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Chapter 7
Molecular Design Considerations for Different
Classes of Organic Scintillators

Patrick L. Feng

Abstract The purpose of this chapter is to review the distinguishing characteristics
of different classes of organic scintillators with respect to the performance require-
ments of typical use cases. Discussion of the relevant physical and photophysical
parameters will be provided in the context of the rational design of radiation detec-
tion materials. A partial list of these properties is as follows: scintillation light yield,
emission wavelength and anisotropy, timing characteristics, ionizing particle dis-
crimination, optical attenuation length, mechanical and environmental robustness,
detector volume, and cost. Material design considerations relative to these proper-
ties is one of the main objectives of this Chapter.

Aromatic materials can produce scintillation light in response to ionizing radia-
tion. This characteristic has been observed in crystalline, liquid, and amorphous
scintillators, owing to a process that includes ionization recombination, population
of excited electronic states, and radiative de-excitation. Organic scintillators from
each category are employed today to satisfy the specific requirements of a wide
range of applications.

The photophysical and scintillation properties of molecules used in organic scin-
tillators vary across a wide range. This has resulted in over 70 years of research
aimed at developing scintillators that possess specific physical and scintillation
characteristics. In 1956, Sangster and Irvine Jr. published an in-depth survey de-
scribing the scintillation properties of more than fifty organic molecular crystals [1].
This work was significant since it described several important considerations that
continue to govern contemporary scintillator development efforts: (1) the scintilla-
tion efficiency is dependent upon the electronic structure and fluorescence proper-
ties of the constituent molecules, (2) the orientation, shape, and steric properties of
the molecule impact the mechanisms of energy transfer giving rise to scintillation,
(3) the scintillation efficiency is sensitive to defects and the presence of molecular
impurities. Later studies also addressed practical considerations such as detector
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fabrication/scale-up and the relationship between molecular structure and mechan-
ical properties. These categories provide a general framework from which to ap-
proach the development of improved organic scintillators.

7.1 Design Considerations for Crystalline, Plastic, and Liquid
Scintillators

7.1.1 Background on Scintillation Mechanisms

The first organic scintillator was discovered in 1947, when Kallman reported that
single crystals of naphthalene! produced light in response to gamma rays [2, 3].
Anthracene and trans-stilbene crystals were later evaluated and found to exhibit
similar behavior, yet with a much higher light output response [4, 5]. These obser-
vations established the generality of scintillation response in fluorescent organic
compounds. In consideration to this finding, the uniform composition and structural
order of organic single crystals provided an excellent platform from which to study
basic scintillation phenomena. This allowed for systematic studies on the effects of
chemical and structural variation. One example is the planar series benzene-naph-
thalene-anthracene. Another example constitutes the para-polyphenyl series: bi-
phenyl, p-terphenyl, and p-quaterphenyl. In these examples, the scintillation effi-
ciency was found to relate to extent of charge-separation and the corresponding
electron transition probabilities, with the more conjugated and larger molecules be-
ing more efficient scintillators [1]. Following the initial reports of scintillation in
molecular organic crystals, it was later discovered that crystals of frans-stilbene
could also be used to discriminate between different particle types based on the
kinetics of the scintillation pulse, i.e. the method of Pulse-Shape Discrimination
(PSD). While methods for the measurement of PSD is discussed in detail elsewhere
(see Chap. 2, 5 and 10), the photophysical processes involved in this capability will
be described herein [6-8].

All organic scintillators undergo the same primary processes of excitation and
ionization that precedes scintillation light generation. According to seminal work
by Birks and others, this includes four processes: (1) excitation into excited m-elec-
tron singlet states, (2) ionization of m-electrons, (3) direct excitation of c-electron
and carbon 1s electron excited states, and (4) ionization of electrons other than z-
electrons [9]. Processes (1) and (2) account for the scintillation yield, with the ma-
jority of light being produced through process (1). Nonradiative pathways (3) and

! Topological representation and key information of these molecules is given in the Appendix section at the end of the book.
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(4) do not contribute to scintillation emission but are instead associated with relax-
ation via thermalization and molecular damage, respectively. Thus, only the radia-
tive processes (1) and (2) will be discussed here.

Although processes (1) and (2) involve complex theoretical underpinnings that
depend on the specific organic medium, it is important to note that nearly the en-
tirety of all organic scintillator developments can be summarized into the optimiza-
tion of these two light production pathways.

7.1.2 Process (1): Direct Excitation into n-Electronic States

7.1.2.1 Process (1): Direct Excitation in Molecular Crystals

In primary (single-component) scintillators such as molecular crystals, process (1)
occurs with an efficiency that is roughly proportional to the fraction of aromatic ()
electrons in the molecule and the fluorescence quantum yield (®y). This explains
why the scintillation light yield of the polyphenyl series benzene, naphthalene, an-
thracene, progressively increases in accordance with the respective quantum yields
[1]. The Stokes shift is another parameter that must be considered in molecular
crystals, due largely to the single-component nature of these scintillators. The
Stokes shift is defined as the difference between maximum positions of the absorp-
tion and emission spectra corresponding to the same electronic transition (a formula
is given in Chap. 1). A more precise description of this consideration from the per-
spective of scintillator design is the extent of spectral overlap between the electronic
absorption and emission spectra. A nonzero spectral overlap will lead to radiative
self-absorption, which has several detrimental effects: (1) size-dependent scintilla-
tion light yield, (2) shifts in the emission spectrum as a function of interaction po-
sition, also known as the ‘inner filter’ effect, (3) slowing down/smearing of the scin-
tillation timing characteristics. One exception to these observations is to introduce
an acceptor molecule to reduce or eliminate the spectral overlap. This can be ac-
complished in crystals by co-crystallizing structurally similar yet photophysically
distinct dopant molecules. An example is a mixed crystal of trans-stilbene and 1,2-
diphenylacetylene, which leads to a larger effective Stokes shift due to energy trans-
fer from the 1,2-diphenylacetylene donor to the frans-stilbene acceptor molecules
[10]. However, wavelength-shifted molecular crystals are rare due to the lack of
suitable dopants that possess the required structural and electronic properties to be
co-crystallized at uniform concentration in the sizes required for practical scintilla-
tors. The next two sections describe the practical application of this concept to
multi-component solid and liquid scintillator matrices, respectively.
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7.1.2.2 Process (1): Direct Excitation in Multi-component Solid-state
Scintillators

In high-viscosity multi-component scintillators such as plastics and organic molec-
ular glasses, process (1) also occurs but with additional energy transfer steps be-
tween the n-electron singlet excited states. These processes are dominated by non-
radiative (i.e. Forster Resonance Energy Transfer, FRET, see also Chap. 5) but also
includes radiative energy transfer via light absorption and re-emission. FRET in-
volves the transfer of excited-state electronic energy from a donor molecule to an
acceptor molecule according to a dipole-dipole coupling mechanism [11]. This pro-
cess is well-known and proceeds according to the Forster equation:

1
E =T /Ry 7
with Ry being the distance between a donor and acceptor molecule at which the
energy transfer efficiency is 50 %, also known as the Forster distance. Large Forster
distances are associated with donor-acceptor pairs that exhibit efficient energy
transfer. The Forster distance depends on several factors according to the following
equation:

2.07 K2Qp
= 4
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where Op is the fluorescence quantum yield of the donor in the absence of the ac-
ceptor, x° is the dipole orientation factor, # is the refractive index of the medium,
N, is the Avogadro constant, and J is the spectral overlap integral. « is given by:

K :.aA'.aB_3(ﬁD ﬁ)(ﬁAﬁ) 7.3

where fip, is the normalized transition dipole moment of each fluorophore, and R
denotes the normalized inter-fluorophore displacement. Typically, k?is assumed to
be % for systems where the donor and acceptor molecules are freely rotating and
considered to be isotropically oriented during the excited-state lifetime. This is true
in matrices that comprise liquids, amorphous plastics, and molecular organic
glasses. Returning to Eq. (7.2) above, the integral [ Fp,(1)e,4(1) A*dA is associated
with the spectral overlap integral, J according to:
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where fp is the donor emission spectrum, f;, is the donor emission spectrum nor-
malized to an area of 1, and ¢4 is the acceptor molar extinction coefficient.
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The FRET efficiency not only governs the steady-state emission characteristics,
but also directly controls the emission timing properties according to Eq. (7.5):
kgr = (R°>6 ! 7.5
ET =\ - .

where kg is the rate of energy transfer from the donor to acceptor and 7p is the
fluorescence lifetime of the donor. The donor-acceptor energy transfer rate (kgr)
controls the fluorescence/scintillation rise-time (z,is.), Whereas the acceptor decay
time (z4) controls the fluorescence/scintillation decay time (zep).

With reference to the processes and equations discussed above, it is possible to
come up with a set of generalized design rules guide the development of high light
yield multi-component organic scintillators (Table 7.1). To this end, Berlman tabu-
lated the photophysical characteristics of a large number of donor and acceptor mol-
ecules, including the Forster Distance (Ry), fluorescence lifetime, and quantum yield
[12, 13]. Adadurov et al. performed simulations using these parameters in the above
equations to optimize the composition of a plastic scintillator based on polystyrene
and 1,5-bis(2-(5-phenyloxazolyl)-benzene (POPOP) [14]. The results showed the
effect of wavelength shifter concentration on the light yield and optical attenuation
length, as shown in Fig. 7.1.
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Table 7.1 Summary of relevant photophysical parameters contributing to the design of high light-

yield multi-component organic scintillators

Parameter Descrip- Design Cri-

Parameter Symbol tion teria Rationale Strategy

E FRET Energy~ Maximize Imprgve sqntllla- (See parameter entries be-
Transfer Efficiency tion light yield low)

Ro Forster Distance  Maximize Increase E (See parameter entries be-

low)

Qv Dgnor Quantum Maximize Increase Ro and E Select hlghly fluorescent
Yield host matrix

c Acceptor oscillator Maximize Increase Spectral ~ Ensure large acceptor os-
A strength Overlap cillator strength
Match donor emission
f Qp(M)ea (D) A*dASpectral Overlap  Maximize Increase Roand E  and acceptor absorption
spectra

Impose isotropic molecu-

2 Orientation Factor Maximize Increase Roand E . .
lar orientations

K

f £4(W)ex (D) A*dA Self-Absorption  Minimize Long optical attenu-Maximize acceptor

ation length Stokes’ shift
Donor scintillation , . . . Increase Ro, fast Select donor that has
™ . Minimize . . I,
decay time rise-time short emission lifetime

Acceptor scintilla- Select acceptor that has

™ tion decay time Minimize  Fast decay time short emission lifetime
Select highly fluorescent
Acceptor Quantum o Increase scintilla-  acceptor(s) (i.e. primary
Qa Yield Maximize tion light yield and secondary fluoro-
phores)

One notable characteristic of plastic scintillators is that their light yields are
lower than the brightest molecular crystals and liquid scintillators by ~ 50 % and
~ 20 %, respectively [15, 16]. This is due in large part to the finite donor quantum
yields and maximum achievable FRET efficiency of existing polymer hosts re-
ported to date. Liquid scintillators also possess this limitation but are generally more
efficient than plastics due to an enhancement in the energy transfer efficiency via
molecular diffusion.

7.1.2.3 Process (1): Direct excitation in Liquid Scintillators

In low-viscosity multi-component materials such as liquid scintillators, the mecha-
nisms of energy transfer in liquids is similar to that of high-viscosity media such as
plastics and glasses but is also influenced by translational diffusion (D). The solvent
viscosity controls the diffusion rate to establish a displacement distance (Rp) that
occurs on the FRET timescale. The donor-acceptor energy transfer efficiency in
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liquid solutions thus depends on the relationship between the Forster radius (Ro) and
the displacement distance (Rp). In other words, shorter Ry distances may be over-
come by fast diffusion via low viscosity/large Rp, and vice versa. This relationship
has been demonstrated in prior work, whereby the solvent viscosity was shown to
modulate the efficiency of fluorescence energy transfer [17]. This effect was re-
vealed by studying different donor-acceptor pairs that were subject to cooling or
solvent substitution. A summary of the parameters and design considerations con-
trolling the efficiency of donor-acceptor energy transfer in liquids is provided in
Table 7.2.

7.1.2.4 Summary of Process (1) Effects

The impact of process (1) to the above material categories may be summarized by
the following generalizations:
—  Organic single crystals exhibit the highest scintillation light yields due to
high fluorescence quantum yields.
—  Multi-component scintillators provide superior optical attenuation lengths
due to reduced absorption/emission spectral overlap, as enabled by FRET.

No crystalline, liquid, or plastic scintillator provides an ideal solution towards
high light-yield and long attenuation length scintillators, due to the requirements for
direct m-excitation (process (1)). Consequently, a key objective constitutes a multi-
component scintillator that has high donor fluorescence quantum yield and efficient
donor-acceptor FRET.

We may now turn our attention to process (2) to complete the description of
light-generation pathways in organic scintillators.

Table 7.2 Summary of photophysical parameters contributing to the design of high light-yield
liquid scintillators. Liquid scintillators are generally categorized as multi-component and low
viscosity materials

Parameter Sym- Parameter Descrip- Design Crite-

bol tion ria Rationale Strategy
Increase diffusion rate Select low-viscosity li
n Solvent Viscosity Minimize (D) and displacement .~ . . ty 4
uid scintillator matrix
(Rp)
D Diffusion constant Maximize  Increase Rp Select low-viscosity lig-
uid scintillator matrix
Ro Displacement dis- Maximize Relaxes requirement S.elect.loyv-v1sc031t){ lig-
tance of large Ro value uid scintillator matrix

. Increase efficiency of
Forster Resonance .. .. L.
FRET Maximize radiation emission on
Energy Transfer e
diffusion timescale

Increase Forster Distance
(Ro) (See Table 7.1)
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7.1.3 Process (2): Overview of Direct lonization and
Recombination of rn-states

While the majority of scintillation light output (e.g. ~ 80 %) occurs due to excitation
into excited m-electron singlet states via process (1), ionization of n-electrons via
process (2) contributes to an important part of the light pulse that is essential for
applications that require particle discrimination. Following ionization of m-elec-
trons, ion recombination leads to the population of both singlet and triplet excited
states with a %4 and % ratio, respectively. The excited singlets produced by process
(2) decay in accordance with the fluorescence decay time and add to the prompt
scintillation response produced by process (1). The triplet excited states formally
cannot decay to the ground state due to spin-parity selection rules and may either
thermalize or annihilate with another excited triplet if the excitation density is suf-
ficiently high. The latter process is called Triplet-Triplet Annihilation (TTA). TTA
accounts for the delayed part of the scintillation response and enables pulse-shape
discrimination (PSD) techniques to be used.

The efficiency of TTA depends on the mobility and lifetime of the triplet excited
states, which correlates closely with the molecular structure and electronic proper-
ties of the scintillator. TTA occurs via Dexter energy transfer via triplet wavefunc-
tion overlap and is described by Eq. (7.6).

—2r
kgr < Jexp [T 7.6

In this equation, kgt is the Dexter energy transfer rate, J is the spectral overlap inte-
gral for triplet states,  is the separation between donor and acceptor, and L is the
sum of the Van der Waals radii of the donor and acceptor. kgt determines the effi-
ciency at which TTA can occur, which in turn controls the quantity and kinetics of
the delayed scintillation response. Due to the exponential distance dependence in
Eq. (7.6), Dexter energy transfer/TTA is a short-range process that is operative at
distances of less than 1 nm. This contrasts with the dipolar FRET mechanism that
occurs at longer distances of 1-10 nm. Consequently, TTA is more sensitively im-
pacted by the presence of impurities, disorder, or other defects. The relative impact
of these considerations will be discussed in the following sections for different clas-
ses of organic scintillators.

7.1.3.1 Process (2): Direct Ionization and Recombination in Molecular
Crystals

There are several considerations that impact the probability for Dexter energy trans-
fer via TTA in organic molecular crystals. The most fundamental considerations are
the electronic structure of the organic compound constituting the crystal. A wide
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variation in PSD capability was reported in work by Galunov et al. and Hull et al.
for a diversity of organic crystals.[add references from comment at right] However,
there are additional factors that impact the TTA efficiency in crystals of a particular
compound. These considerations principally include the compositional purity, de-
gree of crystallographic order, and symmetry effects. These properties also affect
the electronic properties of the system, namely the presence of triplet trap levels that
reside between the HOMO and LUMO of the pure host material.

Purity

Efforts to improve the PSD capabilities of organic crystals have generally focused
on decreasing the triplet exciton trap density via extensive purification and higher
structural perfection. Arulchakkaravarthi studied the scintillation properties of melt-
grown trans-stilbene crystals of varying degrees of structural order, as assessed by
X-ray rocking curve analysis [18]. This study found that an increased concentration
of low angle grain boundary defects decreased the amount of delayed fluorescence
and consequently led to poorer PSD. In subsequent work, solution-grown trans-
stilbene crystals were found to possess better pulse-shape discrimination properties
than melt-grown trans-stilbene, owing to a higher degree of structural perfection
and more efficient TTA [19]. Solution crystal growth methods impose fundamental
limitations on the growth rate and mechanical toughness of the crystal (see section
7.1.4.1), which in turn influences the maximum practical crystal size, production
yield, and cost.

Mixed Crystals

An exception to the ‘purer is better’ approach outlined above comprises co-crystal-
lization of two structurally similar molecules that possess different electronic prop-
erties. For example, Zaitseva et al. investigated the scintillation properties of mixed
single crystals [10]. 1,2-Diphenylacetylene (‘DPAC’) was co-crystallized with
trans-stilbene (‘stilbene’) at concentrations of 2-55 %. It was discovered that TTA
was nearly completely suppressed for a 98:2 crystal of DPAC:stilbene, as might be
expected due to the presence of a sufficient trap density to quench the triplet exci-
tons required for TTA. However, TTA was restored in a 63:37 DPAC:stilbene co-
crystal such that the PSD capabilities of the mixed crystal exceeded either of the
pure constituent crystals. This surprising result was attributed to a sufficient con-
centration of deep traps in the crystal to facilitate efficient trap-to-trap hopping
above the triplet percolation threshold. This result is consistent with earlier work by
Robinson, who reported that TTA is maximized in systems that contain a low con-
centration of shallow traps or a high concentration of deep traps [20]. The distinc-
tion between shallow and deep in this context refers to the trap depth with respect
to the LUMO and the relative thermal energy of the radiationless transition (£T).
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Crystallographic Symmetry

Another strategy that has been employed to increase the efficiency of TTA involves
the molecular design of scintillators that crystallize in high-symmetry space groups.
As stated previously, TTA is dependent upon the concentration, lifetime, and mo-
bility of triplet excitons. The triplet concentration is established by the ionization
event itself, whereas the triplet lifetime is controlled by the electronic properties of
the triplet state and purity of the crystal. The remaining factor, triplet mobility, is a
second rank tensor property that is intrinsically symmetry dependent [21]. Higher-
symmetry systems exhibit greater triplet mobility relative to their low-symmetry
analogs, as previously reported for a series of naphthalene- and salicylate-based or-
ganic crystals [22]. In that work, efficient TTA and excellent PSD were observed in
crystals of higher symmetry analogs of monoclinic compounds that do not them-
selves exhibit PSD. Density-functional theory calculations revealed that the inter-
molecular triplet-excitation energy transfer interactions in a trigonal naphthalene
crystal were more than twelve times larger than its lower-symmetry monoclinic an-
alog.

Other studies confirm the role of symmetry on the magnitude and angular de-
pendence of the transport mobility. Vehoff et al. studied the charge-transporting
properties of crystallographic polymorphs of benzo[1,2-5:4,5-b"]bis[b]benzothio-
phene, whereby an order-of-magnitude larger charge transport mobility was ob-
served for the 3-dimensional versus 1-dimensional molecular network [23]. Sepa-
rately, the effect of crystallographic symmetry upon the scintillation light yield and
PSD anisotropy was evaluated [24, 25]. Angular-dependent neutron measurements
on monoclinic trans-stilbene crystals revealed uncorrelated angular dependencies
for the light output and PSD performance. The extent of variation was ~ 20 % in
light output and ~ 10 % in PSD from respective minimum to maximum (Fig. 7.2)
[24, 25].

Another property related to symmetry and triplet transport is the percolation
threshold. This threshold is a mathematical property that describes the concentration
of a dopant or impurity at which an infinite cluster appears for the first time in an
infinite lattice. A visual example of the percolation threshold is provided for a 2D
square lattice in Fig. 7.3. In this figure, the percolation threshold corresponds to the
site occupancy at which connectivity throughout the system is achieved. This con-
centration is X = 0.6 for a 2D square lattice. Table 7.3 provides the percolation
thresholds for different crystal lattice types, where X refer to the dopant concentra-
tions at which percolation transport is enabled [26]. From these data, it is clear that
percolation thresholds are lowered in high-symmetry structures, which relaxes the
minimum crystal purity and structural order requirements that are needed for TTA.
The highest symmetry face-centered cubic (fcc) lattice type corresponds to the low-
est percolation threshold concentration due to the largest number of spatially degen-
erate states. Unfortunately, 80 % of known organic crystals are triclinic or mono-
clinic, with less than 0.1 % of known organic crystals belonging to cubic space
groups.
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Fig. 7.2 Anisotropy of a the light output and b pulse shape parameter for 10 MeV recoil protons
plotted relative to the crystal axes of trans-stilbene (reproduced from [24] with permission from
Elsevier)

X=01 X=0.3 X=0.6

Fig. 7.3 Percolation in a 2D square lattice with occupation probabilities of X = 0.1, 0.3, and 0.6,
respectively. Percolation occurs through the lattice at X 2 0.6 (reproduced from [27] with permis-
sion from Elsevier)

Considering this limitation, crystal engineering was evaluated as a strategy to
high-symmetry organic scintillator crystals [22]. In 2013, Feng and Foster designed
three-fold symmetric organic molecules intended to serve as a structure-directing
element for the C; symmetry element that is present in trigonal, hexagonal, and
cubic crystal systems. Fluorescent naphthalene and salicylic acid chromophore
groups were attached to a non-luminescent trialkoxyamine core structure, leading
to high-symmetry versions of monoclinic naphthalene and salicylic acid crystals.
The result was a ‘turning on” of PSD capabilities through enhanced triplet excitation
energy transfer, as shown in Fig. 7.4. Density-Functional Theory calculations veri-
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Table 7.3 Percolation threshold values for different crystal lattice types [26]

Dimension Lattice Type Site Threshold Value (X)
2 Triangle 0.500
2 Square 0.593
2 Honeycomb 0.698
3 Face-centered cubic 0.198
3 Body-centered cubic 0.245
3 Simple cubic 0.311
3 Diamond 0.428

fied a twelve-fold increase in triplet-triplet exchange interactions for tris(1-naph-
thyloxy)triethylamine, when compared to its low-symmetry parent compound naph-
thalene.

The three methodologies outlined above (purity, mixed crystals, crystallographic
symmetry) represent proven strategies towards improved PSD in crystalline organic
scintillators. However, all of these approaches are associated with scientific and
practical challenges that generally constrain the use of organic crystals to small-
scale applications with scintillator volumes of a few cubic inches or less.

7.1.3.2 Process (2): Direct Ionization and Recombination in Plastic
Scintillators

The first plastic scintillators were reported in 1950 by Schorr and Torney and have
progressed over the intervening decades to meet the need for low-cost, large-scale,
and/or mechanically robust organic scintillators [28 and Chap. 1]. However, even
after more than seventy years of development, the scintillation light yield and PSD
properties of commercial plastic scintillators remain inferior to liquid and crystal-
line scintillators. The reasons for the lower scintillation light yield are related to
limitations in process (1), i.e. the FRET energy transfer efficiency. The present sec-
tion is concerned with a discussion of the reasons for inefficient process (2) energy
conversion that is the root cause of the limited PSD properties of plastics.

Plastic scintillators are based upon an aromatic-containing polymer base in
which fluorescent solutes are dissolved (or sometimes covalently linked to the pol-
ymer chain). Polystyrene (PS) and poly(vinyltoluene) (PVT) are the most com-
monly used polymers, due to their high aromatic content, low cost, and favorable
thermomechanical properties. These host matrices are linear polymers that are char-
acterized as glassy thermoplastics. Thermoplastic behavior refers to a change in
physical properties (e.g. hardness and flow characteristics) above its glass transition
temperature without an associated phase change. This behavior is associated with
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Fig. 7.4 Comparison of the neutron/gamma PSD properties of low-symmetry crystals naphthalene
(top left) and salicylic acid (top right) with their high-symmetry trialkoxyamine analogs (bottom
left and bottom right), respectively (reproduced from [22] with permission from IEEE)

the high molecular weight of PS and PVT used in scintillators, which leads to en-
tanglement of the long polymer chains. Chain entanglement is favorable for pro-
moting good mechanical strength and isotropic optical properties, but it also results
in polydispersity with respect to chain length and molecular orientations.
Polydispersity leads to a broad distribution of molecular environments that in-
troduces significant disorder and exciton trapping sites. Chen et al. performed den-
sity-functional theory calculations of polystyrene to assess the effect of disorder
upon the electronic properties of polystyrene [29]. Those findings revealed that
morphological disorder leads to the formation of shallow and deep traps near the
band edges of the polymer. This accounts for a significant triplet exciton deactiva-
tion pathway due to the intrinsically disordered nature of polystyrene. Another po-
tential triplet trapping pathway comprises excimer formation in PS and/or PVT. Ex-
cimers are excited state dimers that form between identical aromatic molecules due
to m-w orbital overlap. Polystyrene is known to exhibit monomer as well as excimer
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emission depending on the polymerization method and thermal history [30-32]. Ex-
cimer formation and TTA have been shown to be competitive in aromatic materials
since both pathways serve to depopulate triplet excited states [33-36]. As a result,
conventional plastic scintillators based on linear PS and PVT exhibit minimal de-
layed fluorescence due to TTA and are not capable of any significant PSD.

PSD Plastics

In 1960, Brooks overcame the constraints of triplet trapping in plastic scintillators
by incorporating higher concentrations than usual of naphthalene or 4-isopropylbi-
phenyl in PVT [37]. This behavior has been explained by a similar mechanism as
described for mixed organic crystals, namely the introduction of dye molecules to
facilitate TTA via trap-to-trap hopping transport [10]. In light of this ground-break-
ing result, it is surprising that no subsequent work was published on PSD plastics
for a period of more than fifty years. This may be due to the limited stability of
dissolved small molecules such as naphthalene and 4-isopropylbiphenyl in PVT. In
2012, Zaitseva et al. reported efficient PSD in PVT plastic scintillators that were
loaded with 2,5-diphenyloxazole (PPO) at concentrations of up to 30 wt% [38]. The
best PSD performance was comparable to EJ-301 liquid and was achieved for the
highest attainable PPO loading of 30 wt%. Initial results indicated that PPO was
less susceptible to recrystallization in PVT than other studied molecules such as
naphthalene, although later work showed that PPO recrystallization could still occur
under ambient conditions [37, 39]. Recrystallization occurred due to the high mo-
lecular mobility of PPO in the plasticized PVT matrix, as reflected by the low glass
transition temperatures and soft/rubber-like physical characteristics at room tem-
perature [40]. Cross-linking or the co-polymerization of monomeric PPO com-
pounds in PVT were found to be effective in improving the physical characteristics
and suppressing PPO recrystallization, although both of these strategies have prac-
tical implications for cost, production throughput/yield, and long-term stability [41,
42].

Subsequent work investigated highly soluble small-molecule alternatives to PPO
[43], including functionalized p-terphenyl and fluorene derivatives [44]. However,
results to date show that PPO loading yields the best PSD capabilities [39].
Grodzicka-Kobylka et al. [45] and Sénoville et al. [46] both compared the PSD and
light yields of commercial PSD plastic scintillators (Eljen Technology EJ-299-
33(G), EJ-299-34(G), and their replacement EJ-276) against EJ-301 liquid scintil-
lator. The results reveal light yield and neutron/gamma PSD discrimination proper-
ties that lag behind EJ-301 across the measured energy range. These limitations
provide a motivation for continued scintillator development efforts.

7.1.3.3 Process (2): Direct Ionization and Recombination in Liquid
Scintillators
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The mechanism for TTA in liquid scintillators is different from the solid-state ma-
terials discussed above in that it involves fast molecular diffusion. Diffusion enables
the minimum primary fluorophore concentration in liquids to be low, on the order
of 2 wt% for typical scintillation mixtures based on aromatic liquids such as 1,2,4-
trimethylbenzene (pseudocumene). This primary fluorophore concentration is
roughly an order of magnitude less than in plastic scintillators. At this concentration,
the triplet excited state lifetimes and molecular diffusion rate are large enough to
facilitate efficient bimolecular recombination via TTA. However, the diffusion rate
is inversely proportional to the viscosity and molecular size according to the Stokes-
Einstein given in Eq. (7.7),

kyT

D= 7.7
6mrn

where D is the diffusion coefficient, kg is the Boltzmann constant, r is the radius of
a moving particle, and # is the solvent viscosity. It is clear from this relationship
that TTA cannot be enhanced by fast diffusion in high-viscosity solid-state scintil-
lator matrices as it is for liquids. Another property of liquid scintillators that reflects
the role of fast diffusion towards TTA pertains to the effect of dissolved oxygen.
Liquid scintillators must be rigorously deoxygenated since the paramagnetic nature
of O, quenches triplet excited states. The rate of quenching is competitive with TTA
and results in the loss of PSD capabilities for solutions exposed to oxygen from the
atmosphere. Liquids thus possess strict packaging requirements to prevent oxygen
ingress and/or solvent egress.

Based on the above considerations for crystals, plastics, and liquids, the ideal
organic scintillator matrix is one that has a high fluorescence quantum yield in the
ultraviolet range, is molecularly monodisperse, packs isotropically, and is high vis-
cosity/solid-state. These attributes refer specifically to the photophysical and energy
transfer properties. We may now turn to a discussion of the physical and mechanical
properties of different organic scintillators.

7.1.4 Physical and Mechanical Properties of Different Classes of
Organic Scintillators

7.1.4.1 Crystallographic Structure Effects in Molecular Crystals

A characteristic of crystalline organic scintillators is that virtually all known exam-
ples crystallize in monoclinic space groups in a herringbone or double herringbone
configuration. This commonality supports systematic comparison studies but im-
poses restrictions on properties that are symmetry-dependent. Second-rank tensor
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properties are intrinsically symmetry-dependent and include mobility, thermal con-
ductivity, and thermal expansion coefficient, among others. Indeed, the TTA mo-
bility was discussed in the preceding section for low-symmetry versus high-sym-
metry versions of organic crystals [22]. Stress and strain response are also second-
rank tensors, which relates to physical properties such as hardness and fracture
toughness.

Prior work has established the relationship between the solid-state packing and
the mechanical properties of molecular crystals [47]. The core design requirement
for optical materials such as scintillators is that the applied stress (force/unit area)
must not exceed the strength of the crystals; otherwise, it leads to deformation or
fracture failure. Most organic crystals, including scintillators such as anthracene and
trans-stilbene, exhibit brittle behavior. This is characterized by failure due to frac-
ture rather than by plastic deformation. In anthracene and trans-stilbene, fracture
preferentially occurs along the basal crystallographic cleavage plane in response to
thermal or mechanical stresses that exceed the crystal’s yield strength. One mitiga-
tion to this failure mode involves enhanced fracture toughness via plastic flow. This
concept was first theorized by Tresca in 1864 and later developed into a classical
theory by Prager and Hill. Their work indicates that plastic flow occurs in molecular
crystals via the movement of edge dislocations and grain boundaries [48-50]. In-
deed, high dislocation densities in metals and organic crystals have been shown to
increase the ductility and fracture toughness of the crystal [51, 52]. Conventionally-
grown Bridgman trans-stilbene crystals have been shown to have a high density of
edge dislocations and low angle grain boundaries, which toughens the crystal rela-
tive to a more defect-free specimen grown via the selective-self seeding vertical
Bridgman technique (SSVBT) or solution-growth methods. Unfortunately, the pres-
ence of dislocations and low-angle grain boundary defects have been shown to neg-
atively impact the scintillation properties due to disruption of intermolecular dipolar
and electronic exchange interactions [18, 53]. This observation reveals a trade-off
between the scintillation performance of trans-stilbene single crystals and their sus-
ceptibility to failure due to fracture. To demonstrate this point, we may consider
solution-grown trans-stilbene. Crystals grown by this method have been shown to
provide the highest scintillation performance, owing to their high degree of compo-
sitional and structural uniformity [19]. However, solution-grown trans-stilbene
crystals are susceptible to mechanical and thermal shocks, as evidenced by a maxi-
mum manufacturer-recommended thermal gradient of no more than 10 °C/hour and
5 °C/hour for 1” x 1” and 2” x 2” cylinders, respectively [54].

7.1.4.2 Physical Properties of Plastic Scintillators
Three of the key physical limitations of organic crystals can be summarized as: an-

isotropic optical/mechanical properties, brittle characteristics, and difficulty in scal-
ing to large sizes. These issues are essentially overcome in plastic scintillators due
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to a disordered arrangement of covalently-bonded polymer chains. The random tan-
gling of polymer chains used in plastic scintillators results in amorphous character
with no preferred molecular orientations. This attribute leads to an isotropic refrac-
tive index, which is desirable to achieve uniform detector response and light collec-
tion from bulk scintillator elements. The combination of inter-chain entanglement
and the covalent nature of polymer bonds also leads to mechanically robust materi-
als. This is reflected in glass transition temperatures that are significantly above
room temperature (e.g. ~ 95 °C for PVT) and mechanical properties that are suitable
for large-scale or structural applications [55]. Furthermore, commercial plastic scin-
tillators are produced using thermally-induced radical polymerization of liquid
monomer, which is amenable to large-scale production and the incorporation of
functional additives such as primary fluorophores and wavelength shifters (see
Chap. 1 for more information on the preparation of plastic scintillators).

However, the use of polymers introduces a different set of limitations not ob-
served in crystalline or liquid materials. For example, chain entanglement intro-
duces microscopic void volumes due to packing inefficiencies. This has conse-
quences for applications that are subject to atmospheric moisture and/or gaseous
radioactive isotopes. In outdoor deployments such as in radiation portal monitors,
water vapor diffuses into plastic scintillators, which leads to temporary and perma-
nent ‘fogging’ following changes in the ambient temperature [56-59]. Similarly,
radioactive noble gases produced by nuclear explosions and subject to monitoring
within the Comprehensive Nuclear-Test-Ban Treaty (CTBT), may diffuse into plas-
tic scintillators. This leads to an undesired ‘memory effect’ that comprises a rising
background level over time [60, 61].

Triplet trapping and the loss of PSD capabilities is another issue with plastic
scintillators, as discussed above. This constraint may be mitigated by adding high
concentrations of a primary dye, although this plasticizes the matrix and results in
soft/‘rubber-like’ properties. For example, incorporating PPO at concentrations of
15-30 wt% in PVT leads to mechanically deformable materials that possess glass
transition temperatures that are near or below room temperature [40, 62]. Lim et al.
reported an 88 % reduction in the 25 °C Shore D hardness for PVT-based scintilla-
tors loaded with > 20 wt% of PPO [40]. Cross-linking to produce a thermo-set pol-
ymer has been effective in increasing the mechanical hardness at high dye concen-
trations, although cross-linked samples retain low glass transition temperature (T,)
values and high attendant molecular mobility/diffusion of dissolved dye molecules
[62, 63]. Diffusion of the dissolved scintillator constituents over time may lead to
degradation of the scintillation light yield and PSD properties over time [64].

7.2 Future Opportunities

The preceding sections describe the advantages and limitations of different classes
of organic scintillators. Existing organic scintillators are characterized by a complex
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set of trade-offs that must be weighed against the requirements for each intended
application. These factors include practicality versus performance considerations
associated with each scintillator type. Consideration of the extensive literature to
date reveals several landmark advances towards bright, fast, and PSD-capable crys-
talline, liquid, and plastic scintillators, while providing multiple pathways towards
further improvements. For example, scintillation light yields for the brightest plastic
and liquid scintillators lag behind crystalline materials such as trans-stilbene and
anthracene due in large part to the low fluorescence quantum yield of the host ma-
terial. Consequently, an ongoing objective is to develop high quantum yield host
materials as replacements for PVT polymer and existing aromatic solvents, respec-
tively. Furthermore, analysis of the Forster equation reveals further opportunities to
increase the host-guest energy transfer efficiency that defines the scintillation yield.
These include the donor emission lifetime and donor-acceptor spectral overlap,
among others. Another opportunity for future improvements pertains to the effi-
ciency of triplet-triplet exchange interactions via Dexter energy transfer. Currently,
the highest-performing PSD-capable plastic scintillators are achieved by loading
styrenic polymers with high concentrations of small-molecule fluorophores. The
required dopant concentration must exceed the percolation threshold of the matrix,
and the bimolecular exchange rate must exceed the rate of triplet trapping due to
disorder and defects. Thus, ongoing and future work on improved PSD require in-
creasing the triplet-triplet annihilation efficiency while decreasing the triplet exci-
ton trapping rate. Strategies to this end may involve a combination of compositional
purity, monodispersity of the host matrix constituents, and/or higher phase stability
of small-molecule fluorophore additives. Other objectives also involve improving
the thermomechanical properties and long-term stability of solid-state organic scin-
tillators such as crystals and plastics. Chapter 8 will describe strategies towards im-
proving all of the aforementioned objectives in the context of the first principles
discussed here.
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