBXHNVV\KDH FHWUJHD\
LQIRUPDWMHRWRUHG SXOVH LV LOWHJUDWHG RYHU L @NHHLUMHYMR Q
WLPH SBEBXIORMGH $UHD” LV SURSRUWLRQDO WR WKH GHEIRWHG MR H (
VFLQWLOODWLRQ SKRWRQV 7KH LMODN\MHBOSRMWMIBU FOEH E6 B\KMGHW LW F
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SXOVH VKDSH 7KH UDWLFGRIBXE QR \$WEHHY'HD D\HG 3Q 8 0L YUOWVWIE RO W
WR GLVSOD\ DQG TXDQWLI\ SXOVH VKDSH GLVFULPLQDWLRQ

5.2.3Synthesis Procedures
Two approaches were taken for the synthesis of borylated benzene and pyrene molecules. One,
conventional heating using slightly modified Miyaura conditons. Second, microwave heating at elevated

temperature was used to achieve decent yields in just 40 minutes.

5.2.3.1. Conventional Heating Experimental Conditions

Bpin
ata
4.4.5,5-tetramethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane (MBP) Q

In a flame-dried Schlenk tube under argon atmosphere, 1-bromopyrene (200 mg, 0.71 mmol) and
B2Pin; (270 mg, 1.07 mmol) were dissolved in 20 mL 1,4-dioxane. Flame dried KOAc (210 mg,/adl3 m
was added quickly to the mixture followed by Pg@ppf) (17 mg, 0.021 mmol). The mixture was heated
at 90C overnight. Once the reaction was complete, the mixture was cooled tdewperature and 20-
30ml ethyl acetate was added to quench the reaction. 30 mL DI water was addtrddbthe aqueous
phase, 30 mL brine (2X) was used to wash the organic phase, and it was dried over anhydrawenligSO
filtered. After concentrating down the filtrate, silica column chromatograjtiyhexanes as eluent gave
a yellow powder (175mg, 75%) NMR (500.0 MHz, CDG)): / G + &+ -8£28(m,7H;
&+ |/ V  3)#°C&WH} NMR (125.8 MHz, CDC}  / - &+ |/ 3 &&+
25.00 (CH), n.o. (CB).

el

1,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (BBP) Bpin
In a flame-dried Schlenk tube under argon atmosphere, 1,6-dibrompyrene (200 mg, 0.56 mmol)
and BPin, (420 mg, 1.67 mmol) were dissolved in 20 mL 1,4-dioxane. Flame dried KOAc (327 mg, 3.32
mmol) was added quickly to the mixture followed by RB@dipf) (13.6 mg, 0.017 mmol). The mixture was
heated at 9C overnight. A scoop of catalyst (5 mg) was added to complete the reaction. Orezetion
was complete, the mixture was cooled to room temperature and 20-30 mL ethyl acetatdasidas quench
the reaction. 30 ml DI water was added to extract the aqueous phase, 30 mL brinag2}ed to wash
the organic phase, and it was dried over anhydrous M@®@ filtered. After concentrating down the
filtrate, silica column chromatography with hexanes:dichloromethane (1:1)mnix$ eluent gave a yellow
powder (200mg, 79%3}H NMR (500.0 MHz, CDGJ): / G + &+ |/ G + &+ |/ G
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&+ |/ G + &+ |/ 3).\F°C {*H} NBIR (125.8 MHz, CDC}  / &+ |/
&+ |/ &+ |/ / &+3 [/ &&o. (CB). MALDI
TOF MS: m/z 455 (M), 353, 326 (M-Bpin).

1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (TBP)

Bpin O Bpin

Bpin Bpin

In a flame-dried Schlenk tube under argon atmosphere, 1,3,6,8-tetrabromopyrene (500 mg, 0.97
mmol) and BPin, (1.47 g, 5.79 mmol) were dissolved in 20 mL 1,4-dioxane. Flame dried KOAc (1.14 g,
11.6 mmol) was added quickly to the mixture followed by R@ppf) (24 mg, 0.029 mmol). The mixture
was heated at 90 overnight. At the 16hr mark, 10 mg catalyst was added to complete the reantien. O
complete, the mixture was cooled to room temperature and 20-30 mL ethyl acetate edas agficench
the reaction. 30 mL DI water was added to extract the aqueous phase, 30 mL brine (2X) wawasied to
the organic phase, and it was dried over anhydrous M@®@ filtered. After concentrating down the
filtrate, silica column chromatography with hexanes:ethyl acetate (8:2) misuetuent gave a yellow
powder (592 mg, 87%). MALDI TOF MS: m/z 707 {M581 (M-Bpin}, 454(M-2Bpin}, 227 (M-3Bpin}.

Bpin

1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (135Tr%%i)n Bpin

In a flame-dried Schlenk tube under argon atmosphere, 1,3,5-tribromobenzene (200 mg, 0.64
mmol) and BPin, (807 mg, 3.18 mmol) were dissolved in 20 mL 1,4-dioxane. Flame dried KOAc (500
mg, 5.08 mmol) was added quickly to the mixture followed by Kd@pf) (15.5 mg, 0.029 mmol). The
mixture was heated at @D overnight. The progress of reaction was tracked by TLC (9 hexanes: 1 ethyl
acetate) and visualization was achieved in an iodine chamber. Two spots (Rf 0.20 (a@8) Rvere
observed and heating was stopped and allowed to cool down to room temperature. 26t3¢l adetate
was added to quench the reaction. 30 mL DI water was added to extract the aquecusdpB@seL brine
(2X) was used to wash the organic phase, dried over anhydrous.Ng8diltered. After concentrating

down the filtrate, hexanes:ethyl acetate (9:1) mixture was used ® RfuD.25 in silica column

chromatography to yield white powder [69%, 200 mMg]|NMR (500.0 MHz, CDGJ): / vV + &+
/ \Y +). 8CH{'H} NMR (125.8 MHz, CDC}  / &+ |/ 3 &&+ R+
n.o. (CB).
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2,2',2"-(benzene-1,2,4-triyl)tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (124TrBB)

/@Bpin

Bpin Bpin

In a flame-dried Schlenk tube under argon atmosphere, 1,2,4-tribromobenzene (200 mg, 0.64

mmol) and BPin; (810 mg, 3.18 mmol) were dissolved in 20 mL 1,4-dioxane. Flame dried KOAc (500
mg, 5.08 mmol) was added quickly to the mixture followed by Kd@pf) (15.5 mg, 0.029 mmol). The
mixture was heated at @ overnight. The progress of reaction was tracked by TLC (9 hexanes: 1 ethyl
acetate) and visualization was achieved in an iodine chamber. Two sp@2@Rand RO0.25) were
observed and heating was stopped to allow cooling to room temperature. 20-30 mL &thyheaeadded

to quench the reaction. 30 mL DI water was added to extract the aqueous phase, 8@ Xbrwas used

to wash the organic phase, and it was dried over anhydrous Mgf@diltered. After concentrating down

the filtrate, hexanes:ethyl acetate (9:1) mixture was used ®RIGt2 by silica column chromatography

to yield a white powder (280mg, 96%MH NMR (500.0 MHz, CDGJ): / vV + &+ |/ GG
&+ / G + &+ |/ s VI + ¥+ s+ B+ V 3k B&FHINMR
(125.8 MHz, CDd / &+ / &+ / &+ 3 [/ & //H+
83.480 (CCH), / 8§);.0. (CB).

Bpin Bpin
1,2,4,5-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (F9E) Bpin

In a flame-dried Schlenk tube under argon atmosphere, 1,2,4,5-tetrabromobenzene (380 mg, 0.97
mmol) and BPin: (1.47g, 5.79mmol) were dissolved in 20 mL 1,4-dioxane. Flame dried KOAc (1.14 g,
11.6 mmol) was added quickly to the mixture followed by R@ippf) (23.6 mg, 0.030 mmol). The mixture
was heated at 90 overnight. The progress of reaction was tracked by TLC (9 hexanes: hathgtie)
and visualization was achieved in an iodine chamber. Two spots (Rf 0.20 and Rf 0.25) were observed and
heating was stopped to allow cooling to room temperature. 20-30 mL ethyl acetaddsdsto quench
the reaction. 30 mL DI water was added to extract the aqueous phase, 30 mL brine (2X) was/askd t
the organic phase, and it was dried over anhydrous M@®@ filtered. After concentrating down the
filtrate, hexanes:ethyl acetate (9:1) mixture was used to eJl@€Rin silica column chromatography to
yield a white powder. Alternatively, after concentration of the filtrate, bwaittibns were collected by
filtering through a silica chromatography column, with elution by hexanes: ettgta¢7: 3) mixture. Tén
mixture was vacuum dried and 20 mL hexanes was added and left in the fridge ov&h@girecipitate
was collected by filtration (202mg, 36%j NMR (500.0 MHz, CDQ): / vV + &+ |/ \
CHs). 13C {*H} NMR (125.8 MHz, CDC}  / &+ |/ :& &M 2)&r0. (CB).
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10.4;

4.,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (MB§;>7B o

Vacuum refill a clean and dry 250 mL two arm round bottom flask withr &atiand a dropping
funnel four times. Cannula transfer 50.0 BLLi into the round bottom and add 45.0 mL of anhydrous
pentane. Stir mixture at -78°C for 30min or until at room temperatara.clean dry 50 mL round bottom
flask add 8.45 mL bromobenzene and vacuum refill 3 times followed by 10-15min of bubbling Ar through
the solution followed by an additional vacuum refills 4 times. Add 10 mL ofcanbg THF to théBulLi
solution and to the bromobenzene. Transfer the bromobenzene solution into the droppehgAllow
the bromobenzene solution to drip slowly (over about 1h) intdBhki solution while under Ar. The
solution will go from pale yellow to off white after approx. 2h. Then add 1 .@f7dry isopropox¥Bpin
to the dropping funnel and slowly drop into the reaction over 38ilow the reaction to continue at -78°C
for 24h. Afterwards the reaction vessel was removed from the cold bathllewdto warm to room
temperature while being stirred over approx. 5h. The reaction was then exwébté&EbO, dried with
MgSQOy and rotovapped down to remove the majority of the solvents. Following this, thectpveorki
vacuum distilled to remove the remaining volatile materials and the produthevasollected as a white
solid and stored in the freezer until needed. (yield 46%, 7.5 dYMR (5000 MHz, CDCk) /1.34 (s,
12 H), 7.34 - 7.38 (t, 2 H), 7.44 -7.47 (t, 1 H), 7.80 - 7.81 (d, 2°A)'H} NMR (125.8 MHz, CDC}):
/ &+ |/ &+ |/ &+ 3/ |/ & &&-0. (CB).

5.2.3.2. Microwave Synthesis Experimental Conditions

4.4.5,5-tetramethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane (MBP)

1-bromopyrene (500 mg, 1.78 mmol) angPBr (900 mg, 3.56 mmol) were added to a 20 mL
microwave flask. Flame dried KOAc (524 mg, 5.33 mmol) and ®#d@bf) (58 mg, 0.071 mmol) were
added quickly to the flask. After adding 12 mL 1,4-dioxane, the flask was capped tightly and run at 130°C
for 40min. Once the reaction was complete, the mixture was cooled to room temperatifardndthyl
acetate was added to quench the reaction. 20 mL DI water was added to lextaacistous phase and 20
mL brine (2X) was used to wash the organic phase. It was dried over anhydrous &tgiSiDered. After
concentrating down the filtrate, silica column chromatography with hexanes as aleatygllow powder
(396 mg, 68%).

1,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (BBP)

1,6-dibromopyrene (500 mg, 1.39 mmol) angPiB, (1.76 g, 6.94 mmol) were added to a 20 mL
microwave flask. Flame dried KOAc (818 mg, 8.33 mmol) and ®#d@pf) (45.4 mg, 0.056 mmol) were
added quickly to the flask. After adding 12 mL 1,4-dioxane, the flask was capped tightly and run at 130°C

for 40min. Once the reaction was complete, the mixture was cooled to room temperatiserdndthyl
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acetate was added to quench the reaction. 20 mL DI water was added talextagcteous phase and 20
mL brine (2X) was used to wash the organic phase. It was dried over anhydrous &tgiSiDered. After
concentrating down the filtrate, silica column chromatography with a mixture of é®xand

dichloromethane (1:1) as eluent yielded a yellow powder (400mg, 63%).

1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (TBP)

1,3,6,8-tetrabromopyrene (500 mg, 0.97 mmol) asieii3 (1.47 g, 5.79 mmol) were added to a 20
mL microwave flask. Flame dried KOAc (947 mg, 9.65 mmol) and ®#dpf) (31.5 mg, 0.039 mmol)
were added quickly to the flask. After adding 12ml 1,4-dioxane, the flaslcaygmed tightly and run at
130°C for 1hr. Once the reaction was complete, the mixture was cooled to ropengeme and 15 mL
ethyl acetate was added to quench the reaction. 20 mL DI water was addeddbtleetaqueous phase
and 20 mL brine (2X) was used to wash the organic phase. It was dried ovepasiydsQ and filtered.
After concentrating down the filtrate, silica column chromatography with a mixtuhexanes and ethyl
acetate (8:2) as eluent yielded a yellow powder (579 mg, 85%).

1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (135TrBB)
1,3,5-tribromobenzene (500 mg, 1.59 mmol) anBii (1.82 g, 7.15 mmol) were added to a 20
mL microwave flask. Flame dried KOAc (1.17 g, 11.9 mmol) and ®#d@pf) (52 mg, 0.064 mmol) were
added quickly to the flask. After adding 12 mL 1,4-dioxane, the flask was capped tightly and rurCat 130°
for 1hr. TLC (9 hexanes: 1 ethyl acetate) showed there were two spots Rf 0.2 and Ri®@&ture was
cooled to room temperature and 30ml ethyl acetate was added to quench the reaction. 30 mL DI water was
added to extract the aqueous phase, 30 mL brine (2X) was used to wash the organicctasss dried
over anhydrous MgSQand filtered. After concentrating down the filtrate, hexanes:ethyl tacdl)
mixture was used to elute Rf 0.25 by silica column chromatography to yield gpatitker (440 mg, 61%).

2,2',2"-(benzene-1,2,4-triyl)tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (124TrBB)

1,3,5-tribromobenzene (500 mg, 1.59 mmol) anBii (1.82 g, 7.15 mmol) were added to a 20
mL microwave flask. Flame dried KOAc (1.17 g, 11.9 mmol) and R#d@bf) (51.9 mg, 0.064 mmol) were
added quickly to the flask. After adding 12 mL 1,4-dioxane, the flask was capped tightly and run at 130°C
for 1hr. TLC (9 hexanes: 1 ethyl acetate) showed there were two spots Rf 0.2 and Ri®mture was
cooled to room temperature and 30ml ethyl acetate was added to quench the reaction. 30 mL DI water was
added to extract the aqueous phase and 30 mL brine (2X) was used to wash theloaganidried over
anhydrous MgSO4 and filtered. After concentrating down the filtrate, hexanes:ethy 8etamixture

was used to elute Rf 0.2 in silica column chromatography to yield a white powder (600 mg, 83%).

1,2,4,5-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (TBB)
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1,2,4,5-tetrabromobenzene (500 mg, 1.27 mmol) afinB(1.94 g, 7.63 mmol) were added to a
20 mL microwave flask. Flame dried KOAc (1.25 g, 12.7 mmol) and #djeif) (41.6 mg, 0.051 mmol)
were added quickly to the flask. After adding 12 ml 1,4-dioxane, the flaskapaed tightly and run at
130°C for 1hr. TLC (9 hexanes: 1 ethyl acetate) showed there were two spotsaRfiR2 0.25. The
mixture was cooled to room temperature and 30 mL ethyl acetate was added taloggeeattion. 30 mL
DI water was added to extract the aqueous phase, 30 mL brine (2X) was wseth ive organic phase,
and it was dried over anhydrous MgS&nd filtered. After concentrating down the filtrate, hexanes:ethyl
acetate (9:1) mixture was used to elute Rf 0.25 by silica column chromatograpélyl ta yihite powder.
Alternatively, after filtrate concentration, both fractions were colledigdfiltering through a silica
chromatography column, with elution by hexanes: ethyl acetate (7: 3) mixture. Theemigisivacuum
dried, and 20 mL hexanes was added and left in the fridge overnight. The precipgateliected by
filtration to yield a white powder (250 mg, 41%).

5.3. Methods used to Detect Thermal Neutron
As hinted earlier in this chapter, three approaches were taken to detect thermal neutron. The first
approach utilized a commercially available dopant that contains boron but not UV-absorbing
chromophore. The second approach used boron containing benzene (UV-absorbing) and pyrene (visible
light absorbing) moieties. The third approach was unique in that it solely%sedriched benzene

molecule.

5.3.1Thermal Neutron Detection by Commercially Available Neutron (Approach #1)

Bis(pinacolato)diboron (Biry) (Figure 5.1) as an affordable/simple, off the shelf chemical and
plastic compatible boron dopant for detection of thermal neutreRgpBvas first used in organic reactions
by Miyuara et al to create an intermediate for the very important Suzuki C-C bond forming crogsgcoupl
reaction'*®* The conversion of arylhalides to arylboronates using an inexpensive and readéplavail

borylating reagent such asfMn, has been extensively used in the pharmaceutical and organic electronics

industries43-145
O\ /O
/B—B\
O o)

Chemical Formula: C,H,4B,0,4
Molecular Weight: 253.94
Elemental Analysis: C, 56.76; H, 9.53; B, 8.51; O, 25.20

Figure 5.1 Molecular weight and elemental composition (%) of bis(pinacolato)dibos@im{B
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30DVWLF VFLQWLOODWRUV JHQHUDOO\ FROQNVEVRUEV D@ ARPH[C
UDGLDWLRQ 7KH PDW DQGEWERRHNN HHYFWWHG HQHUJ\ WR IOXRUHVF
WKDW WKHQ HPLW SKRWRQV LQ D VSHFWUDO UHJRRQQPRBWGE KUQW R
SURYLGH WKHUPDO QHXWURQ VHQV®%WLY D\8'G HDE RWRKWN B HGIRRIDP\D OF\A
LQVWDQFH 7KH FRPSDWLELOLW\ RI WKHQN FEARSDW W\H E K DHOLFHD@WD L L
HIILFLHQW SODVWLF VFLQWLOODWRU V O)DSGVH MURP S B D PIPPI 1G H\ORJ L
WKH FRPPRQO\ XVHG 332 DQG 32323 DV SULPDU\ DQ® R HEFRQEOM \WG
DOORZ GLUHFW FRPSDULVRQ ZLWK SUHY IVX\58 OHW HIUDEMOXU H UHRBWR WU
WR WHVW WKH VRBQREQ GRW\KRPEWQRIWKH IOXRUHVFHQW GRSDQW F
%3LQLW KDV D VPDOOHU ERURQ FRQWHQW SHU P RERHFRHOHWW R BVQ RN
DUH ORZHU WKDQ FRPPHUFLDOO\ DYDLODEOH SURE ¥RWYW HE&WF K) D
FRPSDULVRQ+® SWBBRNAVLRQDO FRXQWHU ZLWK DWP JDV SUHV)\
ZHLIJKWHRERQWHQW LQ SRO\PHUV RI DSS ZW

5.3.1.1.  Solubility Limit and Radiation Performance of B2Pin;
7KH LQFUBLBRQRHRYWUDWLRQ IURP WR ZW GLG QRW UHVXC(
RUD GHFUHDVH LQ RSWLFDO FODULW\ )LJIJXU®GG EH REAZHYHUHGY RE® H
ZW VDPSOH DQG ZKHQ LQBUG®VHBW R W&WWH XDPSOH BKRZHG VL.
SUHFLSLWDWLRQ WKDW GLG QRW DOORZ IXUWGWU PW E R QQL\QX DIDDG
VRIWHQLQJ RI WKH SRO\PHU PDWUL[ KRZH YGRS DWQK\L \FZQ@KNHQRMW DN
DERYH /ILIJKW \LHOG DQOQGFNEWXRBOUBINXOYWR@@UH GHWDLOHG EH

Figure 5.2 Sample and UV irradiated 1 wt% PPO, 0.1% POPOP and 11.P%%iB PVT
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Table 5.1 Optimizing boron additive in PVT.

BULPDU\ :DYHOHQJW W LQ 1DW % FRQ
6DPS{ ODW FROQW| FRQWH
1DP| ZW 1DPH ZW ZW ZW ZW
397] 332 32323
397] 332 32323
397 | 332 3232¢
397| 332 3232¢
397| 332 3232¢
397| 332 3232¢
397| 332 3232¢
7TRWDO PDVV RI HDFK VDPSOH LV DSS J

TKHRAQFRQFHQWUDWLRQ DSSHDUV WR KDYH OLWWOH HIIHFW |
OHYHO DV VKRZQ LQ )LJXUH PRVW VDPSOHV SURBKXFHUP L&OROP S\
FRQWURO VDPSOH 6DLQW *REDLQ %& KHUH LVSRRVMORQNW GHHF BHDV
LV VXVSHFWHG WR EH GXH WR WKRBLOES@WBRDFKLQJ VROXELOLW\ OLP

Figure 5.3 Number of counts vs uncalibrated pulse area in scintillating PVT based samples as measured
WKURXJIK H[SRYV X&burcd\WRIn®dthe s&e PMT bias value.
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5.3.1.1.  Optimization of Sample Formulation

7TKHUPDO QHXWIPR&NRQ\VONW XS ZHUH FDSWXUHG E\WKH QDW
LVRWRSH ALQWKLGHY FULEHG HDUOLHU DOWKRXJK WKH WHDHAWLRQ
LQ WKH OH9 UDQJH WKH VLIJIQDO UHJLVWHDOGISKDQTWH® F&H®/H FINURRL
NH& RQO\ VOLIKWOBYFRQOBQQWWRWILRQ ,Q RUGHU WR H[WUDFW W
WKH FDGPLXP VKLHOGHG VSHFWUD ZHEB SWXEWU VBEWHS UD DRV WKIR Z

7KH UHVXOWY KHUH UHSRWUYWHGVREID MVXMUBRVEWERWFIUMNMHIHDN C
SUHYLRXVO\ UHSRUWHG YDOXHV RQ ERURQ ORDGHMG VHIRX\O/EL E H RIRQ
WKDW UD BMIERPRQFKHKMWUDWLRQ XS WR WKH VROXELOLW\ OLPLW RI W
D PLQRU LPSDFW RQ ERWK OLJKW RXWSXW DQG DOSBKD @MKKNYUKRLD
VHQVLWLYH GRSDQW WR WKH SODVWLF PDWUL[ LQ WHUPV RI VFLQ\

Figure 5.4 Number of counts versus calibrated pulse area (keVee) for 10B thermal neutron reaction
spectra with gamma response subtracted via cadmium shielded measurement. The keVee sample scale
adjusts all samples to the 137Cs Compton edge position of each sample.

$ VHFRQG VHW RI VDPSOHV ZDV SUHSDUHG DQ® R XV WIDE® ZQ M\
XVLQJ WKH VFLQWLOODWLQJ IOXRU RYHU GRWLD®W RBIW KRGUR B HIL\WY [
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LQVSLUHG IXUWKHU ZRUN LQ7¥HYHRMSR QDWW RROW RVHIBVLQ WKLV VD
LQ 7DEOH 7KH3ILGFRODFHBWUDWLRQ LV HTXLYDOHQW WR ZW Q
VHOHFWHG WR EH ZHOO EHORZL ®BRFA VR/OXEL OLKH ©Q B VW LRl WOKPHS @6H
DQG SUHSDUHG DV GHVFULEHG HDUOLHU DQGLWK HXKHGWIWHF WRG LR
VRXUFH FRQILIXUDWLRQV ,Q RXU WHVWYV VHJIQDPLFDH \WRIBW 2DY VQE
332 OHDQLQJIXO VHSDUDWLRQ EHWZHHQ QHRWURW W WDH/GV J ORR PRC
NHO ZDV QRW VHHQ XQWLO KLJKHU FIRBR B QW Q D/MWARREL QH G Z I Wt
DPRXQW RI 332 QHFHVVDU\ WR DFKLHYH 36' OHDIGM WRFWRMW SR D TPV
SURGXFLQJ SODVWLF VDPSOHV WKDW DUH WRR DRIGW HRAY WDKG VD MR
GLYLQ\OEHQ]HQH '9% D FURVVOLQNLQJ DJHQW ZD\RU.QMWMRURG X
SRO\PHUL]DWLRQ :LWK WKH FURVVOLQNLQJ DJHWW3BBGHEZWWKH S
32323 DQG AV DAV DW D *RBEHYBQHVKDW FRXOG EH FXW DQG SUF
GHWHFWRU WHVW 7KH &RPBSIN\HFQW UXPHZBIVWKHOLIJKW RXWSXW RI R.
VFLQWLOODWRU 6DLQW *REDLQ &U\VWDOV %& SH DURZGH YWRU Z RUK\H
WKH DOSKD TXHQFKLQJ %LWXHUPDQWHXMWAUR Y KBSWXUH §HDN ZDV
7KH UHVXOWLQJ VSHFWUX&PI l&RE® HXKMH V& WRXDGH H® GHWDLOHG LQ
36' ILJXUHV RI PHULW )RO QXPEHUV XVLQJ WEKHXIDIVW QHKNPRDVKS
RO DW 1uRH9 FRPSDUHV ZHOO WR WKH S X{EORW KHKGH YAIRPPHI RF L D (
ZKLFK LV EDVHG RQ WKH DGGLWLRQ RI FD REFRIUWD@RIYLRQ @ D\W K

> @

Table 5.2 Plastic compositions with ov& R SHG 332 DQG SERURQ” DGGLWLYH

Sample*| Matrix | Primary dopant] Wavelength shifter | BaPin Crosslinker
Name| wt% Name wt% wt% wt%
1 PVT PPO 10 POPOP 0.1 11.75 N/A
2 PVT PPO 15 POPOP 0.1 11.75 Various
3 PVT PPO 20 POPOP 0.1 11.75 Various
4 PVT PPO 25 POPOP 0.1 11.75 Various

%3LQV HTXLYDOHQW WR ERURQ FRQWHQW

89



Figure 5.5 Full PSD (Full Pulse Area over Delayed Area Fraction) spectrum of PVT sample containing
11.75 wt% of BPiny, 20 wt% PPO, 0.1 wt% POPOP as measured ifffBenf*& 3SRO\ FDYH™ VHWXS

In addition to the thermal neutron capture peak a band between the fast neutron and gamma bands
becomes tentatively visible which contains events originating from the exited staa€lafréaction

product with an alpha and gamma emission detected in coincidence (Figure 5.5).

Figure 5.6 PSD Figure of Merit values resulting from various energy cuts (spectrum shown from 200
keVee FXW XVLQJ WKH VDPH VDPSOH DV LQ )LJ LQ WKH SOHDG FDYH
Spectrum after the energy cut onto the y-axis.

90



7R DVVHVV WKH DJLQJ HIIHFWV ZH UHWHVWHGNVWHKH WRIUPWH C
DPELHQW FRQGLWLRQV ZLWKRXW KXPLGLW\ FRQWBBRXGKGU IR IZDY
%3LQGRSHG VDPSOHV H J )LJXUH ZLWK DYHUDOMJ KW F UHHID\CH
+RZHYBMUWKHUPDO QHXWURQ UHDFWLRQ VLJQDRS/O FHRXPOREQ WD LQQ QB
DW WKH ZW OHYHO 7KH RYHU GRSHG 333'VIKPS0 WX Z&H G HR 8 IVL)O
QHJOLJLEOH OLJKW RXWSXW a Rl %& NHOKHGYHO O'RZRQLGDW RRQ |
UDGLFDOV UHPDLQLQJ IURP WKH UDGLFDO E %G RWLRRIDPHIRFBWY R D
ZRUN ZLOO QHHG WR EH GHYRWHG WR HPBIORY RIDG DRDIH DXOH Q B KSHIUR
DFKLHYH WKH ORQJ a\HDUV OLIHWLPHV H[SHFWHG IURP SODVWLF

Figure 5.7 Plastic scintillator sample containing 1 wt% PPO, 0.1% POPOP and 11.75% B2Pin2 in PVT
VDPH DV )LJXUH DIWHU PRQWKVY DPELHQW VWRUDJH

5.3.1Boron Containing Pyrene and Benzene Molecules for Detection of Thermal Neutron
(Approach #2)

With regard to boron containing organic materials, recently direct borylatiattofated CH
bonds of aromatic compounds has been reported using iridium-based c#&lysidowever, high Ir
catalyst loadings, lack of regioselectivity and longer reaction times hitsdapplicability and scale up
potential. In order to counter these disadvantages, the synthesis of 1,3,6,84efrakds{etramethyl-
1,3,2-dioxaborolan-2-yl)pyrene was reported by Yamada and coworkers by nickel catdinertd
borylation achieving a yield of 74% in two daysFurthermore, synthesis of 1,2,4,5-tetrakis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzene was reported by Wagner and coworkersavighadiryield

of 64%; however, their synthetic process was a two-step reaction system achievipartoalyorylation
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and the use of highly pyrophoric and toxic reagents such as n-butyllithium amd@rigagent¥? Both
Aubert et al. and Gandon et al. utilized cobalt-catalyzed [2+2+2] cycloadditaihywfyl pinacol borate to
yield a mixture of 2,2',2"-(benzene-1,2,4-triyl)tris(4,4,5,5-tetramethyl-1,3,2-dioxiaine) and 1,3,5-
tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene with a yield of 88%. Their use of an
expensive borylating reagent (ethynyl pinacol borate - $650/g) and a diffipaltasien of the product
mixture could be detrimental to using this reaction system. Compared to cobbirexdicycloaddition
reactions, Wang et al. achieved 85% yield by direct borylation of 1,3,5-tay@mene using Miyuara

conditionst®6-157

5.3.1.1.  Synthetic Methodology
We report here the borylation of multi-halo functionalized benzene and pyrene derivatives via thi
B2Pinxreaction using the very efficient and mature Suzuki chemistry to affardlsohaterials with boron
content as high as 7.43 wt%. Furthermore, some of these materials also have strangib&seénce
properties that may contribute to scintillation efficiency for detedtioitn gamma and neutron radiation.
Examples of polymer-based scintillators using our new materials demonsitaiedificient scintillation

and thermal neutron detection.

B B-
Trad., 90°C, <24hr (85%) 0 ‘ 0

Br O Br
+ O\B_B,O PdCl,(dppf), KOAC O‘
o 0 Dioxane
Br Br uw,130°C, 40min (87% a/ \/6

Scheme 51 RQYHQWLRQDO KHDWLQJ FRQGLWLRQ WUDG DIQMLOUFURZ
tetra-borylated pyrene (TBP). These conditions were used for all the reactions.
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Figure 5.8 Boron containing pyrene and benzene derivatives.

We have applied traditional and microwave assisted Suzuki conditions to promote th#&dyoryl
of bromo functionalized aromatics using commercially available and cost effbigpieacolato diborane
(B2Pin).**® In our efforts to complete these reactions within a reasonable time, wesligggdexcess
equivalents of BPin, for multiple borylations. Increasing the heating té®®as crucial for completing
these reactions in less than 24 hours (Schemabdlour microwave assisted conditions resulted in similar
reaction yields in much shorter reaction times (40 min vs. 24 hr).

To show applicability of the aforementioned conditions to other aromatic mole@léted boron
containing molecules (Figure 5.8) were synthesized using lower catalyst losldamtgr reaction times,
simpler purification methods, and comparable synthesis yields as previous ktematiinods>® To our
knowledge, use of microwave methods for multiple borylation has only been reportetidigiation,
where in our approach we demonstrate multiple borylations (tri and tetrajgniticantly reduced time
frame of 40-60 mir%°-16! Table 5.3 summarizes conditions and percent yield comparison between
traditional and microwave assisted reactions.

The synthesis of 1 (Figure 5.8, entry 1) was previously reported by AkhavarefT &t with a

similar procedure to our traditional synthesis (excepC8®MSO) affording approximately the same
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percent yield (Table 5)3% To our knowledge we are the first to report the synthesis of this molecule by
microwave-assisted borylation. Compoundy2thesis showed the biggest drop in yield when attempting
microwave borylation (79% vs 63%). Several attempts were made by varyipgrégare, amounts of
catalystand @i, DQG UHDFWLRQ WLPH KRZHYHU WKH PLFURZDYH \LHOC
TOF MS (Figure 5.9) and NMR for this compound confirm the product purity.

Table 5.3 Comparison of multiple borylation by conventional heating vs microwave synthesis.

BoPin, KOAc Yield [%]
[equiv] [equiv] Microwave | Conventional
1 2.0 3.0 68 75
2 3.0 6.0 63 79
3 6.0 10.0 85 87
4 4.5 7.5 61 69
5 4.5 7.5 83 97
6 6.0 10.0 41 36

3-4 mol% Pd catalyst was used to synthesige 1-

Figure 5.9 MALDI-TOF-MS spectra for 1,6-diborylatedpyrene.
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5.3.1.1.  Characterization of Synthesized Molecules for Approach #2

The synthesis of TBP (Figure 5.8, entryappeared straightforward but the characterization was
problematic as botfH and*C NMR were inconclusive, resulting in broad and featureless peaks in the
aromatic region while showing definitive and clear peaks in the aliphaticnredibis was thought to be
the result of the presence of a paramagnetic ion or of the large differencerbtiteveember of aliphatic
and aromatic hydrogens (48: 6). As such, many attempts were made to solve tlis fryphlarying
deuterated solvents, increasing relaxation time, utilizing chromium(lllylacetonate (Cr(acag)as a
relaxing agent, and attempting solid-state NMRUnfortunately, a conclusive NMR confirming the
VXFFHVVIXO VIQWKHVLV RI 7Bgeh theughQhs @rHbentvirhs itk Bt&eXi expliitly in
the literature, we have noticed similar reports confirming our observéti@espite this shortcoming,ev
turned our attention to analyzing this molecule by MALDI TOF MS that confirimediblecule as shown
in Figure 5.10. By utilizing 1,8,9-trihydroxyanthracene as a matrix, all the possible fragro@m (M),
581.1, 454.8 and 227.3 were observed.

Encouraged by this result, TBP crystals with dimensions of 1-2 mm were prepastdwby
introduction of hexanes into a TBP chloroform solution. The crystals hableuguality for single-crystal
x-ray analysis, revealing TBP and n-hexane molecules each sitting on a 2-fold rotatias akbwn in
Figure 5.11. The pyrene ring system is essentially flat, but the Bp# ainegnon-planar and disordered
over two distinct conformation'§*1% The crystal structure of TBP coupled with MALDI shows we have

unequivocally synthesized this molecule despite our inability to obtain conctisamd*C NMR.

Figure 5.10 An ellipsoid plot (50% probability) for TBP.
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Figure 5.11 MALDI-TOF-MS of TBP with 1,8,9-trihydroxyanthracene as a matrix.

The synthesis of 135TrB&nd 124TrBB (Figure 2, entry 4 & 5) had significance in determining if
the symmetry of boron containing molecules could have an effect in theiatetetcthermal neutrons,
especially because these two molecules have identical amounts of boron by weight (7.11%).

Generally, the yield for conventional heating was slightly improved (exoejgintry 6) over the
microwave approach (Table 5.3). Entry 6 (Figure 5.8) clarified the lack of accurate NMR spectr® for TB
since its aromatic to aliphatic hydrogen ratio is higher (48:2 to 48#)vever, bothtH and*C NMR
unambiguously confirmed the synthesis of this molecule. The crystal structure aistepweeaction
synthesis of this molecule was published by Wagner &€ al.

5.3.1.2. Results and Discussion for Approach #2
Table 5.4 shows the composition of plastic scintillators prepared incorporaéngymthesized
boron materials (entry 3-6, Figure 5.8) into the PVT matrix. The fir$it sigmples were colorless with
intense blue luminescence under UV excitation. As TBP has a pale yellow color, sexlesre

optically clear with a yellowish color and strong blue luminescence under UV excitation.
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Table 5.4 Plastic scintillator formulations.

Vinyl toluene Primary dopant Wavelength shifter Boron source
Samplé [Yowt] Name [% wi] Name [Yowt] Name [% wi]
i 98.9 PPO 1.0 POPOP 0.1 - -
ii 98.4 PPO 1.0 POPOP 0.1 135TrBB 0.5
iii 97.9 PPO 1.0 POPOP 0.1 135TrBB 1.0
iv 93.9 PPO 1.0 POPOP 0.1 135TrBB 5.0
\ 97.9 PPO 1.0 POPOP 0.1 124TrBB 1.0
Vi 93.9 PPO 1.0 POPOP 0.1 124TrBB 5.0
vii 97.9 PPO 1.0 POPOP 0.1 TBB 1.0
Vil 93.9 PPO 1.0 POPOP 0.1 TBB 5.0
¢ 98.9 TBP° 1.0 POPOP 0.1 TBP 1.0
X 97.9 TBP° 2.0 POPOP 0.1 TBP 2.0
Xi 97.9 PPO 1.0 POPOP 0.1 TBP 1.0

aTotal mass of each sample: 20.0g

b TBP acting as boron source and primary dopant.

The light output of these samples (4.7 cm diameter x 1.1-1.3 cm thickness) waerexno a

commercial scintillator (EJ-204) of approximately the same dimensions prepared byl édjfamology.

Our control (Table 5.4, sample i) resulted in 95% of the light output comiuatteslcommercial scintillator.

A summary of light output of samples i-xi compared to EJ-204 and their fiegpare shown in Table 5.5.
The high average molecular weight{&hd M,) of the samples (as determined by GPC using poly(styrene)
cdibration standards) is indicative of complete polymerization of the sciotilt@mples, hence minimal
inhibition of polymerization by the added components. As shown in column %e(%d), the signal
produced by the 1.48MeV alpha and 0.48 Mé&Vion (products of thermal neutron reaction witB) is
guenched to produce scintillation light equivalent in amplitude from an elegith an energy of 60-
100kev depending on sample composition.

Samples ii-iv (Figure 5.12) contain increasing amounts of 135TrBB (Figure 5r§,4nt As
expected, capture of thermal neutrons was not observed for the 0.5% sathjgeompound due to the
low concentration of’B (0.007% wt) (Sample ii). Increasing the amount of 135TrBB to 1% showed
thermal capture as well as increased light output (sample iii), wisiledsing the amount to 5% wt reached
the solubility limit of 135TrBB in PVT (sample iv) resulting in an opaquama. We speculate that the

symmetrical nature of the compound was contributing to its crystallization in PVT at highag&ad
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Figure 5.13 eft to right: Sample v and vi: 1 andW% 124TrBB respectively
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Table 5.5 Light output, boron capture and polymer properties of plastic scintillator samples

Samples Relative PL B content | 1°B content| Neutron capture Mn Muw

(Comp;;‘j)o” 0EI ropmy [%6w] [keVee] [MDa] | [MDa] | PDI

i 95 - - - 1.37 3.52 2.57
ii 74 0.035 0.007 No capture 1.20 2.36 1.96
iii 78 0.070 0.014 78.8+0.8 1.29 3.44 2.66
iv 78 0.356 0.071 731+ 2.0 0.69 1.54 2.24
v 77 0.070 0.014 72.1+26 0.91 2.49 2.73
Vi 81 0.356 0.071 91.9+0.2 1.34 2.88 2.22
vii 87 0.075 0.015 749+ 20 0.32 0.81 2.58
viii 76 0.370 0.074 82.6+0.7 1.26 4.39 3.47
iX 36 0.065 0.013 No capture 1.35 3.38 251
X 31 0.130 0.026 No capture 0.79 1.96 2.49
Xi 70 0.065 0.013 69.8+1.1 1.72 4.72 2.75

To address this issue, we prepared and utilized 124TrBB that has a more ungahateicture
but the same boron content as 135TrBB. Samples v and vi both had the ibaktigpity with 124TrBB
(Figure 5.8, entry 5) as the boron additive (Figure bif8icating enhanced solubility of 124 versus
135TrBB. Increasing the concentration of 124TrBB from 1% to 5 % wt increased both the light output as

well as thermal neutron capture (Table 5.5, entry v and vi).

Thermal neutron
Fast neutron and gamma

Figure 514 Thermal neutron capture using &®6 124TrBB plastic scintillator, sample vi.

99



Figure 5.14 shows a one minute collection of data using*#@en/*C source for 5% 124TrBB
(Table 5.4, entry vi), that already shows distinct neutron capture above thedoackgoise. This sample
resulted in &°B thermal neutron capture signal at approximately 92 keVee with 81% relgtivelitput.
To our knowledge, this is the highest thermal neutron capture signal observedoiooom @oped plastic
scintillator. 124 TrBB also had the highest solubility with approximately 20.0 @128 (vt%'°B) in PVT.
As expected, the light output of 124TrBB decreased from 81% at 5.0 wt% to 60% atZ0(Not shown
in Table 5.5). The boron capture peak also decreased from nearly 91 keVee to 7§Na\&®wn in
Table 5.5). Although there was a slight decrease in radiation perfornmaotbdight output and capture
signals) as concentration of 124TrBB increased in PVT, the mechanical stabhigysaiples were sound.

Figure 5.15 Left to right: Sample vii and viii: 1 and 5 wt% TBB respectively.

Samples vii and viii both had TBB (Figure 5.8, entry 6) as boron addifike.solubility limit of
this compound was the lowest in PVT. For example, 1% wt loadings showed crystallizatiowasnsh
Figure 5.15. Despite its poor solubility, it showed a clearly visible boron captned sigen at 1% (Table
5.4, entry vii). Increasing the concentration to 5% wt decreased the opmitl significantly as shown
in Figure 14. We propose that the decrease in light output compared to our staaxldee wo attenuation

of light by increased dopant concentration. This effect is in agreement with literature reports.
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Figure 5.16 Left to right: Sample ix, x and xi: 1 and 5% TBP respectively.

Utilizing TBP (Figure 5.8, entry 3) as both a boron source and primary dmgsardted in lower
light output and neutron capture likely due to the inefficiency of energy érafisi the matrix to TBP
and wavelength shifter (Table 5.5, entry ix and x). The dramatic drop in light algpwcaused the capgur
reaction to be buried in the electronic background. The issue was resolved Wiyliailg TBP as a boron
source and using PPO as the primary dopant (Table 5.4, entry xi). This sample shaweatia ohcrease
in light output and the thermal neutron induced reaction signal became vlstlly (Table 5, entry xi).
All of the samples containing TBP (Figure 5.16) were slightly yelloe tduthe pale yellow nature of the
TBP powder as shown by its photoabsorption and photoemission (Figure 5.17). The sameds tr
biborylated pyrene (Figure 5.18, entry ).
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Figure 5.17 Photoabsorption and photoemission of BBP and TBP.
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5.3.2Synthesis of!°B enriched Small Molecule (Approach #3)

The detection of thermal neutron is achieved by a capture reaction with BidfiesoT herefore,
increasing the B-10 content in plastic would enhance its capture efficiency. 8wfaraximum B-10
containing small molecule is TBB with approximately 1.5 wt%. This wouldnmea would need to
incorporate relatively large amounts of TBB in order to detect significant amount of thermal rnEhigson.
is problematic from a materials usage perspective as well as leading torindlastic scintillator
mechanical and stability issues. It was therefore our focus to syntHesa®iched small molecules with
higher®B percentage to mitigate this problem. As such, Scheme 5.2 shows a simple routensthrifig
enriched boric acid that is converted to triisopropoxyborate with water as a byprimlogted by a
condensation reaction with pinacol resulting in triisoproxypinacolboron. By reacting
triisoproxypinacolboron with the Grignard reagent (lithiated benzene), itia¢ froduct (MBB) is
synthesized in high purity. MBB is very compatible with common plastic scintillator fation$, and we
were able to incorporate it in PVT with PPO and POPOP as primary dopant aekkngav shifter

respectively.

J\ HO )\ Li o
J\ 0 108
OH HO™™ )\ B oH 510 ~0

B10 — " » OO
HO” OH )\ % -78°C, 24h
MBB

Scheme 5.2 Synthesis of B-10 containing benzene (MBB).

5.3.2.1. Sample Formulation Optimization for Approach #1

As a proof of concept?B enriched small molecule was synthesized starting from inexpensive boric
acid, *B(OH)s, and successfully incorporated in PSD capable plastic scintillator. MBB (Schemeas.2)
used as a thermal neutron sensitive dopant with PPO and POPOP serving as=fludigsants in PVT.
Similar to the BPin study, the solubility limit of MBB was first determined before expigrits PSD
properties. The samples with the exception of 1.0 wt% MBB, were optically cloudjeindnechanical
properties drastically changed as MBB concentration was increased. As shownerbBalihere is a
consistent decrease in light output as the concentration of MBB increases;PiottaBd 124TrBB show
similar trends. The boron capture is shown in Figure F.i8.capture signal remains constant for samples

1-6 with an increase in peak intensity as the concentration of MBB increases.
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Table 5.6 Plastic scintillator formulations with MBB.

3ULPDU\ | -DYHOHQJW| 0%%]| % FRQ/LJKW F
6DPS({ ODW FRQOW
1DP| zZW | 1DPH ZW ZW ZW % &
397| 332 32321
397| 332 32321
397| 332 32321
397| 332 32321
397| 332 32321
397| 332 32321
397| 332 32321
397| 332 32321

Total mass of each sample is approximately 20.0g

5.3.2.1. Radiation Performance of MBB
The over-doped PPO samples with MBB (Table 5.6, 7-8) both showed excellent disaiminat

between gamma, fast neutrons, and thermal neutrons.

Figure 5.18 Boron capture signal of MBB doped plastic scintillators.
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However, sample 7 was an extremely soft sample, so we lowered the concentration ftbiviBB
5.3 to 1.0 wt%. The hardness and clarity of the sample changed drastically. Figushows the mixed
radiation interaction with sample 8 (Table 5.6). Note that MBB has melting pal® @C and therefore
the softness and cloudiness of samples with MBB could possibly be a consequence ofshat.sikélar
result with mehPTP from chapter 2 with a melting point of 2Q.that resulted in a jelly-like sample at a
10.0 wt% loading in PVT. Therefore, going forward, synthesizing high melting pdiftd@ntaining small

molecules to achieve mechanically suitable plastic scintillators witm#iereutron detection capability
will be performed.

Figure 5.19 Radiation performance of 20 wt% PPO, 1 wt% MBB and 0.1 wt% POPOP in PVT

5.1. Conclusion

%3LQFDQ EH XVHG DW D ®BRZWARWWWKDW LV FRPSDWLEOH ZLW
VFLQWLOODWRU IRUPXODWLRQV W RZDWKL WXH SR/ W@ HXIW. BROW\L D Q
FRQFHQWUDWLRQV XS WR WKH VROXELQKW\ \QHPIGN DKQIBY B CCELKDW DX
DOORZLQJ GHWHFWRUV WR EH SURGXFHB@EW Q VREDQW/K H KRHUUGZPHDD RJ H
HDVLO\ GHWH P4 BGE XN WRQWKIHS WX UH S HRINQRW RXUER QLUFDI\R UaP X 8 B W L
a Ni@Q IRUPXODWLRQV ZLWK 332 RYHUGRSLQJ WR DFKLHYH 36"
IRU VHSDUDWLRQ RI JDPPD DQG SURWRQ RU DOSKD VLJQDOV GRZ
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WR GLVWLQJXLVK WKH WKHUPDO QHXWURQ VL1I@DOHI)XBWYXHUKDRL
LPSURYHPHQWY LQ WKH VFLQWLOODWRU IR UPXOHRHRQ D K&H RKW B
SHUIRUPHG X@L@QKWQDWXUDO ERURQ LVRWRSLF GLVWULEXWLRQ

7KH WUDGLWLRQDO DQG PLFURZDYH DVVLVWHGW QW& HHY]RQ
GHULYDWLYHV DFKLHYHG KLJK SHUFHQW \LHOBM\D RG WXHIMVW\ VR Q&
URXWHV WRJHWKHU ZLWK LQH[SHQVLYH VWDXEWLRD FIRWBGLE B VKL
DGYDQWDJHRXV LQ UHGXFLQJ WKH FRVW RI ERUR WL\ BKV R BGIL\M GYE
DGGLWLYHV GRSHG ZLWK FRPPHUFLDOO\ XWLOQ]SRO33%L Q QBN RIBRHK
397 PDWULFHV KDYH GHPRQVWUDWHG VXFFHVVIXO WKHUPD
FRPSDUDEOH LPSURYHG OLJKW RXWSXW FRPSDUHG WRUBRPPHUFL
GHULYDWLYHV ,Q WKH % DQHXR/IUR Q7 BR6IW XWKHVLIQDO UHJLVWHUHC
RI WKH DUW ERURQ GRSHG SODVWLF VFLQWLOODWRUYV

J)LQDOO\ WKH %\OWKHNKNGRDO% % UHVXOWHG LQ VFLQWLOODWL
% FDSWXUH VLJQDO RI WKHUPDO QHXWURQ VAKBIUW Q@K PV YWH Z DD ¢
SXULILFDWLRQ VFKHPH DQG JRRG \LHOG 7 K3HFU DV HD LQWQIRIGW FR
VDPSOHV DQG LQFUHDVH LQ 0%% FRQFHQWUDWLRRRQ SRVYGBEQWGRE
WKH RSWLFDO FODULW)\ RI 0% % LQFRUSRUDWHRBQF 6 RWVLDAV L RIQF D@ F
7KH PHFKDQLFDO VWUHQJWK ZDV DOVR QHJDWLUXWEUBIIEBWHKBDIV\
VIQWKHVL]LQJ ERURQ FRQWDLQLQJ RUJDPQHP WIFEIHVEL F R K SIRNREGWHWD
LQYHVWLIJDWHG #WKHQUQMKKHHY ERBRRQ ULFK DGGLWLYHV VXFK DV
SXUVXLQJ WR LQFUHDVH WKHUPDO QHXWURSWEDRSWXR H5 LS| URRIEHD @ W
WKHUPDO QHXWURQ FDSWXUH DQG IDVW QHRK® WR QQWDEDMWWKWRIG K/
VKDSH GLVFULPLQDWLRQ 36' XVLQJ RYHU GRSLQJ PHWKRW®W XIDWK |
OLWWOH WR QR DOSKD TXHQFKLQJ HIIHFQD DVO G HOUKDRSA RO OF W\K W/
H[SHULPHQWYVY LQ WKLV FKDSWHU VKRXOG EH DWWHPSWHGIAEWK 6)
RQ ERURQ FDSWXUH VLJQDOV
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CHAPTER 6. SUMMARY AND OUTLOOK FOR THE FUTURE
6.1. Summary

Plastic scintillators are crucial first-line of defense for détacif sensitive nuclear materials. Their
ease of fabrication, mass scalability and inexpensive price tag makes tlxetivatfor researchers as well
as field deployment. The mechanism of plastic scintillators via cascades of aaesjgrs through its
components allows the conversion of radiation to visible light. The type and intehkght is analyzed
to gain insight into the type and source of radiation. Although this technology ikeseljs plenty of room
for improvement. In addition, the current state of the art radiation detectonts| sgistillators andHe
gas proportional counters, are expensive and are failing to meet the increasing demand. Eoisvitbupl
the growing threats of terrorism and special nuclear material smugglingrhelpste this dissertation
work.

Plastic scintillators could be expanded through better understanding of underlying mearahism
continued improvements of their efficiency. The focus in this field so far has dreeommercially
available small organic molecules for various applications such as pulse shaprirdiion (PPO),
thermal neutron detection (m-carborane), gamma radiation via photopeak (tripisemyth) and so forth.
Except PPO, all the commercially available dopants are expensive to meet deployment lttemasgh, A
other researchers have recently begun to make efforts to curb this probdetnesis makes a concerted
effort in addressing the issue of softening of PSD capable plastics (incRBi@gover-doped plastic),
expanding potential primary dopants through scalable and high yield synthetic esptesng possible
factors of PSD via systematic design of over-doped plastic scintillators agdhitihg experimental results
with computation.

The ideal plastic scintillator could identify various sources of radiaticedioactive isotopes while
maintaining mechanical integrity, aging and price criteria set by Departhéfumeland Security. The
current method utilizes over-doping primary fluorescent dopants. The general undedgog behind the
over-doped method is presumed to be the increase in migration of tripletiestaites and their subsequent
annihilation to particle dependent delayed fluorescence. In other words, the relative amount of prompt and
delayed fluorescence is used to discriminate the pulse signal difference betweentfastameligamma
radiation. According to this method, any over-doped primary could potentially diffeeesitigials of fast
neutron in gamma background. However, results of various fluorescent dopants (SF)derfhstrated
subpar discrimination compared to PPO. This was attributed to many reasons indlading energies of
first excited triplet states of matrix and primary dopants, symmetry giriimary dopants and softness of
the plastic. Hence the multiple factors contributing to efficiency ofetripiplet annihilation makes pulse

shape discrimination a complex problem.
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The various small molecules explored in this thesis have allowed us to solveehegadf over-
doped plastic scintillators. Melting point of the dopants is indicative of thitit} limit and the hardness
of the plastic over-doped with the dopants. PhF and TPO doped plastic scintillattiattaa suitable
alternative to PPO plastic with superior mechanical properties and good pulse shape dismmiminati

The detection of thermal neutrons was approached through various methodoloyiesmuesl
molecules containing boron. Both traditional as well as microwave synttidssytation provided good
yields with the conditions being suitable for a fast and reliable method fer $aale synthesis. TH®B
enrichment of those additives will be key in the future in order to replaceittentstate of the art m-
carborane doped plastics. Triborylated benzene (124TrBB in particular) doped plastics stiovwed
change in radiation performance (light output and FoM).

6.2. Outlook for the Future
There are multiple avenues that could be explored to better understand the superior discrimination

performance of over-doped PSD plastic scintillators. The first step should be focusedg thie oxazole

ring and replacing it with a closely related heteroatom ring such as ththadhas sulfur instead of oxygen.

To expand on this idea of exploring PPO-like small molecules, the follostiogin in Figure 6.1 are
proposed as a starting point. The choices of these molecules were solely based wiamnessgnblance

to PPO in order to explore geometrical and electronic effects of substitutiraxd@zole and phenyl rings

of PPO with a thiazole. The ground state geometry of these molecules istedl@rd can be seen in
appendix C. This is by no means limited to just thiazoles but could be expandedaddifny other

heteroatom containing aromatic rings such as furan.

S S
N Sj/© @\(s ) Ny g
[Q\g\q ] I\qf : KM]@

Figure 6.1 Thiazole derivatives for PSD applications

Fluorinated fluorene derivatives (Figure 6.2) were synthesized using simple Swzyling
chemistry (Scheme 6.1). From chapter 2, only solubilizing groups were attaghéerpbenyl core that
HVVHQWLDOO\ GLGQfW DOWHU WKH RSWLHRZIBYRGHUQ WL R IFWKS

the optical and energy levels of & of fluorene derivatives were changed and, their effects on the radiation
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performance of the derivatives were thoroughly discussed. The new fluorinateatidesivare currently
being investigated for their unique properties of identical optical properBhksbut with different

electronic properties (91). In addition, we will investigate the addition of perfluoro effect wbards

to spin-orbit couplingt®’

R, R,
H  Pd(0),K,CO
Br ) N QB’O (0). K,CO5 O o
\ tol/H,0, 85°C
R, OH R,

RIZ-F, RZZ-H (fPhF)
RlZ-CF3, R2:-H (CF3PhF)
R1=-CF;, R,=-CF,; (DTFF)

Scheme 6.1 Synthesis of fluorinated fluorenes via Suzuki Coupling.

CF;PhF DTFF

Figure 6.2 Synthesized fluorinated fluorenes
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APPENEDIX A

Figure A.1. Differential scanning calorimetry data for tBuPTP

Figure A.2. Differential scanning calorimetry data for nBuPTP
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Figure A.3. Differential scanning calorimetry data for ehPTP

Figure A.4. Differential scanning calorimetry data for hepPTP
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Figure A.5. Differential scanning calorimetry data for ditBuPTP

Figure A.6. Differential scanning calorimetry data for mtBuPTP
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Figure A.7. Differential scanning calorimetry data for mditBuPTP

Figure A.8. Differential scanning calorimetry data for mopPTP

123



Figure A.9. Differential scanning calorimetry data for mehPTP
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Figure B.10. Proton and Carbon NMR of mehPTP
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Figure B.11. Proton and Carbon NMR of PhF
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Figure B.12. Proton and Carbon NMR of SF
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Figure B.13. Proton and Carbon NMR of PFP
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Figure B.14. Proton and Carbon NMR of SFS
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Figure B.15. Proton and NMR of BrPPOMe
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Figure B.16. Proton and Carbon NMR of BrPPOtBu
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Figure B.18. Proton and Carbon NMR of SPO
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APPENEDIX C

Figure C.1. Ground state geometry optimization of TPO, SPO and VPO (left to right)

Figure C.2. Ground state geometry optimization of various thiazole derivatives
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