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ABSTRACT OF DISSERTATION

EXPLORING THE ROLE OF RING-ANNULATION IN POLYCYCLIC AROMATIC
HYDROCARBONS FOR ORGANIC ELECTRONIC APPLICATIONS

Organic materials offer promising potential for the next generation of
electronic devices, as their tunability, processability, and low-temperature
manufacturing make them a cheap and versatile alternative to traditional silicon-
based electronics. The ability to systematically alter the electronic properties of
organic materials is vital for their incorporation into device applications. Polycyclic
aromatic hydrocarbons (PAHs) are of significant interest for organic electronic
applications, as relevant properties are highly dependent on their size, structure,
and functionalities, and thus can be tuned to fit a wide variety of applications.
Due to the enormous number of structural isomers available in larger PAHSs, the
development of design protocols is necessary to efficiently develop high-
performing materials. Linear extension of the aromatic core, such as that seen in
the acene series, is an efficient yet underexplored method for tuning the
electronic properties of larger PAHSs.

The role of ring annulation is explored in Chapter 2 and Chapter 3, which
will detail the synthesis and properties of PAHs of similar size but significantly
different electronic structures. The role of linear ring extension in 2-D PAHSs is
also explored, demonstrating that the electronic structure of larger PAHs can be
systematically tuned with significant implications for their applications and
stability. The role of ring annulation is explored further in Chapter 4, in which a
similar class of materials to that explored in Chapter 3 is examined to further
elucidate how subtle changes in the PAH backbone can impact electronic
properties. Chapter 5 details the tuning of a series of dyes through
functionalization, with the goal of altering their optical properties for
implementation into radiation sensors. The development of novel synthetic
procedures is described, which allows for systematic tuning of electronic
properties in each class of aromatic compounds.
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Chapter 1: Introduction

1.1: Preface

The accelerating demand for consumer electronics requires innovation not
only in traditional devices, but new types of materials that can meet the need for
an increased variety of applications. Inorganic semiconductors, such as silicon,
have traditionally been considered the backbone of modern electronics.’
However, crystalline silicon requires intensive, high-temperature manufacturing
processes that ultimately diminish the cost-efficiency of device production.?
Organic electronic materials are a versatile alternative to their silicon-based
counterparts. While they cannot match the performance of crystalline silicon,
organic semiconductors (OSC) offer the advantage of low-temperature
manufacturing processes and scalable on-demand printing.> The shape
adaptability and interface softness displayed by organic electronics are ideal for
use in advanced healthcare, bioelectronics, and the Internet-of-Things (IoT).4®
Additionally, organic and inorganic materials may be used in tandem to further
optimize electronic properties and provide rather unique device architectures.®
The goal of organic electronics research is not to replace crystalline silicon, but to
supplement existing silicon-based technologies by enabling applications
inaccessible to rigid electronics.” For these reasons, the market share for
organic/printed electronics is projected to more than double over the next
decade.?

The efficiency of organic electronic devices has improved dramatically
over the last three decades, and benchmark OSC materials are now capable of
outperforming amorphous silicon.? This can generally be attributed to better
understanding of materials design as well as improvements in device fabrication.
Many of the parameters that govern OSC performance can be altered at the
molecular level, giving researchers remarkable control over materials design.®
Properties, such as solubility in organic solvents, the color of light emission, and

solid-state ordering can be finely tuned via chemical synthesis.'® The versatile



chemical modifications offered by organic compounds gives rise to a seemingly
infinite number of molecular building blocks. Therefore, the development of
molecular design principles that can allow for more efficient materials
development is critical. Tunability is an important aspect of organic electronics,
and thus the design of organic building blocks whose properties can be
systematically altered via straightforward chemical modification are desirable.
Commercially viable materials and devices should not only perform well in
laboratory environments, but also display long-term stability under standard
operating conditions. The design of materials that fit all these criteria will require
multidisciplinary collaboration amongst synthetic chemists, device physicists and
engineers, and computational scientists. The following sections will provide a
brief introduction into the devices, applications, and materials relevant to the

materials discussed in this dissertation.

1.2: Organic Field-Effect Transistors: Device Structure and Charge Transport

Many of the materials in this dissertation are ultimately designed for
transistor applications, and thus a brief overview of the working principles of such
devices is necessary. The organic field-effect transistor (OFET) is the most
common device for studying the charge transport abilities of OSCs. A typical
OFET is composed of a gate electrode, a gate dielectric layer, an OSC, and
source—drain electrodes. Two common device configurations are top contact,
when the source and drain electrodes are evaporated on the top of the organic
material, and bottom contact, when they are evaporated on the dielectric before
depositing the organic semiconductor.’” Bottom contact configurations allow for
quick examination of new semiconductor materials, while top contact
configurations can help reduce environmental degradation of the organic
material. The device is turned on when an applied gate-source voltage (Vas)
polarizes the dielectric causing the accumulation of charge carriers at the
semiconductor-dielectric interface, while an applied source-drain voltage (Vbs)
forces charge carriers from the source to the drain electrode.” A small Vs,
known as a threshold voltage (Vn) is typically required to first fill charge traps at



the semiconductor-dielectric interface before free charge carriers can flow.” The
primary figure of merit is the field effect mobility (u), which has units of cm?V-s™,

and corresponds to the velocity of the charge carriers against the electric field.'?

S 0SC D

Figure 1:1: Device structure of a bottom-contact OFET.

In contrast to inorganic semiconductors, in which the crystal acts as a
single molecule, OSCs are typically composed of individual molecules.
Therefore, the arrangement of the molecules in the solid-state is critical to its
charge transport properties. The electronic structure of the molecules, the
relative positions of the molecules in the solid-state, and the morphology
variations generated from static or dynamic disorder are all factors that will
influence molecular packing.’® Charge transport at room temperature typically
operates by a thermally activated hopping mechanism.' The primary factors

which govern charge transport are incorporated into the Marcus equation: %16

kgr = gt 1 tze(‘*;—gﬂ
h\JamksT

where ket is the rate of electron transfer, T is the temperature, A is the
reorganization energy, t is the transfer integral, G° is the Gibbs free energy, and
h and ks are the Planck and Boltzmann constants. Generally, the reorganization
energy should be small, and the transfer integral should be large in order to
achieve high charge mobilities. The transfer integral is defined as the splitting of
the frontier molecular orbital between adjacent molecules,’ and is highly
dependent on the molecular packing. This is because the electronic coupling is
dependent on the intermolecular overlap of the frontier molecular orbitals



(FMOs), which decrease with increasing distance between molecules.'? It is
important to note that electronic coupling is dependent not just on spatial overlap
between molecular orbitals, but on wavefunction overlap. Thus, small
displacements can result in large changes in transfer integrals and significantly
impact charge transport.

OSCs can transport electrons (n-type transport) or holes (p-type)
depending on the accumulation of charges when a gate voltage (positive or
negative) is applied."”” While most OSCs are inherently ambipolar, i.e. capable of
both p-type and n-type transport, in practice the alignment of the FMOs of
organic molecules with the work function of the electrode determines whether the
transistor operates as p-type, n-type, or ambipolar.” P-type involves the injection
of holes into the highest occupied molecular orbital (HOMO) of the
semiconductor, and is most commonly observed because the HOMO level of
many OSCs aligns well with the work function of gold (4.8-5.1 eV)."® N-type
transport occurs via electron injection into the lowest unoccupied molecular
orbital (LUMO) of the molecules. Optimizing organic materials for n-type
transport typically requires careful molecular design in order to lower the LUMO
to align with the work function of environmentally stable electrodes such as gold,
which typically requires electron affinity (EA) > 3 eV."™ Thus, the ability to
systematically tune FMOs of organic materials is crucial to their implementation

in transistors.

1.3: Introduction to Nanographenes

Many organic electronic materials belong to the class of organic molecules
known as polycyclic aromatic hydrocarbons (PAHs), which are compounds with
two or more fused benzene rings. One of the most fundamental PAH derivatives
is graphene, which can be thought of as an indefinitely extended 2-D network of
fused benzene rings. While graphene displays remarkably high charge mobilities,
its lack of bandgap hinders its straightforward application into transistors, which
require controllable device turn-off. A bandgap can be introduced into graphene
through the fabrication of smaller graphene segments, i.e. nanographenes,



whose properties are determined by their size and edge configuration.'® While
“top-down” methods, such as hydrothermal or lithographic “cutting” of graphene,
offer poor control over size and structure, “bottom-up” chemical synthesis allows
for precise control over nanographene structure and electronic properties.'®20
The structural diversity in PAHs is enormous, and the possible number of PAH
structures accelerates rapidly with each additional fused ring. For example, PAHs
containing 10 fused rings can potentially form over 16,000 structural isomers by
changing only the mode of ring annulation.?’ The investigation of all possible
PAH structures through trial and error alone is not feasible, and therefore
improvements in both molecular design and chemical synthesis are required in
order to take full advantage of the electronic and structural potential available in
nanographenes.

For several decades, Clar's sextet theory has been widely used as a
model to describe the reactivity of polycyclic compounds. Clar's model essentially
states that the Kekule” resonance structure with the largest number of aromatic
sextets most accurately describes the properties of PAHs.?? In general, a PAH
with a given number of aromatic 1r-sextets is kinetically more stable than its
isomers with less aromatic T-sextets.?>2* This has generally been corroborated
through experimental studies, as systematically increasing the number of sextets
in structural isomers increases the HOMO-LUMO gap as well as absorption
energy.?® The aromatic character of specific rings with a PAH structure can be
estimated experimentally through analysis of C-C bond lengths measured by X-
ray crystallography, and typically correspond well with the structure predicted by
the Clar model.?® A number of aromatic indices, such as those incorporating
Nucleus Independent Chemical Shifts (NICS), have also corroborated Clar’s
theory in a number of PAH systems.?”2 However, the qualitative nature of the
Clar model limits its ability to accurately predict certain properties, such as

stability, in a number of systems.
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Figure 1:2: Nanographenes of varying size and number of Clar sextets (red),
including (a) acenes, (b) acenoacenes, and (c) pyrene-fused acenes.
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Acenes are the only class of PAHs that feature one aromatic sextet
regardless of length, and as such display rapid acceleration of electronic
properties and chemical reactivity with each additional fused ring.?® Acenes show
decreasing HOMO-LUMO gaps with increasing length of the acene, i.e. going
from anthracene to tetracene to pentacene, allowing for facile control over
electronic structure.®® The FMOs of acenes can also be easily tuned through
functionalization, providing further control over electronic structure, carrier type,
and stability.3' Reorganization energies also decrease with increasing size of the
acene, which has been suggested to explain high charge carrier mobilities in the
longer acenes®? — although this phenomenon could also be explained through
improved overlap in these larger m-systems. Unfortunately, acenes become
increasingly prone to decomposition with each linearly fused ring, and derivatives
longer than pentacene are typically too unstable for implementation into device
applications. Acene stability will be explored in more detail in chapter 1.8.

Because of the efficient tuning available in acene derivatives, the
incorporation of acene moieties into larger nanographene molecules has become
an increasingly popular method to tune their properties.33343% The fusion of linear
acenes into 2-D “acenoacenes” results in nanographenes with unique electronic
properties. While not considered traditional acenes due to the presence of
multiple Clar sextets, these fully conjugated molecules show acene-like
absorption and redox properties that can be readily tuned in a manner similar to
their 1-D counterparts.3* The fusion of acenes onto other polycyclic aromatic



moieties, such as pyrene or corannulene, is another method to tune the
properties of nanographenes. The nature of ring annulation in such systems can
alter the number Clar sextets and subsequently impact the structure of the
FMOs, resulting in nanographenes with rather unique electronic properties. The
impact of ring annulation on the electronic structures of acene-fused

nanographenes will be an important theme throughout this dissertation.

1.4: Solid-state Ordering in Organic Semiconductors

Because of the importance of intermolecular interactions in the
performance of OSC materials, a brief overview of the kinds of solid-state
ordering is necessary. Three common types of packing that are commonly
encountered in OSC materials include herringbone, 1-D slipped stacking, and 2-
D brickwork packing (Figure 1.3). Herringbone motifs are typically dominated by
C-H-1 interactions, which are essentially a weak form of hydrogen bonding
where the C-H moiety is directed towards the phenyl ring of adjacent
molecules.®® An example of a high performance material with herringbone
packing is C8-BTBT, which features reported mobilities >15 cm?V-'s™! depending
on fabrication conditions.83” Both 1-D and 2-D packing structures feature
extensive -1 interactions, often termed “mr-stacking”, which generally refers to
attractions/repulsions between the faces of aromatic compounds. Molecules that
display 2-D brickwork packing motifs are likely to have large, multi-directional
transfer integrals that are conducive to 2-D charge transport. TIPS-Pentacene is
perhaps the most well-known OSC that displays 2-D brickwork packing, with
optimized thin-films displaying charge mobilities as high as 12 cm? V-s1.38 1-D
slipped stacked motifs often display 1-D charge transport, and thus mobilities in

these materials are often lower than their 2-D counterparts.
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Figure 1:3: Examples of (a) herringbone, (b) 2-D brickwork, and
(c) 1-D slipstack packing motifs.

Tuning solid-state ordering through molecular design requires an
understanding of the intermolecular forces that drive certain packing motifs.
Exchange interactions act as the main repulsive force between compounds,
which physically limits molecular proximity so that electrons avoid significant
overlap.3® The primary attractive force that can counteract the exchange energy
is dispersion forces, which results from instantaneous changes in electron
density.>*®* A common method to control the crystal packing of organic
semiconductors is by functionalizing the aromatic backbone with trialkylsilyl
(TAS) ethynyl groups. The introduction of bulky alkylated substituents enhances
the dispersion force that work to balance out the exchange interactions and can
improve T-stacking.3® This is borne out in the case of TIPS-Pentacene, in which
the addition of the addition of triisopropylsilylethyne (TIPS) groups to the
pentacene backbone changes the packing structure from herringbone to 2-D
brickwork, resulting in significantly enhanced t-stacking.® The substituents on
the silane can be altered in order to tune crystal packing, however, the nature of
the size and structure of TAS groups required to induce tr-stacking interactions
differs depending on the size of the system. Additionally, the incorporation of
longer alkyl chains onto the silane is an efficient method to improve solubility of a

PAH in common organic solvents.

1.5: Disorder in Organic Semiconductors

The capability of charge carriers to form delocalized electronic states is
crucial to achieving organic semiconductors with high carrier mobilities >10 cm?
V-1s1.4142 |n addition to large transfer integrals, charge delocalization is favored

by small electron—phonon coupling and the absence of energetic disorder.*!



Static disorder consists of crystal defects or chemical impurities, which results in
deep trap states that can be detrimental to charge transport. The impact of static
disorder can be minimized through device optimization, which has been achieved
to a large extent in the highest mobility systems.*! A greater hinderance to
charge transport is dynamic disorder, which refers to fluctuations in the transfer
integrals caused by thermally induced molecular vibrations in the molecular
lattice. Due to the relatively weak van der Waals interactions in organic
semiconductors, the phonon modes in molecular crystals often exhibit large
vibration amplitudes on the order of 0.1 A, which ultimately limits the ability of
charge carriers to form fully delocalized electronic states.*?43 A number of high-
performance organic semiconductors have been reported to exhibit band-like
temperature dependent mobility near room temperature, with increased
temperature resulting in decreased carrier mobility.4'43 This would strongly
suggest that mitigating dynamic disorder could result in significant gains in

semiconductor performance for a number of materials.
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Figure 1:4: Long-axis displacements in a TIPS-Pentacene dimeric pair.

The most common source of dynamic disorder in oligoacenes is
considered to be low-frequency, large amplitude vibrations along the long-axis of
the molecule.*'#2 Generally speaking, large-amplitude thermal vibrations can be
reduced by increasing the force constant between molecules.* Minimizing these
vibrations through functionalization of high-performance OSC materials has been

of growing interest. The electron-phonon coupling, or the sensitivity of transfer



integrals to slight intermolecular shifts, is also a critical aspect in mitigating
dynamic disorder. Rubrene is perhaps the best example of a high-performing
OSC that displays minimal dynamic disorder, with mobilities >10 cm? V-1 s71.45 In
addition to large transfer integrals, rubrene displays exceptionally weak electron-
phonon coupling.*® Furthermore, the phenyl rings orthogonal to the backbone
work to inhibit the long-axis sliding motion.4?> Based on these observations, it is
likely that future OSC materials that display a combination of large transfer
integrals, weak electron-phonon coupling, and suppressed molecular vibration

are more likely to display exceptional charge transport properties.

1.6: Photophysical Processes and Introduction to Singlet Fission

The current market for photovoltaic (PV) devices is dominated by silicon-
based cells. In these types of cells, absorption of a photon promotes an electron
from the valence band (VB) of silicon to the conduction band (CB) and, in the
presence of an electric field, produces a photocurrent.*¢ The best single-junction
silicon-based PV devices made in the laboratory have PCEs of ~27%, with
commercially available modules not far behind.*” However, these devices are
quickly approaching the theoretical efficiency limit, as single-junction solar cells
suffer from fundamental loss mechanisms that prevent them from converting all
incident radiation into power. Photons with energy less than the bandgap (Eg) of
the semiconductor will not be absorbed and will thus not generate an electron-
hole pair (figure 1.5a). Photons with energy equal to Eg will be absorbed (1.5b),
while those with energy greater than Eg will be absorbed, but any energy in
excess of Eg will be lost via thermalization (1.5c).® This latter process is the main
contributor to the so-called Shockley—Queisser limit on efficiency , which is ~30%
for an ideal single-junction silicon cell.#” While multi-junction PVs are capable of
overcoming this limit, with reported efficiencies greater than 45%, the cost and

complexity of these devices has limited their widespread use.*®
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Figure 1:5: Scenarios in the absorption of a photon by a Si solar cell in which (a)
the photon has less energy than Eg, (b) the photon has exactly the energy of Eg,
and (c) the photon is greater in energy than Eg.

Singlet Fission (SF) is a carrier multiplication process that holds great
potential to improve the efficiency of single junction solar cells. The SF process
can ultimately produce two triplet excitons (T+1) for each singlet (S1) generated by
absorption of a photon by the chromophore. The overall SF process can be

described by the equation:
So+S1—>"TT > T1+ T4

Photophysical processes relevant to the SF process can be seen in
Figure 1.6. In the first step of SF, a molecule in its electronic ground state (So)
absorbs a photon of sufficient energy to undergo a S1<So transition (Figure
1.6a). If the energy of the photon is in excess of S1, vibrational relaxation to S+
will occur (Figure 1.6b), at which point the molecule can either undergo
fluorescence back to So (1.6¢), or form a triplet state (T1). The T1<S1 transition is
an example of intersystem crossing (1.6e), and is typically slow and unfavorable
as the transition requires a change in spin. In the case of SF however, the
molecule in its S1 state can then interact with a nearby molecule in its So state to
form a correlated triplet pair ("TT), which can then decouple into two separate T+
states.*® Because the two triplets that comprise 'TT are coupled as an overall
singlet, SF is considered to be a spin allowed process and can proceed on

ultrafast time scales.*®
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Figure 1:6: Jablonski diagram featuring photophysical processes such as a)
absorbance, b) vibrational relaxation, c) fluorescence, d) internal conversion,
e) intersystem crossing, and f) phosphorescence.

The speed and efficiency of the SF process is also largely dependent on the
energy levels of the chromophore, particularly S1 and T1. For SF to proceed
efficiently, the process should be either exothermic or only slightly endothermic
(Figure 1.7). Exothermic SF occurs when ES+1 > 2ET+, and proceeds rapidly since
the reaction is both energetically and entropically favorable.®® In the reverse
case, when ES1 < 2ET1, endothermic SF can occur if ES1 is within 200-300 meV
of 2ET+. Endothermic SF may still proceed efficiently, albeit more slowly, due to
the inherent entropy gain in generating two triplet excitons from one singlet
exciton. SF must also outcompete deactivation pathways such as triplet-triplet
annihilation (TTA), in which two T+ states combine to form a higher triplet excited
state such as T2. This can be prevented if the chromophore meets the energetic
requirement ET2 > 2ET1.4°
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One singlet exciton triplet pair

Two triplet excitons

Endothermic SF
2T
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Exothermic SF
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Figure 1:7: Energy level diagram of the SF process.
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The triplet excitons produced by SF have roughly half the energy of the
initial singlet. As such, a PV module with only a SF material will produce double
the photocurrent but also cut the voltage by half, leading to no net benéefit in the
power conversion efficiency.®! In order to boost the PCE, the SF material must
be paired with a low-gap semiconductor (LGS) such as silicon. The LGS absorbs
low-energy photons and sets the Voc, while the SF material produces two
excitons per absorbed photon, enabling twice the photocurrent to be generated
and an overall increase in PCE.*® The triplet level of the SF material must roughly
match the bandgap of the LGS (Eg = 1.1eV for silicon) in order for triplet transfer
to be efficient.#® SF materials should also display long ftriplet lifetimes, high
absorption coefficients, and long term stability in order for their incorporation into

cost efficient devices.*8

A less explored application for SF involves the design of molecular spin
qubits for quantum information science (QIS). The °TT state, which can be
generated via SF, is useful in quantum technologies as its four entangled spins
can be initialized into a pure, well-defined quantum state.52:5354 While the role of
5TT has been studied as a SF intermediate in a number of systems,5%56.57 reports
of the selective generation of °TT as the main product of the SF process are
sparse. Theoretical work has suggested that 5TT can be selectively populated
through careful control of chromophore orientation. The JDE model proposes that
5TT can be selectively generated from 'TT if the SF chromophores 1) share
common molecular axis, 2) display large chromophore exchange energies (J), 3)
are spatially ordered, and 4) are dilute.%® The design of systems that meet all of

these requirements is still a major challenge.

1.7: Acenes for Singlet Fission

A number of chromophores have been shown to perform SF, including
acenes, rylenes, carotenoids, diketopyrrolopyrroles, and benzofurans.5%4°
Acenes are perhaps the most heavily studied SF materials, and will be the focus
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of this section as they are the most relevant. As closed-shell alternant
hydrocarbons, the S1-T1 gap in acenes is equal to twice the transfer integral and
does not change much with system size.%® Because the exchange integral is
large in acenes, the energetic requirement ES1 > 2ET1 can be met by increasing
the length of the acene, which in turn decreases S1 and T1. Thus, SF occurs
exothermically in pentacene and is slightly endothermic in tetracene.
Functionalized pentacenes and tetracenes in particular have been of significant
research interest. The benchmark SF compound TIPS-Pentacene undergoes
near-quantitative SF (triplet yield = 200%) both in solution and in the solid-
state.5960 TIPS-tetracene also shows efficient SF in solution as well as in thin-
films,81:2 and has also been used in the synthesis of quantum dot systems with
triplet yields approaching unity.®3 It is important to note that intermolecular SF in
the solid-state is highly morphology dependent, as polymorphism in pentacenes
and tetracenes has been shown to significantly affect the rate and yield of triplet
formation. Anthracenes, and their silylethyne-substituted derivatives, are not
known to undergo SF efficiently due to the large endothermicity of the process in
these systems. However, SF in thin-films of bisphenylethynyl anthracenes
(BPEAS) proceeds in high yields, as the phenylethynyl substituents perturb the
S1 and T+ levels so that SF is nearly isoergic in the solid-state.54%5 The triplet
yields in BPEA are highly polymorph-dependent, and tuning the solid-state
ordering through functionalization can drastically alter the SF rate and yield.56

Figure 1:8: Examples of a) functionalized acenes and
b) acene dimers that have demonstrated SF.
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The morphology dependence can complicate the study of many aspects of
the SF process, as it may not be immediately obvious which chromophore pair or
pairs are most conducive for SF. Additionally, poor intermolecular interactions
may inhibit the process in chromophores that are otherwise prime SF candidates.
These issues may at least be partly circumvented through the study of covalently
bonded dimers, in which the SF dynamics may be altered by tuning the through-
bond interactions between chromophores. This is commonly done by changing
the linker connecting the two chromophores, altering the degree of electronic
coupling and thus the efficiency of SF. There have been many reported
examples of conjugated, homoconjugated, and nonconjugated pentacene and
tetracene dimers,57:%® with the degree of through-bond and through-space
interactions critical to the SF process.® If the goal is to maximize the production
of non-correlated T+ states through SF, then the electronic coupling should be
just strong enough to facilitate efficient formation of 'TT yet weak enough to allow

for decoherence of '"TT into T1 + T+1.99

The presence of rotatable bonds between chromophores can complicate
the SF picture in such dimers, as rotation of the chromophores can alter the
electronic coupling and thus cause variations in SF dynamics. This issue can be
overcome through the study of rigid dimers, which feature linkers that prevent
rotation and thus provide certainty in the position of the chromophores. While
less common than rotatable dimers, a number of structurally rigid acene dimers
have been investigated.”®7'72 Many of these dimers show efficient SF despite
containing linkers that limit or break conjugation between chromophores, and in
some cases display slower triplet recombination compared to similar conjugated
dimers.”! As discussed in Section 1.6, the JDE model proposes that rigid, planar
molecular dimers are optimal for the selective production of higher spin-polarized
quantum states such as °TT through SF.”® While no dimers that simultaneously
meet all of the requirements laid out in the JDE model are believed to have been
reported, the study of rigid dimers in which the chromophores share a molecular
axis prove that °TT can be selectively populated through SF.7#
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1.8: Stability of Acenes and Nanographenes

As noted in Section 1.3, the rapid evolution of electronic properties in the
acene series also leads to increased chemical reactivity with increasing length,
resulting in poor stability of the larger acenes. In the context of Clar’s theory, the
presence of only one stabilizing aromatic sextet spread across an increasing
number of rings means a greater tendency for larger acenes to break into two
separate acenes, each with their own sextet. Decomposition of acenes generally
occurs either through reaction with molecular oxygen to generate an
endoperoxide, or through dimerization with another acene (Figure 1.9). Non-
substituted acenes larger than pentacene are difficult to synthesize due to their
poor stability, and generally cannot be isolated under ambient conditions.”® The
stability of acenes can be enhanced through functionalization, which can slow the
rate of photooxidation by perturbing their FMOs and block dimerization through
steric effects.?® In this manner, heavily functionalized acenes as large as

nonacene (9 rings) can be characterized under ambient conditions.?°
hv oy Nv, 0,
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Figure 1:9: Two decomposition pathways commonly observed in acenes.

While Clar's theory provides a simple, qualitative description for the
stability of PAHSs, the role of aromatic stability can be misleading. The structure of
linear acenes allows for the position of the sextet on any one of the rings, which
gives rise to the ‘migrating’ sextet, in which the aromatic contribution should be
equally weighted across each ring in the molecule.”® However, NICS calculations
show that aromaticity increases from the outer to inner rings in acenes, and that

the aromaticity of the center ring actually grows stronger with increasing length of
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the acene.”” This appears counterintuitive to the numerous experimental
observations that show the center rings to be the most reactive in the longer
acenes.?®’® Calculations show that the stabilization energy actually remains
essentially the same with increasing length of the acene, and that the reactivity of
the center ring corresponds to smaller activation barriers to electrocyclic
reactions.”” This can be attributed in part to similar increases in the HOMO
coefficients from the outer to the inner rings, which are consistent with the
preferential reactivity of the middle rings.”®8381 Thus, the reaction pathways of
possible decomposition reactions must be carefully considered when addressing
the stability of PAH derivatives.
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Figure 1:10: Energy level diagram of Type | and Type |l
photodecomposition pathways.

Two photooxidation pathways are typically operative in acene derivatives
(Figure 1.10). In an electron transfer mechanism (type 1), an acene is excited by
light and subsequently transfers an electron to molecular oxygen to form a
radical *O2 anion and an acene radical cation. These two species may then react
to form the endoperoxide. If the T1 level of the acene is greater than the S1-T+4
gap in triplet oxygen (30z2), then photodecomposition may occur via an energy
transfer mechanism (type Il). In this case, an acene in its S1 excited state forms
its T1 state, which then transfers energy to 202 to form singlet oxygen ('0z2), which
can then react to form the endoperoxide. Acenes functionalized with silylethyne
substituents are more resistant to photooxidation than their unsubstituted
counterparts. This has been attributed to lowering of the LUMO and T1 energy
levels of the acene, which slows photooxidation via type | and type Il pathways,

respectively.828 The addition of Oz is also directed towards the ring containing
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the alkyne substituents, which promotes reconversion of the endoperoxide back

to the parent acenes, thus slowing the rate of decomposition.84

a)
CSSSY

Figure 1:11: a) pentacene and b) an example of a “bispentacene.”

Perhaps the most interesting characteristic of acenoacenes is their
remarkable stability, with substituted bistetracenes and bispentacenes (eight and
ten consecutively fused rings, respectively) showing considerably enhanced
photostability compared to TIPS-pentacene.?-86.87 While this enhanced stability
may intuitively be attributed to the presence of an additional aromatic sextet, this
again has proven to be an oversimplification. Bredas and coworkers found that
the remarkable stability of a silylethyne-substituted bistetracene was actually
linked to a large distortion energy which resulted in a higher free energy barrier to
oxidation.88 The abnormally large distortion energy compared to linear acenes
was the result of switching from a 1-D to a 2-D aromatic framework. It was also
found that photooxidation primarily occurs via a type Il mechanism, in which a
bistetracene in its excited T1 state reacts with 202 to generate 'Oz, which then
reacts with the bistetracene to form the endoperoxide.® This underscores the
importance of lowering the triplet level of the PAH to less than that of the singlet-
triplet gap of O2 to minimize the generation of 'O2 and ultimately improve
stabilities. It is worth noting that functionalized acenoacenes longer than
bispentacene have not yet been reported, and thus it is not clear how these

molecular design guidelines would impact the stability of the larger derivatives.

1.9: Introduction to Radiochromic Leuco Dyes

Radiochromic dosimeters have been of research interest since the 1960s,
and have shown great potential for use in a number of radiation-based

applications such as medical dosimetry.8® These dosimeters offer advantages
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over traditional radiographic dosimeters in that they color directly upon exposure
to radiation without the need for chemical processing, allowing for quick and
simple interpretation.®® The qualitative changes in color can also be measured
quantitatively through changes in optical density (AOD). When radiochromic
leuco dyes are exposed to radiation, a chemical change occurs which results in
conversion from the colorless (leuco) form to the colored form. In the case of
triphenylmethane leuco dyes, abstraction of the functional group from the central
carbon yields the cation form of the dye, often through a radical intermediate, and
the resulting color change in the material.®' Because of their known ability to
undergo reversible photochromism, malachite green derivatives have been
heavily studied as potential radiation sensors over the past several decades.
McLaughlin and coworkers performed several studies on the incorporation of
triphenylmethane dyes into plastic-based radiochromic dosimeters, and found
that the sensitivity and accuracy of such devices depends on factors such as the
nature of the dye, host material, and film composition and thickness.%93%94 Such
studies underscored the importance of optimizing all aspects of the dosimeter in
order to achieve ideal sensitivity for a desired application.

Leuco-Malachite Green (LMG), which features hydrogen on the central
carbon, has received increased attention as a potential active component in
dosimeters. One reason for this is its cheap and straightforward synthesis. LMG
can be prepared in a one-step condensation reaction between N,N-
dimethylaniline, benzaldehyde, and an acid catalyst. A number of derivatives can
be prepared in this manner simply by changing the N,N-alkyl substituents or by
the addition of functional groups to benzaldehyde. The color change mechanism
in LMG-based dyes involves homolytic bond cleavage of the central hydrogen,
which can be catalyzed by a radical initiator such as a halogen.®® The addition of
electron-donating or electron-withdrawing functional groups has been shown to
alter the reactivity of the dyes. However, the exact manner in which these
substituents impact reactivity is still unclear, as only a few functionalized LMG
derivatives have been studied. The addition of electron-donating methoxy

substituents increases the reactivity of the dyes relative to non-functionalized
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LMG, while substitution of halogens onto LMG results in even faster activation
compared to dyes featuring methoxy groups.®>% While the substituted halogens
may participate in the homolytic bond cleavage of the central C-H bond, radiation
of these dyes without an added activator did not result in activation, suggesting
that aryl-substituted halogens do not take direct part in the activation process.® It
is clear that a more diverse set of functionalized LMG dyes are needed in order

to better understand the impact of substitution on their optical properties.

| | I I
N N
T e O (O "
—_—
% [
H —

Leuco Malachite Green Malachite Green

Figure 1:12: The colorless (leuco), radical, and colored forms
of malachite green.

While earlier radiochromic films utilized triphenylmethane leucocyanides,
more recent films, such as the GAFCHROMIC MD-55-2 make use of
polydiacetylene as the active component due to its range of sensitivity (3-100
Gy).8% The advent of Presage dosimeters, which primarily utilize LMG as the
active component, has generated significant research interest in the use of LMG
in radiochromic applications.®” These dosimeters consist of a leuco dye (LMG)
and a radical initiator, typically a halocarbon, enclosed within a polymer
composite such as polyurethane. Upon radiation exposure, radiolysis of the
halocarbon initiator results in the abstraction of hydrogen from the central carbon
via homolytic bond cleavage. The radical dye may then convert to the MG cation,
resulting in color change (Figure 1.12).%5 Dosimeters with this structure typically
show linear optical responses as a function of applied radiation, and sensitivity
can be tuned by changing functionalities on the dye,® initiator,”® composite
thickness,®® and wt% of the components.? Additionally, such dosimeters may be
robust and flexible,®® improving the diversity of potential applications outside of

clinical use.
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1.10: Summary

Organic electronic materials offer a versatile alternative to traditional
silicon-based devices, as their structure and properties can be tuned through
organic synthesis to fit a wide variety of applications. The molecular structure of
aromatic compounds determines a number of important parameters relevant to
their implementation into electronic devices, such as energy levels, solid-state
morphology, and processability. The charge transport characteristics of OSCs
depend largely on their solid-state ordering, and thus the ability to optimize
packing and minimize disorder are crucial to their implementation into devices.
The unique optical properties of the acene series make them prime candidates
for SF, displaying potential in applications such as photovoltaics and QIS. The
instability in the larger acenes can be addressed by their incorporation into 2-D
polyaromatic frameworks, whose electronic properties can be tuned in a similar
manner to the linear acenes while displaying enhanced photooxidative
resistance. Because improvements in molecular design cannot be accomplished
without a solid understanding of their applications, this introduction aims to
provide relevant context to the studies that will be discussed throughout this
dissertation.

The following chapters detail the application-guided design and synthesis
of different classes of aromatic compounds, with each study meant to improve
upon one or multiple aspects of materials design. The synthetic protocols should
not only allow for access to the compounds in question but should also be as
efficient and scalable as possible. Efficient synthesis is ultimately necessary for
materials to be commercially viable, as simple and cheap manufacturing
conditions are vital for the success of organic electronics. Additionally, such
protocols will ideally allow for straightforward alteration of molecular size and
functionalities in order to systematically investigate structure-function
relationships. Tunability is a key aspect of organic electronics and will thus be a
common theme in the following chapters.

Due to the enormous degree of structural diversity available in PAHSs,
studies that systematically explore how the mode of ring annulation impacts the
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properties of PAHs are invaluable in the design of organic electronics for specific
applications. The first example of such a study is presented in chapter 2, which
details the synthesis, photophysical properties, and applications of a series of
pyrene-fused acenes. Chapter 3 discusses the synthesis of 2-D acenoacenes as
well as their unique electronic properties, and continued efforts to optimize this
class of materials for transistor applications. The comparison between this series
of acenoacenes and the pyrene-fused acenes in Chapter 2 provides an
interesting perspective on how the mode of ring annulation in large polyaromatic
systems impacts electronic properties. The role of ring annulation is explored
further in chapter 4, which describes the synthetic route to extended 1,2-fused
pentacenopentacene, an example of an acenoacene whose mode of ring-fusion
differs from the similar systems described in chapter 3. Chapter 5 describes the
design of a radiochromic dosimeter consisting of functionalized triphenylmethane
leuco dyes incorporated into polymer composites. While these leuco dyes differ
from the materials discussed in previous chapters in that they are not 2-D acene
derivatives, chapter 5 firmly fits within the theme of this dissertation in that the
optical properties of these polyaromatic dyes can be tuned through
functionalization. Additionally, the work presented in chapter 5 exemplifies
another important theme, which is that the molecular properties of the active
material must be optimized alongside the other components of a device to

maximize performance.
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Chapter 2: Synthesis and Photophysical Applications of Vertical Pyrenes

2.1: Introduction to Vertical Pyrenes

Vertical pyrene-fused acenes (vertical pyrenes), consist of acene moieties
fused at the K-region of pyrene. Several examples of such pyrene-fused acenes
and azaacenes have been reported in the literature,'®33 including extended
nanoribbons with dozens of repeating pyrene-azaacene units. These studies
have drawn into question the nature of the pyrene-acene interactions, as
experimental data appears to suggest that such systems are not fully conjugated.
For example, reports of extended pyrene-azaacene systems show that the
optical and electrochemical gaps do not shift with the further addition of pyrene-
azaacene units.'°1192 While computational studies on these systems are more
rare, a study published by the Risko group found that the orientation of a central
pyrene “delimiter’ alters the degree of communication between two acene
units.’® In the case of “vertical” pyrenes, which feature acene-like segments
fused to the K-region of pyrene, the electronic communication between the two
acenes is expected to be disrupted by the central delimiter. In contrast, “oblique”
pyrenes were suggested to maintain full conjugation throughout the molecule. It
is worth noting that DFT calculations carried out on some extended vertical
pyrene systems appear to show frontier molecular orbitals that extend across
large portions of the system and appear to change with molecular length.’
However, more detailed calculations are needed to reconcile this apparent
delocalization with the experimental results as well as Risko’s report of broken

conjugation.
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Figure 2:1: a) K-region and non-K-region positions of pyrene and
b) vertical pyrene vs. oblique pyrene.

Despite the evidence for broken conjugation in vertical pyrenes, an in-
depth study on the nature of the pyrene-acene interactions had not been
reported until recently.'® One reason has been a lack of diversity in synthetic
protocols, which has hindered the development of pyrene-fused acenes with
more diverse functionalities. This has largely prevented the comparison of
pyrene-fused acenes to their respective acene counterparts. This chapter will
explore the synthesis and characterization of a new series of vertical pyrenes,
with the goal of investigating the impact of a pyrene delimiter on the electronic
structure of acenes. The synthetic route employed allows for straightforward
tuning of molecular length and for the addition of alkylsilylethyne groups, which
makes possible a systematic investigation into the optoelectronic properties of
vertical pyrenes compared to their acene counterparts. It was hypothesized that
TIPS-Anthracene-Pyrene-Anthracene (TIPS-APA) will display electrochemical
properties consistent with two separate TIPS-Anthracene chromophores
separated by a central pyrene. TIPS-Pyrene-Anthracene (TIPS-AP), which
features a single TIPS-Anthracene group fused to pyrene, should display
electronic properties consistent with only a single acene-like chromophore. The
optical gap and redox behaviors of these vertical pyrenes were analyzed
experimentally through UV-Vis absorbance spectroscopy and cyclic voltammetry
(CV), respectively. The solubility of these compounds was tuned by changing the
nature of the alkylsilylethyne groups. Attention was then turned to the synthesis
of vertical pyrenes featuring other acene chromophores, with the goal of
optimizing this class of compounds for photophysical applications. As discussed
in Chapter 1.7, acene dimers have proven useful in the study of photophysical
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processes such as SF, and vertical pyrenes should present a rather unique case
of a dimer with weak electronic communication between chromophores. The rigid
structure of vertical pyrenes is rather unique in that the acene moieties reside in
the same plane, and thus should fit the criteria for selective generation of °TT as
predicted by the JDE model.>3 By tuning the length of the acene moieties, known
SF chromophores can be incorporated into the vertical pyrene backbone,
allowing for in-depth studies on the role of the pyrene linker in the SF capabilities

in these systems.

2.2: Synthesis of TIPS-APA and TIPS-AP

The synthetic routes to AP and APA derivatives are shown in Figure 2.2
and Figure 2.3. The addition of tert-butyl groups to the 2,7 positions of pyrene,
which occurs via Friedel-crafts alkylation, increases the solubility of the ensuing
intermediates and the final products. The oxidation of 1 was performed by way of
a modified literature procedure.'%® By controlling the equivalents of the oxidizing
reagent, either the 4,5,9,10-tetraone (2) or 4,5-dione (2’) can be achieved on
large scales in acceptable yields. The addition of methyl Grignard to tetraone 2
followed by deoxygenation with hydriodic acid yields the tetramethylpyrene
derivative 3. Radical bromination of 3 using N-bromosuccinimide yields the
precursor for a Cava reaction,’® which can yield acene-quinones of varying
length depending on the choice of starting material. The Cava reaction of 4 with
1,4-naphthoquinone gives APA-Q, which consists of two anthraquinone moieties
fused to the central pyrene. The addition of TIPS-acetylide to APA-Q followed by
deoxygenation with SnCl2 and aqueous HCI yields TIPS-APA. Similarly, the
lithiation of n-octyldiisopropylsilyl (NODIPS) acetylene followed by addition to
APA-Q and subsequent deoxygenation provides NODIPS-APA.
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Figure 2:2: Synthetic route to TIPS-APA.

The synthetic routes to TIPS-AP and NODIPS-AP proceed via a similar
route via functionalization of 2’. However, the bromination of 3’ could not be
achieved selectively, which resulted in substitution of bromine on the pyrene
backbone. The excess bromine could not be removed selectively from the
aromatic position of 4’, but could be removed in the later stages of the reaction
sequence. The addition of TIPS-acetylide to Br-AP-Q followed by deoxygenation
gave Br-TIPS-AP. At this stage, the excess bromine was removed via an
efficient palladium catalyzed debromination reaction'?” to give TIPS-AP. In the
case of NODIPS-AP, bromine was removed by metal-halogen exchange
performed on the diol intermediate, while subsequent deoxygenation yielded the

final product.
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Figure 2:3: Synthetic route to AP derivatives.

2.3: Vertical Pyrene Properties

UV-Vis absorbance spectroscopy was employed to investigate the
absorbance properties of the vertical pyrenes (Figure 2.4a). TIPS-AP and TIPS-
APA both display an onset absorbance peak at 505 nm corresponding to a So —
S1 transition. The vibronic progression observed from 505 nm to 445 nm is
characteristic of acenes,'®1% and is indicative of the acene-like character of the
electronic structure in AP and APA. TIPS-APA shows an extinction coefficient
twice that of TIPS-AP at 505 nm, which suggests that TIPS-APA contains two
separate anthracene-like chromophores that undergo a So — S1 transition. The
redox properties of TIPS-APA and TIPS-AP were analyzed using CV (Figure
2.4b). Both compounds feature similar onset oxidation (1.1 V) and reduction (-1.4
V) potentials, while TIPS-APA shows an apparent 2" oxidation peak at 1.2 V.
Considering that the onset oxidation and reduction potentials loosely correlate
with the energies of the HOMO and LUMO, respectively, such redox properties

27



indicate similar FMOs in TIPS-AP and TIPS-APA. The presence of two oxidation
peaks could indicate some overlap between the acene-like HOMOs, resulting in
a slight amount of HOMO delocalization and perturbation of the oxidation
potential. However, the small degree of separation between the two peaks
indicates that the two radical cations are localized primarily on the acene
moieties. Thus, the experimental results from UV-Vis and CV support the
hypothesis that pyrene disrupts conjugation in vertical pyrenes, yielding two

acene moieties with nearly identical electronic structures.
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Figure 2:4: a) Extinction coefficient and b) CV spectra for
TIPS-AP and TIPS-APA.

To determine the origin of these electronic properties, the Risko group
investigated the electronic structure of AP and APA through DFT calculations.
Figure 2.5a shows the effect of pyrene insertion on the FMOs of AP and APA.104
The orbital geometries of the HOMO and LUMO in AP are more reminiscent of a
tetracene than anthracene, and are localized primarily on the acene segment
with some delocalization onto the central pyrene moiety. This is reflected in the
absorbance spectra, as AP and APA both demonstrate an onset absorbance
peak that is redshifted by ~70 nm from TIPS-Anthracene and is blue-shifted ~30
nm from TIPS-Tetracene.'’™® The HOMO of APA appears to be delocalized
across the entire molecule, which would be consistent with the multiple oxidation
peaks observed in the CV spectrum. However, the acene-like HOMOs are in fact
arranged tail-to-tail with minimal interaction, just as the tetracene-like LUMOs
appear completely isolated from each other. The relatively small energy splitting
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(35 meV) between the HOMO and HOMO-1, which is isolated on the anthracene
segments, implies limited interaction between the acene and pyrene moieties.’%*
NICS values were calculated for AP and APA to examine the aromaticity of the
pyrene-acenes relative to anthracene. The NICS spectra in Figure 2.5b show a
clear resemblance between anthracene and the anthracene segments of AP and
APA, providing further evidence of the acene-like character in these vertical

pyrenes.
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Figure 2:5: a) FMO and b) NICS scans for TIPS-AP and TIPS-APA.

2.4: Vertical Pyrenes for Photophysical Studies

Due to the disrupted conjugation observed in APA and confirmed through
calculations, vertical Pyrenes can be thought of as dimer systems consisting of
two separate acene chromophores separated by a pyrene linker. As discussed in
Section 1.7, acene dimers have proven useful in the study of photophysical
processes such as SF, and our vertical pyrene systems present a rather unique
case of a rigid, planar dimer with extremely weak electronic communication
between chromophores. In the case of TIPS-APA, the chromophores are TIPS-
anthracene, which traditionally does not meet the energetic requirements to
efficiently undergo SF."" While the So — S1 gap for TIPS-APA (2.46 eV) is
smaller than that of TIPS-Anthracene (2.83 eV), 2T1 s still greater than twice the
S1 energy in TIPS-APA (T1 = 1.5 eV).1%4 SF in TIPS-APA is thus expected to be
endothermic by ~0.5 eV. However, TIPS-anthracene has received attention as an
annihilator in triplet-triplet annihilation (TTA), the process by which two lower

energy triplets combine to form a higher energy singlet."? Dimers capable of
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performing intramolecular TTA are of growing interest for PV applications in order
to offset the losses associated with insufficient photon energy.''® Given that 2T1 >
S1in APA, such a system could meet the energetic requirements for TTA.14
Investigations into the efficiency and mechanisms of TTA in APA derivatives are
currently ongoing with the help of collaborators. NODIPS-APA and NODIPS-AP
were selected for these studies, as their enhanced solubilities compared to their
TIPS-substituted counterparts make them more conducive for in-depth solution-
based studies.

Silylethyne-substituted tetracenes and bis(phenylethynyl)anthracenes
(BPEA) are systems whose SF properties have been well documented, and were
discussed in Section 1.7. As shown in Section 2.2, the synthetic route to TIPS-
APA LUutilizes a Cava reaction which can be used to tune the length of the
aromatic backbone as well as the nature of the alkylsilylethyne groups. The
following section details the synthesis of a NODIPS-substituted tetracene-
pyrene-tetracene (NODIPS-TPT) and phenylethynyl-substituted APA (TNPS-PE-
APA), as well as their corresponding monomers (NODIPS-TP, TNPS-PE-AP).
The absorbance and electrochemical properties of these vertical pyrenes were
evaluated and compared to those of TIPS-AP and TIPS-APA to determine the
effect of pyrene fusion on acenes of varying length. Then, in-depth photophysical
studies were performed by collaborators to determine if a pyrene-fused dimer

motif is conducive for SF.

2.5: Synthesis of Vertical Pyrenes for Photophysical Applications

Figure 2.6 shows the synthesis of NODIPS-TPT and NODIPS-TP. The key
step in both routes involves the Cava reaction of 4 and 4’ with 1,4-anthraquinone,
which provides TPT-Q and Br-TP-Q respectively. Addition of NODIPS-acetylide
to TPT-Q followed by deoxygenation with SnCl2 yields the fully aromatized
NODIPS-TPT, whose structure was confirmed by X-ray crystallography. Like the
synthetic route to TIPS-AP, an additional debromination step is required to yield
NODIPS-TP. Due to the instability of Br-NODIPS-TP at high temperature, the
palladium-catalyzed debromination used in the synthesis of AP derivatives
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resulted in complete degradation of starting material, with no recovery of the
desired product. Therefore, excess bromine was removed by metal-halogen

exchange, while subsequent deoxygenation provided NODIPS-TP.
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Figure 2:6: Synthetic routes to NODIPS-TPT and NODIPS-TP.

The synthesis of phenylethynyl-substituted AP and APA derivatives
utilized quinone intermediates APA-Q and Br-AP-Q. To induce solubility in the
final products, it was necessary to synthesize phenylacetylenes featuring silyl
groups. This was done via metal-halogen exchange on 1,4-dibromobenzene to
allow addition of the appropriate tri-n-propylsilylchloride, followed by sonogashira
coupling with TMS acetylene and deprotection to give the substituted phenyl
acetylene (see experimental). Lithiation of the phenylacetylenes and addition to
APA-Q followed by deoxygenation with SnCl2 provided TNPS-PE-APA, whose
structure was confirmed by X-ray crystallography. Br-TNPS-PE-AP was obtained
in a similar manner, and was stable enough to undergo Pd-catalyzed
debromination at high temperature. However, the poor solubility of the starting
material necessitated the use of dioxane as a solvent, with just enough n-butanol

to act as a hydrogen source.
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Figure 2:7: Synthetic routes to TNPS-PE-APA and TNPS-PE-AP.

The UV-Vis absorption spectra in Figure 2.8 shows the effect of pyrene-
fusion on acene moieties of varying length and functionality. As noted previously,
the onset absorbance for TIPS-AP is redshifted by ~70 nm compared to TIPS-
Anthracene. This trend holds for NODIPS-TP, whose onset absorbance band at
603 nm is redshifted by ~70 nm compared to ethynyl-substituted tetracenes.''®
Additionally, NODIPS-TP is redshifted by ~100 nm relative to TIPS-AP, which is
consistent with the 100 nm redshift in absorbance observed in the linear acene
series.3® In TNPS-PE-AP, the extended conjugation induced by the
phenylethynyl substituents results in a redshift in absorbance of 30 nm relative to
TIPS-AP, consistent with a similar shift in BPEA compared to TIPS-
anthracene.’® These trends are significant in that they provide evidence that the
electronic properties of acene moieties can be tuned in a manner similar to that

seen in their linear acene counterparts.
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Figure 2:8: UV-Vis absorbance spectrum of vertical pyrenes.

2.6: NODIPS-TPT: Photophysical Properties and SF

Figure 2.9a shows the UV-Vis absorbance data for NODIPS-TPT and
NODIPS-TP. Both compounds feature an acene-like vibronic progression of the
S1<So transition from 625 nm to 500 nm, with the 0-0 peak centered at 603 nm.
The molar extinction coefficient for NODIPS-TPT is twice that of NODIPS-TP at
the initial onset absorbance peak, suggesting that the tetracene moieties in TPT
are only weakly coupled similar to APA. This weak coupling is further evidenced
by cyclic voltammograms of NODIPS-TPT and NODIPS-TP (Figure 2.9b), in
which both compounds feature similar onset oxidation (~0.45 V) and reduction
(~-1.5 V) potentials. NODIPS-TPT also features a second oxidation peak, similar
to that seen in the CV of TIPS-APA, suggesting a slight degree of overlap
between the acene-like HOMOs. These results confirm that the TPT framework
functions as a weakly-coupled dimer consisting of two tetracene chromophores
bridged by a pyrene moiety, and that pyrene-fusion impacts the FMOs of vertical

pyrene derivatives in a consistent manner.
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Figure 2:9: a) Extinction coefficient and b) CV spectra
for NODIPS-TP and NODIPS-TPT.

The SF capabilities of TPT were investigated by the Johnson group at
NREL and the Damrauer group at the University of Colorado."'® The emission
quantum yield drops from 100% in NODIPS-TP to 6% in NODIPS-TPT. Transient
absorption spectroscopy shows that the initial S1 formed upon excitation of the
TPT decays almost entirely to the 'TT state. The equilibrium between S1and 'TT
strongly favors the latter, with an estimated singlet fission yield of 94%,
considerably higher than previously reported rigid tetracene dimers. This can be
rationalized by considering that the acene moieties in TPT energetically resemble
pentacenes more so than tetracenes, as evidenced by the S1<So absorption
energy. The SF rate for NODIPS-TPT at room temperature (4.5 ps) is
approximately twice as fast as the rate at 77 K (9.3 ps), which indicates
temperature dependence on the rate of SF. While this temperature dependence
'"TT > S4) for TPT, the
highly favorable formation of 'TT is more in line with exothermic SF observed in

may suggest a slightly endothermic SF process (i.e.

many pentacene dimers.

The 'TT state was found to decay via one of two pathways, with the
dominant route decay to the ground state So. The other pathway appears to
consist of conversion to the STT state. While °TT has been observed as an
intermediate in the formation of T1 in some SF systems, TPT appears rather
unique in that the population is trapped in °TT with no observed formation of T.
The favorable formation of °TT can be attributed to a large exchange energy (J)

between the chromophores, which in turn is due to TPT maintaining a rigid, co-
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planar structure. DFT calculations showed that J was significantly larger in TPT
compared to other dimers such as norbornyl-linked tetracenes. °TT was also
found to be lower in energy than 'TT, which would offer a plausible explanation
as to the favorable rate of STT<'TT. Such a large exchange energy between the
tetracene chromophores could make formation of the two uncorrelated T+ states,

each of which maintain the same spin, from forming on the same molecule.

2.7: Vertical Pyrene Conclusions

A series of vertical pyrene derivatives were synthesized to determine the
effect of pyrene-fusion on functionalized acenes. Absorbance and
electrochemical data suggest that the acene moieties in APA derivatives are
separated by the central pyrene, consistent with computational evidence. Tuning
the length and functional groups on the acenes groups alters the electronic
properties in a similar manner to traditional acenes. By lengthening the acene
from an anthracene to a tetracene, a tetracene-pyrene-tetracene “dimer” was
synthesized and studied for its singlet fission capabiliies. NODIPS-TPT
demonstrated formation of a long-lasting 5TT state, with no observation of the
uncorrelated T1 state typically expected in SF dimers. While SF is typically
studied with the goal of enhancing PV efficiency, the unique SF characteristics
observed in NODIPS-TPT suggest that this system may be more suited for
quantum computing applications. The unique SF process was attributed to the
rigid, planar framework of the TPT dimer. It is currently unclear how the
incorporation of a different SF chromophore, namely BPEA, into the vertical
pyrene manifold will affect the mechanism of SF. These studies are currently
underway in TNPS-PE-APA.

2.8: Experimental

All reagents and solvents were obtained from Sigma Aldrich, Oakwood
Chemicals, Gelest, or VWR and used without further purification. 'H and '3C

NMR spectra were measured on a 400 MHz Bruker NMR spectrometer in CDCI3
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(7.26 ppm for '"H NMR, 77.16 ppm for '3C NMR) or 1,2-dichlorobenzene-ds4 (7.17
ppm and 7.40 ppm for 1TH NMR). MALDI TOF MS was analyzed on a Bruker
Microflex LRF with no matrix. Solution UV-vis was recorded on an Agilent Carey
60 UV-Vis spectrophotometer. Cyclic voltammetry (CV) measurements were
performed in either DCM or a DCM/dichlorobenzene mixture on a BASi Epsilon
Potentiostat with a three-electrode cell, using 0.1 M n-BusNPFes as supporting
electrolyte, AgCl/Ag+ as reference electrode, glassy carbon as working
electrode, Pt wire as counter electrode, with scan rate at 100 mV/s. High
resolution mass spectra (HRMS) were recorded using ESI as the ionization
method. 2,7-di-t-butyl-pyrene, 2,7-di-t-butyl-4,5-pyrenedione, and 2,7-di-t-butyl-

4,5,9,10-pyrenetetraone were prepared according to literature procedures.'%°

MeMgBr O OH HI O
— = (I LC " (1]

we U U
0°Ctort reflux

o O

2,7-di-t-butyl-4,5-dimethylpyrene (3’): A 500 ml flame-dried round bottom (RB)
flask cooled under N2 atmosphere was charged with anhydrous THF (250 ml),
and 2’ (8.00 g, 23.3 mmol) was dissolved and the solution cooled to 0 °C. A 3M
Methylmagnesium bromide solution in THF (31.1 ml, 93.2 mmol, 4 eq.) was
added slowly, and the reaction mixture was stirred for 14 hours at room
temperature. The reaction was quenched carefully with water (50 ml) followed by
10% HCI (50 ml), the organic layer was extracted into ethyl acetate (100 ml) and
washed with water (100 ml). The organic layer was dried with magnesium
sulfate, and the solvent was removed. The crude product was purified via a silica
plug in 3:1 hexanes:ethyl acetate. The recovered red solid was then dissolved in
glacial acetic acid (250 ml) with hydriodic acid (4.00 ml) and was heated at reflux

for 3 hours. The reaction mixture was allowed to cool to room temperature,
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quenched with saturated aqueous sodium thiosulfate (100 ml), extracted into
DCM (150 ml), and washed with water (100 ml). The organic layer was dried with
magnesium sulfate, the solvent was removed, and the crude product purified by
silica plug in 8:1 hexanes:DCM to give a white solid. GC-MS m/z = 342.3 (M+).
Yield for 2 steps: 3.21 g, 40%. '"H NMR (400 MHz, CDCI3): & 8.45 (dd, JuH =
2.4 Hz 2H), 8.22 (s, 2H), 8.07 (s, 2H), 2.97 (s, 6H), 1.67 (s, 18H). HRMS
Calculated for CasH3o: 342.2348. Found: 342.2383.

Br

® LY
“ NBS, AIBN
— = ()
DCE
reflux Br

Bromo-2,7-di-t-butyl-4,5-dibromomethylpyrene (4’): In a 250 ml RB flask, 3’
(2.00 g, 5.84 mmol), N-bromosuccinimide (4.17 g, 23.4 mmol), and AIBN (50 mq)
were dissolved in DCE (125 ml), and the solution was heated at reflux for 15
hours. The solution was allowed to cool to room temperature, at which point
water (50 ml) was added. The mixture was extracted into DCM (100 ml) and
washed with water (100 ml), the organic layer was dried with magnesium sulfate.
After removal of the solvent, the crude solid was purified via silica plug in 7:1

hexanes:DCM to give 4’ as a yellow powder. Yield: 2.18 g, 65%
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4' Br-AP-Q

1-bromo-2,7-di-t-butyl-4,5-pyrene-anthraquinone (Br-AP-Q): A 150 ml sealed-
tube reactor was charged with N,N-dimethylacetamide (50 ml), 4’ (2.00 g, 3.45
mmol), 1,4-naphthoquinone (2.14 g, 13.8 mmol, 4 eq.), and Kl (5.73 g, 34.5
mmol, 10 eq.). The tube was sealed, and the reaction mixture was stirred at 120
°C for two days. The mixture was allowed to cool to room temperature, the lid
was then removed, and the mixture was stirred open to air for 1 hour. The
mixture was poured into 200 ml of water, then filtered. The recovered solid was
added to 250 ml of acetone, sonicated for 10 minutes, and then filtered. The solid
was then added to 250 ml THF, sonicated for 10 minutes, and filtered. Br-AP-Q
was recovered as a yellow solid, and carried directly to the next step without
further purification. Yield: 1.31 g, 65%.

TIPS Acetylene,
n-bulLi SnCl,, HCI
Hexanes/THF Acetone

0°Ctort.

Br-AP-Q Br-TIPS-AP

1-Bromo-TIPS-AP: A flame-dried 100 ml RB flask, cooled under N2, was
charged with 20 ml of hexanes and 5 ml of anhydrous THF. TIPS-acetylene (1.62
g, 8.88 mmol, 6 eq.) was added and the solution was cooled to 0 °C. 2.5 M n-
butyllithium in hexanes (2.91 ml, 8.14 mmol, 5.5 eq.) was added slowly, and the
solution was stirred for 30 minutes. Br-AP-Q (0.850 g, 1.48 mmol) was added,

38



and the reaction mixture was stirred for 16 hours at room temperature. The
reaction was quenched with water (20 ml) and 10% aqueous HCI (5 ml), and the
organic layer was washed with water (50 ml). The organic layer was dried with
magnesium sulfate, and the solvent removed. The crude product was dissolved
in acetone (20 ml), and 0.500 g tin (II) chloride hydrate dissolved in 2 ml of 10%
aqueous HCI was added slowly, and the mixture was stirred for 1 hour. The
precipitated product was recovered via vacuum filtration, and then purified via

column chromatography in 5:1 hexanes:DCM. Yield: 0.40 g, 30%.

Pd(OAc),,PPh,,
K,CO,

n-butanol
100°C

Br-TIPS-AP TIPS-AP

TIPS-AP: 20 ml of n-butanol was added to a 100 ml RB flask under N2. Then Br-
TIPS-AP (0.400 g, 0.442 mmol), Pd (Il) acetate (19.8 mg, 88.4 umol, 0.2 eq.),
triphenylphosphine (23.2 mg, 88.4 ymol, 0.2 eq.), and potassium carbonate
(0.122 g, 0.884 mmol, 2 eq.) were all added. The mixture was stirred at 100 °C
under N2z for 16 hours. The mixture was allowed to cool to room temperature and
quenched with water (50 ml), extracted into ether (50 ml), washed with water
(100), dried with magnesium sulfate, and the solvent was removed. The product
was purified by silica plug in 9:1 hexanes:DCM then recrystallized from
chlorobenzene. Yield: 0.10 g, 27%. 'H NMR (500 MHz, 1,2-dichlorobenzene-d4):
6 10.26 (s, 2H), 9.28 (s, 2H), 8.97 (dd, Jun = 6.6 Hz, 2H), 8.1 (s, 2H), 7.42 (dd,
JuH = 6.8 Hz, 2H), 1.76 (s, 18H), 1.43 (m, 42H). HRMS (APCI with direct probe
injection) for [M+1]+: calc. For CssH72Si2: 824.5173, found: 824.5176.
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2,7-di-t-butyl-4,5,9,10-tetramethylpyrene (3): A flame-dried RB flask under N2
atmosphere was charged with anhydrous THF (250 ml) and 2 (5.00 g, 13.4
mmol), and the solution was cooled to 0 °C. A 3M methylmagnesium bromide
solution in THF (26.8 ml, 80.4 mmol, 6 eq.) was added slowly, and the reaction
mixture was stirred for 14 hours at room temperature. The reaction was
quenched carefully with water (50 ml) and 10% HCI (50 ml), and the organic
layer was extracted into ethyl acetate (100 ml) and washed with water (100 ml).
The organic layer was dried with magnesium sulfate, and the solvent was
removed. The crude product was purified via a silica plug in 3:1 hexanes:ethyl
acetate. The recovered red solid was then dissolved in glacial acetic acid (250
ml) with hydriodic acid (8 ml) and heated at reflux for 3 hours. The mixture was
allowed to cool to room temperature, quenched with saturated aqueous sodium
thiosulfate (100 ml) and was then extracted into DCM (100 ml), and washed with
water (100 ml). The organic layer was dried with magnesium sulfate, the solvent
was removed, and the crude product was purified by silica plug in 8:1
hexanes:DCM to give 3 as a white powder. Yield for 2 steps: 2.38 g, 48%. '
NMR (400 MHz, CDCI3): & 8.42 (s, 4H), 2.96 (s, 12H), 1.67 (s, 18H). °C NMR
(101 MHz, CDCI3): & 147.59, 131.09, 129.68, 120.89, 117.99, 35.69, 32.26,
16.20. HRMS Calculated for C2sHs4: 370.2661. Found: 370.2697.
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2,7-di-t-butyl-4,5,9,10-tetrabromomethylpyrene (4): In a 250 ml RB flask, 3
(2.00 g, 5.39 mmol), N-bromosuccinimide (5.76 g, 32.3 mmol, 6 eq.), and AIBN
(50 mg) were dissolved in DCE (125 ml), and the solution was stirred at reflux for
18 hrs. The solution was allowed to cool to room temperature, at which point 100
ml water was added. The mixture was extracted into DCM and washed with
water, dried with magnesium sulfate, and the solvent removed. The crude solid
was purified via silica plug in 7:1 hexanes:DCM to give 4 as a yellow solid. Yield:
2.28 g, 60%.

Br O Br

4 APA-Q

2,7-di-t-butyl-4,5,9,10-pyrenedianthraquinone (APA-Q): A 150 ml sealed-tube
reactor was charged with 50 ml of DMAC, 4 (0.700 g, 1.02 mmol), 1,4-
naphthoquinone (1.26 g, 8.16 mmol, 8 eq.), and Kl (1.69 g, 10.2 mmol, 10 eq.)
were added, the tube was sealed, and the mixture was stirred at 120 °C for two
days. The mixture was allowed to cool to room temperature, the lid was removed,
and the mixture was stirred for 1 hour open to air. The mixture was poured into

200 ml of water, then filtered. The recovered solid was added to 250 ml of
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acetone, sonicated for 10 minutes, and then filtered. The solid was then added to
250 ml THF, sonicated for 10 minutes, and filtered. APA-Q was recovered as a

yellow solid. Yield: 0.44 g, 65%. The insoluble quinone was carried directly to the

next step.

TIPS-acetylene, . .
n-buli SnCl;, HCI
—

Hexanes/THF Acetone

0°Ctort

APA-Q TIPS-APA

TIPS-APA: A flame-dried 100 ml RB flask under N2 atmosphere was charged
with 20 ml of hexanes and 4 ml of anhydrous THF. TIPS-acetylene (0.728 g, 4.00
mmol, 9 eq.) was added and the solution was cooled to 0 °C. 2.5 M n-butyllithium
in hexanes (1.51 ml, 3.77 mmol, 8.5 eq.) was added slowly, and the solution was
stirred for 1 hour. APA-Q (0.300 g, 0.44 mmol) was added, and the mixture was
stirred for 15 hours at room temperature. The reaction was carefully quenched
with water (20 ml) and 10% HCI (5 ml), the mixture was extracted into diethyl
ether (50 ml), and the organic layer was washed with water (50 ml). The organic
layer was dried with magnesium sulfate, the solvent was removed, and the crude
product was purified by silica plug in 6:1 hexanes:ethyl acetate. The resulting red
oil was dissolved in acetone (20 ml) in a 100 ml round-bottom flask, and 0.600 g
tin (1) chloride hydrate dissolved in 2 ml of 10% aqueous HCI was added slowly,
and the mixture was stirred for 1 hour. The precipitated product was recovered
via vacuum filtration, purified via column chromatography in 6:1 hexanes:DCM,
and finally recrystallized from chlorobenzene. Yield: 0.12 g, 28%. 1H NMR (500
MHz, 1,2-dichlorobenzene-d4): & 9.99 (s, 4H), 9.11 (s, 4H), 8.78 (dd, Jun = 6.4
Hz, 4H), 7.65 (dd, Jun = 6.8 Hz, 4H), 1.78 (s, 18 H), 1.48 (m, 84H). HRMS (APCI
with direct probe injection) for [M+1]+: calc. For Co2H118Sia: 1334.8411, found:
1334.84009.
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APA-Q NODIPS-APA

NODIPS-APA: A flame-dried 100 ml RB flask under N2 atmosphere was charged
with 20 ml anhydrous THF. NODIPS-acetylene (1.55 g, 6.16 mmol, 14 eq.) was
added and the solution was cooled to 0 °C. 2.5 M n-butyllithium in hexanes (2.11
ml, 5.28 mmol, 12 eq.) was added slowly, and the solution was stirred for 1 hour.
APA-Q (0.300 g, 0.44 mmol) was added, and the mixture was stirred for 15
hours at room temperature. The reaction was carefully quenched with water (20
ml) and 10% HCI (5 ml), the mixture was extracted into diethyl ether (50 ml), and
the organic layer was washed water (50 ml). The organic layer was dried with
magnesium sulfate, the solvent was removed, and the crude product was purified
by silica plug in 8:1 hexanes:ethyl acetate. The resulting red oil was dissolved in
THF, and a solution of 0.800 g tin (ll) chloride dissolved in 2 ml 10% aqueous
HCIl was added dropwise. The solution was then stirred for 1 hour, at which point
20 ml water was added and the mixture was extracted into diethyl ether (50 ml)
and washed with water (50 ml). The organic layer was dried with magnesium
sulfate, the solvent was removed, and the crude product was purified by column
chromatography using 19:1 hexanes:DCM. Yield: 0.21 g, 30%. 1H NMR (400
MHz, CDCl3): & 10.03 (s, 4H), 9.15 (s, 4H), 8.77 (dd, J = 3.2, 3.6 Hz, 4H), 7.65
(dd, J = 3.2, 3.6 Hz, 4H), 1.78 (s, 18H), 1.74 (m, 4H), 1.51 (q, J = 7.2 Hz, 8H),
1.34 (m, 64H), 1.25 (m, 48H), 1.03 (t, J = 8.4 Hz, 8H), 0.82 (t, J = 6.8 Hz, 8H).
13C NMR (101 MHz, CDCls): 149.40, 133.17, 131.00, 130.36, 129.66, 127.48,
126.81, 123.45, 121.84, 120.71, 118.59, 106.16, 103.60, 35.49, 34.02, 31.95,
29.35, 24.80, 22.67, 18.82, 18.53, 14.10, 12.17, 10.55.
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Br-AP-Q NODIPS-AP

NODIPS-AP: A flame-dried 100 ml round-bottom flask under N2 atmosphere was
charged with 15 ml anhydrous THF. NODIPS-acetylene (1.22 g, 4.84 mmol, 7
eqg.) was added and the solution was cooled to 0 °C. 2.5 M n-butyllithium in
hexanes (1.66 ml, 4.14 mmol, 6 eq.) was added slowly, and the solution was
stirred for 30 minutes. Br-AP-Q (0.400 g, 0.693 mmol) was added, and the
reaction mixture was stirred for 16 hours at room temperature. The reaction was
quenched with water (20 ml) 10% HCI (5 ml), the mixture was extracted into
diethyl ether (20 ml), and the organic layer was washed with water (50 ml). The
organic layer was dried with magnesium sulfate, and the solvent removed. The
crude product was purified on a silica plug (8:1 hexanes:ethyl acetate) to give a
dark red oil. The oil was then added to a flame-dried 100 ml round bottom flask
under N2 atmosphere along with 40 ml anhydrous THF. The solution was cooled
to -78 °C, at which point 2.5 M n-butyllithium in hexanes (3.4 ml, 8.3 mmol) was
added slowly. After stirring for 5 minutes, the reaction was slowly quenched with
5 ml MeOH and allowed to warm to room temperature. Then, 0.500 g tin (ll)
chloride hydrate dissolved in 2 ml of 10% aqueous HCI was added dropwise, and
the mixture was stirred for 1 hour. The mixture was poured into water (50 ml) and
extracted into diethyl ether (50 ml). The organic layer was dried with magnesium
sulfate and, after removal of the solvent, was purified by column chromatography
in hexanes to give the product as a yellow powder. Yield: 62 mg, 9.3%. 1H NMR
(400 MHz, CDCl3): 6 10.08 (s, 2H), 9.16 (s, 2H), 8.77 (dd, J = 3.2, 3.6 Hz, 2H),
8.17 (s, 2H), 8.00 (s, 2H), 7.65 (dd, J = 3.2, 3.2 Hz, 2H), 1.72 (m, 4H), 1.69 (s,
18H), 1.45 (q, J = 7.6 Hz, 8H), 1.38 (m, 64H), 1.23 (m, 48H), 1.02 (t, J = 8.4 Hz,
8H), 0.82 (t, J = 6.8 Hz, 8H). '3C NMR (101 MHz, CDCls): 148.81, 133.13,
131.45, 130.99, 130.62, 129.02, 127.45, 126.75, 123.89, 123.19, 121.74, 119.09,
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118.54, 106.07, 103.61, 35.33, 33.98, 31.92, 29.31, 24.77, 22.63, 18.52, 14.05,
12.17, 10.54.

Br l Br
Br ] Br
4

TPT-Q

2,7-di-t-butyl-4,5,9,10-pyrenebis(tetracenequinone) (TPT-Q): A 150 ml
sealed-tube reactor was charged with N,N-dimethylacetamide (50 ml), 4 (1.20 g,
1.75 mmol), 1,4-anthraquinone (1.46 g, 7.00 mmol, 4 eq.), and potassium iodide
(2.91 g, 17.5 mmol, 10 eq.). The tube was sealed, and the mixture was stirred at
120 °C for two days. The mixture was allowed to cool to room temperature, the
lid was removed, and the mixture was stirred open to air for 1 hour. The mixture
was poured into 200 ml of water, then filtered. The recovered solid was added to
250 ml of acetone, sonicated for 10 minutes, and then filtered. The solid was
then added to 250 ml THF, sonicated for 10 minutes, and filtered. The final crude
product was recovered as a light brown solid. Yield: 1.1 g, 81%. The insoluble
quinone was carried directly to the next step.

NODIPS NODIPS NODIPS NODIPS

NODIPS NODIPS

NODIPS-TPT

NODIPS-TPT: A flame-dried 100 ml RB flask under N2 atmosphere was charged
with 18 ml of hexanes and 9 ml of anhydrous THF. NODIPS-acetylene (2.05 g,
8.12 mmol) was added and the solution was cooled to 0 °C. 2.5 M n-butyllithium

in hexanes (3.09 ml, 7.72 mmol) was added slowly, and the solution was stirred

45



for 1 hour. TPT-Q (0.300 g, 0.387 mmol) was added, and the mixture was stirred
for 16 hours at room temperature. The mixture was quenched with water (20 ml)
and 10% HCI (5 ml), and the organic layer was extracted into diethyl ether and
washed with water (50 ml). The organic layer was dried with magnesium sulfate,
the solvent removed, and the organic layer was purified via silica plug in 5:1
hexanes:ethyl acetate. After the solvent was removed, the dark red oil was
dissolved in THF (20 ml), and tin (II) chloride hydrate (0.400 g, 1.77 mmol)
dissolved in 2 ml 10% HCI was added dropwise, and the solution was stirred for
1 hr. The mixture was quenched with water (20 ml), extracted into diethyl ether
(50 ml) and washed with water (50 ml), and the organic layer was dried with
magnesium sulfate and the solvent removed. The product was then purified by
column chromatography in 10:1 Hexanes:DCM to give NODIPS-TPT as a purple
solid. Crystals were obtained from a 2:1 ethyl acetate:toluene solution. Yield: 71
mg, 11%. '"H NMR (400 MHz, CDCI3): & 10.02 (s, 4H), 9.46 (s, 4H), 9.13 (s, 4H),
8.07 (dd, J=7.2, 3.2 Hz, 4H), 7.51 (dd, J = 6.8, 3.0 Hz, 4H), 1.80 (s, 18H), 1.77
(m, 8H) 1.55 (m, 8H), 1.45 (m, 8H), 1.41 (m, 56H), 1.40 (m, 8H), 1.30 (m, 8H),
1.22 (m, 16H), 1.06 (m, 8H), 0.80 (t, J = 6.8 Hz, 12H). HRMS (APCI with direct
probe injection) for [M+1]+: calc. For C120H162Sia: 1715.1754, found: 1715.1798.

Br
Br 1,4-Anthraquinone,
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4 Br-TP-Q

1-bromo-2,7-di-t-butyl-4,5-pyrene-tetracenequinone (Br-TP-Q): A 150 ml
sealed-tube reactor was charged with N,N-dimethylacetamide (50 ml), 4’ (1.22 g,
2.10 mmol), 1,4-anthraquinone (1.75 g, 8.40 mmol, 7 eq.), and potassium iodide
(2.79 g, 16.8 mmol, 8 eq.) were added, the tube was sealed, and the mixture was
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stirred at 120 °C for two days. The mixture was allowed to cool to room
temperature, the lid was then removed, and the mixture was stirred open to air
for 1 hour. The mixture poured into 200 ml of water, then filtered. The recovered
solid was added to 250 ml of acetone, sonicated for 10 minutes, and then filtered.
The solid was then added to 250 ml THF, sonicated for 10 minutes, and then
filtered. Br-TP-Q was recovered as a light brown solid and used in the next step
without further purification. Yield: 0.81 g, 62%.

NODIPS

NODIPS-acetylene,
n-buli

THF
0% tort

NODIPS

Br-TP-Q 1-Br-TP-NODIP S-tetraol

1-bromo-TP-NODIPS-diol: A flame-dried 100 ml RB flask under N2 atmosphere
was charged with 20 ml of anhydrous THF and NODIPS-acetylene (1.21 g, 4.81
mmol, 10 eq.), and the solution was cooled to 0 °C. 2.5 M n-butyllithium in
hexanes (1.73 ml, 4.33 mmol, 9 eq.) was added slowly, and the solution was
stirred for 30 minutes. Br-TP-Q (0.300 g, 0.481 mmol) was added, and the
mixture was stirred for 16 hours at room temperature. The reaction was
quenched slowly with water (20 ml) and 10% HCI (5 ml), the mixture was
extracted into diethyl ether (50 ml), and the organic layer was washed with water
(50 ml). The organic layer was dried with magnesium sulfate, and the solvent
removed. The product was purified via column chromatography in 6:1
hexanes:ethyl acetate to give a dark red oil, which was carried directly to the next

step.
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1-Br-TP-NODIP S-tetraol NODIPS-TP

NODIPS-TP: 1-bromo-TP-NODIPS-tetraol (0.37 g, 0.36 mmol) was 100 ml RB
flask under N2. The flask was then charged with 40 ml anhydrous THF and then
cooled to -78 °C. 2.5 M n-butyllithium in hexanes (1.73 ml, 4.32 mmol, ~12 eq.)
was then added dropwise. After stirring for 5 minutes, the reaction was slowly
quenched with 5 ml MeOH and allowed to warm to room temperature. Then,
0.500 g tin (ll) chloride hydrate dissolved in 2 ml of 10% aqueous HCI was added
dropwise, and the mixture was stirred for 1 hour. The mixture was poured into
water (50 ml) and extracted into diethyl ether (50 ml). The organic layer was
dried with magnesium sulfate and, after removal of the solvent, was purified by
column chromatography in 12:1 hexanes:DCM to give NODIPS-TP as a purple
solid. Yield: 0.10 g, 21%. "H NMR (400 MHz, CDCI3): & 10.07 (s, 2H), 9.45 (s,
2H), 9.16 (s, 2H), 8.15 (s, 2H), 8.06 (dd, J = 6.6, 3.2 Hz, 2H), 7.99 (s, 2H), 7.50
(dd, J = 6.6, 3.2 Hz, 2H), 1.76 (m, 4H), 1.70 (s, 18H), 1.53 (m, 4H), 1.44 (m, 4H),
1.40 (m, 28H), 1.28 (m, 4H), 1.21 (m, 8H), 1.05 (q, J = 8.4 Hz, 4H), 0.80 (t, J =
6.8 Hz, 6H). HRMS (APCI with direct probe injection) for [M+1]+: calc. For
C72H94Si2: 1014.6894, found: 1014.6870.
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1-bromo-4-(tri-n-propylsilyl)benzene: To a flame-dried 250 ml RB flask under
N2 was added 1,4-dibromobenzene (10.2 g, 43.2 mmol) and 125 ml anhydrous
THF. The flask was cooled to -78 °C, then 2.5 M n-butyl lithium in hexanes (17.3
ml, 43.2 mmol, 1 eq.) was added slowly, and the solution was stirred at -78 °C for
1 hr. tri-n-propylsilyl chloride (10 g, 51.8 mmol, 1.2 eq.) was added, and the
reaction mixture was allowed to stir at room temperature for 16 hours. The
reaction mixture was quenched with water (50 ml) and extracted into hexanes
(100 ml), washed with saturated aqueous ammonium chloride (100 ml), and the
organic layer was dried with magnesium sulfate and the solvent was removed.
The product was purified on a silica plug in hexanes to yield a colorless oil. Yield:
12.7 g, 94%.17

sl ™ ~/Si~

1) TMS Acetylene,
Pd(PPh3),Cl,, Cul, NEt;

-

2) K,CO,

MeOH/THF
Br |

4-(tri-n-propylsilyl)phenylacetylene: 1-bromo-4-(tri-n-propylsilyl)benzene (8.00
g, 25.5 mmol), toluene (70 ml) and NEts (25 ml) were added to a sealed-tube
reactor, and the solution was purged with N2 for 30 min. Then, PdCIl2(PPhs)2
(0.890 g, 1.27 mmol, 5 mol%), Cul (0.485 g, 2.55 mmol, 10 mol%), and TMS-
acetylene (4.72 ml, 38.3 mmol, 1.5 eq.) were added sequentially. The tube was

sealed, and the reaction was stirred for 16 hours at 80 °C. The reaction mixture
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was allowed to cool to room temperature, poured into 50 ml hexanes, and then
flushed through a thin pad of silica in hexanes. The solvent was removed, and
the product was purified via a silica plug in hexanes to yield a colorless oil. The
oil was then dissolved in 80 ml MeOH and 20 ml THF, and K2COs (4.1 g, 30
mmol) was added, and the reaction was stirred for 1 hr., at which point the
reaction was complete by GC-MS. The reaction was quenched with water (50 ml)
and 10% HCI (20 ml), extracted into hexanes (50 ml), washed with water (100
ml) and dried with magnesium sulfate. After removal of the solvent, the crude
product was purified by silica plug in hexanes to give the final product as a
colorless oil. Yield: 5.7 g, 89%.""7

TNPS-phenylacetylene,
n-buli

THF
0°%tort

THF

Br-AP-Q

Br-TNPS-PE-AP

Br-TNPS-PE-AP: A flame-dried 100 ml RB flask under N2 was charged with 20
ml anhydrous THF. TNPS-phenyl acetylene (0.629 g, 2.43 mmol, 7 eq.) was
added, and the solution was cooled to 0 °C. 2.5 M n-butyllithium in hexanes
(1.25 ml, 3.12 mmol, 6 eq.) was added slowly, and the reaction mixture was
stirred for 30 min. Br-AP-Q (0.300 g, 0.524 mmol) was added, and the solution
was stirred overnight at room temperature. The reaction was quenched with
water (20 ml) and 10% HCI (5 ml), extracted in diethyl ether (50 ml) and washed
with water (50 ml), and the organic layer was dried with magnesium sulfate. After
removal of solvent, the product was purified on a silica plug (5:1 hexanes: ethyl
acetate) to give the diol as a dark red oil. The oil was then redissolved in THF (20
ml), and tin (I) chloride hydrate (0.55 g, 2.5 mmol) dissolved in 2 ml 10% aq. HCI
was added dropwise to the solution, and the reaction mixture was stirred for 1 hr.
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The reaction was quenched with water (20 ml), extracted into diethyl ether (50
ml) and washed with water (50 ml), and dried with magnesium sulfate. After
removal of solvent, the product was purified via column chromatography in 6:1
hexanes:DCM. Yield: 0.36 g, 65%. This product was carried on to the
debromination step without further purification.

Pd(OAc)s, PPh;,
K5C04
Dioxane, n-butanol
95 °C

TNPS
Br-TNPS-PE-AP TNPS-PE-AP

TNPS-PE-AP: Br-TNPS-PE-AP (0.200 g, 0.189 mmol) was dissolved in 12 ml
dioxane and 3 ml of n-butanol in a 100 ml RB flask under N2. Pd (Il) acetate (9
mg, 0.04 mmol, 20 mol%), triphenylphosphine (10 mg, 0.04 mmol 20 mol%), and
potassium carbonate (55 mg, 0.38 mmol, 2 eq.) were all added. The solution was
heated at 100 °C under N2z for 16 hours. The mixture was allowed to cool to room
temperature, and was then poured into water (50 ml) and extracted into diethyl
ether (50 ml), washed with water (50 ml), and the organic layer was dried with
magnesium sulfate. After the solvent was removed, the crude product was
purified by silica plug in 6:1 hexanes:DCM to yield TNPS-PE-AP as a red
powder. Yield: 96 mg, 52%. '"H NMR (400 MHz, CDCI3): & 10.15 (s, 2H), 9.22 (s,
2H), 8.74 (dd, J = 3.2, 3.6 Hz, 2H), 8.17 (s, 2H), 7.98 (s, 2H), 7.91 (d, J = 8.0 Hz,
4H), 7.65 (m, 6H), 1.71 (s, 18H), 1.47 (sx, J = 7.2 Hz, 12H), 1.08 (t, J = 7.2 Hz,
18H), 0.93 (m, 12H).
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TNPS-PE-APA: A flame-dried 100 ml RB flask under N2 was charged with 20 ml
anhydrous THF. TNPS-phenylacetylene (1.6 g, 6.95 mmol, 13.5 eq.), and the
solution was cooled to 0 °C. 2.5 M n-butyllithium in hexanes (2.45 ml, 6.1 mmol,
12 eq.) was added slowly, and the reaction mixture was stirred for 30 min. APA-
Q (0.35 g, 0.51 mmol) was added, and the solution was stirred overnight at room
temperature. The reaction was quenched with water and 10% aq. HCI, extracted
in diethyl ether, and the organic layer was dried with magnesium sulfate. After
removal of solvent, the product was purified on a silica plug to give the tetraol as
a dark red oil. The oil was then redissolved in THF (20 ml), and tin (Il) chloride
hydrate (0.8 g, 3.6 mmol) dissolved in 2 ml 10% aq. HCI| was added dropwise to
the solution, and the reaction mixture was stirred for 1 hr. The reaction was
quenched with water, extracted into diethyl ether, and dried with magnesium
sulfate. After removal of solvent, the crude product was purified via column
chromatography in 5:1 hexanes:DCM to give TNPS-PE-APA as a red powder.
Crystals were obtained from toluene. Yield: 67 mg, 8.1%. '"H NMR (400 MHz,
CDCI3): & 9.02 (s, 4H), 8.61 (dd, J = 3.6, 3.2 Hz, 4H), 7.93 (d, J = 8 Hz, 8H),
7.66 (d, J = 8 Hz, 8H), 7.46 (dd, J = 3.6, 3.2 Hz, 8H), 1.71 (s, 18H), 1.49 (m,
24H), 1.09 (t, J = 7.2 Hz, 36H), 0.94 (t, J = 8.4 Hz, 24H).
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Chapter 3: Synthesis and Properties of Extended Acenoacenes

3.1: Introduction to Oblique Pyrenes

The electronic properties of pyrene-fused acenes systems are expected to
be dependent on the orientation of the central pyrene moiety, as the
computational results reported by Risko were largely corroborated in the case of
vertical pyrene-delimited acenes.'® In the case of oblique pyrene-fused acenes,
the whole molecule is expected to be fully conjugated, in stark contrast to vertical
pyrenes.'® An example of such a system is a silylethynyl-substituted
“pbistetracene” reported by Anthony and Brisefio, which can be considered as a
pyrene core with naphthalene moieties fused at the 1,2 and 6,7 positions (Figure
3.1a).8% This compound also belongs to a family of molecules commonly known
as “acenoacenes”, which can be thought of as two acenes fused together at their
peri positions to create a 2-D nanographene with two aromatic sextets. There
have been several literature reports of acenoacenes of varying length and
annulation mode, virtually all of which display small optical and electrochemical
gaps as well as impressive stability.3+8586.87.118 For example, Frigoli has reported
bispentacene derivatives (Figures 3.1b,c) with different annulation modes, both
of which feature red-shifted absorption and enhanced stability compared to TIPS-
Pentacene. While Frigoli’'s bispentacenes displayed hole mobilities on the order
of 1 cm? V' S theoretical mobilities suggest that TIPS-PPP may have
semiconducting properties on par with TIPS-pentacene, which may be
experimentally accessible through device optimization.®687 The inherent charge
transport properties of these bispentacenes can be attributed to their large
transfer integrals, as their large polyaromatic structures provide more opportunity
for intermolecular overlap. The large rigid structures also result in small
reorganization energies, another key factor in achieving efficient charge
transport. The bispentacenes reported by Frigoli mark the largest silylethynyl-
substituted acenoacenes currently in the literature, while oblique pyrenes larger

than bistetracene have not been reported. It is worth noting that the synthetic
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routes to previously reported acenoacenes do not allow for straightforward tuning
of the length of the aromatic core, which has largely inhibited systematic studies

on the evolution of electronic properties and stability within this class of materials.

NODIPS

BT-2 (Briseno, Anthony, 2014) TIPS-PP (Frigoli, 2019) TIPS-PPP (Frigoli, 2022)

Figure 3:1: 2-D acenoacenes of varying size and annulation mode.

This chapter describes the synthesis and basic electronic characteristics
of a series of extended acenoacenes. The synthetic protocol provides access to
the longest acenoacenes reported to date, and allows for a systematic study on
the effects of linear ring annulation on their electronic structure. While
functionalized bispentacenes (BP) observe enhanced stability compared to their
linear counterparts, the stability of acenoacenes as large as bishexacene (BH)
and bisheptacene (BHep) remains unexplored. The later sections of this chapter
describe experimental stability measurements in conjunction with computational
studies, with the goal of finding the cause of the remarkable stability in
acenoacenes. Also described are attempts to optimize our acenoacenes for
application in OFETs by tuning the solid-state ordering and through studies on

dynamic disorder in these materials.

3.2: Synthesis of Oblique Pyrenes

The synthetic route to BP involves the pyrene-dianhydride intermediate 3
originally reported by Clar, which can be synthesized on large scales using
relatively cheap starting materials. The esterification of 3 provides more soluble

intermediate 4, whose  structure was  unambiguously  confirmed
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crystallographically. Reduction of tetraester 4 was initially attempted using
DIBAL-H and LAH, however large amounts of aluminum byproducts combined
with the poor solubility of 5§ made purification difficult. However, reduction with
LiBH4 allowed for high yields of 5 with simple work-up. Bromination of 5 with PBrs3
gave the Cava precursor 6. The Cava reaction'® between 6 and 1,4-
naphthoquinone provided bispentacenequinone (BP-Q), while a similar reaction
with 1,4-anthraquinone gave bishexacenequinone (BH-Q), showing the versatility

of o-bromomethyl precursors to afford polyaromatic cores of varying length.
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60 °C DMAc
o 120°C

Figure 3:2: Synthetic route to acenoacene quinones.

The formation of the acenoacenes was accomplished with similar
silylethynylation chemistry to that demonstrated in Chapter 2, which consists of
the addition of a lithiated silylacetylene to the appropriate quinone, followed by
reductive deoxygenation with SnCl2. The synthesis of initial acenoacenes utilized
NODIPS-acetylene to provide NODIPS-BP and NODIPS-BH. For both
compounds, initial deoxygenation conditions using SnCl2 in 10% aqueous HCI
provided only trace amounts of the final products. For NODIPS-BP, the yields in
the final step were significantly improved by using trifluoroacetic acid (TFA) in
place of HCI. A plausible explanation is that use of a strong organic acid resulted
in @ more homogeneous solution compared to the reaction mixture containing an
aqueous acid. In the case of NODIPS-BH, the best yields were obtained using
SnClz2 in toluene without the use of an acid catalyst, as such conditions mitigated
undesired side product formation. X-ray quality crystals of both NODIPS-BP and
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NODIPS-BH were obtained from ethyl acetate/toluene mixtures. The long octyl
chains on the NODIPS groups provided ample solubility of NODIPS-BP and
NODIPS-BH in most common organic solvents, allowing for straightforward
characterization. In order to determine the impact of smaller alkylsilyl substituents
on solid-state ordering, derivatives featuring tri-n-propylsilyl (TNPS) substitutents
were synthesized under similar conditions. X-ray quality crystals were obtained of
TNPS-BH from toluene, which allowed for structure confirmation by x-ray
crystallography. The crystal packing for these compounds will be discussed
further in Section 3.5.

THF

™S = k,s.i\/\
(CHo)CH,

NooIPs = \rs‘iﬁ/
9

NODIPS-BH: 15%

TNPS-BH: 6%

BH-Q

Figure 3:3: Synthesis of NODIPS-BP and NODIPS-BH.

To probe the limits of the stability in our acenoacene series, we turned our
attention to the synthesis of a NODIPS-substituted bisheptacene derivative,
which features two fused heptacene moieties and 14 consecutively fused rings.
After the synthesis of 1,4-tetraquinone according to a literature procedure,''® the
Cava reaction with 6 gave BHep-Q. It should be noted that due to the extremely
poor solubility of BHep-Q and the resulting side products, it is likely that BHep-Q
contained impurities, which resulted in relatively low yields of the NODIPS-BHep-
tetrol intermediate. Initial attempts at deoxygenation of the tetraol to provide
NODIPS-BHep did not yield any of the target product. While TLC showed
immediate conversion to a product that was potentially NODIPS-BHep, this

product decomposed before it could be isolated. Such difficulty in characterizing
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NODIPS-BHep under ambient conditions indicates that a significant drop-off in
stability exists between BH and BHep derivatives.

NODIPS

NODIPS-acetylene,
n-buli

THF
0°Ctort
NODIPS

NODIPS
NODIPS-BHep-tetraol

NODIPS

THF

NODIPS-BHep

Figure 3:4: Attempted synthesis of NODIPS-BHep.

3.3: Properties of Acenoacenes

As shown in the UV-Vis absorbance spectrum in Figure 3.5, NODIPS-BP
and NODIPS-BH feature onset absorbance peaks at 774 nm and 890 nm,
respectively. Both compounds feature a vibronic progression characteristic of
acenes, 08109 stretching from 800 nm to 600 nm for NODIPS-BP, and 900 nm to
700 nm for NODIPS-BH. Such absorption patterns indicate that, despite their 2-D
polyaromatic structure, acenoacenes feature acene-like evolution of optical
properties with linear ring fusion. The molar extinction coefficients for NODIPS-
BP and NODIPS-BH were calculated as 38,100 M-'cm™ (774 nm) and 37,400 M-
lem" (890 nm), respectively, both of which are larger than that reported for TIPS-
Pen (20,000 M-'cm1).120
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Figure 3:5: UV-Vis absorption spectrum of NODIPS-BP and NODIPS-BH
as a function of (a) wavelength and b) eV.

The redshifted absorption peaks of oblique pyrenes relative to vertical
pyrenes of similar size provide evidence of the complete conjugation across the
aromatic core expected in oblique pyrenes, in stark contrast to the broken
conjugation observed in vertical pyrenes. The origin of the small optical gaps
observed in NODIPS-BP and NODIPS-BH relates to frontier molecular orbitals of
BP and BH (Figure 3.6), which are delocalized across the aromatic backbone.
For both compounds, the HOMO-1 and LUMO+1 are localized primarily on the
acene moieties, and are reminiscent of the HOMOs and LUMOs of linear acenes,
i.e. tetracene in the case of BH. However, the energy splitting between the
HOMO and HOMO-1 in BP (0.64 eV) and in BH (0.51 eV) are much larger than
in APA (0.35 eV),'%* and thus acenoacenes maintain a ground state electronic

structure that is consistent with full conjugation.

Bispentacene Bishexacene Bishexacene

Lumo LUMO+1

HOMO HOMO-1

Figure 3:6: Frontier molecular orbitals of acenoacenes.
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The redox properties of NODIPS-BP and NODIPS-BH were probed using
CV (Figure 3.7). The onset oxidation/reduction potentials vs. fc/fc+ were 0.14/-
1.44 V for NODIPS-BP, and 0.037/-1.29 V for NODIPS-BH. These oblique
pyrenes display smaller electrochemical gaps than vertical pyrenes, such as APA
and TPT, as their large, fully conjugated cores help to stabilize the resulting
cation or anion upon oxidation or reduction, respectively. Linear fusion of
additional benzene rings results in destabilization of the HOMO and stabilization
of LUMO, following the trend seen in both the linear acene series and previously
reported acenoacenes.>* Both compounds display multiple reversible oxidation
and reduction peaks, with smaller separation between the reduction peaks in
NODIPS-BP (0.18 V) compared to that observed between the oxidation peaks
(0.45 V). This separation is further narrowed between the first two reduction
peaks in NODIPS-BH (0.14 V), compared to a difference of 0.38 V between the
first two oxidation potentials. This could suggest that the radical anion is more
localized than the radical cation in these acenoacenes, resulting in decreased
charge repulsions in the dianion compared to the dication.'?' While previously
reported bistetracenes and bispentacenes have shown up to two oxidation and
two reduction peaks, the larger BH core can accommodate up to 3 positive or
negative charges, as evidenced by the 3 reversible oxidation and reductions
peaks in NODIPS-BH.'%?

a) 2 50%10° b}
—NODIPS-BP 2.50%10°*

[— NODIPS-BHex
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Figure 3:7: CV spectra of (a) NODIPS-BP and (b) NODIPS-BH.

NODIPS-BP and NODIPS-BH display impressive stability under ambient

laboratory conditions, and even upon prolonged exposure to an intense white
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light source. Much like previously reported acenoacenes, NODIPS-BP and
NODIPS-BH show significantly longer lifetimes compared to TIPS-Pen in solution
(Figure 3.8). There can be seen an apparent solvent-dependence on the stability
of both compounds, consistent with previously reported stability studies on TIPS-
Pen."?3 Surprisingly, NODIPS-BH appears more resistant to photooxidation than
NODIPS-BP in both solvents tested. This is despite the fact that NODIPS-BH
displays a longer, linearly extended backbone, which has traditionally been
associated with decreased stability in acene-derivatives. Also of interest is the
rate at which the compounds decompose. NODIPS-BP appears to display
exponential decay, while NODIPS-BH decomposes in a linear manner. While the
exact reason for this difference in decomposition rate warrants further study, it is
possible that the decomposition product for NODIPS-BP catalyzes the further
decay of the starting material and thus results in a faster rate of reaction over

time.

A NODIPS-BH in toluene
A NODIPS-BP in toluene
@ NODIPS-BH in CHCI3
@ NODIPS-BP in CHCI3
@ TIPS-Pen in toluene

0.75 +

0.50

0.25 -

Normalized Absorbance {a.u.)

0.00 + + } + + } + + }

Time (min.)

Figure 3:8: Stability studies displaying the max onset absorbance as a function
of time under white light exposure.

The photoluminescent (PL) properties of TNPS-BH were explored with the
help of the Ostroverkhova lab. Figure 3.9a shows the PL spectra, which are
dominated by a peak at 710 nm. This result was surprising as emission from
acenes typically occurs from S1, which in the case of TNPS-BH is represented by

the lower energy absorption peak at 890 nm. Near-IR PL spectra does in fact

60



show a small peak centered at 920 nm, consistent with emission from S+, but this
peak is quite small compared to the feature at 710 nm. The emission peak at 710
nm appears to overlap with the 0-2 absorption peak of the So — S1 progression,
however emission from this level would violate Kasha’s rule and is therefore
unlikely. One possibility is that this peak originates from a highly emissive
impurity, such as a decomposition product of TNPS-BH. This is supported by
absorbance spectrum of a partially degraded TNPS-BH solution after 3 months in
the dark (Figure 3.9b). The absorption peak at 890 nm diminishes as the peak at
700 nm increases, which is consistent with the formation of decomposition
product with broken conjugation along one of the acene moieties. The PL spectra
of the degraded TNPS-BH solution is still dominated by the emission peak at 710
nm, which seems to suggest that this peak originates from this decomposition
product. However, more in-depth PL studies are needed in order to better
understand the optoelectronic properties of these acenoacenes.
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Figure 3:9: (a) absorbance and PL spectra for TNPS-BH and
(b) absorbance spectra of TNPS-BH (blue) and decomposed TNPS-BH.

3.4: Stability in Acenoacenes

Computational methods were employed to study the reactivity of a series
of extended acenoacenes with singlet oxygen ('O2) to better understand their
impressive stability. Figure 3.10a shows the activation energies for the reaction
with '02 on each ring in a series of acenoacenes and TIPS-Pen. The line
highlighted in red represents the activation energy for the most reactive center

ring of TIPS-Pen, and thus the ring most likely to undergo photooxidation. The
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most reactive ring in BP has a slightly higher activation energy than ring 3 in
TIPS-Pen, while the activation energies for rings 3 and 4 in BH are significantly
lower. Figure 3.10b demonstrates the importance of silylethyne substitution on
the reaction energies for the endoperoxide formation on each ring. Endoperoxide
formation on ring 4, the ring featuring the silylethyne substituents, becomes much
less favorable compared to the same ring on the unsubstituted acenoacenes, an
effect that has been well-documented in TIPS-Pen.8* The reaction energies for
silylethyne-substituted BHep suggest that endoperoxide formation is highly
favorable on at least three rings, which would offer a plausible explanation for the
inability to isolate NODIPS-BHep under ambient conditions.

a) me b)

E::' R-SI-R .
K '1““-"? TS . 4\_! OO0
f:' R,Is : " |<I "

Figure 3:10: (a) Activation energy for the reaction of acenoacenes and TIPS-
Pentacene with 'Oz on each ring, (b) Reaction energies for acenoacenes with
02 to form the endoperoxide on each ring.

The relatively large activation energies and small (less negative) reaction
energies calculated for BP suggest that it is both kinetically and
thermodynamically less reactive with 'O2 than TIPS-Pen. Such calculations are
in good agreement with experimental observations, as NODIPS-BP displays
much longer solution lifetimes than TIPS-Pen. The potent reactivity with 02
predicted for BHep is also supported by the apparent instability of NODIPS-BHep
under ambient conditions. BH is unusual, as it shows considerably lower
activation energies in the reaction with '02 compared to BP, and even the
silylethyne-substituted analogue should be more prone to photooxidation than
BP. However, NODIPS-BH appears more stable than NODIPS-BP, even under
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prolonged exposure to intense white-light. Table 3.1 shows the calculated S+ and
T+1 energies for silylethyne-substituted bisacenes, in which the diminishing So-S+
gap with increased length also correlates with lower T1 energies. Because the
triplet energy (0.57 eV) of NODIPS-BH is considerably lower than the 302 Ast
(0.98 eV), it is possible that the photoexcitation of NODIPS-BH does not result in
the generation of '02 at an appreciable rate. As discussed in Section 1.7,
photooxidation of bistetracene has been found to operate primarily by an energy
transfer mechanism, meaning that decomposition is correlated with efficient
generation of 'O2. If longer acenoacenes, such as BH derivatives, undergo
photooxidation via an energy transfer mechanism in a similar manner to

bistetracenes, then slower generation of 02 could substantially improve stability.
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Figure 3:11: UV-Vis spectra of (a) NODIPS-BP and (B) NODIPS-BH under
exposure to ambient laboratory light over 1 month, as well as
energy levels of EPO products.

Samples of NODIPS-BP and NODIPS-BH in CHCIs were left under
constant exposure to ambient laboratory light over the course of 1 month, and
the decomposition of the samples was monitored by UV-Vis (Figure 3.11). The S+
and T1 energy levels were calculated for the EPO on the most reactive ring 3 for
both systems, with the goal of identifying such decomposition products in the UV-
Vis spectra. Interestingly, NODIPS-BP shows little apparent decay after two
weeks, followed by rapid decay after 3 weeks and complete decay after 4 weeks.
This unique decomposition pattern may be attributed to the initially slow
formation of the EPO, which has a larger T1 energy than NODIPS-BP and can
thus more efficiently generate '02 and thus accelerate the rate of decomposition

via an energy-transfer mechanism. The decomposition of NODIPS-BH proceeds
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linearly over the course of ~30 days, with the rise of a feature at 715 nm
corresponding to the calculated absorbance of the endoperoxide on ring 3. The
difference in decomposition rates can potentially be attributed to the T1 energies
of the EPO products: The T1 energy (0.85 eV) for the identified BH EPO is
predicted to be lower than that of the BP EPO and the singlet-triplet gap of O2
(0.98 eV), and thus may not efficiently generate '0O2. More in-depth studies, likely
featuring a combination of experimental and computational work, will be needed

in order to further explore the role of T1 in the stability of acenoacenes.

Table 3.1: Calculated S1 and T1 energies for acenoacenes and TIPS-Pen.
Compound So0-S1 (eV) To-T1 (eV)

TIPS-Pen 1.88 0.89
SiRs-BisPen 1.64 0.84
SiRs-BisHex 1.34 0.57
SiRs3-BisHep 1.12 0.37

In order to investigate the role of aromaticity in acenoacene stability,
NICSzz(1) calculations were performed on silylethyne-substituted BP and BH
analogues. For both SiRs-BP and SiRs-BH, ring 3 displays the most negative
chemical shift and thus the strongest aromaticity. In both these compounds, ring
3 also corresponds to the ring most prone to reaction with 'O2 according to the
reaction energies in Figure 3.11. In fact, the 2 most reactive rings (3 and 5) in
SiR3-BH are also the most aromatic according to NICS. This underscores that
aromaticity indices such as NICS can prove to be misleading in the study of the

stability of acenes and acene derivatives.
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Figure 3:12: NICS values for bispentacene and bishexacene.

3.5: Tuning Solid-State Packing Through Alkylsilylethyne Substituents

For these acenoacenes to find use in OFET applications, their packing
motifs should feature ample Tr-stacking to allow for efficient charge transport. The
full packing structures for NODIPS-BP and NODIPS-BH are shown in Figure
3.12. While the octyl chains on the NODIPS groups enhanced the solubility of the
bisacenes to allow for characterization in common organic solvents, these bulky
side groups also hindered 1r-stacking between the aromatic cores. In both cases,
the packing is driven primarily by C-H-1r interactions between the long alkyl
chains and the aromatic backbones, resulting in herringbone-like motifs. One
possible way to diminish such extensive C-H-1 interactions is to substitute
smaller TAS groups onto the acenoacene backbone. TNPS-BP and TNPS-BH,
which feature TNPS substituents, were thus synthesized with the goal of
achieving a packing motif with more favorable interactions between the aromatic
cores. However, the packing motif of TNPS-BH shows only edge-to-face
interactions. While C-H-1r interactions are also observed in the TNPS-BH maotif,
packing was also disrupted by the presence of solvent with the crystals, which
can in part be attributed to large intermolecular space due to the sterically
hindering phenyl groups. The synthesis of acenoacenes featuring even smaller
TIPS groups was also attempted. Both TIPS-BP and TIPS-BH were isolated and
characterized by MALDI-MS, but the solubility of both products was poor and
were thus not characterized further. Future attempts at tuning the crystal packing
of BP and BH will likely involve functionalization of the phenyl moieties, with the
goal of preventing solvent trapping within the crystal structure.
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Figure 3:13: Crystal packing structures of a) NODIPS-BP,
b) NODIPS-BH, and c) TNPS-BH.

3.6: The Role of Bisacene Functionalization in Preventing Dynamic Disorder

While the phenyl moieties in our class of acenoacenes may present
challenges in achieving 1r-stacking arrangements, it is possible they may play a
role in preventing dynamic disorder in the solid-state. As mentioned in section
1.5, the addition of phenyl groups to an acene backbone has been shown to
hinder the long-axis sliding motion in materials such as Rubrene, and thus work
to mitigate dynamic disorder.*> The crystal structures obtained for three of our
derivatives confirm that the plane of the phenyl groups lies orthogonal to the
acenoacene backbone. To investigate the role of these orthogonal phenyl groups
in the long-axis vibrations of acenoacenes, TNPS-BP was submitted to
collaborators at Oak Ridge National Laboratory to perform inelastic neutron
scattering (INS) experiments. INS is well suited to study dynamic disorder in
OSCs as it can detect the low-energy vibrations primarily responsible for dynamic
disorder, and has been used in the study of a number of high performing OSC
materials.*>12¢ TNPS-BP was selected for these experiments because the
smaller TNPS groups are more ideal substituents for INS than NODIPS, as
longer alkyl chains can result in additional vibrational modes and thus more
convoluted data.

3.7: Summary

This chapter describes the synthesis of a series of acenoacenes utilizing a

synthetic route that allows for exquisite control over molecular length. Such a
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systematic study provides valuable insight into the evolution of electronic
properties and stability with increasing molecular length. These acenoacenes
also belong to a family of oblique pyrenes, which demonstrate complete
conjugation along the aromatic core, in contrast to the disrupted conjugation
observed in vertical pyrenes. Absorbance and electrochemical data suggest that
linear extension of acenoacenes tunes their electronic structure in a manner
similar to that seen in their acene counterparts. While linear acenes become less
stable with linear ring extension, NODIPS-BH appears slightly more resistant to
photooxidation than NODIPS-BP upon prolonged light exposure. This
counterintuitive trend may be attributed to a low T+1 level in BH that inhibits the
generation of '02 via an energy transfer mechanism, and thus substantially slows
the rate of photodecomposition. The inability to isolate NODIPS-BHep may
suggest that acenoacenes of 14-consecutively fused rings or longer do not
display the same benefits of stabilization as smaller acenoacenes. More in-depth
studies will be necessary to further elucidate the origin of stability observed in
acenoacenes. However, the results presented in this chapter prove that the
stability of acene-based OSC can be improved while still maintaining valuable

acene characteristics.

3.8: Experimental

All reagents and solvents were obtained from Sigma Aldrich, Oakwood
Chemicals, Gelest, or VWR and used without further purification. '"H and '3C
NMR spectra were measured on a 400 MHz Bruker NMR spectrometer in CDCI3
(7.26 ppm for '"H NMR, 77.16 ppm for 3C NMR). MALDI TOF MS was analyzed
on a Bruker Microflex LRF with no matrix. Solution UV-Vis was recorded on an
Agilent Carey 60 UV-Vis spectrophotometer. Cyclic voltammetry (CV)
measurements were performed in DCM on a BASi Epsilon Potentiostat with a
three-electrode cell, using 0.1 M n-BusNPFe as supporting electrolyte, AgCI/Ag+
as reference electrode, glassy carbon as working electrode, Pt wire as counter

electrode, with scan rate at 100 mV/s.
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1,5-dibenzoylnaphthalene (1): To a 500 ml RB flask was added aluminum
chloride (26.7 g, 200 mmol) and benzoyl chloride (14.5 ml, 120 mmol), and the
flask was heated to 80 °C with stirring until a uniform melt was formed. The flask
was allowed to cool to 60 °C, and naphthalene was added in 1.60 g portions
every 1 hr (6.40 g, 50.0 mmol total). The melt then seized up, indicating
completion of the reaction. The mixture was allowed to cool to room temperature,
and was carefully quenched with a saturated solution of ammonium chloride in
10% HCI (100 ml). The mixture was then extracted into DCM (150 ml), and the
organic layer was dried with magnesium sulfate, filtered through a thin pad of
silica, and flushed with DCM to remove all product. After removal of the solvent,
the crude product was triturated with acetone (200 ml), and after vacuum filtration

the product was collected as an off-white powder. Yield: 8.44 g, 50%.'%°

o g
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1,5-dibenzylnaphthalene (2): To a 250 ml RB flask was added diethylene glycol
(120 ml), 1,5-dibenzoylnaphthalene (9.00 g, 26.8 mmol), and 80% hydrazine
hydrate (7.00 ml). The flask was loosely tented with aluminum foil, and the

mixture was stirred at 120 °C for 1 hour to remove water. The mixture was then
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heated to 215 °C and stirred for 3 hours. The flask was then allowed to cool to
100 °C, at which point sodium hydroxide (4.80 g, 120 mmol) was added slowly.
The mixture was again stirred at 215 °C for 3 hours. After cooling to room
temperature, the mixture was poured into 1 L of water and then filtered to give a
light brown solid. The crude product was purified by silica plug in 4:1
hexanes:DCM to give the product as a white solid. Yield: 6.12 g, 74%."25

O
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1,6-Diphenylpyrene-2,3,7,8-tetracarboxylicdianhydride (3): To a 100 ml RB
flask was added maleic anhydride (24.0 g, 245 mmol) and nitrobenzene (25.0
ml), and the flask was loosely tented with aluminum foil and stirred at 120 °C for
1 hour to remove water. 2 (4.50 g, 14.6 mmol) and lodine (50 mg) were then
added, the flask was outfitted with a condenser, and the mixture was heated at
215 °C for 4 hours. After the flask was allowed to cool to room temperature,
acetic acid (30 ml) was added to the mixture. The mixture was allowed to stand
for 16 hours, at which point a brown crystalline solid was collected by vacuum
filtration. The crude solid was triturated with diethyl ether (50 ml) and filtered to
yield the product as a light brown solid. Yield: 4.48 g, 62%.'%°
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1,6-Diphenylpyrene-2,3,7,8-tetraethyloate (4): A 250 ml RB flask was charged
with 3 (4.50 g, 9.11 mmol), bromoethane (19.8 g, 182 mmol, 20 eq.), ethanol
(15.9 ml, 273 mmol, 30 eq.), DBU (13.6 ml, 91.1 mmol, 10 eq.), and DMF (70
ml). The flask was outfitted with a condenser, and the mixture was stirred at 75
°C for 16 hours. The mixture was poured into water (200 ml), extracted into ethyl
acetate, and washed again with water (100 ml). The organic layer was dried with
magnesium sulfate, and then flushed through a silica plug (ethyl acetate). The
solvent was removed to give the product as a yellow solid. Yield: 5.44 g, 93%.
m.p. 295 °C. "H NMR (400 MHz, CDClz): & 8.49 (d, J = 9.6 Hz, 2H), 8.01 (d, J =
9.6 Hz, 2H), 7.55 (m, 6H), 7.49 (m, 4H), 4.52 (q, J = 7.2 Hz, 4H), 4.06 (q, J = 7.2
Hz, 4H), 1.44 (t, J=7.2 Hz, 6H), 0.98 (t, J = 7.2 Hz, 6H). *C NMR (101 MHz,
CDCls): 168.47, 167.74, 137.66, 136.43, 132.37, 131.07, 130.60, 128.14, 127.51,
126.70, 126.35, 124.47, 62.26, 61.57, 14.10, 13.58. HRMS (TOF MS ESI") for
[M]: calc. for C40H340s: 642.2254, found: 642.2247.

N
8 LiBH,, MeOH ‘O 8:
~ > Ho

1,6-Diphenylpyrene-2,3,7,8-tetramethanol (5): A flame-dried 250 ml RB flask
under N2 was charged with 4 (4.00 g, 6.23 mmol), anhydrous THF (40 ml), and
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methanol (4.03 ml, 99.8 mmol, 16 eq.). 4M lithium borohydride in THF (24.9 ml,
99.8 mmol, 16 eq.) was added slowly at room temperature, and the mixture was
then heated to 60 °C and stirred for 16 hours. The flask was allowed to cool to
room temperature, at which point the mixture was quenched with dropwise
additions of water (10 ml) and 10% HCI (10 ml) until foaming ceased. The
mixture was then poured into 100 ml of water and then filtered. The crude
product was taken up in acetone (150 ml), triturated, and then filtered to give the
product as a pale-yellow powder. The crude product was taken to the next step
without further purification. Yield: 2.40 g, 81%. MS (MALDI TOF) calc. for
C32H2204: 474.183 [M]*, found: 474.264.
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1,6-Diphenylpyrene-2,3,7,8-tetramethylbromide (6): To a 250 ml flame-dried
RB flask under N2 was added anhydrous DMF (40 ml) and 5 (2.40 g, 5.05 mmol).
1M PBrs (30.3 ml, 30.3 mmol, 6 eq.)in DCM was then added, and the mixture
was stirred for 14 hours, during which time a precipitate formed. The reaction
was quenched slowly with water (20 ml) and 10% HCI (20 ml), and the mixture
was then poured in 100 ml MeOH, triturated, and then filtered. The filtrate was
then taken up in acetone, triturated, and then filtered, and the product was
recovered as a yellow solid. The crude product was taken to the next step
without further purification. Yield: 2.70 g, 77%. MS (MALDI TOF) calc. for
C32H22Br3+ : 642.927 [M-Br]+, found: 642.822.
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Diphenylbispentacenequinone (BP-Q): A 150 ml sealed tube reactor was
charged with N,N-dimethylacetamide (50 ml), 6 (1.00 g, 1.38 mmol), 1,4-
naphthoquinone (0.872 g, 5.52 mmol, 4 eq.), and potassium iodide (1.74 g, 10.5
mmol, 8 eq.). The tube was sealed, and the mixture was then stirred at 120 °C for
2 days. The tube was allowed to cool to room temperature, unsealed, and the
mixture was stirred open to air for 2 hours. The mixture was then poured into 500
ml of water and filtered. The crude filtrate was taken up in 250 ml acetone,
sonicated for 10 minutes, and then filtered. The filtrate was then added to 250 ml
THF, sonicated for 10 minutes, and then filtered. The crude product was
collected as a black solid and was used without further purification. Yield: 0.611
g, 64%.
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NODIPS-BP: A flame-dried 100 ml RB flask under N2 was charged with 20 ml
anhydrous THF and NODIPS-acetylene (1.37 g, 5.40 mmol, 13 eq.). The flask
was cooled to 0 °C, and then 2.5 M n-butyllithium in hexanes (1.99 ml, 4.98
mmol, 12 eq.) was added slowly and the mixture was stirred for 30 minutes. BP-
Q (0.300 g, 0.415 mmol) was then added, and the mixture was stirred for 16

hours. The reaction was quenched with water (20 ml) and 10% HCI (5 ml), and
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the organic layer was extracted into diethyl ether, dried with magnesium sulfate,
and the solvent removed. The crude, viscous oil was purified on a silica plug in
5:1 hexanes:ethyl acetate to give a red oil, which was carried directly to the next
step. The oil was dissolved in THF (20 ml) and added to a 100 ml RB flask along
with 0.750 g tin (I) chloride hydrate and 2 ml trifluoroacetic acid, and the mixture
was stirred for 30 minutes. The reaction was quenched with water (20 ml) and
the organic layer was extracted into diethyl ether, dried with magnesium sulfate,
and the solvent removed. The crude product was purified by column
chromatography in 6:1 hexanes:DCM to give the product as a dark green solid.
Yield: 0.24 g, 34%. 1H NMR (400 MHz, CDCl3): & 10.94 (s, 2H), 9.39 (s, 2H),
9.05 (d, J = 10 Hz, 2H), 8.66 (dd, J = 10.4, 7.6 Hz, 4H), 7.90 (d, J = 9.6 Hz, 2H),
7.68 (m, 10H), 7.54 (m, 4H), 1.75 (q, J = 7.6 Hz, 8H), 1.46 (p, J = 7.6 Hz, 8H),
1.36 (m, 48H), 1.29 (m, 8H), 1.23 (m, 8H), 1.16 (m, 16H), 0.98 (t, J = 7.6 Hz, 8H),
0.84 (t, J = 6.8 Hz, 8H), 0.77 (m, 8H). 3C NMR (101 MHz, CDCls): 139.09,
136.64, 133.14, 132.81, 131.62, 130.38, 129.64, 129.55, 128.78, 127.91, 127.66,
127.57, 127.52, 127.29, 126.69, 126.46, 125.04, 123.03, 122.23, 118.66, 118.62,
106.80, 106.59, 104.06, 103.27, 34.01, 31.95, 29.40, 24.69, 22.67, 18.76, 18.43,
14.09, 12.13, 10.20. HRMS (TOF MS ESI") calc. for C116H150Sis: 1655.0815 [M],
found: 1655.0704.
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Diphenylbishexacenequinone (BH-Q): A 150 ml sealed tube reactor was
charged with 6 (1.00 g, 1.38 mmol), 1,4-anthraquinone (1.14 g, 5.52 mmol),
potassium iodide (1.83 g, 11.0 mmol), and N,N-dimethylacetamide (50 ml) and
the tube was sealed. The mixture was then stirred at 120 °C for 2 days. The tube

was allowed to cool to room temperature, unsealed, and the mixture was allowed

73



to stir open to air for 2 hours. The mixture was then poured into 500 ml| of water
and filtered. The crude filtrate was taken up in 250 ml acetone, sonicated for 10
minutes, and then filtered. The filtrate was then added to 250 ml THF, sonicated
for 10 minutes, and then filtered. The crude product was collected as a black

solid and was used without further purification. Yield: 0.58 g, 51%.
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NODIPS-BH: A flame-dried 50 ml RB flask under N2 was charged with 8 ml
anhydrous THF and NODIPS-acetylene (0.612 g, 2.42 mmol, 20 eq.). The flask
was cooled to 0 °C, and then 1 M LIHMDS (2.30 ml, 2.30 mmol, 19 eq.) was
added slowly and the mixture was stirred for 30 minutes. BH-Q (0.100 g, 0.121
mmol) was then added, and the mixture was stirred for 16 hours. The reaction
was quenched with water (10 ml) and the organic layer was extracted into diethyl
ether (60 ml), dried with magnesium sulfate, and the solvent removed. The
crude, viscous oil was purified on a silica plug in 7:1 hexanes:ethyl acetate to
give a red oil, which was carried directly to the next step. The oil was dissolved in
toluene (25 ml) and added to a 100 ml RB flask along with 0.16 g tin (II) chloride
hydrate, and the mixture was stirred for 1 hour. The reaction was quenched with
water (50 ml) and the organic layer was extracted into diethyl ether (50 ml), dried
with magnesium sulfate, and the solvent removed. The crude product was
purified by column chromatography in 6:1 hexanes:DCM to give the product as a
dark purple solid. Yield: 23 mg, 15%. 1H NMR (400 MHz, CDCI3): © 10.44 (s,
2H), 9.37 (s, 2H), 9.34 (s, 2H), 8.97 (d, J = 10 Hz, 2H), 7.99 (dd, J = 6.4, 5.2 Hz,
4H), 7.84 (d, J = 10 Hz, 2H), 7.75 (m, 10H), 7.44 (m, 4H), 1.39 (m, 24H), 1.22 (m,
40H), 1.85 (p, J = 8 Hz, 8H), 1.63 (m, 8H), 1.51 (m, 16H), 1.04 (m, 8H), 0.83 (m,
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16H). HRMS (TOF MS ESI) calc. for C124H154Sisa: 1755.1128 [M], found:
1755.1025.

TNPS-acetylene,
n-buli

THF
0°Ctort.

TNPS-BP

TNPS-BP: A flame-dried 100 ml RB flask under N2 was charged with 20 ml
anhydrous THF and TNPS-acetylene (1.76 g, 9.66 mmol, 14 eq.). The flask was
cooled to 0 °C, and then 2.5 M n-butyllithium in hexanes (3.32 ml, 8.30 mmol, 12
eq.) was added slowly and the mixture was stirred for 30 minutes. BP-Q (0.500
g, 0.692 mmol) was then added, and the mixture was stirred for 16 hours. The
reaction was quenched with water (20 ml) and the organic layer was extracted
into diethyl ether (50 ml), dried with magnesium sulfate, and the solvent
removed. The crude, viscous oil was purified on a silica plug in 5:1 hexanes:ethyl
acetate to give a red oil, which was carried directly to the next step. The oil was
dissolved in THF and added to a 100 ml RB flask along with 0.90 g tin (ll)
chloride hydrate and 2 ml trifluoroacetic acid, and the mixture was stirred for 30
minutes. The reaction was quenched with water (20 ml) and the organic layer
was extracted into ether (50 ml), dried with magnesium sulfate, and the solvent
removed. The crude product was purified by column chromatography in 6:1
hexanes:DCM to give the product as a dark green solid. Yield: 191 mg, 21%. 1H
NMR (400 MHz, CDCls): & 10.45 (s, 2H), 9.37 (s, 2H), 9.05 (d, J = 10 Hz, 2H),
8.60 (dd, J=15.6, 7.2 Hz, 4H), 7.96 (d, J = 7.96 Hz, 2H), 7.70 (m, 10H), 7.57 (m,
4H), 1.77 (m, 12H), 1.55 (m, 12H), 1.14, (p, J = 7.2 Hz, 36H), 1.02 (m, 12H), 0.78
(m, 12H). MS (MALDI TOF) calc. for CesH110Si4: 1374.768 [M]*, found: 1374.458.
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TNPS-BH: A flame-dried 100 ml RB flask under N2 was charged with 12 ml
anhydrous THF and TNPS-acetylene (1.85 g, 10.2 mmol, 20 eq.). The flask was
cooled to 0 °C, and then 1 M LiHMDS (2.30 ml, 2.30 mmol, 19 eq.) was added
slowly and the mixture was stirred for 30 minutes. BH-Q (0.420 g, 0.508 mmol)
was then added, and the mixture was stirred for 16 hours. The reaction was
quenched with water (20 ml) and the organic layer was extracted into diethyl
ether (60 ml), dried with magnesium sulfate, and the solvent removed. The
crude, viscous oil was purified on a silica plug in 7:1 hexanes:ethyl acetate to
give a red oil, which was carried directly to the next step. The oil was dissolved in
toluene (50 ml) and added to a 100 ml RB flask along with 0.675 g tin (ll) chloride
hydrate, and the mixture was stirred for 1 hour. The reaction was quenched with
water (50 ml) and the organic layer was extracted into diethyl ether (50 ml), dried
with magnesium sulfate, and the solvent removed. The crude product was
purified by column chromatography in 6:1 hexanes:DCM to give the product as a
dark purple solid. Yield: 42 mg, 5.5%. 1H NMR (400 MHz, CDCIs3): & 10.39 (s,
2H), 9.29 (s, 2H), 9.24 (s, 2H), 8.96 (d, J = 9.6 Hz, 2H), 7.97 (m, 6H), 7.77 (m,
10H), 7.45 (m, 4H), 1.83 (m, 12H), 1.62 (m, 12H), 1.17 (m, 36H), 1.06 (m, 12H),
0.84 (m, 12H). MS (MALDI TOF) calc. for C104H114Sis: 1474.800 [M]*, found:
1474 .476.
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Diphenylbisheptacenequinone (BHep-Q): A 150 ml sealed-tube reactor was
charged with 6 (0.600 g, 0.825 mmol), 1,4-tetraquinone (0.639 g, 2.48 mmol, 3
eq.), potassium iodide (1.10 g, 6.6 mmol, 8 eq.), and N,N-dimethylacetamide (30
ml), and the tube was sealed. The mixture was then stirred at 120 °C for 2 days.
The tube was allowed to cool to room temperature, unsealed, and allowed to stir
open to air for 2 hours. The mixture was then poured into 500 ml of water and
filtered. The crude filtrate was taken up in 250 ml acetone, sonicated for 10
minutes, and then filtered. The filtrate was then added to 250 ml THF, sonicated
for 10 minutes, and then filtered. The crude product was collected as a black

solid and was used without further purification. Yield: 0.55 g, 73%.

NODIPS

NODIPS-acetylene,
n-bulLi

THEF
0°Ctort

NODIPS

NODIPS
NODIPS-BHep-Tetraol

NODIPS-BHep-Tetraol: A flame-dried 100 ml RB flask under N2 was charged
with 20 ml anhydrous THF and NODIPS-acetylene (2.20 g, 8.74 mmol, 16 eq.).
The flask was cooled to 0 °C, and then 2.5 M n-butyllithium in hexanes (3.28 ml,
8.19 mmol, 15 eq.) was added slowly and the mixture was stirred for 30 minutes.
BHep-Q (0.500 g, 0.546 mmol) was then added, and the mixture was stirred for
16 hours. The reaction was quenched with water (20 ml) and the organic layer

was extracted into diethyl ether (50 ml), dried with magnesium sulfate, and the
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solvent removed. The crude product was purified on a silica plug in 5:1
hexanes:ethyl acetate to give a dark-red viscous oil.
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Chapter 4: Towards a Functionalized, Stable Cata-Pentacenopentacene

4 1: Introduction to Cata-annulated Acenoacenes

While a number acenoacenes featuring various peri-annulation modes
have been reported, cata-annulated acenoacenes fused at the 1,2-positions of
the acene moieties are relatively rare. A cata-anthracenoanthracene was first
reported in 1929 by Clar,'?® and not until recently have longer derivatives been
the focus of study. Gourdon recently reported a series of non-functionalized cata-
acenoacenes, including a pentacenopentacene (PP) and hexacenohexacene.'?’
However, poor solubility and high reactivity of the compounds limited their
characterization, and absorbance spectra could only be achieved in a frozen
matrix. Bunz reported a TIPS-ethynyl-substituted cata-N-pentacenopentacene
that was stable enough to undergo some characterization ('H NMR, mass
spectroscopy, infrared spectroscopy) as well as absorbance studies under
ambient conditions, but low yields prevented further study.'?® These cata-
condensed PP show red-shifted absorption spectra relative to their linear
counterparts, though such redshifts (50-60 nm) appear smaller compared to that
observed in NODIPS-BP compared to TIPS-Pen (>100 nm). This suggests that
cata-annulated acenoacenes retain electronic structures that more closely
resemble linear acenes than peri-annulated acenoacenes. It should be noted that
functionalized cata-annulated PP derivatives featuring an all-hydrocarbon
aromatic core have not been reported, primarily due to the lack of synthetic
accessibility for such a framework. Thus, it is not clear how the stability of such a
system would differ from N-substituted derivatives and from peri-annulated

acenoacenes, such as the oblique pyrenes discussed in chapter 3.
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Figure 4:1: Cata-annulated (a) TIPS-substituted N-PP, (b) non-functionalized
PP, and (c) TIPS-substituted PP.

This chapter details the synthesis and characterization of a functionalized
cata-pentacenopentacene (c-PP). Like the fused-acenes discussed in previous
chapters, the synthetic route consists of a quinone intermediate that allows for
the addition of TAS groups of varying size, which may be used to control
solubility as well as solid-state ordering. Considering that silylethynyl groups
stabilize acene derivatives, such substituents were hypothesized to stabilize
larger cata-acenoacenes so that they may be isolated under ambient conditions.
Such stabilization would allow for more in-depth studies to determine how the
role of ring annulation impacts its electronic structure relative to peri-annulated
acenoacenes. Based on absorption data reported for N-pentacenopentacene and
non-substituted PP derivatives, it would be expected that the onset absorption of
TIPS-c-PP would be redshifted relative to TIPS-Pen, albeit to a lesser extent
than NODIPS-BP. Because the decomposition pathways for unsubstituted c-PP
and cata-hexacenohexacene derivatives have not been investigated,
photostability studies will also be performed in order to examine how the cata-
annulated structure of these derivatives impacts their stability compared to their
peri-annulated counterparts.

4.2: Synthesis of TIPS-c-PP

The synthetic route to the c-PP backbone involves the synthesis of a di-
aryne precursor 2, which was performed with help from undergraduate
researcher Andrew Sturgis. After the bromination of 1,5-dihydroxynaphthalene at

the 2 and 6 positions, the next step makes use of a modified 2-step, 1-pot
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procedure for the synthesis of ortho-trimethylsilylaryl triflates.’?® After protection
of the alcohols with trimethylsilyl (TMS) groups using hexamethyldisilazane
(HMDS), the crude intermediate is then subjected to metal-halogen exchange at
low temperature, which results in migration of the TMS group to the 2 and 6
positions in what is known as a Brook rearrangement. Quenching the reaction
with trifilic anhydride (Tf20) yields the naphthdiyne precursor 2. Treatment of 2
with tetrabutylammonium fluoride (TBAF) causes the generation of the aryne
intermediate, which promptly undergoes a Diels-Alder reaction with furan to form
naphthalene-diendoxide 3. The poor solubility of 3 prevented characterization by
NMR, however its structure was confirmed by X-ray crystallography. While the
crystal structure appears to show only the anti-conformation of the endoxide,
TLC of the crude product prior to work-up appears to show spots consistent with
both the anti and cis isomers, as both products show the same mass by MALDI-
MS. However, the anti-conformation is significantly less soluble than the cis-

isomer, and can thus be easily filtered off from the reaction mixture.
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3,6-(di-2-pyridyl)
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Figure 4:2: Synthetic route to TIPS-c-PP.

To extend the length of the fused-acene core, the addition of 1,4-

anthraquinone to 3 was facilitated by 3,6-(di-2-pyridyl)-1,2,4,5-tetrazine. The poor
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solubility of the starting materials and reaction intermediates impeded early
attempts at the synthesis of 4. The use of chloroform or o-dichlorobenzene as the
solvent gave a pink, insoluble precipitate as the product, which could not be
characterized. The starting materials could be completely dissolved in a dilute
DMF solution, and upon stirring at room temperature the pink precipitate was
formed. Heating the mixture at 140 °C resulted in solvation of the intermediate,
which promptly turned dark and resulted in a poorly soluble brown solid which
could not be characterized. The attempted addition of TIPS-acetylide did not
result in change to the starting material by TLC, suggesting that this material was
not the desired quinone and could be a decomposition product. The optimal
reaction conditions ultimately utiized DMSO as the solvent, with the crude
product subjected to lithium iodide at reflux to give c-PP-Q.3® While the poor
solubility ¢-PP-Q prevented its characterization, the addition of TIPS-acetylide
followed by deoxygenation with tin (lI) chloride provided TIPS-c-PP. The low
yields (<5%) of TIPS-c-PP are primarily due to the presence of impurities in c-
PP-Q, which hinders efficient addition of TIPS-acetylide to the quinone. TIPS-c-
PP was able to be isolated under ambient conditions and could be characterized
by '"H NMR (Figure 4.3), which shows the fully aromatic product without any
peaks corresponding to common degradation products such as endoperoxides or

dimers.
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Figure 4:3: '"H NMR spectrum of TIPS-c-PP.
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4.3: Absorption Properties and Stability of TIPS-c-PP

The UV-Vis spectrum of TIPS-c-PP shows an onset absorbance peak at
685 nm, and features a similar acene-like vibronic progression to that seen in
NODIPS-BP and NODIPS-BH. A second vibronic progression is observed
between 425 nm and 500 nm, which may indicate that lower-lying molecular
orbitals, such as the HOMO-1, also maintain an acene-like electronic structure.
The onset absorbance of TIPS-c-PP is redshifted by ~60 nm compared to the
unsubstituted pentacenopentacene reported by Gourdon, which is similar to the
redshift observed in TIPS-Pen relative to pentacene.2 Notably, TIPS-c-PP
displays a relatively small redshift in absorbance compared to TIPS-Pen (~35
nm), and is blueshifted by ~80 nm relative to NODIPS-BP. Thus, the electronic
structure of the ¢c-PP framework appears more reminiscent of pentacene than a
2-D fused-pentacene system. Further experimental characterization, as well as
computational studies, will be necessary to fully elucidate the electronic

properties of c-PP derivatives.
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Figure 4:4: (a) UV-Vis spectrum of TIPS-c-PP, NODIPS-BP, and TIPS-Pen,
(b) stability studies for TIPS-c-PP and NODIPS-BP in chloroform
under white light exposure.

To gauge the photostability of TIPS-c-PP, stability experiments were
performed under exposure to an intense white-light source. While the
unsubstituted PP reported by Gourdon could not be isolated outside of frozen
matrices due to insolubility and high reactivity,'?” TIPS-c-PP decomposes only

slowly in solution under prolonged light exposure, and remains stable in the dark
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indefinitely both in solution and in the solid-state. Such stability can be attributed
to the ability of the TIPS-ethynyl substituents to slow the rate of photooxidation
and hinder dimerization through steric effects. Additionally, TIPS-c-PP displays a
half-life similar to that of NODIPS-BP under similar conditions. The linear
degradation rate for TIPS-c-PP shown in Figure 4.4 suggests that the
decomposition products generated upon light exposure do not noticeably
catalyze the further decay of TIPS-c-PP, which may play a role in its
photostability. The significantly enhanced photostability of TIPS-c-PP compared
to TIPS-Pen is particularly surprising given the apparent similarities in their
electronic structures, and further demonstrates that the 2-D framework of

acenoacenes provides a stabilizing effect on acene derivatives.

4 .4: Crystal Packing in TIPS-c-PP

The crystal structure for TIPS-c-PP is shown in Figure 4.5. In contrast to
the peri-annulated acenoacenes discussed in Chapter 3, TIPS-c-PP displays
strong 1-D 1r-stacking. TIPS-c-PP also displays strong electronic coupling (88
meV) along its strong axis, which can be attributed in part to its large, planar -
surface that allows for significant intermolecular orbital overlap. However, the
rather poor solubility of TIPS-c-PP could potentially inhibit its ability to form
quality thin-films for transistor applications. Therefore, future attempts at tuning c-
PP derivatives for OFET applications will involve tuning the size of the TAS-

ethyne groups to improve processability while still maintaining tr-stacking.
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Figure 4:5: Crystal structure of TIPS-c-PP.

4 .5: Conclusion

This chapter describes the synthesis of a functionalized
pentacenopentacene derivative featuring a cata-condensed aromatic core. The
incorporation of TIPS-ethynyl substituents onto the PP backbone drastically
improves the stability of the acenoacene core compared to previously reported
non-functionalized acenoacenes of similar size and annulation mode. UV-Vis
studies show that the optical properties of TIPS-c-PP are more reminiscent of
TIPS-Pen than other fused-acene systems such as oblique pyrenes. TIPS-c-PP
displays enhanced photostability compared to TIPS-Pen, providing another
unique system with which to study the stability of extended fused-acene
derivatives. Similar to the synthetic protocols described in previous chapters, the
synthetic route to TIPS-c-PP allows for straightforward tuning of molecular
length, which will allow for future studies on the stability of larger cata-annulated

acenoacenes.

4.6: Experimental

All reagents and solvents were obtained from Sigma Aldrich, Oakwood
Chemicals, Gelest, or VWR and used without further purification. Solution UV-vis
was recorded on an Agilent Carey 60 UV-Vis spectrophotometer. 'H and '3C
NMR spectra were measured on a 400 MHz Bruker NMR spectrometer in CDCl3
(7.26 ppm for '"H NMR, 77.16 ppm for '3C NMR).
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2,6-Dibromo-1,5-dihydroxynaphthalene: A 500 ml RB flask was charged with
1,5-dihydroxynaphthalene (10.0 g, 62.4 mmol) and 200 ml chloroform, and the
suspension was cooled to 0 °C. A solution of bromine (20.0 g, 125 mmol, 2 eq.)
in 15 ml chloroform was then added dropwise, and the mixture was stirred at
room temperature for 18 hours. The solid product was filtered, and the filtrate
was washed with 50 ml chloroform and dried under vacuum. The crude solid was
purified via silica plug in DCM to give the product as a beige powder. Yield: 13.1
g, 66%.

OH \ HMDS OTf
Oe Br THF, reflux OO T™MS
Br 2. i) n-buLi, TMS
OH i) TIO, OTf
1 THF, -78 °C )

2,6-bis(trimethylsilyl)-1,5-bis(trifluoromethanesulfonic)naphthalene (2): A
250 ml round-bottom flask was charged with 1 (4.00 g, 12.6 mmol), HMDS (7.90
ml, 37.3 mmol, 3 eq.), and 50 ml THF. The flask was fitted with a condenser, and
the mixture was stirred at reflux for 2 hour. The flask was then allowed to cool to
room temperature, and the solvent and excess HMDS were removed. The solid
was then re-dissolved in anhydrous THF (84 ml), and the solution was cooled to -
78 °C. 2.5 M n-butyllithium in hexanes (11.6 ml, 29.0 mmol, 2.3 eq.) was added
dropwise, and the mixture was stirred for 30 minutes at -78 °C. Then,
trifluoromethanesulfonic anhydride (5.29 ml, 31.5 mmol, 2.5 eq.) was added

slowly, and the solution was allowed to stir for an additional 30 minutes. A
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saturated solution of aqueous sodium bicarbonate (50 ml) was added slowly, and
the mixture was allowed to warm to room temperature. The mixture was
extracted into ether and washed with water, the organic layer was dried with
magnesium sulfate, and the solvent was removed. The crude product was
purified by silica plug in 6:1 hexanes:DCM to give the product as a white solid.'?°
Yield: 4.21 g, 63%. 'H NMR (400 MHz, CDCl3): & 8.08 (d, J = 8.4 Hz, 2H), 7.73
(d, J = 8.8 Hz, 2H), 0.50 (s, 18H). '3C NMR (101 MHz, CDCI3): 5 147.85, 133.87,
132.53, 128.98, 123.46, 121.54, 120.28, 117.09, 113.91, 0.12.
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1,4,7,10-tetrahydro-1,4,7,10-diepoxychrysene (3): A flame-dried 100 ml RB
flask under N2 was charged with 2 (1.00 g, 1.87 mmol), furan (1.30 ml, 17.9
mmol, 10 eq.), 12 ml acetonitrile, and 4 ml anhydrous THF. The flask was cooled
to 0 °C, a 1M tetrabutylammonium fluoride solution in THF (7.48 ml, 7.48 mmol, 4
eq), was added, and the mixture was allowed to stir at room temperature for 14
hours, during which time a precipitate formed. Then, 20 ml water was added, and
the mixture was filtered. The off-white filtrate was triturated in 100 ml acetone
and filtered to give the product as a white solid. The product was recrystallized
from DMF. MALDI-MS for [M+1]+: calc. For C1sH1202: 260.084, found: 260.155.
Yield: 0.24 g, 50 %.
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PP-diendoxidequinone (4): A 100 ml RB flask was charged with 50 ml DMSO,
and the solvent was purged with N2 for 30 minutes. Then, 3 (0.250 g, 0.962
mmol), 3,6-(di-2-pyridyl)-1,2,4,5-tetrazine (0.569 g, 2.41 mmol, 2.5 eq.), and 1,4-
anthraquinone (0.801 g, 3.85 mmol, 4 eq.) were all added, and the mixture was
stirred at 150 °C for 16 hours. The mixture was allowed to cool to room
temperature, and was then poured into 250 ml water and filtered. The filtrate was
then taken up in 100 ml acetone, triturated and then filtered. The filtrate was then
taken up in 100 ml THF, triturated, and filtered to give the crude product as a
brown solid, which was taken to the next step without further purification.®® Yield:
0.423 g, 70%.

Lil, DBU

THF
reflux

c-PP-Q: A 250 ml RB flask was charged with 4 (0.400 g, 0.641 mmol), lithium
iodide (0.214 g, 1.60 mmol, 2.5 eq.), DBU (1.95 g, 12.8 mmol, 20 eq.), and 64 ml
THF. The mixture was then stirred at reflux for 3 hours. The mixture was allowed
to cool to room temperature, and was then poured into 250 ml water and filtered.
The filtrate was then taken up in 100 ml acetone, triturated and then filtered. The
filtrate was then taken up in 100 ml THF, triturated, and filtered to give the crude
product as a brown solid, which was taken to the next step without further
purification. Yield: 0.28 g, 74%.
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TIPS-c-PP: A flame-dried 100 ml RB flask under N, was charged with 15 ml anhydrous
THF and TIPS-acetylene (1.63 g, 8.93 mmol, 21 eq.), and the solution was cooled to 0
°C. 2.5 M n-butyllithium in hexanes (3.40 ml, 8.50 mmol, 20 eq.) was added slowly, and
the reaction mixture was stirred for 30 min. ¢-PP-Q (0.250 g, 0.425 mmol) was added,
and the solution was stirred for 16 hours at room temperature. The reaction was
quenched with water (20 ml) and 10% HCI (5 ml), extracted in diethyl ether (50 ml) and
washed with water (50 ml), and the organic layer was dried with magnesium sulfate.
After removal of solvent, the product was purified on a silica plug (5:1 hexanes: ethyl
acetate) to give the tetraol as a dark oil. The oil was then redissolved in toluene (10 ml),
and 0.500 g tin (ll) chloride hydrate was added to the solution, and the reaction mixture
was stirred for 2 hours. The reaction was quenched with water (20 ml), extracted into
diethyl ether (50 ml) and washed with water (50 ml), and dried with magnesium sulfate.
After removal of solvent, the product was purified via column chromatography in 6:1
hexanes:DCM. Yield: 23 mg, 4.4% 'H NMR (400 MHz, CDClz): & 10.14 (s, 2H),
9.40 (s, 2H), 9.37 (s, 2H), 9.34 (s, 2H), 8.82 (d, J = 9.2 Hz, 2H), 8.10 (d, J=9.2
Hz, 2H), 8.03 (m, 4H), 7.46 (dd, J = 7.2 Hz, 4H), 1.47 (m, 42H), 1.52 (m, 42H).
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Chapter 5: Functionalized Leuco Dyes for Radiochromic Dosimeters

5.1: Introduction to Triphenylmethane dyes for Radiochromic Dosimeters

With the advent of the Presage dosimeter in the early 2000s, the
application of triphenylmethane dyes in radiochromic films has received
increased attention. Such dosimeters are cheap and light weight, and their
sensitivity to radiation can be tuned by changing various aspects of the device
composition to meet the needs of various applications. One such application is
the need to alert first responders to the presence of harmful levels of radiation
while working under hazardous conditions. The flexible and lightweight nature of
this class of dosimeters means that they can be affixed to a uniform, making
them a convenient alternative to conventional dosimeters. Reports of dosimeters
that display linear changes in optical density proportional to radiation dosage
suggest that an easy-to-read color response to varying levels of radiation
exposure is possible.®® However, ensuring that such a linear optical response
occurs within the radiation range that would be relevant to first responders would
require careful tuning of numerous material and device parameters. The overall
goal of the TATTOO project is to develop a lightweight, wearable colorimetric
dosimeter that utilizes functionalized triphenylmethane dyes as the active
material. The dosimeter prototype will consist of a dye and a halocarbon initiator
entrained within a polymer composite, which in the later steps of the project will
be encapsulated within a wearable nylon pouch. The dye/polymer composite
should remain colorless under ambient conditions, and gradually change color
upon increased radiation exposure in the range of 0-20 grays (Gy), where
complete conversion to the colored form of the dye occurs at 20 Gy. The color
change should be such that the person wearing the sensor can easily discern the

dosage of radiation to which they have been exposed.
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Figure 5:1: Proposed diagram of a TATTOO dosimeter.3°

As discussed in Chapter 1.9, the addition of functional groups to LMG
derivatives is a promising method to impact the reactivity of the dyes upon
irradiation. While it has been shown that functionalization of triarylmethanes has
little impact on the bond dissociation energy (BDE) of the central methine bond,
electron-donating and electron-withdrawing groups do work to stabilize or
destabilize, respectively, the resulting cation formed upon oxidation.’™' The
stabilizing effect of electron-donating groups is reflected in the increased
sensitivity of Presage dosimeters featuring methoxy-substituted LMG dyes.%>%
Such studies are sparse however, and thus the exact nature of how functional
groups impact the reactivity of LMG green dyes is still unclear. A key aspect of
this project will be to systematically alter the reactivity of the dyes through the
addition of electron-donating or electron-withdrawing functional groups, which will
be substituted at differing positions on the phenyl ring. By utilizing a broader
range of functionalities and substitution patterns, we hope to develop molecular
design principles for tuning the sensitivity of LMG derivatives to irradiation. The
impact of functionalization can be observed qualitatively by the rate of color
change and quantitatively by spectroscopic methods such as UV-Vis. While
solution studies can provide a baseline for their relative sensitivity, the
applicability of the dyes ultimately depends on their reactivity when mixed with
the other components of the dosimeter.

The initial stages of the TATTOO project will consist of the screening of
several composites, each consisting of a leuco dye, a polymer or resin, and a
halocarbon activator. The reactivity of the dyes within these composites can
provide feedback on further chemical modifications that may better optimize their
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sensitivity within the necessary dosage range. Additionally, the sensitivity of the
composites will be tuned by adjusting other parameters, including the structures
of the initiator and polymer, the wt% of the formulation components, and the
annealing process. The structure of the activator has been shown to impact the
sensitivity of Presage films, with the reactivity of halocarbon activators generally
increasing in the order Cl < Br < I, which can be attributed to decreasing bond
dissociation energies (BDE) of the halogen-carbon bond.?® The wt% of the
components within the films also plays an important role, as Presage films
become more sensitive with increased concentration of the initiator.®® The nature
of the polymer or resin can greatly impact the miscibility of the formulation
components, as well as the stability of the radical and cationic species, thus also
impacting the sensitivity of the film. Because each of these parameters must be
examined in conjunction with the other components of the dosimeters, many
composites will need to be formulated. We will thus work with collaborators at
Savannah River National Laboratory, who will work primarily on irradiating tiles of
various compositions to help establish which dyes, polymers, and initiators

should be the focus of future studies.

5.2: Synthesis of Leuco Dyes

The synthesis of the functionalized LMG dyes makes use of a
straightforward condensation reaction, and typically consists of only one step.
Optimal conditions utilized the functionalized benzaldehyde, an excess of the
N,N-dialkylaniline (~4 eq.), and p-toluenesulfonic acid in benzene heated at
reflux. It was found that removal of any remaining benzaldehyde in the crude
product was quite tedious by chromatography, and so it is important that the
reaction consumes all of the benzaldehyde to allow for efficient purification of the
crude product. To push the reaction between the N,N-dialkylaniline and the
benzaldehyde to completion, the water that is formed as a byproduct was
removed via azeotropic distillation using a Dean-Stark apparatus. Because of the
simple and versatile nature of the synthesis, several functionalized dyes were

made by utilizing different aromatic aldehydes with varying substituents (Figure
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5.2). The N,N-alkyl substituents on the dyes could be altered by performing the
condensation reaction with either N,N-dimethylaniline (DMA), N,N-diethylaniline
(DEA), or N,N-dibutyl substituents (DBA) to yield derivatives with methyl, ethyl,

and butyl substituents, respectively.
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Figure 5:2: Examples of DMA-substituted dyes with various functionalities
synthesized in this project.

The reactivity of the dyes can be qualitatively observed by how readily
they change from the leuco form to the colored form under ambient conditions,
as shown in Figure 5.3. In general, the reactivity of the dyes increases with the
addition of the electron-donating methoxy groups, compared to those with
electron-withdrawing groups such as nitro or trifluoromethyl substituents. Out of
these dyes, DMA-PM-LD showed the fastest and most pronounced change in
color upon dissolution in DCM under ambient light. A possible explanation is that
the electron-rich methoxy group at the para-position stabilizes the cation formed
upon activation of the dyes. This corroborates reports on increased reactivity in
ortho-methoxy substituted LMG, as the ortho-para positions can best stabilize the
trityl cation due to resonance considerations.®® Interestingly, DMA-PM-LD was
even more reactive than DMA-TM-LD, despite containing fewer electron-donating
methoxy groups. In the case of 3,4,5-trimethoxy-substituted dyes, the meta-
methoxy substituents likely cannot contribute to the resonance structure of the
cation and may even serve as electron-withdrawing groups, thus slightly
hindering the reactivity. DMA-BP-LD shows somewhat slower activation than the
methoxy-substituted dyes, which suggests that extending the conjugation length
of the aromatic group does not affect the reactivity in the same manner as
electron-donating substituents. The dyes featuring electron-withdrawing groups,
DMA-BTFM-LD and DMA-PN-LD, appear to show the slowest reactivity of all
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these dyes, although the yellow color of the dyes in solution made the change in
color difficult to observe. The electron-deficient nature of the TFM and nitro
substituents likely destabilize the central cation, and thus make formation of the

activated dyes less favorable.

DMA-TM DMA-PM DMA-BP DMA-PN DMA-BTFM

Initial

After 2 hours

After 5 hours

Figure 5:3: Color change of Leuco dyes dissolved in DCM
under ambient laboratory conditions.

UV-Vis was employed to gain more quantitative insight into the optical
properties of the dyes. All derivatives show onset absorbance peaks between
260-280 nm in their leuco form (Figure 5.4a), with those featuring electron-
withdrawing substituents (DMA-BTFM-LD and DMA-PN-LD) slightly redshifted
compared to the more electron rich dyes. Due to the break in conjugation
induced by the central methane, the FMOs are primarily localized on the phenyl
rings, as evidenced by the high-energy optical gaps that change little upon
functionalization. The spectra for the partially activated dyes (Figure 5.4b) display
onset absorbance peaks between 600-700 nm, consistent with the cationic form
of the dyes.% The impact of functionalization is more pronounced in the activated
dyes, as the onset absorbance is incrementally shifted based on the donating or
withdrawing strength of the substituents. The cation formed upon activation of the
dyes is in part stabilized by the electron-donating methoxy groups, and is
destabilized by the electron-withdrawing nitro or trifluoromethyl groups. Overall,

increased reactivity of the dyes correlates with incremental blue shifts in the
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onset absorption energy of the activated dye, providing further evidence that
stabilization/destabilization of the cation is an effective method to tune their
sensitivity. Notably, DMA-TM-LD is slightly redshifted compared to DMA-PM-LD
despite a greater number of electron-donating groups, providing evidence that
the meta-substituted methoxy groups may slightly destabilize the cation due to

resonance considerations.
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Figure 5:4: UV-Vis spectra for DMA-substituted dyes in chloroform.

5.3: Incorporation of Leuco Dyes into Polymer Composites

The dyes were incorporated into composites utilizing various polymers
and initiators. In the case of DMA-FTFM-LD and DMA-PN-LD, the yellow color of
the inactivated dyes prevented easy detection of color change upon activation,
and thus were not evaluated further. The poor miscibility of DMA-BP-LD inhibited
its incorporation into virtually all composites, and was also ruled out from further
study. Methoxy-substituted DMA-PM-LD and DMA-TM-LD were thus the primary
dyes considered in the tuning of composite parameters. The reactivity of the
composites varied drastically depending on the combination of dye, polymer, and
initiator. Epoxy and PMMA blends with DMA-PM-LD and DMA-TM-LD all
showed some coloration between 0-100 Gy when used with initiators such as
tetrachloroethane, hexachloroethane, and hexabromoethane (Figure 5.5a).
However, similar blends using 1,2-dichloroethane, trichloroethylene, or
iodomethane activators showed no color change. The reactivity of the activators
can in part be attributed to the BDE of the carbon-halogen bond, where BDE

tends to decrease with increased substitution as well as increased size of the
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halogen, i.e. going from Cl to Br to 1.'32 Thus, more substituted activators
(tetrachloroethane, hexachloroethane, etc.) as well as those featuring multiple Br
or | substituents (dibromomethane, diiodomethane, etc.) are generally more likely
to undergo homolytic bond cleavage upon irradiation and activate the dye.
Another approach is to make use of a halogenated polymer, such as
polyvinylchloride (PVC), that can function both as a host material and as an
activator. However, DMA-PM-LD displayed immediate color change when
blended with PVC, suggesting that smaller loading percentages of activator are
needed to induce more gradual coloration. The highly substituted nature of the
PVC structure can also stabilize the radical generated upon irradiation, which
likely makes it more reactive compared to smaller, less substituted initiators. It
should be noted that PVC formulations containing 10% triethylamine did not

change color, providing evidence that amines inhibit the activation of the dyes.
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Dibromomethane Diiodomethane
PVC
Figure 5:5: Examples of (a) activators and (b) polymers and resins used in the

formulations of composites.

Miscibility among the formulation components is necessary to form
uniform blends and thus achieve a consistent, linear activation gradient.
However, many of these blends suffered from poor miscibility between dye, resin,
and activator, which in some instances resulted phase separation of the resin
and the dye/activator (Figure 5.6a). The use of diiodomethane as activator aided

in miscibility between dye and polymer, and when mixed with DMA-PM-LD in
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epoxy resin yielded a composite with a steady color gradient in the range 2.5-100
Gy (Figure 5.6b). However, the cross-linkers present in the epoxy resins, which
are necessary in the curing process, contain amine groups which cause
deactivation of the dye. This issue may be addressed by using a polymer such as
PDMS, which can be used with amine-free cross-linkers. Unfortunately, PDMS
shows poor miscibility with virtually all dye/initiator combinations tested, including
those utilizing diiodomethane (Figure 5.6c). Future studies will attempt to
incorporate other polymers and resins that show miscibility with appropriate dyes

while also inhibiting reversibility of the resulting composite.

0 25 5 10 20 30 40 50 100 Gy

Figure 5:6: (a) DMA-TM-LD in epoxy with TCE as activator, (b) DMA-PM-LD in
expoxy resin with diidomethane activator, (c) DMA-PM-LD in PDMS
with CCls activator.

In order to improve the miscibility of the dyes within the composite blends,
dyes featuring ethyl or butyl chains on the N,N-dialkylaniline moieties were
synthesized to yield liquid dyes with drastically improved solubility. However,
these dyes displayed a brownish tint that discolored the resulting composites,
which hindered the ability to readily observe color change (Figure 5.7). Other
attempts at improving processability including the addition of alkyl chains to the
functionalized ring. Much like DEA-PM-LD and DBA-PM-LD, DMA-EH-LD

showed excellent solubility in common organic solvents and composites while
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remaining colorless in the leuco form. However, DMA-EH-LD showed little color
change in various composites, even at irradiation >20 Gy. This provides further
evidence that electron-donating groups at the meta positions of the functionalized
ring do little to contribute to the reactivity of the dye. The reactivity of processable
dyes may be addressed by the substitution of alkyloxy groups at the more
reactive positions of the phenyl ring, such as the para-position.
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Figure 5:7: (a) structures of dyes with extended alkyl chains,
(b) Free-standing epoxy composites utilizing DEA-TM-LD.

5.4: Conclusion

A series of functionalized leucomalachite green dyes were studied for their
application in lightweight, flexible dosimeters. The functional groups attached to
the phenyl moiety were found to be critical in tuning a dyes sensitivity to
radiation. In general, electron-donating groups increased the reactivity of the
dyes when substituted at the para-positions, but somewhat hindered reactivity
when substituted at the meta-positions. The optical gap was investigated through
UV-Vis, with the more reactive dyes displaying slightly blue-shifted absorbance
compared to their less reactive counterparts. Due to their combination of
sensitivity, solubility, and colorless appearance in non-radiated films, para-
methoxy and 3,4,5-trimethoxy substituted dyes were found to be the most
optimal of the dyes studied for incorporation into radiochromic formulations. In
addition to the nature of the dye, the polymer, initiator, and formulation were all

found to significantly impact the reactivity of the composites. Of the formulations
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that have been tested so far, those featuring epoxy resins tend to display the
best miscibility of the components as well as steady coloration upon radiation
exposure. The use of diiodomethane as an activator aids in miscibility, and
corresponding formulations display adequate color change within the desired
range. Epoxy composites suffer from reversable color change, likely due to the
presence of amine-containing cross-linkers within the resin. Future studies will
incorporate new resins that inhibit this discoloration while still maintaining

adequate miscibility with the formulation components.

5.5: Experimental

All reagents and solvents were obtained from Sigma Aldrich, Oakwood
Chemicals, Gelest, or VWR and used without further purification. '"H and '3C
NMR spectra were measured on a 400 MHz Bruker NMR spectrometer in CDCl3
(7.26 ppm for '"H NMR, 77.16 ppm for '3C NMR). Solution UV-vis was recorded
on an Agilent Carey 60 UV-Vis spectrophotometer.

General Procedure: A 100 ml RB flask was charged with the appropriate
N,N-dialkylaniline (4 eq.), the functionalized benzaldehyde (1 eq.), p-
toluenesulfonic acid (2 eq.) and benzene (0.5 M). The flask was outfitted with a
dean-stark condenser and the reaction mixture was heated at reflux for ~16
hours. The reaction mixture was allowed to cool to room temperature, and then
poured into an aqueous solution of sodium bicarbonate and extracted into ethyl
acetate. The organic layer was dried with magnesium sulfate and the solvent was
removed. The crude product was purified by chromatography in hexanes:ethyl

acetate.
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O H ~N N~
N,N-DiMeAniline,

pTsOH
—_—
Benzene, reflux O
OMe
OMe
DMA-PM-LD

DMA-PM-LD: N,N-dimethylaniline (5.55 ml, 44.0 mmol, 4 eq.), 4-
methoxybenzaldehyde (1.50 g, 11.0 mmol, 1 eq.), p-toluenesulfonic acid (4.18 g,
22.0 mmol, 2 eq.) and benzene (22 ml) were reacted by the general procedure.
The crude product was purified by silica chromatography in 4:1 hexanes:ethyl
acetate to give the product as a white solid. Yield: 2.53 g, 64%. 'H NMR (400
MHz, CDCls): 6 7.08 (d, J =8.4 Hz, 2H), 7.02 (d, J = 8.8 Hz, 4H), 6.84 (d, J=8.4
Hz, 2H), 6.70 (d, J = 8.8 Hz, 4H), 5.38 (s, 1H), 3.82 (s, 3H), 2.95 (s, 12H). '3C
NMR (101 MHz, CDCI3): 157.69, 148.96, 137.71, 133.27, 130.26, 129.90,
113.48, 112.60, 55.25, 54.19, 40.81.

/N N\
@] H
N,N-DiMeAniline,

pTsOH
—_—
MeO OMe Benzene, reflux O
OMe MeC OMe
OMe
DMA-TM-LD

DMA-TM-LD: N,N-dimethylaniline (4.03 ml, 32.0 mmol, 4 eq.), 34,5-
trimethoxybenzaldehyde (1.57 g, 8.00 mmol, 1 eq.), p-toluenesulfonic acid (2.75
g, 16.0 mmol, 2 eq.) and benzene (16 ml) were reacted by the general
procedure. The crude product was purified by silica chromatography in 4:1
hexanesethyl acetate to give the product as a white solid. Yield: 1.76 g, 52%. 'H
NMR (400 MHz, CDCI3): 6 7.02 (d, J = 8.8 Hz, 4H), 6.70 (d, J = 8.8 Hz, 4H), 6.41
(s, 2H), 5.33 (s, 1H), 3.86 (s, 3H), 3.77 (s, 6H), 2.95 (s, 12H). *C NMR (101
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MHz, CDCI3): 152.87, 149.00, 141.09, 136.05, 132.76, 129.86, 112.54, 106.55,
60.84, 56.04, 55.28, 40.76.

°y" O

N,N-DiMeAniline,

O pTSOH
g g

Benzene, reflux

DMA-BP-LD

DMA-BP-LD: N,N-dimethylaniline (4.03 ml, 32.0 mmol, 4 eq.), biphenyl-4-
carboxaldehyde (1.46 g, 8.00 mmol, 1 eq.), p-toluenesulfonic acid (2.75 g, 16
mmol, 2 eq.) and benzene (16 ml) were reacted by the general procedure. The
crude product was purified by silica chromatography in 4:1 hexanes:ethyl acetate
to give the product as a white solid. Yield: 0.97 g, 29%. 'H NMR (400 MHz,
DMSO-d6): 6 7.58 (d, J = 7.2 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 741 (t, J= 7.6
Hz, 2H), 7.30 (t, J = 7.6 Hz, 1H), 7.16 (d, J = 8 Hz, 2H), 6.93 (d, J = 8.4 Hz, 4H),
6.63 (d, J = 8.8 Hz, 4H), 5.35 (s, 1H), 2.90 (s, 12H). "*C NMR (101 MHz, CDCI3):
149.07, 145.02, 140.71, 138.29, 132.47, 130.01, 129.21, 127.49, 127.04, 126.83,
112.81, 54.69, 40.18.

O H /N N\‘
N,N-DiMeAniline,

pTsCH
.
Benzene, reflux O
NO2
NO2
DMA-PN-LD

DMA-PN-LD: N,N-dimethylaniline (4.03 ml, 320 mmol, 4 eq.), 4-
nitrobenzaldehyde (1.21 g, 8.00 mmol, 1 eq.), p-toluenesulfonic acid (2.75 g,

16.0 mmol, 2 eq.) and benzene (16 ml) were reacted by the general procedure.
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The crude product was purified by silica chromatography in 4:1 hexanes:ethyl
acetate to give the product as a yellow solid. Yield: 2.13 g, 71%. 'H NMR (400
MHz, CDCl3): & 8.12 (d, J = 8 Hz, 2H), 7.33 (d, J = 8 Hz, 2H), 6.90 (d, J = 8 Hz,
4H), 6.64 (d, J = 8 Hz, 4H), 5.48 (s, 1H), 2.89 (s, 12H). *C NMR (101 MHz,
DMSO-d6): 153.96, 149.31, 146.09, 131.07, 130.50, 129.96, 123.65, 112.87,
54.62, 40.65.

N N
@] H
N,N-DiMeAniline,

pTsCH
—_—
E‘:(I: 9::2 Benzene, reflux F\C O C’F
F F F7l TF
F F
DMA-BTFM-LD

DMA-BTFM-LD: N,N-dimethylaniline (4.03 ml, 32.0 mmol, 4 eq.), 3,5-
bis(trifluoromethyl)benzaldehyde (1.94 g, 8.00 mmol, 1 eq.), p-toluenesulfonic
acid (2.75 g, 16.0 mmol, 2 eq.) and benzene (16 ml) were reacted by the general
procedure. The crude product was purified by silica chromatography in 4:1
hexanes:ethyl acetate to give the product as a white solid. Yield: 3.35 g, 90%. 'H
NMR (400 MHz, DMSO-d6): 6 8.12 (d, J = 8.8 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H),
6.90 (d, J = 8.8 Hz, 4H), 6.64 (d, J = 8.8 Hz, 4H), 5.48 (s, 1H), 2.90 (s, 12H). 3C
NMR (101 MHz, DMSO-d6): 153.96, 149.31, 146.09, 131.06, 130.50, 129.60,
123.64, 112.87, 54.63, 40.16.
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DEA-TM-LD

DEA-TM-LD: N,N-diethylaniline (4.85 ml, 30.6 mmol, 4 eq.), 34,5-
trimethoxybenzaldehyde (1.50 g, 7.65 mmol, 1 eq.), p-toluenesulfonic acid (2.63
g, 15.3 mmol, 2 eq.) and benzene (16 ml) were reacted by the general
procedure. The crude product was purified by silica chromatography in 6:1
hexanes:ethyl acetate to give the product as a viscous oil. Yield: 1.73 g, 3.63
mmol, 47%. '"H NMR (400 MHz, DMSO-d6): & 6.89 (d, J = 8.8 Hz, 4H), 6.56 (d, J
= 8.8 Hz, 4H), 5.18 (s, 1H), 3.65 (s, 9H), 3.25 (q, J=7.2 Hz, 8H), 1.04 (t, J= 7.2
Hz, 12H). 3C NMR (101 MHz, DMSO-d6): & 152.98, 146.11, 141.68, 136.13,
131.43, 130.00, 111.79, 106.89, 60.38, 56.19, 54.99, 44.07, 12.89.

—~—_N N~
0] H
N,N-DiBuAniline, O O

pTsOH
—_—
MeO OMe Benzene, reflux O
OMe MeO OMe
OMe
DBA-TM-LD

DBA-TM-LD: N,N-dibutylaniline (6.89 ml, 30.6 mmol, 4 eq.), 3,4,5-
trimethoxybenzaldehyde (1.50 g, 7.65 mmol, 1 eq.), p-toluenesulfonic acid (2.63
g, 15.3 mmol, 2 eq.) and benzene (16 ml) were reacted by the general
procedure. The crude product was purified by silica chromatography in 7:1
hexanes:ethyl acetate to give the product as a viscous oil. Yield: 1.54 g, 2.61
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mmol, 34%. H NMR (400 MHz, DMSO-d6): & 6.93 (d, J = 8.8 Hz, 4H), 6.58 (d, J
= 8.8 Hz, 4H), 5.22 (s, 1H), 3.72 (s, 9H), 3.29 (t, J = 7.6 Hz, 8H), 1.57 (9, J= 7.6
Hz, 8H), 1.36 (sept, J = 7.6 Hz, 8H), 0.98 (t, J = 7.6 Hz, 12H). '3C NMR (101
MHz, DMSO-d6): & 153.10, 146.50, 141.39, 136.67, 131.48, 129.96, 111.71,
107.14, 59.72, 55.56, 50.83, 29.68, 20.47, 13.91.

Br O\

n-buLi, DMF
_ =
HEXEt\O O/EtHex THF, -78 HexEt\_o O,EtHex

3,5-bis(2-ethylhexyloxy)benzaldehyde: A flame-dried 100-ml flask under N2
atmosphere was charged with anhydrous THF (30 ml) and 1-bromo-3,5-bis(2-
ethylhexyloxy)benzene (4.00 g, 9.71 mmol), and the flask was cooled to -78 °C.
Then, 2.5M n-butyllithium in hexanes (4.28 ml, 10.7 mmol) was added dropwise,
and the mixture was allowed to stir for 1 hour at -78 °C. N,N-dimethylformamide
(1.51 ml, 19.4 mmol) was then added slowly, and the mixture was allowed to
warm to room temperature and was stirred for 16 hours. The mixture was
quenched with water, and the organic layer was extracted into hexanes, dried
with magnesium sulfate, and the solvent removed. The crude was product was
purified via silica chromatography in 5:1 hexanes:DCM. The solvent was then

removed to give the product as a yellow oil. Yield: 3.11 g, 8.59 mmol, 88%.

| |
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@] H
N,N-DiMeAniline,

pTsOH
—b.
HexEtO OEtHex orzene reflux O
HexEtO OEtHex
DMA-EH-LD

DMA-EH-LD: N,N-dimethylaniline (4.03 ml, 32.0 mmol, 4 eq.), 3,5-bis(2-
ethylhexyloxy)benzaldehyde (2.90 g, 8.00 mmol, 1 eq.), p-toluenesulfonic acid
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(2.75 g, 16.0 mmol, 2 eq.) and benzene (16 ml) were reacted by the general
procedure. The crude product was purified by silica chromatography in 7:1
hexanes:ethyl acetate to give the product as a colorless oil. Yield: 2.51 g, 4.27

mmol, 51%.
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Chapter 6: Summary

The realization of the next generation of organic electronics will require
multidisciplinary collaboration, from materials design and synthesis to device
optimization and ultimately commercialization. The properties of organic
materials relevant to electronic performance are highly dependent on their
molecular structure, and thus a firm understanding of molecular design principles
is necessary to design new materials with exciting electronic characteristics. The
projects detailed throughout this dissertation focus on the development of
synthetic protocols that allow for scalable, straightforward synthesis of multiple
derivatives within a class of compounds. The ability to systematically tune
organic materials is a key aspect of organic electronics research, and each
chapter demonstrates the use of careful synthetic strategy to optimize a class of
molecules for a given application.

Chapter 2 described the synthesis of a series of pyrene-fused acenes,
otherwise known as vertical pyrenes, through a synthetic route that allows for
straightforward alteration of the length and functionalities on the acene
substituents. Experimental studies on APA confirm that the central pyrene
disrupts conjugation between the fused acene moieties, in agreement with
computational results. Lengthening the acene moieties from anthracene to
tetracene reduces the size of the HOMO-LUMO gap, demonstrating that the
electronic properties of vertical pyrenes can be tuned in a similar manner to the
corresponding acenes. This trend was further corroborated by replacing
silylethyne groups with phenylethyne substituents, which resulted in red-shifted
absorbance consistent with that seen in BPEA compared to TIPS-anthracene.
Considering that tetracene and BPEA are well-studied SF materials, the vertical
pyrenes featuring these chromophores were submitted to collaborators to
investigate the SF process in these pyrene-fused dimers. NODIPS-TPT
displayed efficient formation of a long-lived °TT state via a SF process, which
was attributed to the planar, rigid structure of the vertical pyrene framework. The

rather unique SF properties of this vertical pyrene make them suited for QIS
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applications, and further studies will aim to better optimize the SF process
through further tuning of the molecular structure.

Chapter 3 detailed the study of a series of extended 2-D acenoacenes.
The synthetic route provided straightforward control over molecular length and
functionalities, and allowed for the isolation of the longest stable acenoacene
reported to date. These compounds belong to a class of “oblique” pyrenes and
displayed contiguous conjugation, as evidenced by their small HOMO-LUMO
gaps and red-shifted absorbance compared to the vertical pyrenes described in
Chapter 2. Our bispentacenes and bishexacenes display significantly greater
resistance to photooxidation than their linear acene counterparts, consistent with
previous literature reports on smaller acenoacenes. Surprisingly, our
bishexacenes show greater stability than bispentacenes upon prolonged light
exposure, which runs counter to the trend observed in the linear acene series.
The stability in NODIPS-BH has thus far been attributed to its low triplet energy,
which slows the generation of '0O2 and thus inhibits endoperoxide formation via
an energy transfer mechanism. More detailed studies are necessary to fully
elucidate the decomposition mechanisms undergone by acenoacenes. Future
studies will also aim to tune the crystal packing of these acenoacenes via
functionalization of the molecular backbone, with the goal of achieving brickwork
packing structures suitable for OFET applications.

The role of ring annulation in 2-D acene derivatives was explored further
in Chapter 4, which described a novel synthetic route to a functionalized cata-
annulated pentacenopentacene. In contrast to previously reported non-
functionalized derivatives, TIPS-c-PP was stable enough to isolate and
characterize under ambient conditions, which can be attributed to impact of
silylethynyl substituents in hindering decomposition. The enhanced stability
brought about through functionalization allows for more thorough study of cata-
acenoacenes and for comparison to their peri-annulated counterparts. Absorption
data suggests that c-PP derivatives maintain electronic properties that are more
reminiscent of pentacene than other fused-pentacene derivatives with peri-

annulated structures. Despite its pentacene-like electronic structure, TIPS-c-PP

107



displays photostability on-par with oblique pyrenes of similar size, providing
further evidence that a 2-D framework helps to stabilize larger acene derivatives.

Chapter 5 focused on the application of functionalized LMG dyes in
radiochromic dosimeters. The dyes were synthesized via a simple, scalable one-
step synthesis which allowed for the screening of several functionalized dyes for
incorporation into radiochromic composites. Alteration of the functional groups
attached to the phenyl moiety tunes the sensitivity of the dye to radiation, which
are qualitatively observed by the dyes pronounced color change. The impact of
functionalization was measured quantitatively by UV-Vis, in which the onset
absorbance correlates to the sensitivity of the dyes. Various factors impact the
sensitivity of the dyes within the composites, including the functionalities on the
dye, the polymer matrix, and the initiator. Composites that utilized methoxy-
substituted dyes showed color change within ideal dosage ranges. One obstacle
that should be addressed in future studies is poor miscibility of the dyes with the
polymer, which negatively impacts the ability of the composite to undergo linear
activation. Functionalization of the dyes to improve solubility can also make
possible the use of a greater variety of polymers and activators, which in turn
allows for greater control over the activation range.

Future work on these projects will involve continued efforts to better
optimize these classes of materials for implementation into organic electronic
devices. A key aspect of such efforts will include further optimization of synthetic
protocols, as production of these materials should be relatively cheap, simple
and scalable for them to be viable for in-depth study. Continued interdisciplinary
collaborations, such as those detailed in Chapter 2 and Chapter 5, will also be
critical for the implementation of these classes of materials into device
applications, as well as for the design future materials. The materials in Chapter
3 and Chapter 4 are still in the early stages of development, and further tuning of
properties such as solid-state order are still necessary before their potential in
electronic devices can be explored further. However, the fundamental electronic
properties of each class of materials are highly encouraging for the applications

outlined in Chapter 1, and merit further study.
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In conclusion, the efficient use of organic synthesis to strategically alter
the properties of organic electronic materials was demonstrated throughout this
dissertation. The synthetic protocols detailed in each chapter allow for
straightforward tuning of molecular size and functionalities, providing strategic
control over electronic properties. The systematic tuning of molecular structure is
shown to significantly impact the properties of polycyclic aromatic hydrocarbons,
providing valuable rational design guidelines for the development of more
efficient electronic materials. The work in this dissertation emphasizes how
strategic synthetic design is vital for the research and discovery of the next

generation of organic electronic materials.
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Appendix

A — Angstrom

AP — Anthracene-pyrene

APA — Anthracene-pyrene-anthracene
BDE — Bond dissociation energy

BH — Bishexacene

BHep — Bisheptacene

BP — Biphenyl

BP — Bispentacene

BPEA - Bis(phenylethynyl)anthracene
BTFM — Bis(trifluoromethyl)

c — Cata

CV - Cyclic voltammetry

DBA — Dibutylaniline

DCM - Dichloromethane

DFT — Density-functional theory

DMA — Diethylaniline

DMA — Dimethylaniline

EH — Ethylhexyloxy

eV — Electron volt

FMO — Frontier molecular orbital

Gy — Gray

HCI — Hydrochloric acid

HOMO - Highest occupied molecular orbital
LD — Leuco dye

LMG - Leucomalachite green

LUMO - Lowest occupied molecular orbital
M — Molar

MALDI — Matrix-assisted laser desorption/ionization
MG — Malachite green

MS — Mass-spectroscopy

NICS — Nucleus-independent chemical shift
nm — nanometer

NMR — Nuclear magnetic resonance
NODIPS — n-octyldiisopropylsilyl

OFET - Organic field-effect transistor
OSC - Organic semiconductor

PAH — Polycyclic aromatic hydrocarbon
PDMS — Polydimethylsiloxane

PE — Phenylethynyl

Pen — Pentacene

PL — Photoluminescent

PM — para-methoxy

PMMA — Polymethyl methacrylate

PN — Para-nitro

PP — Pentacenopentacene

PV — photovoltaic

PVC — Polyvinylchloride
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Q - Quinone

QIS — Quantum information science
SF — Singlet fission

SnCl; — tin (i) chloride

TAS — Trialkylsilyl

THF — Tetrahydrofuran

TIPS — Triisopropylsilyl

TM — Trimethoxy

TMS — Trimethylsilyl

TNPS — tri-n-propylsilyl

TP — Tetracene-pyrene

TPT — Tetracene-pyrene-tetracene
TTA — Triplet-triplet annihilation

M — Charge carrier mobility
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