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ABSTRACT OF DISSERTATION 

 

Polymer Composites for Radiation Scintillation 

 

by 

Qi Chen 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2012 

Professor Qibing Pei, Chair 

 

The dissertation is focused on composite scintillating materials for gamma-ray and fast 

neutron spectroscopy. The inorganic-organic composite scintillators have been successfully 

fabricated and investigated. By leveraging the virtues of inorganics’ high stopping power and 

plastics’ ease of fabrication, the low cost composites are potentially a candidate for the next 

generation high energy radiation detection materials.  

New polymer matrix and coupled fluors are developed to obtain plastic scintillating 

materials, where efficient Foster Resonance Energy Transfer (FRET) is fulfilled. This material 

possesses fast response time and good processibility, and the best light yield is over 5 times 

higher than that of commercially available plastic scintillators. Gamma-ray and neutron 

sensitizers are synthesized and investigated, including metal oxide nanocrystals and 

organometallics. These sensitizers are soluble in organic solvent, satisfy photophysical 
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requirements for efficient scintillation, and are readily being incorporated into composites. 

Subsequently, a surface-catalyzed polymerization approach is proposed to fabricate bulk 

composites via UV curing. The composites are highly transparent at high loading of nanocrystals.  

Composite scintillators loaded with different sensitizers and different fluors are prepared. 

Photoelectric peak for Cs-137 gamma was obtained from these samples with an energy 

resolution of 10%, suggesting potential use of these composites for high energy radiation 

detection.   
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Chapter 1 

Introduction 
1.1 Radiation detection materials 

The detection of ionization radiation has been intensively investigated for over 60 years due to 

its broad applications in areas closely related to people’s life.1-3 These include scientific research 

in high-energy physics, astrophysics, radiochemistry, nuclear physics, medical research, and so 

on. Industrial facilities also use x-rays, neutrons, electron beams, or ion beams for diagnostics or 

characterization, especially in the commercial nuclear energy sector, and medical and dental 

diagnostics involving digital imaging. In addition, cutting-edge radiation detection technology is 

increasingly demanded in nonproliferation and national security applications. Most of these areas 

require the detection of various radiations with high spectroscopic resolution, rapid throughput, 

ease of operation, reliability, high sensitivity, and low cost. Modern detection system generally 

consists of detecting materials and assisting instrumentation.4 The advance of instrumentation 

has partially satisfied the aforementioned requirements in radiation detection though; 

development of new radiation detection materials is in great demand to address current 

challenges and future opportunities.  

Three types of materials are used for radiation detection, gaseous, liquid and solid, among which 

solids have attracted most interest in material science research so far. They are subcategorized 

into semiconductor detectors and scintillators. In both systems, irradiation of a high-energy 

particle first produces primary excitations and ionizations (ions and electrons) in the time range 

of 10-15~10-13 seconds. The generated electrons (primary electrons) with high kinetic energy 

interact within the volume of the detection material and produce a majority of secondary 
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excitations (electron-hole pairs), in a picosecond timeframe.5 Both primary and secondary 

excitations are electron-hole pairs, referred to as “excitons”. These excitons are detected 

following different pathways in semiconductor detectors and scintillators.  

In a semiconductor detector, an electric field is applied to disassociate the electron-hole pairs and 

sweep the electrons and holes to the positive and negative electrodes, respectively. The resulting 

photocurrent is recorded to analyze the energy of the incident high-energy radiation particles.  

The observation of the conductivity change of silver chloride single crystals upon irradiation at 

low temperatures was made in 1945, which triggered the exploration of detecting materials with 

an electrical response to radiation.6 Later, germanium single crystals with high purity (one part in 

1012) and large volumes became available with the rapid progress of the semiconductor industry. 

Detectors based on these high purity germanium (HPGe) single crystals were reported to produce 

an outstanding energy resolution below 0.25% at cryogenic temperatures for 662keV gamma ray 

radiation, which remains the best spectroscopic resolution so far.7  The low bandgap of 

germanium (0.70 eV) leads to severe thermal fluctuation at room temperature. Therefore, HPGe 

detectors require auxiliary cooling with liquid-nitrogen. In addition, these elemental 

semiconductors (i.e. germanium and silicon) have low atomic number, relatively low density, and 

low radiation hardness necessary for certain applications. 

Compound semiconductors provide several advantages over their elemental counterparts. They 

have band gaps ranging from 1.3 ~ 2.6 eV, average atomic numbers from 30 ~ 80 and a wide 

range of physical properties tunable for application needs.8 They have been extensively studied 

for operational suitability in various thermal and radiation environments. This group includes 

both binary materials derived from elements in group II-VI and group III-V, as well as ternary 

and higher order compounds.  Among the varieties, cadmium zinc telluride (CZT) and mercury 
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iodide (HgI2) have been used in commercial radiation detectors. Detectors based on CZT 1 cm3 

in size have a reported energy resolution less than 1% at room-temperature for 662 keV gamma 

radiation.9 There are still barriers for wide deployment of these semiconductor detectors, 

particularly the difficulty in growing large-size, high-quality crystals. Micro-crystallinity, high 

defect densities, impurities, and stoichiometric imbalances are all detrimental to detector 

resolution.  

Different from that in a semiconductor detector, the excitons generated in a scintillator transfer 

their energy to intentionally introduced fluors (luminescent centers). The fluors decay radiatively, 

via a fluorescence or phosphorescence pathway. The resulting photons, typically in the visible 

wavelength range, escape the scintillator and are collected by a coupled photo-multiplier tube 

(PMT) or a photodetector to obtain information about the incident particles. The first report of 

scintillation used for detection was ZnS for α-particle detection in the early 20th century.10 

Sodium iodide doped with thallium, NaI(Tl) has been the significant scintillator since its 

discovery in 1948.11The photoelectric peak can be readily observed in the NaI(Tl) spectrum, 

which is considered to be a landmark in gamma ray spectroscopy.12 The emission spectrum of 

NaI(Tl) peaks at 415nm, and under the irradiation of 137Cs (662 keV gamma ray) the light yield 

is 38,000 photons/MeV, and the energy resolution is less than 6%. NaI(Tl) is attractive due to a 

combination of low material cost, acceptable energy resolution, and ease of fabrication, but it is 

hygroscopic, and is usually sealed with stainless steel, which could limit the sensitivity of 

detecting low energy particles.  

Other widely used scintillators include bismuth germanate (BGO), gadolinium orthosilicate 

(GSO), caesium iodide (CsI), yttrium aluminum perovskite (YAP), and lutetium aluminum 
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perovskite (LuAP). They have been demonstrated for different applications, though none of these 

has reshaped the landscape of the field of gamma ray detection dominated by NaI(Tl). However, 

recently developed LaBr3(Ce) scintillators may eventually replace NaI(Tl) for spectroscopic 

identification.13 This lanthanide compound has high light yield of 63,000 photons/MeV and 

energy resolution of 2.9% for 662 keV gamma radiation. The blue-shifted emission peak at 

380nm matches well the sensitivity peak of most PMTs. The main challenge with the lanthanides 

is the difficulty in growing large-size crystals. The crystals also have drawbacks such as 

anisotropy in thermal and mechanical properties and hygroscopicity. 

Scintillators often have modest energy resolution compared to semiconductor detectors. In 

semiconductors, information carriers are electrons and holes that originate from excitons, which 

are generated upon irradiation within an electrical field. This concerns energy resolution of 

semiconductors in two ways: first, the energy required to create an electron-hole pair is roughly 

three times the band gap of the detector material, which is in the range of several eV. As a 

comparison, the energy consumed to create a scintillation photon (the information carrier in 

scintillators) comes to several tens of eV. Assuming the same carrier collection efficiency for a 

given irradiation, the maximum theoretical light yield of semiconductors should be 10 times 

greater than that for scintillators. Second, the intrinsic variance of a semiconductor signal upon 

irradiation is far smaller than for scintillator signals.14 This probability distribution is measured 

by the Fano Factor,15 which is typically a tenth of the uniformity in semiconductors.16 But in a  

scintillator, the Fano Factor even exceeds the uniformity,17 which limits scintillators in energy 

spectroscopy. 

Scintillators are widely used in applications where energy resolution can be sacrificed for cost, 

size or circumstantial demands. This is because they provide excellent radiation hardness, 
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relatively lower cost in fabrication and operation, comparable stopping power, and sufficient 

energy resolution. So far, they are the only practical choice to obtain geometric efficiency in 

radiation detections. 

1.2 Plastic Scintillators  

Except those inorganics, some organic materials also scintillate upon irradiation. The idea of 

organic plastic solutions as potential scintillators was thus proposed in the year 1950.18 Although 

some organic scintillators exist crystal forms (e.g. anthracene and naphthalene), most organic 

scintillators are in forms of liquids or plastics. They generally contain a large amount of aromatic 

compounds in matrix, whose electronic states in π-molecular orbitals are readily excited by 

traversing radiation to create excitons. Subsequently, excitons are captured by incorporated 

fluors and decay radiatively with visible photons generated. The detailed scintillation mechanism 

in organics was explained by Birk19, 20, as will be discussed in the next section. 

Commonly used matrix in plastic scintillators include polystyrene (PS), polyvinyl toluene (PVT) 

and polyvinyl xylene (PVX), which contain aromatic pedants along backbones. In addition, other 

polymeric compounds with aromatic rings were also investigated, like polyvinyldiphenyl, 

polyvinylnaphthalene, and polyvinyltetrahydronaphthalene. Among all the aforementioned 

polymer bases, PVT shows a ~20% higher scintillation efficiency than that of an equivalent PS 

solution,21 which has been employed as the basis of commercial plastic scintillators which are 

the most widely used so far.  

One of the drawbacks for the PVT based plastic scintillators is the poor physical strength and 

high brittleness, so poly methyl methacrylate (PMMA) are employed as matrix to improve the 

mechanical properties.22 Lacking of conjugated electronic π-system, PMMA commonly 
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incorporate with secondary solvents with 5-25 wt% loading to provide sufficient detection 

efficiency. The secondary solvents are aromatic compounds, such as naphthalene and anthracene. 

In addition, α-methyl and α-methoxynaphthalene, acenaphthene, dinaphthyl, diphenyl, fluorene, 

anisole, durene, dimethoxystilbene, cyclohexil benzene, and Bicyclohexil also have been 

employed. The combination of PMMA and the secondary solvents forms a group of 

commercially available scintillators and exhibit similar response to irradiation as PVT based 

ones.23 Recently it is reported that 1,1,3-trimethyl-3-phenylindan (TMPI) can be used as 

secondary solvent. When coupled with solutes, the light yield in the PMMA-TMPI scintillator is 

nearly 50% higher than that in the PMMA-naphthalene scintillator.24 

PVT based scintillators are often observed to yellow after absorbing megarad doses. It thus 

triggered the investigation of different materials for radiation hardness improvement. There were 

reports on epoxies, polysiloxanes and phenyl-silicones as matrix material.25-27 The resulting light 

yields are fairly comparable to conventional plastic scintillators. Recently polyimide has been 

reported to enhance the radiation hardness of the scintillators.28 The biggest challenge in the 

development of polymer matrices is the preparation of thick samples (>1 mm) with sufficient 

transparency. 

Matrix with aromatic rings generates most excitations upon irradiation, but it scintillates poorly 

due to the modest quantum efficiency. Fluors are thus employed to create a radiative decay 

pathway for excitations relax, during which Fluorescence Resonance Energy Transfer (FRET) 

occurs from excited matrix to fluors.29 Commonly used fluors in commercially available plastic 

scintillators are polyphenyl hydrocarbons, oxazole and oxadiazole aryls, such as n-terphenyl 

(PPP), 2,5-diphenyloxazole (PPO), 1,4-di-(5-phenyl-2-oxazolyl)-benzene (POPOP), 1,1’4,4’-

tetraphenylbutadiene (TPB), 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD),2-(4'-tret-
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butylphenyl)-5-(4''-biphenylyl)-1,3,4-oxadiazole(B-PBD), bromine derivatives of 2-phenyl-5-

biphenylyl-oxadiazole-1,3,4, diphenyl anthracene, naphthalene, and phenanthrene. TPB was the 

first efficient solute employed in plastic scintillators.30 The photo luminescence properties of 

scintillators will vary a lot when luminophors are chemically bonded with polymer matrices. The 

best concentration of fluors is calculated to be around 1.5 wt% according to Forster’s theory, 

which is close to the optimum concentration obtained in practical.   

However, fluors at this concentration lead to severe self-absorption, which attenuates primary 

emission. Secondary flours are thus added in a much lower concentration (~0.1 wt%). They 

absorb the primary emission and reemit in a longer wavelength radiatively, so they are also 

called wavelength shifter. POPOP is an effective wavelength shifter, which is widely used in 

commercially available scintillators.31 It provides scintillators not only longer attenuation length, 

but also suitable emission wavelength to match the sensitive region of most PMTs.  

Since wavelength shifters absorb primary emission in a radiative way with an average re-

absorption length of 150 μm, such scintillators are not feasible in small diameter fibers 

applications due to as-resulted cross-talk. It provides the other approach to avoid self-absorption 

by solely employment of fluors of large Stokes Shifts.32, 33 The fluors span the large energy 

difference between the emission band of matrix and its fluorescence emission, the 

implementation of which also avoids a wavelength shifter. One recently reported fluor was based 

on 1-phenyl-3mesityl-2-pyrazoline with green emission.34 These scintillators found their 

applications where requires longer attenuation lengths or localization of emission. 

Plastic scintillators have the benefits of ease of fabrication in large volume with extremely low 

price. The market prices for 1 cm3 of LaBr3 single crystal, NaI single crystal and regular plastic 
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monolith are $500, $10 and $0.25, respectively. They are by far the only viable choice for portal 

monitors (several m2) with spatial resolution. Compared to the crystal scintillators, plastic 

scintillators show better radiation hardness and environmental tolerance, which is ready for out-

field applications. Their fast response is beneficial for the measurement of powerful radiation 

fluxes. 

Plastic scintillators, however, have relatively poorly light yield (typically 10,000 photons /MeV) 

and non-linear ionization energies. Furthermore, due to the polymers’ low density (~1 g/cm3) and 

low effective atomic number (Z=~6), plastic scintillators have low stopping powers and low 

photoelectric peak ratio. Practically, they provide no resolution information, which limits their 

use in gamma-ray spectroscopy. 

1.3 Composite scintillators  

Inorganic–organic composite materials remain an un-ceasing pursuit in both industry and 

academics since its first discovery. The long-lasting interest to composites arises from the 

synergism between the properties of each component. It provides the basic idea of embodiment 

of composite scintillators: inorganics serving as sensitizers to absorb specific irradiation are 

embedded in polymer matrix. By leveraging the virtues of inorganics’ high stopping power and 

plastics’ ease of fabrication, the composites are expected to have enhanced sensitivity to specific 

irradiation and good processibility with relatively low cost of materials. The idea of composite 

scintillators opens up possibility for implantation of plastic based materials in hand-hold devices, 

and expands their uses in applications of gamma spectroscopy and fast neutron detection.  

Gamma photons interact with matters mainly following the three mechanisms: photoelectric 

absorption, Compton scattering or pair production. During photoelectric process, gamma photon 
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is absorbed by an atom in the scintillator with the ejection of an energetic photoelectron. It thus 

leads to the photoelectric peak of pulse height spectrum in scintillation, which is used to identify 

full energy of incident gamma photon. Therefore it plays the most important role in gamma 

spectroscopy. Photoelectric process is enhanced for materials with high atomic number Z. It 

follows the rough linear approximation to Zn, where n varies between 4 and 5 over the gamma-

ray energy region. The incorporation of high-Z ingredients into plastics increases effective Z of 

the as-formulated composites, and consequent photoelectric process ratio during scintillation. It 

leads to possible photoelectric peak in pulse height spectrum with energy resolution information, 

which is rarely available for plastic scintillators upon gamma-ray irradiation.  

Organometallics have been proposed to fabricate composite scintillators with increased effective 

Z, and have been adopted commercially ever since 1950s.31, 35-41 Mostly employed 

organometallics include lead, mercury, bismuth and tin compounds, some of which possess 

polymerizable group so as to provide chemical bonding. They were firstly dissolved in 

monomers, and then followed bulk polymerization to form composite monoliths. However, even 

low loading of organometallics led to severe quenching of luminescence in scintillators. This 

deteriorated light yield resulted in deficiency of information carriers from scintillators, which 

was inadequate to provide spectroscopy resolution consequently.  

According to literatures, suggested quenching mechanisms have been partially rationalized so 

far42-45: both polymer and organometallics are of equivalent energy bandgap. From an energy 

perspective, excitations on polymer are able to transfer energy to either organometallics or fluors. 

Organometallics usually decay non-radiatively, and furthermore their possible interaction with 

the excitons via spin-orbit coupling may produce predominately triplet excitons, whose energy 

cannot be transferred to standard organic fluors due to the selection rule. Therefore, the portion 
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of energy involving excited organometallics is wasted in vibrational thermalization, resulting in 

low light yield.  

It is suggested a polymer matrix with narrower bandgap to circumvent the issue.   

Polyvinylcarbazole, featuring narrower bandgap than PVT, was demonstrated as matrix to 

incorporate triphenylbismuth as gamma-ray sensitizer and FIrpic (a common triplet emitter) as 

fluors.45 The composite scintillator with 40 wt% loading of triphenylbismuth achieved a decay 

time of 1.2 μs, a light yield 30000 photons / MeV upon beta-ray irradiation, and an energy 

resolution of 6.8% under 662 keV. It was also inferred that FIrpic emitted from both triplet and 

singlet states upon irradiation, contributing to the high light yield. However, most 

organometallics are thermally instable due to the low enthalpy of the metal carbon bond (ca. 2eV 

for Bi-Ph). Moreover, organometallics are known to undergo photolytic bond homolysis to 

introduce unexpected impurities deteriorating the light yield.46  

An alternative strategy is to employ different high-Z sensitizers. It was reported the transparent 

nanocomposites consist of inorganic nanophosphors embedded in an organic matrix.47 In this 

work, the employed CexLa1-xF3 nanocrystals served not only sensitizers but emitters because they 

were radioluminescent. The organic matrix was oleic acid, mainly used to bind the 

nanophosphors to form transparent nanocomposites. Consistencies of the nanocomposites ranged 

from a solid polymer to a wax, and to a liquid. It represents a new class of materials with 

potential applications in gamma spectroscopy. But they are limited in modest light yield of 

CexLa1-xF3, and improvements in mechanical strength are required for practical uses. 

Quantum dots (QD) / organic semiconductor nanocomposites for radiation detection were 

proposed.48 In their design, CdSe-ZnSe core-shell QD served as sensitizers to produce 
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excitations predominately due to their small ionization energies. MEH-PPV (a common 

luminescent polymer) served as the matrix and emitter. Forster energy transfer was observed 

from QD to polymer upon irradiation. The cathodoluminescence yield of nanocomposites with 

15% loading of QD in volume doubled than that of pure MEH-PPV, indicating potential to 

improve the light output of plastic scintillators by incorporation of QD.  

Fast neutrons initially interact with matter by elastic scattering, giving rise to recoil nucleus. In 

this stage, hydrogen is the most popular target nucleus. It has large cross section for elastic 

scattering and can transfer up to its entire energy in a single collision. Once neutrons are 

thermalized, they are captured by certain nucleus. Different nucleus possess different cross-

section to capture slow neutrons, and introduce different reactions to release energy in different 

amount. Commonly used isotopes include 10B, 6Li, 3He, and 157Gd with large cross-sections to 

capture thermalized neutrons.  

It is thus feasible to suggest composite scintillators for fast neutron detection. Plastic scintillators 

with high content of hydrogen are suitable to slow down incident fast neutrons effectively with a 

series of recoil protons produced. Incorporated elements provide sufficient cross-sections to 

capture thermalized neutrons. In practical, capture-gated neutron spectrometer is successfully 

developed. 49, 50 In these scintillators, there is a unique signature that a pulse generated from 

thermalization is followed within 10-20 μs by a second pulse from capture reaction. Pulse shape 

discrimination techniques are allowed to differentiate between proton recoil and capture pulses to 

address more specific identification of the full energy absorption event.   

1.4 Motivation & Research scope 

Plastic scintillators are attractive in academics and industry due to their fast response, low cost, 
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ease of fabrication, versatility in devices, and radiation hardness. But they suffer from modest 

light yield and poor stopping power for long, which limits their uses. The development of 

inorganic-organic composite scintillators leverages the virtues of inorganics’ high stopping 

power and plastics’ ease of fabrication. Recent advances in organic optoelectronics and 

nanotechnology have provided possibilities to address the issue in different approaches.  

Optimistically, it not only leads to new types of materials that find descent applications meeting 

increasing demands of radiation detection, but also serves as trials to open up further study on 

fundamentals of composites and radiation physics.  

The dissertation is focused on composite scintillating materials for gamma-ray and fast neutron 

spectroscopy. Firstly, new polymer matrix and coupled fluors are investigated to obtain plastic 

scintillating materials with enhanced light yield. Secondly, gamma-ray and neutron sensitizers 

are studied, dedicating on the synthesis and characterization. Thirdly, new composites fabrication 

techniques are subjected. 

Chapter 1, the current chapter, provides an introduction to scintillators, the motivation behind 

this research work, and an outline of the dissertation. 

Chapter 2 dedicates to two parts: 1) the design of plastic scintillators aiming at high light yield, 

and 2) synthesis of polymer matrix. 

Chapter 3 continues talking about the construction of plastic scintillators with high light yield, 

mainly focus on synthesis of different fluors.  

In Chapter 4, sensitizers to gamma-ray and neutrons are discussed. They include organometallics 

and nanocrystals. The latter is investigated in details on synthesis and characterizations. 

Chapter 5 focuses on fabrication of composites scintillators and their performance. The first topic 
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is techniques used to incorporate sensitizers into polymer matrix to form transparent monoliths. 

And the performance of as-prepared scintillators is presented. 

Finally, Chapter 6 provides a brief conclusion of the research and an outlook for future 

development.    
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Chapter 2 

Polymer Matrix 
2.1 Overview 

There are three performance parameters of essence to evaluate scintillators: decay time, stopping 

power, and light yield. Decay time is the time span required for scintillation emission to decrease 

to e-1 of its maximum, and short decay time indicates fast response time. Stopping power is 

defined as the differential energy loss per differential path length that ionizing particle passes. 

Light yield is the number of photons emitted per unit of energy lost when an ionizing particle 

passes through the medium. A plastic scintillator usually has short decay time, but suffers from 

poor stopping power and modest light yield.  

 

Figure 2.1 Roadmap of development of scintillators evaluated by Light Yield 

Figure 2.1 descripts the development of scintillators evaluated by Light Yield. It shows that 

plastic scintillators have been long been suffered from modest light yield. The conventional PVT 
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based plastic scintillators has the light yield around 10,000 photons / MeV, which is only one 

third of that of NaI.3 It is observed that inorganic scintillators have a huge leap in achieving high 

light yield recent years. The champion scintillator LuI3 was reported to have a light yield 96,000 

photons / MeV,51 which is benefited from progress in crystal growth techniques. With the 

advance of exploit of novel materials in organic optoelectronics recently, it is highly potential to 

look forward to new polymer matrices that achieve high light yield.  

One advantage with enhanced light yield is the drop of energy resolution in spectroscopic study.  

In the pulse height spectrum, energy resolution is defined as the full width at half maximum 

(FWHM) divided by the location of peak centroid. The fluctuation of N numbers of signals 

follows a Gaussian distribution statistically, where the FWHM limit equals to the standard 

deviation. The resolution limit is thus calculated to be 

 

So it is reasonable to expect to obtain smaller energy resolution in a scintillator with enhanced 

light yield. In addition, higher light output may provide higher sensitivity, which facilitates 

scintillators used for weak radiation detection. Therefore, it is highly encouraging to put efforts 

on exploiting new polymer materials with better light yield, as discussed in chapter 2 and 3.  

2.2 Design scheme 

It is necessary to review the scintillation process in plastic scintillator before designing new 

scintillating materials. Generally, scintillation processes in polymers and other organics are quite 

similar, which follows a two-step mechanism. In the primary step, ionizing radiation is absorbed 

to produce excited states, and these excited states decay to ground states via various pathways in 
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the secondary step.20 The primary step is regarded as the energy deposition process, and the 

secondary step as the energy release process, from an energy cascade perspective.  

When an energetic particle interacts with an atom in a polymer matrix, it creates an energetic 

primary electron and an inner shell hole. In the time scale of less than 10-13 s, it induces both 

excitations and ionizations, and consequently they spread out via bunches of processes (See 

Figure 2.2). These processes include secondary X-rays excitation, inelastic/elastic collisions by 

Auger electrons and secondary electrons, and Coulomb interactions. The majority of these 

excitations and ionizations occur in a cylindrical zone along the incident particle path (Track) 

within distances up to several molecular diameters. Some X-rays and fast secondary electrons are 

able to deposit energy on the medium out of the track. In the main, however, the average 

excitation density drops off at the region out of the track.  

 

Figure 2.2 Schematic representation of the spatial distribution of excitations induced by a 
charged particle in an organic scintillator. 

Once excitations are created, they first thermalize to their first excited states in less than 10 
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picoseconds. And they decay in less than 10 picoseconds when migrating in the polymer matrix 

with a lifetime of as excitons. Ideally, excitons transfer energy efficiently to coupled fluors to 

generate visible photons. Those escaped photons from matrix eventually contribute to the light 

yield. In real plastic scintillators however, excitons are also captured by vibrational 

thermalization or traps of impurities, and defects, without emission generation.  

 
Figure 2.3 kinetic scheme of radiative decay in plastic scintillator with flours 

Excitons release energy via several pathways before thermalizing to ground state. As illustrated 

in Figure 2.3, there are two major pathways leading to final emission: one is based on exciton 

diffusion and capture by fluors. During this process, no fluorescent resonance energy transfer 

(FRET)29 happens between excited polymer segments and fluors because the couple doesn’t 

meet the requirements for effective FRET. The other pathway is circuitous, with close 

involvement of excimer formation52, 53 and residual monomers54-56 in PVT matrix. The residual 

monomers tend to trap excitons and form excimers, especially in the region where the 
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concentration of primary solutes is low. Subsequently, they release their energy following two 

mechanisms: a large portion relaxes through fluorescence decay contributing to light yield, while 

a small portion transfers their energy to fluors either radiatively or non-radiatively. Due to the 

low quantum efficiency of the residual monomer and excimer,57 their presence is detrimental to 

the light yield of plastic scintillators. 

According to previous literatures, one possible cause accounting for poor light yield of PVT 

based plastic scintillators is inefficient energy transfer from matrix to fluors. A matrix/fluor 

couple is expected to build up scintillators with enhanced light yield if more efficient energy 

transfer is fulfilled. Herein proposed such a couple, where matrix transfers energy to fluors 

predominately via FRET and other inefficient energy decay pathways are eliminated.  

Two major factors that determine FRET efficiency: overlap between donor’s emission spectrum 

and acceptor’s absorption spectrum, and the intermolecular distance between donor and acceptor, 

where the energy transfer probability is inversely proportional to the sixth power of the 

intermolecular distance. In fact, with recent development in organic optoelectronics, it provides a 

deep understanding on FRET, as well as a lot of successful examples in numerous literatures.  

However, those novel materials used in optoelectronic devices haven’t been adopted for current 

plastic scintillator constructions so far. It is mainly because plastic scintillators are always built 

with high transmittance in the thickness of several centimeters or even meters to acquire 

sufficient detection efficiency, while the active layers in most optoelectronic devices seldom 

exceed 1 μm. It thus brings out much stricter optical transparency requirements for scintillating 

materials. A primary difficult is to obtain transparent materials featuring efficient energy transfer 

in millimeter thickness scale and up.41, 58 
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Bearing the aforementioned considerations, scintillating materials are designed following such a 

strategy: first appropriate cores for matrix are selected with potential feasibility for FRET 

according to photophysics requirements. Second, substitutions on cores are taken into account to 

adjust its processibility and mechanical properties, leading to monoliths with high transmittance. 

Third, fluors are screened out to couple with matrix materials meeting FRET and transparency 

requirements. We focus on matrix materials in this chapter.  

Decent FRET efficiency is obtained in fluorescence matrices with short decay time and high 

quantum efficiency. Accordingly, fluorene has been employed as core material for their short 

decay time and high quantum efficiency.59 They are easy to be modified due to reactive sites at 9-

C position of fluorene. 60 And they are attractive for their commercial availability and stability. 

Dimer and Trimer fluorene are screened out as the matrix building block due to their bandgap. 

The bandgap of scintillating material is required neither wide nor narrow. On one hand, narrower 

bandgap materials are easier to be excited upon irradiation. On the other hand, narrow bandgap 

may exhibit undesirably long decay time61, which not only leads to extension of scintillator’s 

response time, but also moderates FRET rate. In addition, the deep blue emission of dimer 

fluorene will provide abundant selection of fluors, leading to blue/green emissive scintillators 

that fit PMT.   

The fluorene oligomers are inclined to aggregate due to remarkable π-π interaction62. It results in 

Rayleigh scattering among separated phases with different refractive index, and causes 

transmittance loss.63 An effective strategy to prevent π-π stacking is to alter molecular 

architecture by introducing sufficient steric hindrance.64 Therefore, 2-ethylhexyl substituents are 

introduced to the trimer. Vinylbenzyl substituents are employed in the trimer as well to endow 

polymerizability. The thus obtained “TFS” and “DFS” can be homopolymerized or 
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copolymerized with other vinyl monomers and various additives as well, and fabricated into 

transparent monoliths. 

2.3 Synthesis route 

2.3.1 Synthesis of TFS 

There are two potentially feasible synthesis schemes of the fluorene oligmer, namely 4,7-bis{2’-

9’,9’-bis[(2’’-ethylhexyl)-fluorenyl]} -9,9-bis(4’-vinylbenzyl)-fluorene(1), short as TFS. They 

are illustrated retrospectively below in Scheme 2.1 in Scheme 2.2 respectively.  

 

Scheme 2.1 Retrosynthesis of TFS (1) Route A 

 

Scheme 2.2 Retrosynthesis of TFS (1) Route B 

In route A, as shown in Scheme 2.1, the vinylbenzyl moieties are disconnected from TFS (1) 

first. The as-obtained intermediate (2) can be prepared by cross-coupling of bromofluorene 

derivatives (3) and dibromofluorene. Bromofluorene derivatives (3) are obtained from 
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bromofluorene which is commercially available. In route B, as shown in Scheme 2.2, the 

disconnection of dibromofluorene derivatives (4) and bromofluorene derivatives (3) forms TFS 

in the final step. Both intermediates (3) and (4) are able to achieve from commercially available 

compounds. The correspondence synthesis routes are illustrated as follows, respectively. 

  

Scheme 2.3 Synthesis route A of TFS (1) 

In this route A shown as Scheme 2.3, 2-bromofluorene is used to prepare 2-bromo-9,9-di(2-

ethylhexyl)-fluorene(3). Intermediate (3) is then treated with butyllithium to obtain 2-[9,9-di(2’-

ethylhexyl)-fluoren-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6). Suzuki coupling is applied 

to dibromofluorene and intermediate (6) to trimer (2), which is further decorated at 9C position 

of central moiety with vinylbenzyl groups. Note here, once products from 9C position 

substitution of fluorenes are obtained, they are subjected to potassium tert-Butyl oxide treatment 

to remove the mono-substituted impurities. It improve the thermal stability and color purity of 

fluorenes.65 
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Scheme 2.4 Synthesis route B of TFS (1) 

In this route B shown as Scheme 2.4, 2-bromofluorene is used to prepare 2-bromo-9,9-di(2-

ethylhexyl)-fluorene(3). Intermediate (3) is then treated with butyllithium to obtain 2-[9,9-di(2’-

ethylhexyl)-fluoren-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6). 2,7-dibromofluorene is 

react with 4-vinylbenzyl chloride to obtain intermediate (4). Suzuki coupling is applied to 

intermediate (6) to (4) to obtain TFS. Unfortunately, intermediate (4) itself possesses unsaturated 

bromide and an styryl groups, which conducts Heck reaction in the same situation of Suzuki 

coupling. The route is not applicable for synthesis of TFS. 

Scheme 2.5 Synthesis route C of TFS (1) 

An alternative route C is shown as Scheme 2.4, 2-bromofluorene is used to prepare 2-bromo-9,9-

di(2-ethylhexyl)-fluorene(3). Intermediate (3) is then treated magnesium to obtain Grignard 

reagent (5). 2,7-dibromofluorene is react with 4-vinylbenzyl chloride to obtain intermediate (4). 

Kumada coupling is applied to intermediate (6) to (4) to obtain TFS with nickel catalyst. 
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However, we were not able to obtain the Grignard reagent (5) with high yield mainly due to the 

large hindrance in fluorene as reported before.66 The route should be applicable for synthesis of 

TFS if improvement is achieved in preparing the Grignard reagent (5). 

The experimental details for the synthesis of TFS via route A are presented as follows: 

 

2-bromo-9,9-di(2-ethylhexyl)-fluorene(3) 

To a mixture of 9.8 g (40.0 mmol) of 2-bromofluorene and 0.1 g of tetra-n-butylammonium 

bromide in 50 mL of DMSO was added 30 g of a 50 wt% solution of aqueous potassium 

hydroxide, followed by 21.4 mL (120.0 mmol) of 2-ethylhexyl bromide. The dark red reaction 

mixture was stirred at room temperature for 3 days; reaction progress was monitored via TLC 

with hexane as eluent, and visualized via UV light. The reaction mixture was poured into 200 mL 

of saturated sodium chloride solution, and the mixture was extracted with 3 x 100 mL of ethyl 

ether. The combined organic phases were washed with 2 x 100 mL of H2O, and 100 mL of 

diluted HCl. The organic phase was dried over magnesium sulfate, and the solvent was removed 

under vacuum. Excess 2-ethylhexyl bromide was removed via vacuum distillation, and the 

remaining oil was purified via flash chromatography with hexane as eluent. 14.9 g (79% yield) 

of (3) as an orange oil were obtained, which is a mixture of diastereomers. 

To a solution of 7.25 g (15.4 mmol) of (3) in 75 mL of THF (freshly distilled from 

sodium/benzophenone) was added 17.33 g (154 mmol) of potassium tert-butoxide. The mixture 

was stirred at room temperature for 30 minutes, then filtered through a plug of basic alumina, 

which was eluted with THF. The solvent was removed under vacuum, and the residue was 

redissolved in hexane. The excess potassium tert-butoxide was filtered off, and the solvent was 



27 
 

removed under vacuum to give 6.07 g of (3) (83.7% recovery), free of mono- and unsubstituted 

impurities. 

1H-NMR (300 MHz, CDCl3) δ = 7.67-7.66 (m, 1H), 7.56-7.53 (m, 2H), 7.46 (dd, 1H), 7.40-7.37 

(m, 1H), 7.34-7.28 (m, 2H), 0.96-0.69 (m, 22H), 0.58-0.48 (m, 8H). 

 

2-[9,9-bis(2-ethylhexyl)-fluoren-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6) 

A solution of 5.00 g (10.6 mmol) of 2-Bromo-9,9-bis(2-ethylhexyl)-9H-fluorene (3) 

in 22 mL of dry THF was cooled to -78 °C in a dry-ice/acetone bath. 5.28 mL (13.2 mmol) of 2.5 

2.5M n-butyllithium in hexane was added dropwise. After stirring for 1 hour at -78 °C, 3.9 mL of 

2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane were added, and the reaction mixture was 

slowly warmed to room temperature, and stirred overnight. The reaction was poured into 50 mL 

of saturated sodium chloride solution, and the mixture was extracted with 3 x 30 mL of ethyl 

ether. The combined organic layers were washed with 2 x 25 mL of H2O and 25 mL of saturated 

sodium chloride, then dried over magnesium sulfate. The solvent was removed under vacuum, 

and the crude product was purified via flash column chromatography (hexane:dichloromethylene 

= 5:1). 3.47 g (63% yield) of viscous oil were obtained, which is a mixture of diastereomers. 

1H-NMR (300 MHz, CDCl3) δ = 7.87-7.84 (m, 1H), 7.80 (dd, 1H), 7.73-7.69 (m, 2H), 7.41-7.37 

(m, 1H), 7.33-7.26 (m, 1H), 2.07-2.04 (m, 2H), 2.00-1.95 (m, 2H), 1.38 (d, 12H), 0.91-0.68 (m, 

22H), 0.55-0.45 (m, 8H). 

 

2,7-bis{2’-9’,9’-bis[(2’’-ethylhexyl)-fluoren-2’-yl]} -fluorene (2) 
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In 23 mL THF, 5.01 g (9.70 mmol) intermediate (6) and 1.42 g (4.4 mmol) 2,7-dibromofluorene 

were dissolved with addition of 3.6 g K2CO3 in 13.2 g H2O.  100mg Pd(PPh3)4 was added.  The 

solution was degassed via freeze-pump-thaw and stirred overnight at 50 °C.  The reaction 

mixture was removed from heat and cooled to room temperature.  The aqueous and organic 

layers were separated and the aqueous layer was extracted with three times 20 mL diethyl ether.  

The combined organic layers were washed with a combination of 20 mL DI H2O and 30 mL 

saturated sodium chloride. The organic layer was dried over MgSO4, filtered, and solvent was 

removed by rotary evaporator and high vacuum. 

The product was purified on a silica gel flash column run with Hexanes : Dichloromethylene = 

10:1 as eluent.  Solvent was removed on rotary evaporator and high vacuum and 2.2 g (53% 

yield) pure product was isolated from apparent dimer coupling products. 

1H NMR (300 MHz, CDCl3) δ = 7.89 (m, 4 H), 7.78 (d, 2 H), 7.74 (d, 2 H), 7.70 (m, 4 H), 7.64 

(m, 2 H) 7.41 (m, 2 H), 7.35 (m, 2 H), 7.30 (m, 2 H), 4.09 (s, 2 H), 2.08 (m, 8 H), 1.28 (m, 6 H), 

0.99 – 0.73 (m, 37 H), 0.73-0.63 (m, 13 H), 0.63-0.53 (m, 15 H). 

 

4,7-bis{2’-9’,9’-bis[(2’’-ethylhexyl)-fluorenyl]} -9,9-bis(4’-vinylbenzyl)-fluorene(1) 

A round bottom flask was charged with 0.5 g (0.53 mmol) Intermediate (2) and 0.26 g (1.7 mmol) 

4-vinyl benzyl chloride.  The compounds were dissolved in anhydrous THF and stirred under 

Argon.  To the flask was added a solution of 0.4 g (0.22 mmol) KI and 0.4 g (0.14 mmol) 18-

Crown-6 in 1.5 mL DMSO.  The reaction solution was stirred under Argon at room temperature 

for about 1 hour.  Upon the addition of 0.37 g (3.26 mmol) Potassium tert-Butyl oxide to the 

reaction, the mixture turned dark green in color before slowly returning to red.  The reaction was 
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stirred under Argon at room temperature for about 24 hours. The reaction mixture was poured 

into 32 mL DI H2O and extracted with three times 30 mL diethyl ether.  The organic layers were 

washed with 50 mL diluted HCl and turned from a red to a pale yellow color.  The organic 

solution was dried, filtered, and the solvent was removed by rotary evaporator.  The product was 

purified on a silica gel flash column, using eluent of Hexanes : Dichloromethylene = 8:1. The 

product was stirred with 5 equivalent of Potassium tert-Butyl oxide for about 20 minutes in dry 

THF, and purified on an alumina oxide plug eluted with dry THF.  The solvent was removed by 

rotary evaporator and high vacuum and 0.44g (70% yield) of pure product was obtained. 

1H NMR (300 MHz CDCl3) δ = 7.77 (q, 4 H), 7.60 (m, 10 H), 7.43 (m, 2 H), 7.36 (m, 2 H), 7.31 

(d, 2 H, 3J = 8 Hz), 7.10 (m, 4 H), 6.81 (m, 4 H), 6.61 (dd, 2 H, 3J = 12, 16 Hz), 5.63 (d, 2 H, 3J 

= 16 Hz), 5.17 (d, 2 H, 3J = 12 Hz), 3.45 (m, 3 H), 2.10 (m, 8 H), 1.55, 0.99 – 0.54 (m, 64 H). 

  

2.3.2 Synthesis of DFS 

The retrosynthetic scheme of the fluorene dimer, namely 2-{9’,9’-bis[(2’’-ethylhexyl)-fluoren-

2’-yl]} -9,9-bis(4’-vinylbenzyl)-fluorene(1), short as DFS, illustrated below in Scheme 2.6.  

 
Scheme 2.6 Retrosynthesis of DFS (1) Route 

Similar to the synthesis of TFS talking above, the vinylbenzyl moieties are disconnected from 

DFS (1) first. The as-obtained intermediate (2) can be prepared by cross-coupling of 
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bromofluorene derivatives (3) and 2-bromofluorene. Bromofluorene derivatives (3) are obtained 

from 2-bromofluorene which is commercially available.   

 
Scheme 2.7 Synthesis route of DFS (1) 

In this route shown as scheme 3.4, 2-bromofluorene is used to prepare 2-bromo-9,9-di(2-

ethylhexyl)-fluorene(3). Intermediate (3) is then treated with butyllithium to obtain 2-[9,9-di(2’-

ethylhexyl)-fluoren-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6). Suzuki coupling is applied 

to dibromofluorene and intermediate (6) to dimer (2), which is further decorated at 9C position 

of central moiety with vinylbenzyl groups. The experimental details are illustrated below: 

 

2-bromo-9,9-di(2-ethylhexyl)-fluorene(3)  

To a mixture of 9.8 g (40.0 mmol) of 2-bromofluorene and 0.1 g of tetra-n-butylammonium 

bromide in 50 mL of DMSO was added 30 g of a 50 wt%  solution of aqueous potassium 

hydroxide, followed by 21.4 mL (120.0 mmol) of 2-ethylhexyl bromide. The dark red reaction 

mixture was stirred at room temperature for 3 days; reaction progress was monitored via TLC 

with hexane as eluent, and visualized via UV light. The reaction mixture was poured into 200 mL 
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of saturated sodium chloride solution, and the mixture was extracted with 3 x 100 mL of ethyl 

ether. The combined organic phases were washed with 2 x 100 mL of H2O, and 100 mL of 

diluted HCl. The organic phase was dried over magnesium sulfate, and the solvent was removed 

under vacuum. Excess 2-ethylhexyl bromide was removed via vacuum distillation, and the 

remaining oil was purified via flash chromatography with hexane as eluent. 14.9 g (79% yield) 

of (3) as an orange oil were obtained, which is a mixture of diastereomers. 

To a solution of 7.25 g (15.4 mmol) of (3) in 75 mL of THF (freshly distilled from 

sodium/benzophenone) was added 17.33 g (154 mmol) of potassium tert-butoxide. The mixture 

was stirred at room temperature for 30 minutes, then filtered through a plug of basic alumina, 

which was eluted with THF. The solvent was removed under vacuum, and the residue was 

redissolved in hexane. The excess potassium tert-butoxide was filtered off, and the solvent was 

removed under vacuum to give 6.07 g of (3) (83.7% recovery), free of mono- and unsubstituted 

impurities. 

1H-NMR (300 MHz, CDCl3) δ = 7.67-7.66 (m, 1H), 7.56-7.53 (m, 2H), 7.46 (dd, 1H), 7.40-7.37 

(m, 1H), 7.34-7.28 (m, 2H), 0.96-0.69 (m, 22H), 0.58-0.48 (m, 8H). 

 

2-[9,9-bis(2-ethylhexyl)-fluoren-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6) 

A solution of 5.00 g (10.6 mmol) of 2-Bromo-9,9-bis(2-ethylhexyl)-9H-fluorene (3) in 22 mL of 

dry THF was cooled to -78 °C in a dry-ice/acetone bath. 5.28 mL (13.2 mmol) of 2.5 2.5M n-

butyllithium in hexane was added dropwise. After stirring for 1 hour at -78 �C, 3.9 mL of 2-

isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane were added, and the reaction mixture was 

slowly warmed to room temperature, and stirred overnight. The reaction was poured into 50 mL 
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of saturated sodium chloride solution, and the mixture was extracted with 3 x 30 mL of ethyl 

ether. The combined organic layers were washed with 2 x 25 mL of H2O and 25 mL of saturated 

sodium chloride, then dried over magnesium sulfate. The solvent was removed under vacuum, 

and the crude product was purified via flash column chromatography (hexane:dichloromethylene 

= 5:1). 3.47 g (63% yield) of viscous oil were obtained, which is a mixture of diastereomers. 

1H-NMR (300 MHz, CDCl3) δ = 7.87-7.84 (m, 1H), 7.80 (dd, 1H), 7.73-7.69 (m, 2H), 7.41-7.37 

(m, 1H), 7.33-7.26 (m, 1H), 2.07-2.04 (m, 2H), 2.00-1.95 (m, 2H), 1.38 (d, 12H), 0.91-0.68 (m, 

22H), 0.55-0.45 (m, 8H). 

 

2-{9’,9’-bis[(2’’-ethylhexyl)-fluoren-2’-yl]} -fluorene (2) 

In 60 mL THF, 13.85 g (26.8 mmol) intermediate (6) and 6.58 g (26.8 mmol) 2-bromofluorene 

were dissolved with addition of 10 g K2CO3 in 36 g H2O.  0.6 g Pd(PPh3)4 was added.  The 

solution was degassed via freeze-pump-thaw and stirred at 50 °C for 48hours.  The reaction 

mixture was removed from heat and cooled to room temperature.  The aqueous and organic 

layers were separated and the aqueous layer was extracted with three times 70 mL diethyl ether.  

The combined organic layers were washed with a combination of 60 mL DI H2O and 30 mL 

saturated sodium chloride.  The organic layer was dried over MgSO4, filtered, and solvent was 

removed by rotary evaporator and high vacuum. 

The product was purified on a silica gel flash column run with Hexanes : Dichloromethylene = 

10:1 as eluent.  Solvent was removed on rotary evaporator and high vacuum and 10.9 g (73% 

yield) pure product was isolated. 

1H NMR (300 MHz, CDCl3) δ = 7.84 (m, 3 H), 7.75 (m, 2 H), 7.63 (m, 4 H), 7.41 (m, 2 H), 7.33 
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(m, 3 H), 4.00 (s, 2 H), 2.05 (m, 4 H), 0.85 (m, 18 H), 0.60 (m, 16 H). 

 

4-{2’-9’,9’-bis[(2’’-ethylhexyl)-fluorenyl]} -9,9-bis(4’-vinylbenzyl)-fluorene(1) 

A round bottom flask was charged with 10.9 g (19.7 mmol) Intermediate (2) and 8.9 g (60 mmol) 

4-vinyl benzyl chloride.  The compounds were dissolved in anhydrous THF and stirred under 

Argon.  To the flask was added a solution of 0.4 g (0.22 mmol) KI and 0.4 g (0.14 mmol) 18-

Crown-6 in 5 mL DMSO.  The reaction solution was stirred under Argon at room temperature for 

about 1 hour.  Upon the addition of 8 g (83 mmol) Sodium tert-Butoxide to the reaction, the 

mixture turned dark green in color before slowly returning to red.  The reaction was stirred under 

Argon at room temperature for about 24 hours. The reaction mixture was poured into 100 mL DI 

H2O and extracted with three times 70 mL diethyl ether.  The organic layers were washed with 

50 mL diluted HCl and turned from a red to a pale yellow color.  The organic solution was dried, 

filtered, and the solvent was removed by rotary evaporator.  The product was purified on a silica 

gel flash column, using eluent of Hexanes : Dichloromethylene = 8:1. The product was stirred 

with 5 eq Potassium tert-Butyl oxide for about 20 minutes in dry THF, and purified on an 

alumina oxide plug eluted with dry THF.  The solvent was removed by rotary evaporator and 

high vacuum and 0.44g (70% yield) of pure product was obtained. 

1H NMR (300 MHz CDCl3) δ = 7.77 (m, 3 H), 7.59 (ddt, 3 H), 7.53 (m, 7 H), 7.42 (m, 2 H), 7.31 

(m, 9 H), 7.05 (dd, 6 H, 3J=8,1.6Hz), 6.73 (m, 6 H), 6.57 (dd, 3 H, 3J = 17.6, 11 Hz), 5.60 (dt, 3 

H, 3J = 17.7, 1.1 Hz), 5.14 (m, 3 H), 3.45 (m, 3 H), 2.10 (m, 8 H), 1.55, 0.99 – 0.54 (m, 64 H). 

2.4 Characterization 

To further confirm the chemical structures of the targeting materials, Matrix-assisted laser 
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desorption/ionization Time of Flight (Maldi-TOF) mass spectrum of TFS was obtained by 

Applied Biosystems Voyager-DE-STR MALDI-TOF, as shown in Figure 2.4. The main peak 

was found at m/z=1174, which was in accordance to the calculated molecular weight. The peak 

at m/z=1058 was attributed to the ionization product resulted from the loss of one vinylbenzyl 

moiety, and the peak at m/z=1080 was assigned to the same product accompanied with a sodium 

ion. It is reasonable to observe the mono-substituted fluorene products upon irradiation, because 

the vinylbenzyl group is prone to be cleaved leading to the other product energetically stable.  

 

Figure 2.4 The Maldi-TOF mass spectrum of TFS 

Mass spectrum of DFS was obtained, as shown in Figure 2.5. The main peak was found at 

m/z=784, which was in accordance to the calculated molecular weight of TFS. The peak at 

m/z=670 and 692 were attributed to the ionization product resulted from the loss of one 

vinylbenzyl moiety, and the same product accompanied with a sodium ion, respectively. It is 

reasonable to observe the mono-substituted fluorene products upon irradiation, because the 

vinylbenzyl group is prone to be cleaved leading to the other product energetically stable.  In 

addition, there is peak at m/z=579, it is assigned to the ionization product with loss of a 
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vinylbenzyl moiety and an ethylhexyl group.  

 

Figure 2.5 The Maldi-TOF mass spectrum of DFS 

The optical properties of TFS and DFS were investigated subsequently. UV-vis absorption 

spectrum of DFS and TFS were obtained in both solutions and solid thin films by using a 

Shimadzu UV-1700 spectrophotometer, where thin film samples fabricated by spin-coating. 

Photoluminescene spectrum and quantum efficiency of DFS and TFS were acquired by using a 

PTI QuantaMaster 30 spectrofluorometer. Fluorescence lifetime of TFS and DFS were also 

measured by using the Fluoromax-3 system with the R928p detector.  
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Figure 2.6 UV-vis absorption spectra of TFS in hexane solution (dashed red curve) and in solid 

thin film (solid black curve) 

As shown in Figure 2.6, the first absorption of TFS in hexanes solution is located at around 

353nm, and the bandgap edge is calculated to be 3.3eV. The peak molar extinction coefficient 

was measured to be 101,400 cm-1. TFS absorption shows a little red-shift in solid state, which is 

mainly due to slightly π - π stacking. 

As shown in Figure 2.7, its PL spectra behave slight red-shift as well. In both emission spectra 

of TFS solution and thin film, they displayed a vibronic fine-structure with two sharp bands at 

around 398nm and 420nm, with a shoulder at 440nm. The features correspond to the 0-0 and 0-1 

singlet exciton decays. And emission peak shifted from 398nm to 404nm when it was casted into 

thin film, indicating TFS formed a uniform amorphous matrix without severe aggregates from π - 

π stacking. 
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The TFS shows quantum efficiency of 0.93 and the fluorescence lifetime of 0.95 nanoseconds, 

measured in hexanes solution. 

 
Figure 2.7 Photoluminescence spectra of TFS in hexane solution (solid curves) and in solid thin 

film (dashed curves) 

The UV-Vis absorption spectrum of DFS was obtained, as shown in Figure 2.8, the main 

absorption of DFS in hexanes is located at around 332nm, and the bandgap edge is calculated to 

be 3.5eV. In emission spectra of DFS solution as shown in Figure 2.9, it displayed a vibronic 

fine-structure with two sharp bands at around 362nm and 382nm, with a shoulder at around 

400nm. The features are in accordance to the electrochemistry measurement reported before. 

When they are in solid state, red shifts on the spectrum were observed due to π-π stacking.  
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Figure 2.8 UV-vis absorption spectra of DFS in hexane solution (dashed red curve) and in solid 

thin film (solid black curve) 

 
Figure 2.9 Photoluminescence spectra of DFS in hexane solution (solid curves) and in solid thin 

film (dashed curves) 
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2.5 Concluding Remarks 

Plastic scintillators suffer from modest light yield for over 60 years. Enhanced light yield is 

essential to energy resolution and sensitivity of scintillators. Recent progress in material study 

has surged a huge development in inorganic scintillators. It leads us to believe a good chance to 

develop advanced plastic scintillating materials. Thus main efforts in this chapter are focused on 

the investigation of enhanced light yield of polymer scintillating matrix. 

According to literatures, modest light yield is mainly due to inefficient energy transfer from PVT 

to fluors, which is closely related to residual monomers and as-resulted excimers. Various donor / 

acceptor couples fulfilling direct FRET have been intensively investigated, and have high 

quantum efficiency evidenced. However, the primary difficult to employ these materials for 

scintillating applications is dramatic transmittance loss when they come to high thickness. 

In this chapter, fluorene oligmer based scintillating matrices are developed with two features: 1) 

they can be homopolymerized or copolymerized with other monomers to obtain transparent 

monolith; 2) they are potentially suitable to host fluors fulfilling efficient FRET due to their high 

quantum efficiency, short lifetime and suitable bandgap. In addition, a bottom-up strategy to 

design plastic scintillator and composites scintillators is proposed. 
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Chapter 3 

Coupled Fluors  
3.1 Overview 

This chapter is mainly focused on the fluors that couple with aforementioned TFS / DFS 

matrices to realize efficient Fluorescence Resonance Energy Transfer (FRET). By incorporation 

of fluors into polymer matrix, plastic scintillators with enhanced light yield are thus constructed. 

FRET efficiency largely depends on three parameters according to Forster’s theory1:  one is the 

spectral overlap between donor’s emission spectrum and acceptor’s absorption spectrum, one is 

intermolecular distance between donor and acceptor, and the last one is the relative orientation of 

the donor emission dipole moment and the acceptor absorption dipole moment. Those parameters 

can be optimized by employment of specifically designed fluors with finely tuned chemical 

structures to match with matrix (donors) that is already determined. 

To achieve large spectral overlap integral, fluors are preferred to have intensive absorption in the 

range where matrix emits. DFS has the emission maximum at 400 nm in its solid state, and TFS 

at 410 nm. Fluors with deep blue absorption are thus explored.  

Intermolecular distance is another key parameter that influences FRET efficiency. It is generally 

accepted that the FRET probability is inversely proportional to the sixth power of the 

intermolecular separation, thus the energy transfer rate goes as the square of the dye 

concentration. The required concentration for effective use of fluors is estimated by the critical 

transfer distance R0, at which FRET is of equal probability to all the other excitation deactivation. 

This value is calculated to be 2 nm corresponding to concentration of 1.5% in weight, to achieve 
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FRET probability of 0.7.2  

High concentration of fluors leads to high FRET rates due to reduced intermolecular separation, 

but it does not necessarily lead to better light yield. It is because, first self-absorption is always 

observed at high concentration due to the overlap between fluors’ emission and absorption 

spectrum. Second, fluors may not be able to dissolve well in matrix at the required concentration 

to achieved desired intermolecular separation. Thus it is favored if fluors are able to be dispersed 

in matrix homogeneously at some optimized concentration. Additional requirement is that fluors 

have excellent quantum efficiency to assure final photon production. 

In the following study, fluors are screened out according to three key words: soluble, emissive 

and deep-blue-absorbing. Commercially available fluors as well as novel home-made fluors with 

finely tuned chemical structures were exploited. This chapter firstly dedicates on the synthesis of 

several novel fluors, and discusses feasible matrix / fluors couples fulfilling FRET.    

3.2 Synthesis of fluors  

There are three parameters essentially important for efficient FRET: quantum efficiency, 

solubility in matrix, and absorption/emission characteristics, which have been carefully taken 

into account to design novel fluors for plastic scintillators with enhanced light yield. In this 

section, efforts are put on synthesis of several potentially feasible fluors, such as 

benzothiadiazole based dyes, polyfluorene, and iridium complex, which are specifically modified 

and intensively studied.  

The design scheme of fluors starts from the consideration of matrix materials. The building block 

of matrix is fluorene oligmer, so it is reasonable to expect fluors with similar chemical structures 

dissolving well in the matrix. The strategy is to narrow the bandgap of fluorene oligmer by 
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necessary modification while keep the chemical structure as much as possible to assure 

complimentary solubility. Two of the most widely used approaches are thus applied.  

The first approach is to introduce benzothiadiazole (Bt) moiety into fluorene oligmer. Bt is an 

electron-accepting heterocycle, and has been recently used as acceptor unit in cooperation with 

varieties of electron-donating units as low band gap donors in photovoltaic devices, showing 

outstanding photovoltaic performances.3 It is expected simple replacement of central fluoryl 

segment in TFS with benzothiadiazole moiety should result in a new fluor with narrower 

bandgap. It is expected to be mixable with TFS because its chemical structure resembles TFS as 

well. In addition, decent quantum efficiency is also expected due to the excellent performance of 

its polymer counterpart in photovoltaic devices. The target compound is named “FBtF”, as 

discussed later in this chapter. 

The second approach is to apply polyfluorene. It is well-known that the effective conjugation 

length determines such important electronic properties as bandgaps, absorption coefficients, 

emission quantum yields, etc. The effective conjugation length may be defined as the minimum 

number of bonded aromatic rings necessary to produce saturation of the optical and electronic 

properties expand the repeating units of fluorene.4 Generally, increase of the effective 

conjugation length of polymers results in their red-shift in absorption spectrum. Polyfluorenes 

with longer conjugation length are expected to have narrower bandgap. They have a good chance 

to dissolve well in fluorene oligomers because they bear the same repeating units. And 

polyfluorenes are reported for their high quantum efficiency in solutions which are maintained in 

thin films. 

Iridium complex is a type of newly developed triplet emitters, which have been widely used in 
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electroluminescence devices to replace conventional singlet emitters for better efficiency.5 It is 

observed that ionizing radiation produces both singlet and triplet excitations in roughly equal 

quantity in organic materials.6 In conventional organic scintillators only the singlet excitations 

are collected and contribute to the light output. Pioneer work indicates the introduction of triplet 

emitters should increase light yield. 7, 8 Attempts have been made in this section to utilize iridium 

complex in plastic scintillator for enhanced light yield. One soluble blue emitting Iridium 

complex was synthesized and invesitegated. 

3.2.1 Synthesis of FBtF  

The retrosynthetic scheme of the target compound, namely 4,7-bis-{2’-9’,9’-bis[(2’’-ethylhexyl)-

fluorenyl]} -2,1,3-benzothiadiazole (1), short as FBtF, illustrated below in Scheme 3.1.  

 

Scheme 3.1 Retrosynthesis of FBtF (1) Route  

DFS (1) can be prepared by cross-coupling of bromofluorene derivatives (2) and 4,7-dibromo-

2,1,3-benzothiadiazole. Bromofluorene derivatives (2) are obtained from bromofluorene which is 

commercially available.   
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Scheme 3.2 Synthesis route of FBtF (1) 

In this route, 2-bromofluorene is used to prepare 2-bromo-9,9-di(2-ethylhexyl)-fluorene(2). 

Intermediate (2) is then treated with butyllithium to obtain 2-[9,9-di(2’-ethylhexyl)-fluoren-2-yl]-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3). Suzuki coupling is applied to 4,7-dibromo-2,1,3-

benzothiadiazole and intermediate (3) to the target molecule. The experimental details are 

illustrated below: 

2-bromo-9,9-di(2-ethylhexyl)-fluorene(2).  

To a mixture of 9.8 g (40.0 mmol) of 2-bromofluorene and 0.1 g of tetra-n-butylammonium 

bromide in 50 mL of DMSO was added 30 g of a 50% (wt/v) solution of aqueous potassium 

hydroxide, followed by 21.4 mL (120.0 mmol) of 2-ethylhexyl bromide. The dark red reaction 

mixture was stirred at room temperature for 3 days; reaction progress was monitored via TLC 

with hexane as eluent, and visualized via UV light. The reaction mixture was poured into 200 mL 

of saturated sodium chloride solution, and the mixture was extracted with 3 x 100 mL of ethyl 

ether. The combined organic phases were washed with 2 x 100 mL of H2O, and 100 mL of 

diluted HCl. The organic phase was dried over magnesium sulfate, and the solvent was removed 
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under vacuum. Excess 2-ethylhexyl bromide was removed via vacuum distillation, and the 

remaining oil was purified via flash chromatography with hexane as eluent. 14.9 g (79% yield) 

of (3) as an orange oil were obtained, which is a mixture of diastereomers. 

To a solution of 7.25 g (15.4 mmol) of (3) in 75 mL of THF (freshly distilled from 

sodium/benzophenone) was added 17.33 g (154 mmol) of potassium tert-butoxide. The mixture 

was stirred at room temperature for 30 minutes, then filtered through a plug of basic alumina, 

which was eluted with THF. The solvent was removed under vacuum, and the residue was 

redissolved in hexane. The excess potassium tert-butoxide was filtered off, and the solvent was 

removed under vacuum to give 6.07 g of (3) (83.7% recovery), free of mono- and unsubstituted 

impurities. 

1H-NMR (300 MHz, CDCl3) δ = 7.67-7.66 (m, 1H), 7.56-7.53 (m, 2H), 7.46 (dd, 1H), 7.40-7.37 

(m, 1H), 7.34-7.28 (m, 2H), 0.96-0.69 (m, 22H), 0.58-0.48 (m, 8H). 

2-[9,9-bis(2-ethylhexyl)-fluoren-2-yl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3) 

A solution of 5.00 g (10.6 mmol) of 2-Bromo-9,9-bis(2-ethylhexyl)-9H-fluorene (2) in 22 mL of 

dry THF was cooled to -78 °C in a dry-ice/acetone bath. 5.28 mL (13.2 mmol) of 2.5 2.5M n-

butyllithium in hexane was added dropwise. After stirring for 1 hour at -78 °C, 3.9 mL of 2-

isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane were added, and the reaction mixture was 

slowly warmed to room temperature, and stirred overnight. The reaction was poured into 50 mL 

of saturated sodium chloride solution, and the mixture was extracted with 3 x 30 mL of ethyl 

ether. The combined organic layers were washed with 2 x 25 mL of H2O and 25 mL of saturated 

sodium chloride, then dried over magnesium sulfate. The solvent was removed under vacuum, 

and the crude product was purified via flash column chromatography (hexane:dichloromethylene 



51 
 

= 5:1). 3.47 g (63% yield) of viscous oil were obtained, which is a mixture of diastereomers. 

1H-NMR (300 MHz, CDCl3) δ = 7.87-7.84 (m, 1H), 7.80 (dd, 1H), 7.73-7.69 (m, 2H), 7.41-7.37 

(m, 1H), 7.33-7.26 (m, 1H), 2.07-2.04 (m, 2H), 2.00-1.95 (m, 2H), 1.38 (d, 12H), 0.91-0.68 (m, 

22H), 0.55-0.45 (m, 8H). 

4,7- bis-{2’-9’,9’-bis[(2’’-ethylhexyl)-fluorenyl]} -2,1,3-benzothiadiazole (1) 

A round bottom flask was charged with 1.95 g (3.7 mmol) 4,7-dibromo-2,1,3-benzothiadiazole 

and 0.5g (1.7mmol) of Intermediate (3).  The compounds were dissolved in 20ml THF and 

stirred under Argon.  To the flask was added 30mg Pd(PPh3)4 and 2g K2CO3 in 7g H2O. The 

reaction solution was stirred under Argon refluxed for about 24 hour. The reaction mixture was 

poured into 32 mL DI H2O and extracted with three times 30 mL diethyl ether.  The organic 

layers were washed with 50 mL diluted HCl and dried, filtered. The solvent was removed by 

rotary evaporator.  The product was purified on a silica gel flash column, using eluent of 

Hexanes : Dichloromethylene = 2:1. The solvent was removed by rotary evaporator and high 

vacuum and 1.04g (63% yield) of pure product was obtained. 

1H NMR (300 MHz CDCl3) δ = 8.03 (m, 4 H), 7.86 (m, 4 H), 7.78 (d, 2 H , J = 7.4 Hz), 7.43 (d, 

2 H, J= 7.1Hz), 7.34 (d, 4 H, J = 1.2 Hz), 2.07 (m, 8 H), 1.55, 0.99 – 0.54 (m, 64 H). 

3.2.2 Synthesis of PHF  
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Scheme 3.3 Synthesis route of poly(9,9-dihexyl-fluorene-2,7-diyl)  

The scheme 3.3 illustrates the synthesis route of poly(9,9-dihexyl-fluorene-2,7-diyl), short as 

PHF. A mixture of 2,7-dibromo-9,9-dioctylfluorene (0.274 g, 0.500 mmol), 2,7-bis(trimethylene 

boronate)-9,9-dioctylfluorene (0.279 g, 0.500 mmol), Aliquat 336 (0.05 g, 0.12 mmol), 

tetrakis(triphenylphosphine) palladium (2.3 mg) under argon was added 2.5 ml 2 M aqueous 

potassium carbonate and 7 ml toluene. The mixture was stirred at 90 °C for 48 h and then poured 

into methanol. The precipitate was collected by filtration, dried and then dissolved in 

dichloromethane. The solution was washed with water and dried over anhydrous Na2SO4. After 

most of the solvent had been removed, the residue was poured into stirred methanol to give a 

fiber-like solid. The polymer was further purified by extracting with acetone for 24 h. The 

reprecipitation procedure in dichloromethane–methanol was then repeated several times. The 

final product, a light yellow fiber, was obtained after drying in vacuum with a yield of 45–60%.  

1H NMR (300 MHz, CDCl3) δ = 7.87 (d, 2H), 7.72 (br, 4H), 2.10 (br, 4H), 1.14 (br, 24H), 0.81 (t, 

6H).  

13C NMR(300 MHz, CDCl3) δ = 151.4, 110.1, 139.7, 125.8, 121.1, 119.6, 55.0, 40.0, 31.4, 29.7, 

28.8, 23.5, 22.2, 13.7.  

Anal. calcd: C, 89.69; H, 10.31. Found: C, 89.08; H, 10.02. 
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3.2.3 Synthesis of IrEH 

N

O

OH

N

O

O
MeOH/H2SO4

reflux 1d

Br

NaH/DMF

N

O

O

OH
OH

O

(M1) (M2)  

 

Scheme 3.4 Synthesis route of Iriudium(III) bis[(4,6-difuluorophenyl)-pyridinato-N,C2’]3-(2-

ethylhexyl)oxypicolinate (IrEH) 

Iriudium(III) bis[(4,6-difuluorophenyl)-pyridinato-N,C2’]3-(2-ethylhexyl)oxypicolinate, short as 

IrEH, can be prepared by synthetic route (shown as Scheme 3.4). Detailed synthesis route is as 

follows: 

Methyl-3-hydroxypicolinate (M1).  

3-hydroxypicolinic acid (2.0g, 14.4mmol) was dissolved in 100 mL methanol and H2SO4 (4 mL) 
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was added dropwise. The mixture was kept refluxing for 24 hours to give a light brown solution, 

which was subsequently concentrated by vacuum evaporation, diluted by H2O (100 mL) and 

neutralized by K2CO3. The solution was extracted by ethyl acetate (50 mL×3). The combined 

organic phases were washed with brine (50 mL×2), dried over MgSO4 and concentrated under 

vacuum to give pale white powder of M1(1.62 g, 74%).  

1H NMR (400 MHz, CHLOROFORM-d)  ppm 4.07 (s, 4 H) 7.34 - 7.47 (m, 2 H) 8.29 (dd, 

J=4.06, 1.35 Hz, 1 H) 10.63 (s, 1 H) 

Methyl-3-(2-ethylhexyl)oxypicolinate (M2).  

NaH (100 mg, 4.2 mmol) was dispersed in DMF (20 mL) with addition of M1 (0.31 g, 2 mmol). 

After 15min stirring under argon atmosphere, 2-ethylhexyl bromide (0.58 g, 3 mmol) and 15-

crown-5 ether (0.36 g 1.6 mmol) was added. The mixture was kept at 80 °C for 24 hours. After 

cooling to room temperature, it was neutralized by aqueous ammonium chloride, and extracted 

by ethyl acetate (50 mL×3). The organic layers are washed by brine (50 mL), dried over MgSO4 

and concentrated under vacuum. The crude product was purified with chromatography 

(hexane:ethyl acetate = 1:1) to give the brown oil of M2(0.47 g, 92%). 

1H NMR (400 MHz, CHLOROFORM-d)  ppm 8.26 (dd, J=4.31, 1.35 Hz, 1 H) 7.29 - 7.43 (m, 

2 H) 3.96 (s, 3 H) 3.94 (dd, J=5.54, 1.85 Hz, 2 H) 1.72 - 1.85 (m, 1 H) 1.39 - 1.61 (m, 4 H) 1.11 - 

1.39 (m, 5 H) 0.80 - 0.96 (m, 7 H) 

[(dfppy)2Ir(μ-Cl)]2 (M3).  

IrCl3·xH2O (580 mg, 1.6 mmol) and 2-(2,4-Difluorophenyl)pyridine (770 mg, 4 mmol) were 

dissolved in the mixture of 2-ethoxyltheanlol (20 mL) and water (10 mL) and reflux at 130 °C 

for 20 hours under an argon atmosphere. After cooling to room temperature, water (30 mL) was 
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added to the mixture, and the light yellow precipitate was filtered and washed with 

acetone/ethanol (60 mL / 60 mL). The crude product was dried under vacuum without further 

purification, and the yellowish powder was obtained (0.43 g, 47%). 

Iriudium(III) bis[(4,6-difuluorophenyl)-pyridinato-N,C2’]3-(2-ethylhexyl)oxypicolinate 

(IrEH).  

Na2CO3 (0.64 g, 6 mmol) was dispersed in MeOH/H2O (70 mL / 10 mL) mixture with addition 

of M2 (0.47g, 1.8 mmol). After stirring at 50 °C for 18 hours under an argon atmosphere, the 

mixture was poured into water and adjusted to pH=2 by addition of 1N HCl. The crude product 

was extracted by ethyl acetate (50 mL×3). The organic layers are washed by brine (50 mL), dried 

over MgSO4 and concentrated under vacuum. The crude product was purified with 

chromatography (ethyl acetate as eluent) to give the yellowish oil M4 (0.2g, 44%). M3 (0.43 g, 

0.35 mmol), M4 (0.18 g, 0.72 mmol), and Na2CO3 (0.64 g, 6 mmol) was added into 20 mL 2-

ethoxyltheanlol. The mixture was kept reflux under argon atmosphere for 18 hours, then poured 

into water and and extracted by ethyl acetate (50 mL×3). The organic layers are washed by brine 

(50 mL), dried over MgSO4 and concentrated under vacuum. Purified with chromatography 

(hexanes : ethyl acetate = 4 : 1), the solid was washed by water and dried in vacuum at 100 °C 

over night to give the light yellowish powder (420 mg, 73%) . 

1H NMR (400 MHz, CHLOROFORM-d)  ppm 8.81 - 8.86 (m, 1 H) 8.22 (d, J=8.12 Hz, 1 H) 

8.27 (d, J=8.37 Hz, 1 H) 7.76 (t, J=7.88 Hz, 2 H) 7.41 - 7.55 (m, 2 H) 7.37 (dd, J=5.17, 0.98 Hz, 

1 H) 7.23 - 7.31 (m, 3 H) 7.15 - 7.22 (m, 1 H) 6.91 - 7.03 (m, 1 H) 6.29 - 6.52 (m, 2 H) 5.80 (dd, 

J=8.61, 2.21 Hz, 1 H) 5.53 (dd, J=8.86, 2.46 Hz, 1 H) 3.89 - 4.06 (m, 2 H) 1.80 - 2.04 (m, 1 H) 

1.38 - 1.68 (m, 5 H) 1.31 (dd, J=7.38, 1.23 Hz, 4 H) 0.75 - 1.01 (m, 7 H). 
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3.3 Characterizations  

The optical properties of home-made fluors and other commercially available fluors were 

investigated subsequently. UV-vis absorption spectra were obtained by using a Shimadzu UV-

1700 spectrophotometer, where thin film samples fabricated by spin-coating. Photoluminescene 

spectrum and quantum efficiency was obtained by using a PTI QuantaMaster 30 

spectrofluorometer, where POPOP in methanol was applied as the standard. Fluorescence 

lifetime was also measured by using the Fluoromax-3 system with the R928p detector.  

Cathodoluminescence measurement was conducted by FEI Inspect S System w/CL System. 

3.3.1 FBtF and its FRET 

 

Figure 3.1 The UV-vis absorption spectrum of FBtF in hexanes solution. 
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The UV-vis absorption spectrum of FBtF in hexanes with the concentration of 10 mg/mL was 

shown in Figure 3.1. It represented three absorption peaks of FBtF are observed. The one at 310 

nm is assigned to the fluorenyl moiety and the one at 420 nm to the benzothiadiazole group.9 The 

maximum absorption coefficient is measured to be is 34,000 M-1cm-1, which is comparable to 

those best conventional laser dyes. It benefits the FRET from matrix. FBtF has board absorption 

spectrum, which covers almost the whole energy range of excitons generated in the matrix upon 

irradiation. It is a good indication for efficient FRET. Particularly, the peak at 420 nm matches 

well with the emission spectrum of TFS, suggesting use of FBtF coupling with TFS for plastic 

scintillators with enhanced light yield. In addition, the peak at 310 nm matches with the emission 

spectrum of residual monomers in conventional PVT scintillators, which implies possibility of 

creating new excitation channels in PVT matrix by simply incorporation of FBtF.  
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Figure 3.2 Photoluminescence spectra of FBtF in hexane solution, where black solid curve 

represents emission spectrum and red solid curve represents exciation spectrum 

The photoluminescence spectrum of FBtF in hexanes with concentration of 10 mg/mL was 

shown in Figure 3.2. The emission maximum is located at 550 nm, which is in the most sensitive 

region of CCD detectors. The emission at longer wavelengths takes advantage of avoiding 

unexpected absorption from matrix, which is good for light yield. However, it doesn’t fit regular 

PMT, whose sensitive range is blue. The high price of green enhanced PMT may limit its further 

use in industry. FBtF shows a large stokes shift and thus a comparatively small self-absorption in 

its emitted light. It facilitates as-generated photons escaping from scintillators efficiently by 

reduction of self-absorption. Moreover, in respect to its superior coefficient, it provides possible 

approach to one-solute system with local energy transfer to avoid unwanted cross-talk in small 

diameter fiber detectors.  
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The lifetime of FBtF is measured to be 5 ns, which provides chances to build fast scintillators for 

large flux application. In addition, the quantum efficiency of FBtF is measured to be 0.98.  

 
Figure 3.3 Emission spectrum of TFS and FBtF composite films with different concentrations of 

FBtF on quartz substrates; samples are excited by UV excitation at 350nm. 

Photoluminescence measurement was conducted for TFS / FBtF thin films. FRET occurs 

efficiently from TFS to FBtF due to a substantial overlap between the absorption spectrum of 

FBtF and the emission of TFS, which is evidenced in Figure 3.3. For the TFS thin film with 

0.5wt% FBtF, the emission from TFS (395nm and 420nm) and FBtF (509nm) were observed 

simultaneously due to incomplete energy transfer. With the increase of FBtF concentration to 2%, 

the emission peaks of TFS diminished and that of FBtF enhanced. Notice here is a small red shift 

in emission peaks from 0.2% and 2% composite, which is resulted from FBtF aggregation. 

Further increase of FBtF concentration leads to decrease of fluorescence by concentration 

quenching.  
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Figure 3.4 Cathodoluminescence spectra of TFS thin films with different concentration of FBtF 

The TFS / FBtF composite films behaved the same upon irradiation of electrons, as evidenced by 

cathodoluminecence spectrum (shown in Figure 3.4). Pure TFS films showed emission at 410 

nm. When FBtF was introduced at the concentration of 0.5 wt%, main emission peak shifted to 

545 nm indicating FRET occurred. By increasing FBtF concentration to 2 wt%, the best light 

yield was achieved. Further increase FBtF concentration decreased the light yield of the 

composite film. It is thus claimed that efficient energy transfer from matrix to fluors via FRET is 

established in the composites scintillating material of TFS / FBtF.  
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3.3.2 Other fluors 

 

Figure 3.5 The UV-vis absorption spectrum of PHF in hexanes solution. 

Figure 3.5 shows the UV-vis absorption of as-prepared PHF in hexanes solution. The main 

absorption is at 375nm, which matches well with the emission of DFS in hexanes.  

The photoluminescence spectrum of PHF in solution was obtained as shown in Figure 3.6. The 

emission spectrum shows two bands: 410nm and 438nm, both of which are on the blue range. It 

matches well with the regular PMT which possess the best sensitivity in blue. Comparing to 

FBtF, PHF shows short Stokes Shift. It is thus indicated that self-absorption may decrease the 

light yield of plastic scintillators when PHF was employed as fluors. The lifetime of PHF was 

measured to be less than 1 ns, it is thus applicable to build up fast plastic scintillators. 
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Figure 3.6 Photoluminescence spectra of PHF in hexane solution, where black curve represents 

emission spectrum and red curve represents exciation spectrum 

The UV-vis absorption and photoluminescence spectrum of IrEH at room temperature are 

presented in Figure 3.7 in black solid curves. As a comparison, the spectrum of FIrpic are shown 

in red dashed curves. Both species have the similar photophysical properties. High-energy, 

intense absorption bands (250-320 nm) can be assigned to allowed 1(π- π*) transitions of the 

dfppy ligand. Weaker bands located at longer wavelength (350-420 nm) can be assigned to Ir-

dfppy charge-transfer transitions. The weak, lowest energy absorption band (460 nm) can be 

identified as a triplet transition (T1) on the basis of the small energy shift (350 cm-1) between 

absorption and emission at room temperature. The photoluminescence peak of IrEH is located at 

473 nm with a shoulder at 510 nm, comparing to FIrpic whose peak is at 470 nm. The quantum 

efficiency of IrEH reaches 95% to that of FIrpic in THF solution, and is calculated to be 0.81. 
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Figure 3.7 UV-vis absorption spectrum and Photoluminescence spectrum of IrEH (black solid 

curves) and FIrpic (red dashed curves) measured in THF solution (1×10-5 g/L). 

 
Figure 3.8 UV-vis spectrum(A) and photoluminescence Spectrum (B) of SSS in the solution of 

hexanes(black line) and thin film state(red line). 

Silole compounds are attractive due to its high quantum efficiency in solid states and its 

compatibility to fluorene.10, 11 It has found a lot of applications in optoelectronic devices.12, 13 The 

target compound 1,1,3,4-tetraphenyl-2,5-di(4’vinylphenyl)silole in this research, short as SSS, 

was synthesized elsewhere. Figure 3.8 shows the UV-vis absorption spectrum and 
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photoluminescence spectrum of the above-mentioned silole compound in hexanes. The main 

absorption is at 380 nm, which matches well with the emission of DFS. The emission spectrum 

shows the main peak at 500 nm. It matches well with the regular CCD camera, which possesses 

the best sensitivity in green. It is reported that the silole compound shows much higher quantum 

efficiency in its solid states. And the measurements of solid films were performed. The films 

behaved almost the same as that in hexanes with the main emission peak at 500nm, indicating 

SSS is not intended to form aggregates from π - π stacking.  The lifetime of SSS was measured to 

be 2.5 ns. 

 

Figure 3.9 The UV-vis absorption spectrum of BBOT in hexanes solution. 
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Figure 3.10 Photoluminescence spectra of BBOT in hexane solution, where black curve 

represents emission spectrum and red curve represents exciation spectrum 

2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT) absorbs and emits in the visible owing to 

its extended π-conjugation. It is soluble in a wide range of organic solvents. Moreover, BBOT 

cannot photoisomerize, which can increase the chances for an intrinsic fluorescence in solution. 

BBOT further shows excellent heat stability, and it can be used to improve the color of various 

plastics.14 BBOT has found many optical applications, including the use as an optical brightener, 

and as a whitening agent in many polymers and textiles, in addition to uses in various 

optoelectronic applications. 15 

The UV-absorption spectrum and Photoluminescence spectrum of BBOT in toluene solution was 

shown in Figure 3.9 and Figure 3.10 respectively. The absorption spectrum showed three peaks 

at 350 nm, 375 nm and 390 nm. And the extinction coefficient is around 35,000 M-1cm-1. The 
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emission peaks were located at 400 nm, 430 nm and 455 nm. The quantum efficiency was 

measured to be 0.93, and the lifetime was 1 ns, which was in accordance with the literature 

reported.14 

3.4 Concluding remarks 

The coupled fluors with matrix are investigated in this chapter, focusing on the following aspects: 

1) the design scheme of fluors; 2) the criteria for fluors selection; 3) the synthesis routes of FBtF; 

and 4) Photophysical properties of selected fluors.  

Matrix building blocks provide the starting point to design the fluors. By effective but minor 

modification on their chemical structure, fluors are obtained with desired photophysical 

properties and good compatibility to matrix. From the photophysics perspective, fluors are 

required to be soluble, emissive and deep-blue-absorbing as they will match with polymer matrix 

to fulfill efficient FRET. Detailed synthesis routes for FBtF, PHF and Ir(dfppy)3 are described in 

this section. FBtF, PHF, Ir(dfppy)3, SSS and BBOT are selected as potential fluors for plastic 

scintillators, and their photophysical properties are investigated. In particular, the FRET between 

FBtF and TFS were studied in details. 
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Chapter 4 

Radiation Sensitizers 
4.1 Overview 

Ionizing particles interact with various atoms of matters in different patterns.1 When a gamma 

photon transverses through, photoelectric process is enhanced with increasing atomic number Z 

in matters. It follows the rough linear approximation to Zn, where n varies between 4 and 5 over 

the gamma-ray energy region. The as-generated photoelectrons are utilized in gamma-ray 

spectroscopy, because they carry information of full energy from incident photon. Different from 

gamma photons, fast neutrons initially interact with matter by elastic scattering where hydrogen 

is the most popular target nucleus. Once neutrons are thermalized after scattering, they are 

captured by certain nucleus, particularly, 10B, 6Li, 3He, and 157Gd with large capture cross-

sections. It often accompanies with reactions to release certain amount of energy which is used 

for detection.  

In plastic scintillators however, the major constituents are carbon and hydrogen, which have 

modest cross-sections for gamma photons and neutrons. Thus plastic scintillators have poor 

absorption coefficient to gamma-ray and neutrons, and they have never been applied for gamma-

ray spectroscopy and fast neutron detection. To expand their use, it is necessary to load certain 

radiation sensitizers to provide sufficient stopping power to radiations. In this chapter, most 

efforts are focused on three elements for gamma-ray spectroscopy: gadolinium (Z=64), hafnium 

(Z=72), lead (Z=82), bismuth (Z=83) due to their high Z. In addition, gadolinium shows the 

largest cross-section to capture neutron, which is also potential for neutron detection. 
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Embodiment of the above elements as sensitizers are various, thanks to the expertise of materials 

science and engineering. It is thus important to examine the requirements for sensitizers 

contributing to effective composite scintillators at the first stage. First, intrinsic requirement is 

the stability of a sensitizer, which assures its survival in different processing conditions without 

decomposition or other reactions inducing impurities. Secondly, a sensitizer is required to be 

soluble in polymer matrix, and resulted well dispersion is essential to optical properties and 

detection performance of composite scintillators. The third requirement is from photophysical 

perspective: if not benefit, sensitizers do not interrupt energy release pathways from matrix to 

fluors. This requirement is crucial to determine scintillators’ light yield and further the sensitivity. 

Historically, organometallics are one type of the most widely sensitizers for gamma-ray and 

neutron detection. It is because organometallics generally possess good solubility to matrix 

monomers (e.g. vinyltoluene), and they can be easily fabricated into composite monoliths by 

copolymerizing with matrix monomers and fluors. Organometallics that have been investigated 

include several classes: metal-aryl compounds, chelated compounds, and non-ionic salts.2-9 

Chelated compounds reported so far are not suitable as sensitizers due to their absorption at long 

wavelength, which interrupt energy transfer from matrix to fluors. Metal organic salts provide 

sufficient solubility to be incorporated into plastics, showing potential applications in gamma-ray 

and neutron detection. Among all organometallics, metal aryl compounds received the most 

attention, such as tetraphenyl lead, triphenyl bismuth, and their derivatives with polymerizable 

groups. They were copolymerized into polymers with/without chemical bonding and fabricated 

into monolith for detection applications.  

However, the embodiment of organometallics as sensitizers is facing two problems. One problem 

is that organometallics affect energy transfer from matrix to fluors to a notable extent in 
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scintillators. It was observed that a small amount loading led to severe quenching of 

luminescence. This deteriorated light yield resulted in deficiency of information carriers from 

scintillators, which was inadequate to provide spectroscopy resolution consequently. Suggested 

quenching mechanisms have been partially rationalized so far according to literatures10-13: both 

polymer and organometallics are of equivalent energy bandgap. Take triphenyl bismuth for 

example, its bandgap is around 4.1eV calculated from its UV-vis absorption edge. And that of 

PVT is 4.2eV. Thus it is expected that excitations on PVT are prone to diffuse to organometallics 

when a high concentration is achieved. Organometallics may provide non-radiative decay in a 

large constant, which is more facile for excitations relax. As a consequence, excitations have a 

large probability to decay in organometallics non-radiatively, prevailing to energy transfer to 

fluors, which causes quenching of luminescence.  

The other problem is that the organometallics are not stable enough to endure processing 

conditions. Initiator free polymerization of VT is often conducted at temperatures over 130  ͦC, 

but most organometallics, especially metal-aryl compounds, decompose at low temperatures, like 

triphenyl bismuth with the decomposition temperature of around 90  ͦC. Moreover, due to the low 

enthalpy of the metal carbon bond (ca. 2eV for Bi-Ph), organometallics are known to undergo 

photolytic bond homolysis to introduce unexpected impurities,14 which deteriorates light yield.  

These limit organometallics use in composite scintillators.  

Recent development in nanotechnology provides chances to load the above elements in 

nanoparticles. Nanoparticle is defined as a small object with dimension on the nanometer scale, 

that behaves as a whole unit in terms of its transport and properties. Most properties may be size-

related and differ significantly from those bulk materials. It includes high surface area to volume 

ratio, quantum confinement, surface plasmon resonance, superparamagnetism, unexpected 
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optical, thermodynamic and mechanical properties. Thus enormous designs and implementations 

based on nanoparticles have been demonstrated to utilize their unique properties, which have 

found applications in most engineering areas. 

To characterize nanoparticles, their morphology, size distribution, composition and crystal 

structure are focused. The methods usually applied include: Transmission Electron Microscopy 

(TEM), Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray 

diffraction (XRD), Auger Electron Spectroscopy (AES), X-Ray Photoelectron Spectroscopy 

(XPS), Energy-dispersive X-ray spectroscopy (EDS), Dynamic Light Scattering (DLS). 

Sometimes Fourier Transform Infrared Spectroscopy (FTIR), Raman spectroscopy, UV-vis 

spectroscopy, and Photoluminescence spectroscopy are also applied for those specially 

functionalized nanoparticles or those possess unique optical properties.   

Nanoparticles are obtained by reduce bulk materials into the dimension of nanometer scale.  

Common approaches to break up the bulk materials are via mechanical milling, heating, thermal 

plasma and so on, which are conducted in gaseous, liquid or solid environments. Among all 

techniques, wet-chemical techniques provide versatility to apply for a lot of materials, which are 

widely investigated.  

Solvent thermal decomposition process has attracted a lot of interest since its utilization for 

synthesis of semiconductor nanoparticles in 1993.15 So far, this method has been used to 

synthesize metal, alloy, semiconductors, oxides, and fluorides nanoparticles with good 

crystallinity, uniform shape and narrow size distribution.16-19 The nanoparticles are usually 

soluble in organic solvents, and are easy to be modified via surface engineering.   

Nanoparticles have been prepared via reverse microemulsion process. In the reverse 
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microemulsion system, aqueous micelles with the size of 1-100 nm provide reaction micro-

environment, which has large interface to facilitate reactions.  The method is applied in synthesis 

of metal, semiconductors, ceramics, and oxides nanoparticles. 20-23 The as-prepared nanoparticles 

are easily dispersed with uniform size distribution. However, their crystallinity is not satisfied 

and yield is modest. 

Hydrothermal synthesis is used to synthesize nanoparticle crystals that depend on the enhanced 

solubility of minerals in boiling water under high pressure. The crystal growth is performed in 

autoclave in which the temperature achieves 100-1000 ͦC and the as-resulted pressure is 1-100 

MPa. When water is replaced by other solvent, the method is called Solvothermal process. This 

technique is widely used for synthesis of oxides, chalcogenides, and nitrides nanoparticles and so 

on.24-26 The products generally have good crystallinity and orientation, and fewer defects, but are 

prone to aggregate, and interior in size distribution.   

Sol-gel process starts from a chemical solution (sol) which acts as the precursor for an integrated 

network (gel) of discrete nanoparticles. Typical precursors are metal alkoxides and metal 

chlorides, which undergo hydrolysis and polycondensation reactions to form a colloidal 

suspension. Semiconductors, metals, metal oxides nanoparticles have been prepared via this 

method,27, 28 which are uniform in structure and prone to aggregate.  

In this chapter, the embodiment of sensitizers is focused on two classes of materials: metal 

oxides nanoparticles, and organometallics with high Z. Their synthesis and characterizations are 

deliberated subsequently. 

4.2 Metal Oxides Nanoparticles  

Hafnium oxide (HfO2) has been extensively investigated as an alternative material to replace the 
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silicon dioxide employed in gate dielectric systems of microelectronic devices. It features with 

wide band gap (5.8eV), good thermal stability, and high transparency, which are extremely 

attractive in our application as radiation detection material. The current price for hafnium 

element is $323/lb (data in Apr. 2012), which is relatively low comparing to rare earth elements. 

Gadolinium oxide (Gd2O3), one kind of rare earth sesquioxide, is usually selected as the neutron 

caption materials because gadolinium has the highest thermal neutron absorption cross-section 

among any naturally occurring element. In addition, the Gd2O3 possesses relatively low 

refractive index (RI=1.7), comparable to regular polymer, such as polystryrene (RI=1.5). It is 

favored to introduce Gd2O3 into polymer matrix with high loading but lessened Rayleigh 

scattering comparing to other high RI materials. The bulk material holds a wide band gap of 5.2 

eV, which is wider than regular polymer matrix. 

Bi2O3 is one of the high Z compounds, which is none toxic and widely used in dental care. Bulk 

Bi2O3 also shows excellent opto-electronic characteristic. It has variety of applications including: 

catalysts, micro-electronics, electrical ceramics, solid-state electrolytes, sensors, optical coatings, 

additive in paints, superconductors, and so forth. Commercial Bi2O3 is prepared via the oxidation 

of bismuth metal at 800oC via thermal decomposition of carbonates or hydroxides produced by 

the addition of alkali metal hydroxides to bismuth salt solution.Bi2O3 nano particle has particular 

electrical, optical, and high oxygen ion conducting characteristics. The nonlinear susceptibility of 

Bi2O3 nanoparticles is much larger than that of the bulk Bi2O3.  

The above metal oxides have two characteristics in common: 1) they all have wide band gaps 

which are wider than that of common polymers, and 2) they are thermally stable. Thus these 

metal oxides intrinsically satisfy the first two requirements of sensitizers. Nanoparticles prepared 
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via solvent thermal decomposition process are usually soluble in organic solvents. Metal oxides 

nanoparticles with good crystallinity, uniform shape and narrow size distribution have been 

reported, which are easy to be modified via surface engineering. Therefore, the embodiment of 

sensitizers is realized as metal oxides nanoparticles via solvent thermal decomposition. 

The instrumentals used for characterizing nanoparticles are as follows: XRD was carried out 

with a Panalytical X’Pert Pro Powder Diffractometer using Cu-Ka radiation. TEM was conducted 

on a FEI CM120 microscope operated at 120 kV. FTIR spectrum was obtained by using  JASCO 

FT/IR-420 spectrometer. TGA was performed on a Perkin–Elmer Thermal Analysis Pyris 

Diamond TG/DTA instrument, samples were heated from room temperature to 800 °C with a rate 

of 10 °C/min in air. UV-absorption was acquired by using a Shimadzu UV-1700 

spectrophotometer.  

4.2.1 Hafnium oxide nanoparticles 

According to literature, HfO2 nanocrystal has been prepared by using different synthetic 

procedure. In our research, we synthesized the HfO2 nanoparticles with a size of 6nm via solvent 

thermal decomposition reactions. 

 Typically, 2.7g(8.4mmol) of hafnium chloride and 12g (42mmol) oleic acid were mixed and 

magnetically stirred and was heated to 110 °C. The milky mixture as hafnium Oleate suspension 

was kept in vacuum for 1 hour to distillate the resulting hydrochloric acid. When the color turns 

from brownish yellow to milky white, 16g (60mmol) Oleylamine was added into the mixture and 

heated up to 270 °C under a blanket of argon. 15 min later, the mixture was heated up again to 

330 °C for another 40 min and cooled to room temperature by compressed air. The as prepared 

mixture was centrifuged to get the viscous solution. 8g oleic acid was added and the mixture was 
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stirred at 60 °C for 2 hours.  Then acetone (120 mL) was added to the mixture followed by 

centrifugation to obtain white solids, which was re-dissolved in toluene. The hafnium oxide 

nanocrystal was obtained by precipitation with ethanol, centrifugation and vacuumed for 4 hours 

to remove the residual solvent.  The final products are 0.5g in total. The setup for synthesis is 

shown in Figure 4.1. 

 

  

Figure 4.1 Setup for the synthesis of HfO2 Nanocrystal  
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Figure 4.2 TEM image of HfO2 Nanoparticles and the size distribution 

Figure 4.2 shows a TEM micrograph of hafnium oxide nanoparticles, which are really faceted 

and monodisperse. If we assume them as cubes, the average diameter is around 5.6 nm. The 

statistical analyze was performed by ImageJ software in the public domain. Each particle area is 

measured, the square root of which is determined to be the diameter.  

 

Figure 4.3 The temperature v.s. nanocrystal size curve for HfO2 synthesis 

Nanocrystal size can be manipulated by reaction time and temperature. As shown in Figure 4.3, 
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the size of nanocrystals increases with the increase of temperature while keep other conditions 

the same. Extension of reaction time will increase the size of nanocrystals and its dispersity as 

well.  

 

Figure 4.4 Hi-Resolution TEM image(A) of a single HfO2 Nanocrystal that demonstrates its 
faceted nature and Energy-dispersive X-ray spectrum(B) of HfO2 nanocrystals 

HRTEM micrograph is shown in Figure 4.4(A), it clearly indicates the nanocrystals of high 

crystallinity. The plane distance is measured to be 0.31 nm. EDX spectrum (as shown in Figure 

4.4 (B)) confirms the composition of nanocrystals is hafnium and oxide, with the atomic ratio of 

approximate 1:2.  

The synthesis condition is critical to the solvent employed. When oleic acid was employed as the 

only solvent, hardly any nanoparticles were obtained. When decrease the molar ratio of 

oleylamine and oleic acid, the nanocrystal shows worm-like shape. When 1-octadecene was 

introduced, both worm-like nanocrystals and faceted ones are obtained. 
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Figure 4.5 XRD pattern of the HfO2 nanoparticles casted on glass substrates 

 

The XRD measurement was conducted on the HfO2 nanoparticles casted on glass substrates.  

The XRD pattern (as shown in Figure 4.5), the crystalline phase of these nanocrystals is 

determined to be monoclinic, and each peak are assigned according to JCPDS no. 00-034-0104. 

Particles size determined by XRD pattern is in general coincidence with TEM measurement.  
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Figure 4.6 UV-vis absorption spectrum(A) and photoluminescence spectrum of HfO2 
nanoparticles casted on a piece of quartz glass. The vertical dotted line in the left figure 

represents the wavelength correspondent to the bandgap of bulk HfO2. In the right figure, the red 
solid line is the excitation spectrum and the black dashed line is the emission spectrum. 

The UV-vis absorption spectrum of HfO2 nanoparticles is shown in Figure 4.6(A). The 

nanocrystals are casted on a piece of quartz glass with thickness of the casted film approximately 

0.1 μm. Due to the wide bandgap of HfO2, its main absorption starts at 245 nm, which exceeds 

the cutoff wavelength of many regular solvents like chloroform and toluene.  The vertical line in 

the figure represents the bandgap of bulk HfO2 (5.8eV), where the onset of the correspondent 

peak is observed.  Two other broad absorption peaks are found, centered at around 245nm and 

270nm respectively. These peaks indicate the impurity bands originating in the defects of HfO2 

nanocrystals as reported by Einat and Gil.29  

Photoluminescence spectrum of HfO2 nanocrystal in toluene solution is shown in Figure 4.6 (B). 

It shows the excitation peak centered at 350nm. The peak position does not match the UV-vis 

absorption spectrum as measured before, which indicates even shallower impurity bands in the 

HfO2 nanocrystals with lower concentration. The deep impurity bands at 4.6eV and 5.4eV, 

however, shows no obvious photoluminescence. Most probably they are serving as quenchers 

when introduced into scintillator materials.  
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Figure 4.7 TGA of HfO2 nanoparticles in air atmosphere. The red solid line is the residual 
weight ratio of the nanocrystal and the black dashed line is the temperature. 

TGA measurements were carried out in an air atmosphere and the sample temperature was raised 

at a rate of 15 °C min-1 to 600 °C as presented in Figure 4.7. It showed a weight loss of 28% in 

HfO2 nanoparticles, which was attributed to the organic ligand attached. The calculation was thus 

performed to obtain the surface coverage. Known diameter of  nanocrystals: Db=5.6nm;  

molecular weight of hafnium oxide: Wb=210.49 g/mol; density: ρb=9.68g/cm3; Oleic acid 

molecular weight: Wo=282.46 g/mol; cross section30, 31: σ= 4.8×10-15 cm2; TGA results show 

Weight ratio of inorganic part 72%; Weight ratio of organic part 28%. Surface coverage is 

calculated to be 36.2%. These results are coincide with the results of alkylphosphonic acid 

anchored Titania particles.32 
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4.2.2 Gadolinium oxide nanoparticles 

In our research, we synthesized the oleic acid(OA) and oleylamine(OM) capped Gd2O3 

nanocrystals via solvent thermal decomposition procedure. And a polymerizable ligand (BMEP) 

was subsequently applied to the nanocrystal surface via ligand exchange process, to improve its 

compatibility to the composites. The chemical structure of the polymerizable ligand is shown in 

Figure 4.8. 

 

Figure 4.8 Chemical structure of bis [2-(methacryloyloxy)-ethyl] phosphate, BMEP 

A typical procedure for Gd2O3 nanoparticles synthesis is described as follows: 1.67g of 

gadolinium (III) acetate hydrate was added into 4.35g of oleic acid and 2.9g of oleylamine in a 

two-necked round bottom flask with capacity of 50ml at room temperature in the glovebox. Then 

the mixture was put in an oil bath with a temperature of 135 °C to remove water and oxygen with 

vigorous magnetic stirring under vacuum for 2h, and thus to form an optically transparent 

solution. Then it was heated to 340°C under argon flow in a few minitues. When the mixture 

becomes viscous with a lot of bubble, kept at 340 °C for 1.5h, then the mixture was cooled to 

room temperature by compressed air. The white products were obtained by adding 90ml of 

acetone into the reacted solution, and centrifuged at 9000rpm for 15min, then repeat. The 

obtained gadolinium oxide nanocrystal was then washed by 90ml of ethanol, centrifugation and 

vacuumed for 2 hours to remove the residual solvent. The final products are 1.0g in total.  

In a ligand exchange step, 0.8g of dried oleic acid and oleylamine capped Gd2O3 nanoparticles 
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were dispersed in 30 ml of chloroform solution of bis [2-(methacryloyloxy)-ethyl] phosphate 

[BMEP] (0.64g). The resulting mixture was stirred overnight. The chloroform was removed by 

rotary evaporation to obtain BMEP capped Gd2O3 nanoparticles. Then this viscous solid was 

added by 40ml of ethanol and sonicated in a water bath for 15mins to make it disperse fully and 

make sure there are no viscous aggregates. Then the obtained white suspension was centrifuged, 

and the white product was dried in vacuum for 2h.  

 
Figure 4.9 TEM images of the Gd2O3 nanocrystals dispersed in the solution of toluene (a) and 

hexanes (b) 

Representative transmission electron micrographs (TEM) of the Gd2O3 nanoparticles are shown 

in Figure 4.9. The dispersion of nanocrystals behaves differently in different solvents, leading to 

the observation of each facet. It was observed square nanoplates at presence rather than cubes. 

Upon evaporation of toluene, all nanocrystals lied on their faces toward TEM grids (Figure 

4.9A). But some nanocrystals would “stand” on the TEM grids when hexanes evaporated (shown 

in Figure 4.9B). The nanoplates were measured to have the length of around 9nm along each 

edge and the thickness of about 1nm, similar to observation elsewhere.33 The sample entirely 
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consists of numerous mono-dispersed Gd2O3 nanoparticles. And the small size is favored to 

reduce Rayleigh scattering effects when the nanocrystals are incorporated in the polymer matrix.  

 
Figure 4.10 XRD pattern of the Gd2O3 nanoparticles capped with oleic acid and oleylamine 

Figure 4.10 shows the XRD pattern of the as-prepared Gd2O3 nanoparticles. The resolved five 

peaks between 20° and 70° corresponding to (202), (-112), (313), (-205) and (022) crystal planes 

of monoclinic phase (in accordance to JCPDS file 43-1015) can be assigned to the obtained 

Gd2O3 nanoparticles. Two crystallographic (-1 1 2) and (3 1 3) planes exhibited relatively sharp 

XRD peaks, implying a preferential growth direction of the nanocrystals.  

The OA / OM capped Gd2O3 nanocrystals have been further modified by ligand exchange 

process. Bis (2-(methacryloyloxy)-ethyl) phosphate (BMEP) was employed because of its 

phosponic acid anchoring group and two vinyl polymerizable groups, which played an important 

role in formulating transparent nanocomposites. First, ligands containing polymerizable groups 
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have been demonstrated to help to alleviate nanocrystals aggregation in polymer based 

composites.34 Second, ligands containing phosphonic acid groups was reported to provide 

comparatively high and robust surface coverage to metal oxides.35 Ligand exchange was 

evidenced by FT-IR measurement, as shown in Figure 4.11. The peaks at 1716 and 1170 cm−1 

corresponding to the vibration of C=O and C-C-O respectively, and the peak at 1033 cm−1 are 

assigned to the stretching vibration of P-O-CH2. These peaks were present in the spectrum of 

BMEP-capped Gd2O3 nanocrystals, but the peak at 1033 cm−1 was not observed in the spectrum 

of OA and OM-capped Gd2O3 nanocrystals. It suggests that BMEP is successfully attached on 

the surface of nanocrystals.  

 
Figure 4.11 FTIR spectra of OA and OM-capped Gd2O3 nanopartcles (dashed line), and the 

BMEP-capped Gd2O3 nanocrystals (solid line) 
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Figure 4.12 TGA curves of Gd2O3 nanocrystals 

TGA measurements were carried out in an air atmosphere and the sample temperature was raised 

at a rate of 15 °C min-1 to 900 °C. The TGA curve of the oleic acid and oleylamine Gd2O3 

nanoparticles are shown in Figure 4.12, which exhibited a weight loss of 36% appearing around 

50-800°C, which is related to the decomposition and combustion of oleic acid and oleylamine 

molecules on the particle surfaces upon heating.  BMEP-capped Gd2O3 nanoparticles showed the 

same weight loss of 36%.  

Figure 4.13 shows the photoluminescence excitation and photoluminescence emission spectrums 

for Gd2O3 nanocrystal in toluene solution, as well as its UV-vis absorption spectrum. Its 

excitation peak maximum occurs at 350 nm (λem= 410nm) and emission peak maximum centers 

at 410 nm (λex=365nm). Compared to the report value (430nm) in the literature, the emission 

peak for our product shows a little blue shift, due to the quantum confinement effects in our 
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product with smaller size. It shows the OA and OM-capped Gd2O3 nanocrystal dissolved in 

hexane has an absorption peak at 240nm, which is in accordance with the band gap of the bulk 

Gd2O3 at 5.2 eV. A low should is also observed in the absorption spectrum which is assigned to 

the impurity bands due to surface defects.  

 

 

Figure 4.13 (A) UV-vis absorption of the as-prepared Gd2O3 nanocrystals; (B) 
Photoluminescence spectrum for Gd2O3 nanocrystal in toluene solution.  

4.2.3 Bismuth oxide nanoparticles 

Thermal decomposition reaction was employed to prepare bismuth oxide nanoparticles, which 

follows a two-step procedure. Typically, Bismuth acetate (2mmol), oleic acid (6 mmol), and 

phenyl ether (3 mL) were mixed and magnetically stirred and was heated to 110 °C. The milky 

mixture as Bismuth Oleate solution was kept in vacuum for 1 hour to distillate the resulting 

acetic acid. At the same time, Oleyl amine (5 mL) was filled in a flask and heated up to 280 °C 

under a blanket of argon. The as prepared hot milky mixture was injected into oleyl amine, 

leading to a greenish grey solution immediately. The mixture was kept for another 3 min at 

260 °C, and was cooled to room temperature by compressed air. Under ambient conditions, 

acetone (20 mL) was added to the mixture to get the milky mixture. After precipitating for 15 
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min, the solid was separated by centrifugation, and re-dissolved in toluene. The brownish Bi2O3 

nanoparticles, was obtained by precipitation with acetone, centrifugation and vacuumed for 4 

hours to remove the residual solvent. 

 

Figure 4.14 TEM bright field image of Bi2O3 Nanoparticles deposited from the toluene on an 
amorphous carbon-coated copper grid and dried in room temperature and their size distribution 

TEM micrograph of the as-prepared Bi2O3 nanoparticles was shown in Figure 4.14, as well as 

their size distribution. It showed the nanoparticles possess the morphology with diameter of 

roughly 2nm in average. Due to high atomic number of bismuth, the nanoparticles show good 

contrast in the image. 

Figure 4.15 shows the X-ray diffraction pattern of Bi2O3 Nanoparticles casted on quartz 

substrate. From this figure, formation of monoclinic phase of Bi2O3 is confirmed as supported by 

JCPDS files 027-0052. We have estimated the particle size of the sample from the XRD line 

broadening of the (1 1 1) peak using the Scherrer Equation, which shows the mean size of 

nanoparticles comes to 5nm, which is a little larger than observed in TEM. 
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Figure 4.15 X-Ray Diffraction pattern of Bi2O3 Nanoparticles prepared via thermal 

decomposition process. Samples are drop-coated on quartz substrates. 

 
Figure 4.16 (A) UV-vis absorption of the as-prepared Bi2O3 nanocrystals; (B) 

Photoluminescence spectrum for Bi2O3 nanocrystal in toluene, excitation peak maximum occur 
at 266 nm (λem= 338nm) and emission peak maximum are at 282 nm and 338 nm (λex=266nm). 

The UV-vis absorption spectrum of Bi2O3 nanocrystals dispersed in toluene is shown in Figure 
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4.16A. The onset of the absorption starts at approximately 345nm, whose band gap is estimated 

to be 3.60eV. It is reported that the band gap of Bi2O3 bulk material is 2.85eV and the band gap 

for Bi2O3 nanoparticles of 5-13nm in diameter is 3.28eV. The blue shift of the absorption edge 

with the decrease of the diameters of the nanocrystal can be explained by the effective mass 

approximation model, which indicates the quantum confinement leads to the increase of the 

exciton energy proportional to the reciprocal of square of its size when it exceeds the exciton 

Bohr radius.  There is absorption tail existing in the visible range, probably due to the defects on 

the nanocrystal surface. It hazards the potential application of Bi2O3 nanocrystals in scintillators.  

Figure 4.16B shows the Photoluminescence of the Bismuth oxide Nanocrystals dispersed in 

toluene. It shows a weak emission peak at 338 nm which has similar intensity to that of toluene 

(centered at 283nm). 

 

Figure 4.17 TGA analysis of Bi2O3 nanocrystal in air atmosphere with temperature increase 
from 100 °C to 600 °C at the rate of 25 °C/min. The red solid line is the residual weight ratio of 

the nanocrystal and the black line is the temperature. 
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The thermogravimetric analysis (TGA) measurements were carried out in an air atmosphere and 

the sample temperature was raised at a rate of 15 °C min-1 to 600 °C. The TGA curve of the oleic 

acid and oleylamine capped Bi2O3 nanoparticles exhibited a weight loss of 43.4% as shown in 

Figure 4.17, which is related to the decomposition and combustion of oleic acid and oleylamine 

ligands attached on the particle surfaces upon heating.   

4.3 Organometallics  

Several organometallics are investigated, which are subcategorized into two classes: chelated 

compounds and non-ionic salts. The selection criteria depend on 1) thermal stability, 2) solubility 

in relevant monomers, and 3) photophysical properties.  

Among chelated compounds, Lead(II) acetylacetonate shows poor solubility in either styrene or 

vinyl toluene. Hafnium(IV) acetylacetonate decomposes at around 60 °C, and so does Europium 

acetylacetonate, which are not suitable for monolith fabrication by thermal curing. Among non-

ionic salts, Lead(II) acrylate shows limited solubility in either styrene or vinyl toluene. Lead(II) 

2-ethylhexanoate, Bismuth(III) 2-ethylhexanoate and Lead(II) methacrylate show good solubility 

in styrene, and they have fairly good thermal stability to endure curing conditions. Thus the three 

compounds are subjected to UV-vis absorption measurements. 

The UV-vis absorption spectra of the above compounds in hexanes solutions are shown in 

Figure 4.18. Lead(II) 2-ethylhexanoate showed the absorption wavelength onset at 290 nm, and 

Lead(II) methacrylate did at 295nm. In contrast, Bismuth(III) 2-ethylhexanoate represented 

slightly higher onset at 330 nm. Since the emission of PVT matrix upon irradiation is located at 

340 nm, it is thus implied that Lead(II) 2-ethylhexanoate and Lead(II) methacrylate are preferred 

to be applied as sensitizers in composite scintillators. 
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Figure 4.18 UV-vis absorption spectra of Lead(II) 2-ethylhexanoate ( a black solid curve), 
Bismuth(III) 2-ethylhexanoate (a blue dash curve), and Lead(II) methacrylate in hexanes solution. 

4.4 Concluding Remarks 

In this chapter, radiation sensitizers used for composite scintillators are focused. Gadolinium, 

Hafnium, Lead and Bismuth are screened out as the target elements to load into the composites 

based on interaction pattern of gamma photons and neutrons with matters. Careful review on the 

historical implementation of sensitizers revealed that commonly used organometallics disserved 

scintillators by introducing competing non-fluorescence decay pathway. Moreover, the 

embodiment of organometallics, especially aryl-metal compounds, doesn’t provide sufficient 

thermal stability to endure harsh processing conditions and application environments. 

The requirements for sensitizers are summarized based on the current knowledge to scintillation 

mechanism in composites: First, intrinsic requirement is the stability of a sensitizer. Secondly, a 

sensitizer is required to be soluble in polymer matrix to result well dispersion. The third 
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requirement is that sensitizers do not interrupt energy release pathways from matrix to fluors. 

Metal oxides nanoparticles are thus proposed as an alternative embodiment for the above 

elements.  

Especially, soluble Gd2O3, HfO2, and Bi2O3 nanoparticles are prepared through solvent thermal 

decomposition process, and modified via ligand exchange. Their morphology, size distribution, 

composition, crystallinity and optical properties are carefully examined, which led to the 

confirmation of the desired materials. Thus the aforementioned nanoparticles are readily 

incorporated into polymer matrices towards nanocomposite scintillators.   

In addition, several organometallics are investigated, among which, Lead(II) 2-ethylhexanoate 

and Lead(II) methacrylate are preferred to be applied as sensitizers in composite scintillators  
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Chapter 5 

Scintillators fabrication and 
characterizations 

5.1 Overview 

This chapter is mainly focused on scintillators fabrication and their applications in radiation 

detection. First, a brief review on current techniques for composites synthesis is given, and 

followed by a detailed investigation of surface-catalyzed polymerization, a novel technique to 

obtain nanocomposites with nanoparticles individually dispersed in high concentration. Thermal 

curing techniques are adopted to fabricate composite scintillators. The as-prepared scintillators 

are applied to different radiation detection, such as beta-ray and gamma-ray, and the results are 

carefully analyzed.  

5.2 Brief review on composites synthesis 

The long-lasting interest to inorganic–organic composites arises from the synergism between the 

properties of each component, typically, the remarkable change in properties such as mechanical1, 

thermal2-4, electrical5, and magnetic6 when composites are formed. The topic is increasingly 

important when extensive researches expanded to nano-scale (e.g. nanoparticles), whose 

advantages are taken, such as quantum confinement, enhanced refractive index and surface 

energy. It leads to a new class of composite materials, nanocomposites7, with superior properties, 

such as unique optical properties8-11, magnetoelasticity12, catalytic effects13, 14 and high 

sensitivity15, 16.  
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Their outstanding properties deteriorate terribly, if nanoparticles are not able to be integrated in a 

way leading to isolated primary particles inside the matrix. Due to their high surface energy and 

large interfacial area, however, traditional approaches, like flame pyrolysis or precipitation, tends 

to result in severe aggregates or agglomeration of nanoparticles. Additionally, inorganic particles 

are often hydrophilic, intended to aggregation when integrated in a hydrophobic matrix. It causes 

not only significant optical transparency loss resulting in lethal harm to optical applications, but 

also un-uniform dispersion that limits their performance in applications such as sensing, catalysis, 

and energy storage. So the incorporation of building blocks in nano dimension requires further 

investigations. 

Accordingly, a huge variety of nanocomposite synthesis strategies are developed to address the 

issue. Depending on formation subsequence of each component, most approaches are 

subcategorized into the following three types here: direct blending, in situ formation of 

nanofillers in polymers, in situ formation of polymers around nanofillers.  

5.2.1 direct blending 

Direct blending is traditional technique, where as-prepared nanoparticles are dispersed in 

polymer melts or solutions, and are casted into film, extruded / electrospinned as fibers or 

molding in various shapes. Thermoplastic melts emerge a common processing approach to 

extrusion in mass production. It is successfully applied for the compounding of clay materials in 

polyolefins for nanocomposites.17 The so-called “organoclay” material possesses layered 

structure via polymer intercalation into clay with assistance of cationic modifier. Other examples 

include compounding oxides18 or carbon nanotubes19-21 as nano-fillers. However issues on 

controlling fillers aggregates in polymer melts are not solved perfectly, and more surface 
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engineering work is necessary.  

Unfavorably, polymer melts usually have to be processed in high temperature, which leads to not 

only processing complexity, but also limitations within just thermally stable fillers. Polymer 

solutions are applied to circumvent the problem. Basically, polymer and nanoparticles are 

dispersed homogenously in a solution, which is subsequently processed in different ways such as 

spincoating, drop casting, electrospinning, and LbL techniques. One prerequisite is the good 

compatibility of nanoparticles to polymers. Poor compatibility between each component may 

results in severe phase separation, failing to achieve desired composite architecture after 

evaporation of solvent. 

One strategy is to employ van der Waals interaction to ensure good compatibility. Usually, 

PCBM, C60, or nanoparticles capped with lipophilic alkyl chains are dissolved well in polymers, 

nanocomposites films are made via spincoating with thickness up to 1 um. In addition, 

nanofibers can be fabricated by electrospinning technique.22 Current organic photovoltaics by 

solution process are the best illustration of this strategy.23-26 Meanwhile a series of NP–polymer 

composite films with photoelectric properties have been fabricated into LEDs.27, 28 In addition, 

Quantum dot (QD) / polymer composites were explored for radiation scintillation. One example 

is the composite consisting of CdSe-ZnSe core shell QDs and MEH-PPV spin-casted onto a 

sapphire substrate. It convinced the Forster energy transfer from the QDs to MEH-PPV, and a 2-

fold enhancement in scintillation performance was obtained, indicating the success of 

nanocomposite fabrication.29  

It is important to note ligand plays a crucial role in nanoparticles compatibility. For example, 

high RI transparent nanocomposites were synthesized by incorporating surface-modified ZrO2 
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nanoparticles into a polydimethylsiloxane (PDMS) matrix.30 The beauty of this work is the 

designed ligand molecule with PDMS-like siloxane tail structure, which has good chemical 

compatibility with a PDMS matrix, strong adsorption on ZrO2 nanoparticles surface by its 

diamine head group, and a strong steric barrier due to its double-tailed structure.  

To obtain nanocomposites with even complicated architectures, self-assembly technique is taken 

into account.31-34 Typically, block copolymers simultaneously with both hydrophobic and 

hydrophilic regions are applied to aqueous media. The hydrophobic region over coat to 

nanoparticles capped with lipophilic alkyl chains, whereas the hydrophilic blocks spread towards 

the surroundings. It leads to mostly nanocomposite micelles, but nanofibers are achieved as 

well.35 

If the nanoparticles are decorated with ligands bearing carboxylic or amino groups, they possess 

hydrophilic behavior. When they are applied to aqueous media, their surface charges are utilized 

to assembly themselves to oppositely charged polyelectrolytes through electrostatic attraction.36-

38 It confines the NPs in the polymer matrix and aggregates of nanoparticles are thus prevented. 

The resultant water soluble nanocomposites can be flexibly molded to different shapes via 

different techniques. For instance, the composite solution of CdTe NPs and PVA is used as ink 

for inkjet printing.39 Moreover, a CdTe–PVA composite solution has also been used for 

electrospinning to achieve nanofibers.40 

Worth noting here, LbL technique is an efficient method to obtain ultrathin films with 

thicknesses in the nanometer range. It can be circularly operated on various substrates, like 

quartz, and glasses, and is available to various nanoparticles, such as quantum dots, metal 

particles and oxides.41, 42 In addition, the LbL technique is also extended to assembly on curved 
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substrates, such as fibers and microspheres, where the species and sizes of microspheres can be 

flexibly selected. 

To wrap up, nanoparticles of different types are able to be assigned to desired surface 

characteristics through various surface engineering technologies. They are specifically blended 

into either polymer melts or polymer solutions homogeneously via van der Waals interactions or 

electrostatic attractions. The as-obtained nanocomposites are further processed into desired 

shapes and sizes with versatile approaches available. The challenge in direct blending strategy is 

to improve the loading of nanoparticles in the nanocomposites. Performances are restricted in 

some applications when high loading cannot be achieved in nanocomposites. 

5.2.2 In situ formation of nanofillers 

In situ formation of nanofillers in polymers provides a facile approach to fabricate 

nanocomposites. Generally, specific precursors of nanofillers are foremost introduced into 

polymer media either through the adsorption of the precursors on the preformed polymers or by 

the polymerization of precursor-contained monomers to prepare polymers. Afterwards, these 

polymers are subjected to certain conditions, such as the solution or gas of another reactant, and 

external energy, to allow the nucleation and growth of nanofillers within the matrix. In this case, 

it is the undesirable irreversible particle aggregation caused by their isolation and handling 

process that is largely suppressed.  

The sol–gel process is based on the hydrolysis and condensation of molecular precursors such as 

metal alkoxides to prepare nanocomposites as illustrated in following Scheme 5.1.43 It is 

performed either in the presence of preformed polymers or in the parallel with the formation of 

polymers. This route offers the potential of low-cost mass design and fabrication of 
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nanocomposites with domain size approaching the molecular level under mild conditions. The 

most prominent inorganic material formed by the sol–gel method is SiO2, using precursors like 

Si(OR)4, because the C–Si bond is stable with respect to hydrolysis.  The process is extended to 

metal oxide networks using various metal alkoxide precursors as well.44   

 

Scheme 5.1 General route of sol-gel process 

The morphology of the nanocomposite via sol-gel process is dependent on polymer variables 

such as the molecular weight, the presence and extent of polymer functionality and shape, and 

the solubility of the polymer in the sol solution. By delicate selection of polymer variables, 

macrophase separation can be avoided, and highly transparent nanocomposites with high 

inorganic loading level, can be obtained by this strategy. 45-49 

The thermal decomposition of volatile metal compounds in a polymer matrix provides another 

method to nanocomposites containing metal particles, or particles of their oxides. Examples are 

cobalt and iron carbonyls50, 51 in the presence of different polymers and block copolymers. The 

size of the metal nanoparticles is influenced not only by the reaction conditions, like the 

thermolysis temperature or the solvent, but also the polarity of polymer backbones.52 
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Another method to obtain polymer-immobilized nanoparticles is the reduction of metal salts 

from solutions or suspensions in the presence of a polymer, or of mononuclear metal complexes 

bonded to the polymer. This method was used in the production of composites containing Pd and 

Au nanoparticles.53, 54 The polymer metal interaction is an important parameter in all these 

syntheses especially for the size and size distribution of the metal particles as well as for their 

dispersion. The polymer often plays the role of a ligand which helps to avoid the association of 

complexes and therefore limits the size of the formed particles. 

An alternative approach to obtain semiconductor nanocomposites is to apply hydrogen 

chalcogenide directly reacting with metal containing polymers. For examples, lead and zinc 

sulfides nanoparticles are formed in polymers after treating their metal precursor contained 

copolymers with H2S. 55 

Briefly, in situ formation of nanofillers in polymers has been extended to various nanoparticles 

and different polymers. Due to the interaction between nanofiller precursors and preformed 

polymers, size and distributions of nanofillers can be well controlled. It provides a facile 

approach to nanocomposites satisfying loading and transparency requirement. 

5.2.3 In situ formation of polymers 

In situ formation of polymers is also an efficient approach to nanocomposites. Strategically 

different from technology of in situ formation of nanofillers mentioned above, nanofillers are 

fabricated and tuned at first, and subsequently dispersed into monomers for polymerization. In 

this approach, nanoparticles are prepared separately, so their size, shape as well as surface 

properties can be well controlled by taking advantages of the well-established techniques. It is, 

therefore, more suitable for practical mass production than the above-mentioned methods.  
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Nevertheless, there are two key challenges for this method to ensure success of nanocomposites. 

One is the nanoparticles are required to have good dispersibility in monomer and do not 

negatively interfere with the in situ polymerization process in large enough amounts. The other 

challenge is that the nanoparticles are required to be separated with sufficient distance. Usually it 

is related to immobilizing nanoparticles into the corresponding polymer matrix during / after 

polymerization. During in situ polymerization, monomers are tend to get together to form 

polymers with volume shrinkage. It will lead to nanoparticles aggregates if they can move freely. 

Note that the attempts to create transparent composites using common polymers, such as PS, 

poly(methylmethacrylate) (PMMA), and poly(vinylpyridine) (PVP), show limited success 

mainly due to their failure to immobilize the incorporated nanoparticles.56 

One successful example is luminescent nanocomposites from CdSe/ZnS NPs and 

polylaurylmethacrylate (PLMA). They are fabricated by mixing preformed NPs,  

laurylmethacrylate, ethylene glycol dimethacrylate crosslinker, and TOPO at a specific ratio; this 

is followed by azobisisobutyronitrile (AIBN) initiation. The hydrophobic van der Waals 

interaction between alkyl chains makes NPs homogeneously distribute within the PLMA media, 

and the long alkyl chain retards free move of nanoparticles, leading to acceptable transparency of 

the bulk composites and strong luminescence.57 

One effective way to immobilization of nanoparticles in polymer matrix is to emerge 

copolymerization by surface modification of nanoparticles with polymerizable group. The strong 

interaction via covalent bond between polymers and nanoparticles is the key to retard phase 

separation. For example, ZrO2 nanoparticles prepared via non-hydrothermal reaction was 

functionalized by with 3-methacryloxypropyltrimethoxysilane. Trimethoxysilyl group on one 

end was applied to anchor to the surface of oxide, and methacryl group on the other end was 
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used to access copolymerization with monomers. Completely transparent Polyurethane/ZrO2 

nanocomposite coatings could be achieved with a ZrO2 content up to 7.5 wt%.58   A slightly 

different approach is to start with precursors with polymerizable group. It was reported 

polymerizable titanium/bismuth methacryl ethoxide were hydrolyzed first to have 

titanium/bismuth phase dispersed in monomers and polymerized subsequently.59 The material 

can be obtained either as monoliths or films with transparency over 95% (for a 5  μm film).  

A different approach is surface modification of nanoparticles with initiating groups. The strategy 

is to graft polymers with a specific thickness to nanoparticles by occurrence of initiation to 

polymerization at the surface. The separation distance in between nanoparticles is controlled, and 

nanocomposites are successfully fabricated without macroscopic phase separation. Surface 

engineering for the attachment of initiating groups onto the particle surface is well established. In 

most of the work done in this area, polymers were grafted from nanometer and micrometer sized 

silica particles, but titania, zirconia, zinc sulfite, and ferrite are also reported.60-63 Polymers can 

be grafted via free radical polymerization, where diazo group or peroxide group is introduced as 

initiating groups, and silane-coupling agents are extended. Transition metal-mediated ATRP 

technique is also employed to silica, ferrite, quantum dots or gold nanoparticles. 64-67 

Reverse microemulsion finds another method to provide spatial separation between 

nanoparticles.68 Generally, nanoparticles are generated in aqueous micelles and stabilized in 

monomer oil phase. By employ initiators or catalysts, polymerization occurs in the 

microemulsion system to form the solid nanocomposite materials. Successful examples include 

nanoparticles like SiO2,
69 CdS,70 CdTe,9 BiOCl/BiOI,71 noble metal nanoparticles72 and so on. 

Briefly speaking, in this method, taking advantage of well-established surface engineering 
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techniques, nanoparticles can be either functionalized/created with special surface characteristics 

to be stabilized in desired media. Different approaches are able to be employed to prevent 

aggregation or agglomeration to ensure success of nanocomposites.  

To wrap up, a huge variety of nanocomposite synthesis strategies have been developed, including 

direct blending, in situ formation of nanofillers in polymers, in situ formation of polymers 

around nanofillers. These techniques are widely used to synthesize nanocomposites with uniform 

distribution of fillers.  

5.3 Surface-catalyzed polymerization  

As mentioned above, inorganic nanoparticles (NPs), as one important candidate to build up 

nanocomposite, have been attracted much interest.73-75 However, their spontaneous aggregation 

always results in poor dispersion, and it deteriorates material performance, such as optical, 

dielectric and mechanical properties.76, 77  

Take transmittance for example, this essential optical parameter of nanocomposite is closely 

related to NPs aggregates size. For discrete spherical particles embedded in a matrix, 

transmittance is governed by Rayleigh scattering mechanism,78, 79 

 

in which x is the optical path length, Vp is the volume fraction of particles, d is the particle 

diameter, λ is the wavelength of light, and np and nm, are the refractive indices of the particles 

and matrix, respectively. Based on this equation, transmittance could be affected by sample 

thickness(x), NPs loading(Vp), and aggregation size(d) as well. Calculation shows that a 2 mm-

thick nanocomposite containing 18.9% in volume of NPs with 6 nm in diameter, and an np:nm of 
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a characteristic value of 1.92:1.53 has a transmittance of 0.520 at 600nm. The same 

nanocomposite with 1 m thickness would show a high transmittance of almost 1. Decrease the 

loading will improve transparency as well. What’s more, the transmittance could drop half in 

certain circumstance when nanoparticle aggregates 3 times larger than its original size. Indeed, 

most transparent nanocomposites reported in literature are either very thin or with low loadings 

of NPs. In applications where neither thickness nor loading can be compromised, such as 

nanocomposites for gamma scintillation however, it is the main strategy to avoid serious 

transparency loss by limiting NPs aggregation size, which remains a critical challenge.  

In practical, nanocomposites monolith are commonly prepared via in situ polymerization, where 

well-fabricated NPs with tunable properties are dispersed in monomers and cured subsequently. 

It takes advantages of numerous monomer combinations with addition of various functional 

components as well. As polymer chains grow longer during curing procedure (mostly following 

free radical polymerization mechanism), their excluded volume behavior and decreasing 

compatibility between the organic and inorganic phases often cause NPs aggregation. Moreover, 

the NPs aggregations occur in the very early stage during free radical polymerization, even when 

polymer is just ~1wt%. 80  To suppress it, attempts have been made with limited success for over 

a decade. On one hand, monomers with long alkyl chains, different functional groups and/or 

multi-polymerizable groups are reported.81-83 On the other hand, NPs attached with 

polymerizable ligands and/or polymer ligands are investigated intensively,84-87 as well as ligands 

free NPs exfoliated with nanoplatelets88.  
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Figure 5.1 Schematic illustration of surface-initiated polymerization in Hafnium oxide 

Nanoparticles and divinylbenzene mixture to form transparency bulk composites. The left 
column illuminates the three stages during polymerization, and the right figure sketches the 

surface of Hafnium oxides nanoparticles 

A new strategy is proposed here to prevent NPs aggregation in the early stage of in situ 

polymerization. As shown in Figure 5.1, certain NPs are introduced which are capable to initiate 

polymerization at their surface into monomer mixture. Given curing conditions, monomers in the 

vicinity of NPs are polymerized in advance of those far away. With the occurrence of polymers 

in situ, physical barrier is provided to shield NPs. As a result, NPs are isolated from each other as 

the bulk materials are fully cured. 

The hafnium oxides nanoparticles employed was synthesized by solvent thermal decomposition 

as described in chapter 4. Composites fabrication follows the procedure: typically, as-prepared 

HfO2 (0.25g) powder was dissolved in DVB (0.8g), and sonicated for half an hour to form a clear 

solution. The solution was transferred to a glass mold, and exposed to UV with intensity of 

around 1.1 milliWatt / cm2 for 18 hours. The nanocomposites monolith was finally machined to 
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obtain a mirror finish. 

 
Figure 5.2 Photos of nanocomposites (1.5 mm in thickness and 10 mm in diameter) based on 

poly-DVB with thickness of 3 mm. Sample 1 contains 1 wt% of DP, sample 2 contains 25 wt% 
NPs, sample 3 contains 25 wt% NPs with 1 wt% of DP, and sample 4 contains 25 wt% NPs with 
1wt% of BPO. Samples 1,2 and 3 were exposed to UV for 18 hours, and sample 4 was subjected 

to 100 °C for 12 hours. 

It is firstly claimed that hafnium oxide(HfO2) NPs capped with oleic acid shows photocatalytic 

property in divinylbenzene(DVB) solution. From our observation, solely DVB upon 18 hours 

UV-exposure didn’t lead to polymerization, but with addition of 1 wt% 2,2-Dimethoxy-2-

phenylacetophenone (DP, a conventional photo initiator), it resulted in cured monolith with the 

transmittance of 87.1% at 600nm upon the same exposure (shown in Figure 5.2 as sample 1). 

The initiation of free radical polymerization by heterogeneous photo-catalysis at TiO2 surface 

have been long reported,89 and the similar catalytic effects of both TiO2 and HfO2 have been 

extensively studied.90  It is thus expected that TiO2 and HfO2 NPs may initiate polymerization of 

DVB.  To verify this idea, TiO2 and HfO2 NPs capped with oleic acids were dispersed into DVB 

with 25 wt% loading, and exposed respectively. It turned out both binary systems were 

successfully cured to form optical clear monolith (the HfO2 sample is shown in Figure 5.2 as 

sample 2). However, the initiation of polymerization may not be necessarily resulted from NPs 

photocatalytic property. To exclude possible effects rather than photocatalysis, in DVB mixture 

was added GD2O3 NPs with similar size which was seldom reported to be photoactive. The DVB 
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mixture with 25 wt% of Gd2O3 was not cured with the same treatment of UV. It is thus argued 

that HfO2 NPs capped with oleic acid functions as photo initiators to polymerize DVB.  

To shield NPs with polymer barriers before they aggregating, the key is to create polymerization 

timing difference between monomers in the vicinity and those far away. Inasmuch as HfO2 NPs 

act positively in photo-initiation, it is expected that polymerization occurs earlier in the NPs 

neighborhood. To illustrate the influence of this timing difference, two samples were prepared. 

One sample was prepared by UV curing of DVB mixture with 25 wt% of HfO2 NPs and 1 wt% 

of DP (shown in Figure 5.2 as sample 3). Due to DP initiation, monomers far away from NPs in 

sample 3 were  likely to polymerize earlier comparing to those in sample 2 that without DP. 

Therefore the timing difference in sample 3 was reduced by addition of photo initiators. The 

other sample was produced by thermal curing of DVB mixture with 1 wt% of thermal initiators 

(BPO) and 25 wt% of HfO2 NPs at 100 °C for 12 hours (shown in Figure 5.2 as sample 4) . In 

this case, monomers did not polymerize preferentially in the vicinity of NPs, (HfO2 NPs shows 

negligible thermal initiation effects as the mixture of DVB with solely 25wt% NPs were not able 

to be fully cured after 100 °C for 12 hours.) and timing difference was cancelled. Consequently, 

it turned out that sample 3 was translucent and sample 4 became totally opaque, as shown in 

Figure 5.2. Comparing the transmittance of sample 2, 3 and 4 (72.4%, 50.8% and ~0, 

respectively), it is evidenced that polymerization timing difference exists, which influences NPs 

aggregating. 

To investigate the encapsulation of NPs by polymers, the as-prepared samples 2 and 4 were set to 

ultramicrotomy to cut into slices in the thickness of 90nm. The TEM images (as shown in Figure 

5.2) of the nanocomposites slices disclose that the HfO2 NPs with about 6 nm of size are 

dispersed in the polymer matrix at primary particle size level. No crystal growth was observed 
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during the polymerization, as confirmed by XRD of nanocomposites in comparison to the as 

prepared NPs (see Supporting information). Although homogeneous dispersion of NPs was not 

achieved as shown in Figure 5.3(A), the separation of NPs in the vicinity due to physical barrier 

isolation was clearly observed in the Figure 5.3(B). Note here, the overlaps of the NPs 

projection under electron beams do not necessarily indicate aggregations, because NPs may not 

stay at the same level of the focus plane, where the slice is several times thicker than the NPs 

size. As illustration, the NP pointed with the black arrow was in focus and the one with white 

arrow is out of the focus plane, indicating they occupy different levels. As a comparison, the 

aggregations with size over 50 nm are observed in sample 4 as shown in Figure 5.3(C)&(D).  
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Figure 5.3 TEM image of HfO2 / DVB Nanocomposites slices with 25 wt% loading of NPs  

from sample 2(A,B), and sample 4(C, D) 

Samples in the thickness of 1.5mm with different loading of NPs were prepared and the 

transmittance at 600nm was measured, as shown in Figure 5.3. The sample with 1% of NPs 

showed a transmittance of 82.1%. With the increase of the loading, the transmittance decreases 

in accordance to Rayleigh scattering mechanism. The sample with over 40 wt% NPs was cloudy 

with apparent phase separation, which was still translucent (~55%). It is in accordance with the 

theoretical prediction except additional transparency loss which is mostly due to the reflection of 

the two surfaces of the monolith.82 The composites of DVB / HfO2 (20 wt%) with thickness of 
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1.5 mm shows transmittance of 71.2%. It provides good chance for applications where high 

thickness, high loading and good transparency are required simultaneously. 

 
Figure 5.4 The transmittance at 600 nm of samples with different HfO2 NP loading. The dashed 
line is plotted by the theoretical prediction from Rayleigh scattering formula. The insect shows 

the sample with 10 wt% of HfO2 subjected to measurement, which is 2.3 cm in diameter and 1.5 
mm in thickness. 

In conclusion, a simple route to prepare NPs/polymer composites has been presented by 

demonstration of HfO2/DVB as an example. By initiation polymerization of monomers in the 

vicinity of NPs, they are consequently isolated individually by physical barrier, preventing 

aggregation during curing process. And transparent bulk materials with high loading of NPs are 

thus fabricated. The technology is ready to be employed to situations where the requirements for 

NPs dispersion are strict, such as high loading, thick film and individual dispersion. It is also 

potential to be applied to various NPs with unique properties, such as TiO2 and ZnO.  The key 
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feature of the strategy is to create polymerization timing difference, and approaches based on this 

idea are potentially eligible toward nanocomposites with well dispersed NPs.  

5.4 Thermal curing  

Thermal curing is one of the most widely used techniques to fabricate plastic monoliths in 

industry. Generally, different additives are dissolved in monomers, together with initiators to 

form a mixture. The as-prepared mixture is subsequently added into desired molds and set to 

certain temperature. It takes a period of time for thermal curing occurring, and the mixture is 

solidified to achieve monoliths in different shapes and sizes. Thermal curing is a low-cost 

technique, where no expensive equipment is required. It can be performed in mild conditions and 

thus applied to a wide band of monomers and additives.  

In this work, thermal curing is employed to fabricate plastic scintillators. Glass molds have been 

employed to prepare samples with various shapes, like sheets, disks, cylinders and so forth, 

depending on different applications requirements, as shown in Figure 5.5. Samples thickness 

varies from several hundreds of micrometers to several millimeters with variation of the samples 

diameter up to 1 inch.  
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Figure 5.5 photos of the glass molds employed(A) samples w/wo irradiation(B/C). 

In a typical thermal curing procedure, the pre-treated glass molds were loaded with monomers in 

certain combination of other materials and sealed with resin. They were transferred into the 

glove-box, and heated at certain temperature for a given period of time. After cooling to room 

temperature, the samples were taken out by dissembling the glass molds. The disks and cylinders 

were further subject to diamond saw for polishing, while the sheets were left as they were. 

To achieve easy de-molding, glass molds have been pre-treated. Simply, they were first treated 
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with hydrogen peroxides for 30mins, and washed with DI water. After drying subsequently, they 

treated with 2 wt% dimethyldichlorosilane for 30 minutes, and washed with acetone and dried.   

The glass molds for sheets preparation were home-made, whose details are illustrated in Figure 

5.6. Two pieces of pre-treated glass were applied as the substrates, and Kapton tapes were 

employed as the spacers to determine the thickness of samples substantially. The molds were 

sealed with epoxy resin to assure structure unity and keep sufficient air-tight. By virtue of good 

chemical resistance and thermal stability of Kapton tapes, sheets with thickness from 200 

micrometers to 600 micrometers have been successfully prepared. 

 

Figure 5.6 Schematic sketch of glass molds used to prepare sheet samples. 

5.5 Radiation detection 

5.5.1 Beta-ray irradiation 

In our research, we apply beta ray irradiation to measure the light yield of samples for two 

purposes: 1) to find plastic scintillating materials which may be employed for applications of 

medical imaging; and 2) to screen out scintillating composites for gamma/neutron detection. The 

system for light yield measurement is shown in Figure 5.7. 
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Figure 5.7 Schematic sketch of light yield measurement system and its photos. 

As illustrated above, light yield measurement was conducted in IVIS Lumina II system (Caliper 

Life Sciences) with perfect light tight.  CCD camera was installed on top to capture photons 

generated. Radiation source was Tl-204, pure beta emitter with decay energy of 764 KeV, half-

life of 3.78 year. It was placed directly at the bottom of sample with a distance of 2mm. All 

measurements were conducted in atmosphere at room temperature. Plastic scintillator Ej200 

(Eljen Technology) and BC400 (Saint-gobain Crystal) were used as a reference. These two 

general purpose plastic scintillators are equivalent, based on PVT with light yield of 10000 

photons / MeV, and maximum emission sits at 425nm. The standard we used was cut into 

monolith of 1 cm in thickness and 2 cm in diameter with mirror polish finish. The following 

three tables summarize all the samples for radiation detection and their relative light yield to 

Ej200. 

Three groups of samples are prepared and subjected for Beta light yield measurement, as listed in 

Table 5.1, 5.2 and 5.3, respectively.   
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Table 5.1 Summary of composition, size, decay time and their relative light yield of composites 
scintillators for beta ray radiation detection 

Sample Matrix Fluor 
Relative 

light yield
Decay 
time 

Size 

TFSFBTF0 TFS 60%,VT 40% none 201.61% 10.6ns 3mmXØ2.3cm 
TFSFBTF1 TFS 60%,VT 40% FBtF 1% 429.66%  3mmXØ2.3cm 
TFSFBTF2 TFS 60%,VT 40% FBtF 2% 412.84% 17.2ns 3mmXØ2.3cm 
TFSFBTF3 TFS 60%,VT 40% FBtF 2.5% 438.27%  3mmXØ2.3cm 
TFSFBTF4 TFS 60%,VT 40% FBtF 3% 408.45%  3mmXØ2.3cm 
TFSFBTF5 TFS 60%,VT 40% FBtF 3.5% 374.66%  3mmXØ2.3cm 
TFSFBTF6 TFS 37%,VT 63% FBtF 3% 240.06%  3mmXØ2.3cm 
TFSFBTF7 TFS 45%,VT 55% FBtF 3% 243.11%  3mmXØ2.3cm 
TFSFBTF8 TFS 49%,VT 51% FBtF 3% 276.63%  3mmXØ2.3cm 
TFSFBTF9 TFS 61%,VT 39% FBtF 3% 315.75%  3mmXØ2.3cm 
TFSFBTF10 TFS 72%,VT 28% FBtF 3% 374.66%  3mmXØ2.3cm 

DFSPF1 DFS 60%,VT 40% PF1.2% 223.78%  2mmXØ1cm 
DFSPF2 DFS 60%,VT 40% PF2.8% 253.50%  2mmXØ1cm 

DFSBBOT1 DFS 60%,VT 40% BBOT1.2% 230.77%  2mmXØ1cm 
DFSBBOT2 DFS 60%,VT 40% BBOT2.8% 253.50%  2mmXØ1cm 

DFSSL1 DFS 60%,VT 40% SL1.2% 253.50%  2mmXØ1cm 
DFSSL2 DFS 60%,VT 40% SL2.8% 174.83%  2mmXØ1cm 

 
 

Table 5.2 Summary of composition, size, decay time and their relative light yield of composites 
scintillators aiming at gamma ray radiation detection 

Sample Matrix Fluor Sensitizer 
Relative 

light 
yield 

Decay 
time Size 

TFTPB1 TFS 23%,VT 51% FBtF 3% TPB 30% 210%  5mmXØ2.3cm 
TFTPB2 TFS 31%,VT 36% FBtF 3% TPB 34% 300%  5mmXØ2.3cm 
TFTPB3 TFS 34%,VT 29% FBtF 2% TPB 34% --  5mmXØ2.3cm 
VTGD1 VT 66% FBtF 3% Gd2O3 31% 210%  3mmXØ2.3cm 
VTGD2 VT 57% FBtF 3% Gd2O3 40% 170%  3mmXØ2.3cm 

 

Table 5.3 Summary of composition, size, decay time and their relative light yield of composites 
scintillators for neutron radiation detection 

Sample Matrix Fluor Sensitizer 
Relative 

light yield
Decay 
time 

Size 

GDVT00 VT  FBtF 2.5% -- 358%  3mmXØ2.3cm 
GDVT02 VT  FBtF 2.5% Gd2O3 2% 395%  3mmXØ2.3cm 

GDVT05 
VT 

FBtF 2.5% 
Gd2O3 5% 275%  

3mmXØ2.3cm 

GDVT13 
VT 

FBtF 2.5% 
Gd2O3 13% 502%  

3mmXØ2.3cm 

GDVF10 TFS 21%,VT 66% FBtF 2.5% Gd2O3 10% 341%  3mmXØ2.3cm 

GDVF02 TFS 22%,VT 73% FBtF 2.5% Gd2O3 2% 308%  3mmXØ2.3cm 
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Figure 5.8 Beta light yield of TFS/VT/FBtF scintillator (Ø1.4cmX3mm) relative to BC400 
varies with FBtF concentration where TFS:VT=2:1 (A) and VT concentration where FBTF 

concentration is 2.5wt% (B) upon irradiation of Tl-204 at room temperature 
 

Plastic scintillators as listed in table 5.1 are aiming for beta-ray detection. They consist of 

copolymer of TFS/VT and FBtF, which are 3 mm thick disks in diameter of 1.4 cm. They are 

subcategorized into two groups: first group samples were made of copolymer of TFS/VT (2:1 in 

weight ratio) and FBtF with varied concentration (from 0 to 3.5wt%). Their light yield relative to 

BC400 (a commercial general purpose plastic scintillator) with the variation of FBtF 

concentrations are shown in Figure 5.8A. The best light yield was obtained at the concentration 

of 2.5 wt%, which is consistent to calculations. Accordingly, the light yield of BC400 is ~10000 

photons / MeV, and that of TFS comes to 45000 photons / MeV. Considering the energy bandgap 

of TFS is 3.3 eV, 15% of total incident energy was utilized, which is comparable to that of 

NaI(Tl).  

The second group samples were composed of 2.5 wt% of fluors and copolymer matrix with 

varied TFS concentrations (from 35 wt% to 75 wt%). It was observed the best light yield was 

obtained when TFS concentration was 65 wt% as shown in Figure 5.8B. In low TFS 
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concentration region, because formation of VT excimers was retarded by increasing TFS 

concentration, inefficient energy transfer via excimer is alleviated which lead to light yield 

increase. It was reported excimer formation was negligible in poly (styrene and methyl 

methacrylate) copolymer when the concentration of styrene is below 40 wt%91, 92, which is in 

consistence with our observation.  

Further increase of TFS beyond 65 wt% resulted in the decrease of light yield. We would prefer 

to investigate energy deposition step in scintillation process, since energy transfer from TFS to 

FBtF has been evidenced to be efficient. It was observed the emission from the second excited 

singlet states in an individual conjugated molecule was only 5% to its first excited state at room 

temperature93, and higher excited singlet states emission was negligible. This observation might 

lead to a legitimate assumption that each conjugation molecule leads to light yield up to 1.05 

excitations upon irradiation. Considering short mean free path of charged particles in scintillators, 

increasing the number density of conjugated units contributes to more excitations that lead to 

higher light yield. Given the similar density of most polymers, the average number density of 

conjugated units in TFS is calculated to be lower than that in PVT. It may explain why further 

increased TFS concentration leads to decreased light yield. Investigation of this issue is still 

undergoing.  

The high light yield is largely resulted from high energy transfer efficiency and transparency, and 

extra advantages taken from the matrix as well. Firstly, the fluorescence decay time of TFS is as 

short as 0.92 ns, comparing to that of PVT to 14 ns. It indicates faster FRET rate94 with less 

disturbing in TFS matrix. Secondly, the decay time of FBtF is as short as 5ns, which leads to a 

pulse width of about 17 ns and a rise time of about 2 ns in pulse shape measurement (as shown in 

Figure 5.9). It outlines the TFS/FBtF quite fast scintillator. In addition, it is worth noting that 
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FBtF has a large stokes shift and thus a comparatively small self-absorption in its emitted light 

(Figure S1 and S2 in supporting information). Considering its superior coefficient, it provides 

possible approach to one-solute system with local energy transfer to avoid unwanted cross-talk in 

small diameter fiber detectors95.  

 

Figure 5.9 Pulse shape of TFS based scintillators  
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5.5.2 Gamma-ray irradiation 

 

Figure 5.10 Beta radioluminescence spectrum (A) acquired from samples with various loading 
of TPB (Ø14mmX1mm) and gamma pulse height spectrum (B) acquired from the sample of 

25wt% loading of TPB upon irradiation of Cs-137. 

TFS based plastic scintillator shows good compatibility to various external materials, such as 

nanocrystals and organometallics. It provides potential serving as matrix to composites with 

various applications. As a demonstration, triphenylbismuth(TPB) were loaded into the 

composites for high energy gamma spectroscopy. Samples with 0%, 25%, 30% and 34% loading 

of TPB were fabricated into 1mm disks in diameter of 1.4 cm for radioluminescence 

measurements using a 90Sr/90Y source. It was observed the peak at around 550 nm in Figure 

5.10A, which was in consistence to photoluminescence and cathodoluminescence measurements. 

The primary results showed that the light yield of pure plastic scintillator had a light yield of 

over 400% relative to that of BC400. Samples loaded with TPB had decreased light yield, but it 

remains twofold higher than conventional plastic scintillators.  

Pulse height spectrum of the composite scintillator with 25wt% loading of TPB upon Cs-137 

irradiation was shown in Figure 5.10B. It exhibited the photopeak and an escape peak due to 
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small size of the scintillator at high pulse height end. A fit reveals energy resolution at 662 keV 

of 10%. The PMT employed had poor quantum efficiency (~8%) in the emission range of the 

scintillator, it deteriorate the energy resolution to a large extent. By implementation of green 

enhanced PMT or shifting the emission band of scintillator into blue range, better energy 

resolution would be achieved probably. Based on the primary results, a promising detection 

resolution of high-Z loaded composites scintillator is expected, which will expand plastic 

scintillator capabilities and potentially replace single crystals for some applications.  

 
Figure 5.11 UV absorption spectrum (red dotted curve in A) of Gd2O3 nanocrystals in hexanes, 
the excitation (black solid curve in A) and emission spectrum (blue dashed curve in A) of FBtF 

in hexanes, and schematic illustration (B) of scintillation photophysics in composites. 

It is suggested that the wide bandgap Gd2O3 nanocrystals imperceptibly affected energy transfer 

from PVT to fluors. As shown in Figure 5.11A, the absorption spectrum of Gd2O3 nanocrystals 

displayed the peak at 240nm corresponding to its bandgap of 5.2 eV. Figure 5.11A also exhibited 

the photoluminescence spectrum of the fluors. It showed an emission peak at 520nm and two 

excitation maximums at 310nm and 420nm respectively. The excitation peak of the fluor 

overlapped well with the characteristic emission peaks of PVT at 310nm and 340nm,96 indicating 

efficient Forster resonance energy transfer.94 In addition, the fluors emitted with a large Stokes 

shift, which benefited the light yield via reduced self-absorption.97 As shown in the schematic 
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illustration in Figure 5.11B, upon irradiation, excitations, if generated on Gd2O3 nanocrystals, 

are inclined to transfer to PVT due to bandgap difference. And those on PVT matrix, in the main, 

do not back-transfer to nanocrystals, but transfer to the fluors and decay radiatively. However, a 

tail was observed in the absorption spectra of the nanocrystals along 300nm, which was resulted 

from surfaces states on the nanocrystals. These surface states may serve as sinks to trap some 

excitations, but can be eliminated by surface engineering.  
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Figure 5.12 Beta radioluminescence spectrum (A) acquired from samples with 31wt% and 
40wt% loading of Gd2O3 nanocrystals (Ø14mmX3mm) and gamma pulse height spectrum (B) 

acquired from the same samples upon irradiation of Cs-137. 

The as-prepared samples with 31wt% and 40wt% loading of Gd2O3 nanocrystals (Ø14mmX3mm) 

were subject to radioluminecence measurement.  As shown in Figure 5.12A, both samples have 

fluorescence maximum at 530nm from the fluors. By comparing integrals of emission spectrum, 

the beta light yield of composite scintillators was found 210% and 170% relative to that of 

BC400, respectively. The decay time of the scintillator was measured to be 17ns, which provided 

evidence of direct energy transfer from matrix to the fluors.  It can be thus inferred that efficient 

FRET occurs from PVT to the fluors without severe disruption from Gd2O3 nanocrystals.  

The composite scintillator with 31% Gd2O3 nanocrystals was subjected to Cs-137 irradiation to 

A B
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obtain pulse height spectrum as shown in Figure 5.12B. It exhibited the photopeak, an escape 

peak, the Compton edge, a backscatter peak, and the backscatter escape peak. A fit reveals 

energy resolution at 662keV of 11.4%, thanks to the enhanced Zeff (ca. 35.7) and density (1.2) 

comparing to the plastic scintillators. It is noted here, the PMT used has the quantum efficiency 

of merely ~8% at the emission maximum of the scintillator.  Enhanced energy resolution is 

expected when the scintillator is coupled with green enhanced PMT. In addition, simulation 

shows with a larger-size sample, the escape peak is not observed. Based on the primary results, a 

promising detection resolution of high-Z loaded nanocomposites scintillator is expected, which 

will expand plastic scintillator capabilities and potentially replace single crystals for some 

applications.  

5.6 Concluding Remarks 

In this chapter, current techniques to incorporate nanoparticles into polymers are reviewed first. 

A new strategy to prepare a transparent monolith with high loading of HfO2 NPs via UV curing 

is proposed then, and the as-prepared nanocomposites have been carefully examined to prove the 

surface-catalyzed polymerization approach feasible toward nanocomposites with well dispersed 

NPs. Aforementioned luminescent compounds as matrix materials / fluors are employed to 

fabricate plastic scintillators via a thermal curing process, and evaluated their light yield. A 

variety of combinations of high-Z and organic luminescent materials were evaluated for the 

nanohybrid composites. The photophysics of gamma ray scintillation in such composites were 

further investigated both from fundamental science and experimental evaluations. Plastic 

scintillators as well as composites scintillators have been prepared for radiation detection 

measurements. The plastic scintillators show the best light yield of ~46,000 photons / MeV, 

which is over 4 times than commercially available plastic scintillators. The best primary light 
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yield measured from the composites scintillators (loaded with triphenylbismuth) was as high as 

26,300 photons / MeV, which is 5 times higher than the best values obtained from commercial 

available lead loaded scintillators. Photoelectric peak for Cs-137 gamma was obtained, with an 

energy resolution of 10%. Scintillators based on nanocomposites with 40 wt% Gd2O3 

nanocrystals are also demonstrated. It achieves light yield around 21000 photons / MeV, and 

energy resolution of 11% for Cs-137 gamma. Larger samples with better light yield have been 

subjected to gamma pulse height spectrum. We also synthesized nanocomposites scintillators 

with high light yield for neutron scintillation measurements.  
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Chapter 6 

Conclusions and Perspectives 
6.1 Dissertation conclusions 

Plastic scintillators are attractive in academics and industry due to their fast response, low cost, 

ease of fabrication, versatility in devices, and radiation hardness. But they suffer from modest 

light yield and poor stopping power for long, which limits their uses. The development of 

inorganic-organic composite scintillators leverages the virtues of inorganics’ high stopping 

power and plastics’ ease of fabrication. The dissertation is focused on composite scintillating 

materials for gamma-ray and fast neutron spectroscopy. Firstly, new polymer matrix and coupled 

fluors are investigated to obtain plastic scintillating materials with enhanced light yield. Secondly, 

gamma-ray and neutron sensitizers are studied, dedicating on the synthesis and characterization. 

Thirdly, new composites fabrication techniques are subjected. 

Fluorene oligmer based scintillating matrices, namely DFS and TFS, are developed with two 

features: 1) they can be homopolymerized or copolymerized with other monomers to obtain 

transparent monolith; 2) they are potentially suitable to host fluors fulfilling efficient FRET due 

to their high quantum efficiency, short lifetime and suitable bandgap. In addition, a bottom-up 

strategy to design plastic scintillator and composites scintillators is proposed. 

The coupled fluors with matrix are investigated. Matrix building blocks provide the starting point 

to design the fluors. By effective but minor modification on their chemical structure, fluors are 

obtained with desired photophysical properties and good compatibility to matrix. From the 

photophysics perspective, fluors are required to be soluble, emissive and deep-blue-absorbing as 
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they will match with polymer matrix to fulfill efficient FRET. Detailed synthesis routes for FBtF, 

PHF and Ir(dfppy)3 are described. FBtF, PHF, Ir(dfppy)3, SSS and BBOT are selected as 

potential fluors for plastic scintillators, and their photophysical properties are investigated. In 

particular, the FRET between FBtF and TFS were studied in details. 

Radiation sensitizers used for composite scintillators are focused. Gadolinium, Hafnium, Lead 

and Bismuth are screened out as the target elements to load into the composites. Careful review 

on the historical implementation of sensitizers comes to the summary of the requirements for 

sensitizers: First, intrinsic requirement is the stability of a sensitizer. Secondly, a sensitizer is 

required to be soluble in polymer matrix to result well dispersion. The third requirement is that 

sensitizers do not interrupt energy release pathways from matrix to fluors. Metal oxides 

nanoparticles are thus proposed as an alternative embodiment for the above elements. Especially, 

soluble Gd2O3, HfO2, and Bi2O3 nanoparticles are prepared through solvent thermal 

decomposition process, and modified via ligand exchange. Their morphology, size distribution, 

composition, crystallinity and optical properties are carefully examined, which led to the 

confirmation of the desired materials. Thus the aforementioned nanoparticles are readily 

incorporated into polymer matrices towards nanocomposite scintillators. In addition, several 

organometallics are investigated, among which, Lead(II) 2-ethylhexanoate and Lead(II) 

methacrylate are preferred to be applied as sensitizers in composite scintillators  

By reviewing current techniques to incorporate nanoparticles into polymers, a new strategy to 

prepare a transparent monolith with high loading of HfO2 Nanoparticles via UV curing is 

proposed, and the as-prepared nanocomposites have been carefully examined to prove the 

surface-catalyzed polymerization approach feasible toward nanocomposites with well dispersed 

NPs. Aforementioned luminescent compounds as matrix materials / fluors are employed to 
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fabricate plastic scintillators via a thermal curing process, and their light yield are evaluated. A 

variety of combinations of high-Z sensitizers and organic luminescent materials were evaluated 

for the nanohybrid composites. The photophysics of gamma ray scintillation in such composites 

were further investigated both from fundamental science and experimental evaluations. Plastic 

scintillators as well as composites scintillators have been prepared for radiation detection 

measurements. The plastic scintillators show the best light yield of ~46,000 photons / MeV, 

which is over 4 times than commercially available plastic scintillators. The best primary light 

yield measured from the composites scintillators (loaded with triphenylbismuth) was as high as 

26,300 photons / MeV, which is 5 times higher than the best values obtained from commercial 

available lead loaded scintillators. Photoelectric peak for Cs-137 gamma was obtained, with an 

energy resolution of 10%. Scintillators based on nanocomposites with 40 wt% Gd2O3 

nanocrystals are also demonstrated. It achieves light yield around 21000 photons / MeV, and 

energy resolution of 11% for Cs-137 gamma. Larger samples with better light yield have been 

subjected to gamma pulse height spectrum. We also synthesized nanocomposites scintillators 

with high light yield for neutron scintillation measurements.  

6.2 Perspectives  

Light yield, response time and stopping power are key parameters for scintillators. The efforts of 

this dissertation have addressed both issues on light yield and stopping power. The proposed new 

materials would potentially open up future applications of plastic and/or composite scintillators. 

Future work will be focused on the following subjects: 

1) The emission of plastic scintillators. Commercially available plastic scintillators mainly emit 

at blue region, which fits the coupled PMT sensitive in blue. The TFS based scintillator however, 
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emits in the green region. For the best performance, a green enhanced PMT is required to be 

coupled which is pricier over 10 times than regular PMT in average.  It will be a severe market 

barrier once this scintillator is facing commercialization.  Current research on DFS and/or new 

fluors focused on the blue emission of scintillators is essential to overcome the problem.  

2) The scintillation mechanism. Although scintillation mechanism has been clearly illustrated 

since last century, it is still of interest to look into the detailed mechanism in these new materials. 

Especially the deep reasons for the high light yield are not fully rationalized. With the recent 

advance in photophysics theory and instrumental, it is optimistic to expect deep understanding of 

these mechanisms, which may be applied to predict future development of even advanced 

materials. 

3) Triplet harvesters. It is reported that upon irradiation, excitations existing in the form of triplet 

and singlet have the ratio of 1:1. It would be feasible to improve light yield of scintillators by 

introducing these triplet harvesters. Their energy transfer characteristics will results in various 

requirements that bring in new challenges for materials developments.  

4) The nanocomposites. The work in this dissertation has already shown possibility of 

nanocomposites used for scintillations. The future work would address the entire flow of 

nanocomposites design, from material selection to synthesis techniques. Especially, efforts would 

be put into the interaction between matrix and fillers. It is reasonable to expect that new types of 

materials developed with superior performance, not limited in scintillators applications.  
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