EXAMINING THIENO[3,4-B]PYRAZINE THROUGH A MULTIFACETED LENS: FROM

EXTENDED RING FUNCTIONALIZATION TO AMBIPOLAR-ACCEPTOR COPOLYMERS

A Dissertation
Submitted to the Graduate Faculty
of the
North Dakota State University
of Agriculture and Applied Science

By

Evan Wayne Culver

In Partial Fulfillment of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY

Major Department:
Chemistry and Biochemistry

July 2022

Fargo, North Dakota



North Dakota State University
Graduate School

Title

Examining Thieno[3,4-b]pyrazine Through a Multifaceted Lens: From
Extended Ring Functionalization to Ambipolar-Acceptor Copolymers

By

Evan Wayne Culver

The Supervisory Committee certifies that this disquisition complies with North Dakota

State University’s regulations and meets the accepted standards for the degree of

DOCTOR OF PHILOSOPHY

SUPERVISORY COMMITTEE:

Dr. Seth Rasmussen

Chair

Dr. Mukund Sibi

Dr. Pinjing Zhao

Dr. Andrew Croll

Approved:

August 10, 2022 Gregory Cook

Date Department Chair



ABSTRACT

A class of materials known as conjugated polymers (CPs) has been shown to integrate the
physical properties of organic plastics such as low-weight, flexibility, and synthetic modularity
with electronic semiconducting properties typically found in inorganic materials. While a variety
of parameters determine the resultant material’s conductivity, a crucial factor is the bandgap
(Eg). Specifically, thieno[3,4-b]pyrazine (TP) has found success in generating low Eg CPs (i.e. Eg
<1.5eV), largely in part due to its ambipolar identity. Two strategies to achieve Eq values < 1
eV include extending the conjugation of TP through ring fusion and pairing TP with strong
electron accepting moieties.

The investigation into extended ring TPs as low bandgap homopolymers was initially
pursued with the synthesis of poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine), a record setting low
Eg homopolymer. Upon this realization of driving Eg values down through ring fusion on the
pyrazine portion of TP, additional analogues were considered with 21*5?-dithieno[3,4-b:3°,4’-
e]pyrazine as one of the most promising candidates due to its predicted Eq of 0.14 eV. Efforts
into this research have produced a variety of precursors and analogues, adding to the family of
TPs for further study.

A second strategy for Eq reduction is through the pairing of electronically mismatched
units known as donors and acceptors. While this does reduce Eg, the underlying principles of the
cause is disputed. Thus, to further understand the interactions in these types of copolymer
systems, a small molecule study was designed with a strong donor, a strong acceptor, and the
ambipolar unit TP in which six possible dimer configurations were synthesized and analyzed to

determine the extent of donor-acceptor interactions.



Lastly, an investigation into TP-acceptor alternating copolymers was carried out by
pairing TP with two acceptors of varying accepting strength and contributions to polymer
solubility. Because of the atypical design of these copolymers, a relatively new cross-coupling
method known as direct arylation polymerization was used in their synthesis. The optimization of
which produced a CP with an Eg of 0.93 eV. These results thus provide evidence for a new
design motif for low bandgap CPs that further refines our understanding of donor-acceptor

relationships.
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CHAPTER 1. INTRODUCTION

A class of materials known as conjugated polymers (CPs) are promising in that they
incorporate the flexibility, low-weight, and processability of organic plastics, with the electronic
semiconducting and conducting properties typically only observed in inorganic materials.* The
conductive properties stem from the overlapping of p-orbitals along the polymer backbone which
allows for the delocalization of electrons (Figure 1.1 (a)).2 A multitude of repeat units have been
investigated including the structurally simplistic -C2H.- in polyacetylene, as well as a variety of
heterocycles (Figure 1.1 (b)) that merge these plastic and electronic properties.™? These hybrid
materials then allow for the fabrication of new devices such as organic photovoltaics (OPVSs),
organic light emitting diodes (OLEDSs) and organic field effect transistors (OFETS) that can be
applied in such areas as wearable electronics, cheap pop-up solar panels, and biomedical

devices.*

a.

It er er N
" N S H
n
polyacetylene polypyrrole polythiophene polyaniline

Figure 1.1. (a) p-Orbital orientation allowing for overlap along the polymer backbone and (b)
common conjugated polymers: polyacetylene, polypyrrole, polythiophene, and polyaniline.

Conjugated Polymer History

CPs are materials often ascribed as having been discovered in the mid-20" century,
largely in part to the 2000 Nobel prize award that was given to Alan J. Heeger, Alan G.
MacDiarmid, and Hideki Shirakawa titled: “for the discovery and development of conductive
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polymers”.> While their contribution to the field is unquestionable in its scope and influence, it
does seem to be an overstatement that they were the explicit discoverers of CPs as numerous
reports predate their collaborative work in the 1970s.% The discovery of CPs can be considered to
have occurred as early as 1834 with the experimentation by Friedlieb Ferdinand Runge on the
oxidation of aniline salts to produce insoluble dark colored dyes.” While this early work in no
way investigated the electronic properties and thus still may allow for credit of discovery of
conducting polymers to go to the three Nobel laureates, it did provide evidence of the synthesis
of a material that could be considered the first example of a conducting polymer significantly
earlier than the 20" century.

However, even the property of conductivity in polymeric materials predates the late
1970s work of Heeger, MacDiarmid, and Shirakawa. A pioneering study in this respect was the
research carried out by Donald Weiss in 1963 on polypyrrole as a method of water
desalinization.® This study included conductivity measurements which showed that upon
oxidation with iodine the overall conductivity increased to 0.005-0.9 S cm™ for polypyrrole
materials.® These were thus described as being “relatively good conductors of electricity” and
determined to be electronic (as opposed to ionic) in origin. This information was not widely
dispersed however, and the limited reception of these investigations and others has been thought
to be due to the results being published in Australian journals and thus not permeating the greater
materials literature at the time.’

Where the Nobel laureates unequivocally changed the field however was in the
enhancement of the conductivity of their polyacetylene films from 0.5 to >500 S cm™.2 Values if
which were previously not observed in conjugated polymer systems and approached that of other

highly conductive systems such as metals.? A feat that none of the previous materials had yet



achieved, and thus a pioneering milestone in the realization of the extent that CPs could play in
electronic devices. This benchmark realization came after MacDairmid, Heeger, and Shirakawa
began looking into the properties of polyacetylene films. Upon oxidation, in 1977 they reported
changes in conductivity due to doping with various oxidants such as chlorine, bromine, and
iodine.® Further investigations showed that the maximum improvements to conductivity via
halogen doping were observed with iodine as an oxidant and gave conductivity measurements of
up to 500 S cm™ by 1978.1°

Regardless of the previous research on these materials prior to the 1970s, the advances
made by the Nobel laureates spurred significant interest in the field and brought real-world
applications into view. It also brought forth an increase in understanding of the underlying
principles and hence a point at which further work could progress at an expedited rate. Due to the
organic nature of these materials, this progress would come largely in the form of tuning the
material properties through synthetic design.! This ability to tune properties bringing with it an
increasingly diverse class of materials to fit a variety of roles in electronic devices.
Conjugated Polymer Overview

A desire for low-cost materials with diverse properties for application in devices such as
OLEDs, OPVs, OFETSs has been a leading driving force for the synthesis and development of
CPs*1213 This, along with established printing technologies has provided the foundation for the
fabrication of devices with plastic physical properties on a variety of substrates.'* Therefore, the
unification of optical/electronic properties with intrinsic plastic properties allows for CPs to be a
promising choice for electronic devices that can be fabricated cheaply and function in a variety

of roles.1>20



With their potential applications dependent on molecular design, CPs have been
extensively researched in pursuit of their structure-property relationships.?* This comprises of both
increasingly complex homopolymers as well as copolymeric systems (Figure 1.2) that incorporate
a variety of heteroatoms, side-chains, and repeat units. The molecular structures of CPs are critical
to achieve the desired properties and requires engineering at each step of the synthetic process and
beyond. This includes monomer design and synthesis, polymer design and synthesis, and solid-
state film engineering. The critical properties that can be modified include the band gap, frontier
orbital energy levels, ground-state structure (i.e aromatic vs. quinoidal contributions), charge
carrier mobility, solubility, processability, and bulk solid-state packing.lt*3
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Figure 1.2. Examples of variety in synthetic design (top) homopolymers with added ring
fusions; (bottom) copolymers showing diversity in complexity.

Band Gap & Band Structure

One of the most important parameters central to CP design is the band gap (Eg). This
energy gap can be defined as the energetic difference between the valence and the conducting
bands of the CP in the solid state.!121322 The energy band structure is a direct translation of the
frontier orbital energies in that the top of valence band is equivalent to the highest occupied
molecular orbital (HOMO) and the bottom of the conduction band is equivalent to the lowest
occupied molecular orbital (LUMO).1>%3 The Ey is dependent on several factors including bond

length alternation?®, enhanced quinoidal character of the ground state?*, and the extent of
4



conjugation.?>% A material’s Eq will largely dictate the electronic properties and classes of
materials have been divided based on Eqranges into three categories: conductors, semi-
conductors, and insulators, with these defined by the E4 ranges for each being 0, 0-2, and >2 eV

respectively® (Figure 1.3).
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Figure. 1.3. Simplified band structure of materials.

As the bandgap is reduced, thermal population of the conduction band becomes
increasingly favorable and increases the total number of intrinsic charge carriers, enhancing the
overall conductivity of the material.>*2 While this classification is used for convenience, it
should be noted that other factors play a role in conductivity and for example a material with a
bandgap greater than 2 eV may still have some concentration of free charge carriers.
Conjugation and Bandgap

CPs are considered periodic 1-dimensional systems, which allow for t-molecular orbital
(MO) Hiickel approximations to adequately describe frontier orbital behavior (HOMO/LUMO
energies).?” A simplified MO diagram can thus depict these orbitals and show the effects of

increased conjugation on the HOMO/LUMO gap. This, as well as the transition from discrete



molecular orbitals in small molecules to the polymeric band structure in the solid-state is shown
Figure 1.4.

In Figure 1.4, the simplest alkene with a n-system is ethylene and serves as a basic
example for a starting point in 7-MO approximations of larger conjugated systems. The frontier
orbitals of ethylene consist of two MQOs, in which one is a bonding orbital and the other an
antibonding orbital due to in-phase and out-of-phase orbital interactions respectively. The two
electrons from the contributing p-orbitals fill according to the Aufbau principle, where the in-
phase MO contains both electrons (the HOMO) and the out-of-phase MO contains no electrons
(the LUMO).

As the chain length is increased to a four-carbon system such as the conjugated system
1,3-butadiene, four hybrid MOs result from the mixing of a p-orbital from each carbon atom in
an alternating double-single-double-bond configuration. The hybrid orbitals generated interact in
four possible arrangements with increasing energy following an increasing number of out-of-
phase (antibonding) interactions. Unlike the simplified ethylene case, 1,3-butadiene now requires
two MOs for its four electrons and consequently the HOMO is destabilized by an antibonding
interaction. Conversely, the LUMO now has bonding interaction which has a stabilizing effect.

Therefore, this splitting of MOs due to increased conjugation length causes a
destabilization of the HOMO and a stabilization of the LUMO with an overall effect of reducing
the energy gap between the two frontier orbital energy levels.>?2 This trend continues as
conjugation length is increased up to a limit known as the maximum effective conjugation
length,! with further decreases coming from intermolecular interactions in the solid-state. These
interchain interactions cause further delocalization by allowing for delocalization to now occur

between adjacent chains and thus are largely dictated by n-r-interactions.3!
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Figure 1.4. Molecular orbital diagram with representative p-orbitals showing an increase in
conjugation length and a corresponding reduction in HOMO/LUMO gap. ®Value from ref. 28.
b\/alues from methyl capped polyenes in ref. 29. “Value from ref. 30.

n-Stacking

An isolated polymer will still have discrete molecular orbitals in solution and therefore
the band structure only becomes appropriate in the bulk solid-state when delocalization of
electrons can occur between adjacent polymers. The intermolecular interactions that cause this

delocalization are typically referred to as m-stacking or m-mt-interactions and are the result of the



quadrupolar shape of the electrostatic potential map present in unsaturated molecules.®? The
foundation of this understanding comes from an electrostatic argument in which an aromatic ring
such as benzene should have partial negative charges above and below the faces of the ring with
a partial positive charge around the perimeter of the ring that allows for attractive interactions

between parallel off-centered rings or perpendicular edge-to-face rings (Figure 1.5).3334
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Figure 1.5. Possible n-stacking arrangements of benzene.

The highly rigid nature of CP backbones however means that all aromatic rings are
oriented in the same direction and therefore the intermolecular interactions between polymer
chains will be cumulative. As an example material, polythiophene will prefer an orientation in a
face to face eclipsed slip-stack fashion.®® The implications for these m-n-interactions for
conjugated polymers is the further delocalization of electrons between polymer chains and a
transition from closely spaced, discrete molecular energy levels to an overlapping band-type
structure for both the bonding and antibonding orbitals as shown in Figure 1.4.%

Experimental Determination of Frontier Orbital Energies and Bandgap

To determine the HOMO-LUMO gap and Eg of a material, the two analytical techniques
most often used are electrochemistry and absorption spectroscopy.! In the case of bandgap
measurements these must be taken of solid-state films as this is a bulk solid-state property.
Conversely, HOMO/LUMO energies as molecular property, can be determined in solution for
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both small molecules and polymeric materials. For the electrochemical route of Eg determination
this is typically performed via cyclic voltammetry (CV), while optical absorption method is done
through UV-Vis-NIR absorption spectroscopy. Both techniques have their advantages and
disadvantages, and often are used in conjunction with one another to complete the frontier
MO/energy gap picture.

In an electrochemical CV method for Eg determination, the energy at which the first
oxidation occurs in a polymer is measured by scanning through positive potentials up to a limit
followed by a reverse scan back to the starting potential and measuring the change in current
response.®®3" In the electrochemical cell, the polymer under investigation is deposited on the
surface of the working electrode where the potential cycling can allow for oxidation. This
immobilized surface CV experiment differs from standard solution CV experiments in that ideal
monodisperse electroactive analytes should have differences in cathodic (Epc) (forward scan
peak) and anodic (Epa) (reverse scan peak) potentials that are minimized (Epc = Epa) due to the
absence of diffusion which is observed for solvated analytes.*¢3” CPs however being
polydisperse and multilayered on the surface of the electrode have a distribution of peak
potentials due to the diffusion of electrolyte in and out of the bulk material and thus require the
use of onset potentials to determine redox potentials. The HOMO/LUMO energies for a polymer
can be determined by relating the respective Eonset to a standard redox couple such as the
ferrocenium/ferrocene (Fc*/Fc) redox couple, which as a known standard, has conversions to
commonly used electrodes and the vacuum scale.®” If a measurement is taken in the solid state,
this first oxidation then corresponds to top of the polymer’s valence band, which can be equated
with the HOMO of the bulk, solid-state material and likewise for the first reduction peak and the

LUMO.! The same evaluation of the LUMO/bottom of the conduction band can be achieved



through simply applying a negative potential to the working electrode, with the only caveat being
that for these transition energies to be observable they need to fall within the “solvent window”
of the specific solvent/electrolyte combination used in the experiment, meaning these transitions
need to occur prior to the oxidation/reduction of the solvent and/or electrolyte to be observable.3®

While CV analyzes the individual frontier MOs, absorption spectroscopy probes the gap
between them. The absorption method does not have the solvent window problem inherent in the
electrochemical method and thus is often a simpler method used for Eq determination. This
technique uses light in the UV-Vis-NIR range to excite a species to a higher energy level through
the absorption of photons and plots it as wavelength vs. intensity. The lowest energy transition
corresponds to the HOMO-LUMO gap or optical Eg in the solid state and the onset of absorption
is used to determine the energy of this transition.! To accurately represent the HOMO-LUMO
gap or optical Eg a Tauc plot can be used.®® A Tauc plot uses the low-energy side of the
absorption band, with the corresponding energies (hv) plotted versus (A x hv)? (A = absorbance,
hv = photon energy). Alternatively, a rougher estimate of the Eq can also be done through a
simple extrapolation of the absorption onset to the baseline.! The limitation with this technique
when compared to CV is that while the HOMO-LUMO gap and Eq can be determined, specific
frontier orbitals or band edges cannot, and thus the two techniques are often used in tandem
which becomes important in specific cases where one or both frontier MOs fall outside the
electrochemical solvent window.
Doping & Chemical Reactivity

Another way to further modify the band structure of conjugated polymers is through
redox processes commonly referred to as doping. Sometimes distinguished as “chemical

doping”, the concept was adapted from the traditional inorganic view of doping in which atoms
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of different electron valencies are introduced into a pure material to lower Eg and enhance
conductivity of a neutral material. In the doping of inorganic materials, the new atoms are either
more electron rich or more electron poor than the host atoms and create new lower energy state
near the conduction band and higher energy state near the valence band respectively.
In the doping of CPs, the polymer is either oxidized (p-type doping) or reduced (n-type doping),
both of which require an added ion (referred to as the “dopant™), which forms a complex with the
doped form of the polymer. Oxidation or reduction of the polymer either adds electrons to the
LUMO in the case of n-type doping or remove electrons from the HOMO as is the case for p-
type doping.% The crucial result of this doping process of CPs is the introduction of charge
carries (holes or electrons) that require electrostatically incorporated ions (“dopants”) to achieve
charge neutrality.*® In the case of n-type doping this generates an anionic polymer by the
addition of an electron which usually comes from a metal species such as Na or K and results in
the dopant counterion being Na+ or K+. The p-type case, and more common of the two, can be
done with a variety of oxidants (Br», I, AsFs, FeCls, etc.)* and generates a cationic polymer
with the corresponding counterion (Br, I3, AsFe’,FeCls).2° A simplified band structure view of
both n- and p-type is shown in Figure 1.6 where p-doping removes electrons from the valence
band creating a new lower energy conduction band into which electrons can be promoted.
Similarly, in n-doping, additional electrons are introduced that are higher in energy and thus a
new higher energy valence band is formed to reduce the Eg between this new band and the
conduction band.
Structural Changes Upon Doping

Upon redox doping, significant structural changes can occur to a CP backbone as is the

case in the oxidative p-type doping of polythiophene to generate a radical cation which is often
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Figure 1.6. Modified band structure upon doping.

referred to as a polaron.*>*4 Further oxidation can then increase the charge carrier concentration
along the polymer backbone with the addition of second polaron/radical cation which can be
bound in a lower energy state known as a bipolaron.*? These injected charges cause significant
structural changes by increasing the quinoidal character of the CP backbone as shown in the
example of polythiophene in Figure 1.7. Likewise, although less common is reductive n-type
doping in which a radical anion is the generated excited species which can undergo a similar
binding to form a negatively charged exciton pair.*
Doping and Polyaniline

In addition to oxidative and reductive doping, another method known as acid doping (or
protonic doping) is also possible. In this method of doping, a two-step process occurs in which a
protonation step, which does not change the total number of electrons, is associated with the
oxidation of the polymer.*64” The archetypal polymer where this is observed is polyaniline due to

its amine functionality which is susceptible to protonation.*>#¢ The electronic properties of
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Figure 1.7. Structural changes to polythiophene upon oxidative doping.*?

polyaniline were first investigated by Marcel Jozefowicz (b. 1934) while working under Rene
Buvet (1930-1992) in the 1960s. In this work, aniline was polymerized oxidatively with
persulfate in sulfuric acid.! Controlling the level of protonation then led eventually to the
neutralization of the emeraldine sulfate to the emeraldine base. Through this pH control,
conductivities ranged from 10° S cm™ all the way up to 30 S cm™ and were shown to increase
linearly with decreasing pH.! Further investigations were carried out by MacDiarmid starting in
the late 1980s which showed the importance of morphology, but conductivities of 102 S cm™ -
were still the maximum values achieved, as had been previously reported by Jozefowicz in
1969.4046:47 MacDiarmid also proposed that the fully reduced leucoemeraldine could be oxidized
to the emeraldine salt which is a conductive material that has an additional mesomeric structure
with the polarons localized on alternating nitrogen atoms.*6%® The emeraldine salt could then be
deprotonated which generates the emeraldine base, a significantly less conductive polymer with

conductivities of 1-4 S cm™.484" In respect to the actual charge carriers, it should be noted that
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spinless bipolarons, spin-carrying polarons, and polaron-bipolaron transformations have all been
proposed.*®
Bandgap Engineering

While doping modifies the polymer band structure, the reduction of the bandgap for
neutral CPs is crucial for the realization of intrinsic conducting/semiconducting materials. This
goal of bandgap reduction has led to the classification of materials into either reduced bandgap
materials (1.5 eV < Eq< 2.0 V) or low bandgap materials as originally proposed by Pomerantz
with Eq values <1.5 eV*2. To achieve these reduced and low Eq ranges requires the delocalization
of electrons and these reductions are largely determined by the extent of the conjugation.'*® The
determining factors of which include bond length alternation, aromatic and quinoidal
contributions to the ground state, electron confinement due to aromaticity, functional group
electronics, steric induced torsional strain, and n-stacking (discussed in section 1.3).
Bond Length Alternation

A significant factor that has been stated for CPs to exist as low bandgap species is a
minimization of bond length alternation (BLA), which is defined as the average difference
between double and single bond lengths along the polymer backbone.>! This, much like doping,
has also been adapted from an inorganic viewpoint through the modeling of a 1-D metallic
systems as proposed by the Peierls theorem and extrapolated to CP systems. This model predicts
metallic conductivity for 1-D systems such as trans-polyacetylene if all bond lengths are equal
(no BLA) along the conjugated backbone and semiconducting conductivity for species with
significant BLA.*>3% trans-Polyacetylene has a bandgap of 1.5 eV and is thus a semiconductor.
Therefore, it should have some level of BLA that would prevent it from being an absolute

conductor. This is indeed the case as has been shown experimentally by the specialized solid
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state nuclear magnetic resonance spectroscopy (NMR) technique “nutation” NMR to be 1.36 and
1.44 A for double and single bonds respectively with a BLA of 0.08 A (Figure 1.8).5"% Thus the
BLA of polyacetylene results in two different types of bonds in the conjugated backbone, where

one type has more single bond character and conversely a second type has more double bond

character.
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Figure 1.8. Bond length alternation of polyacetylene.

Aromatic and Quinoidal Contributions to the Ground State

While trans-polyacetylene showed impressive electronic properties in both the doped and
undoped state, the need for more environmentally stable and processable CP systems shifted the
emphasis to increasingly complicated systems. Thus, investigations of CPs have been largely
pursued with heterocyclic species as the repeat unit along the CP backbone.? These heterocycles
differ from the simplified polyenes in that the ground state structure has two nondegenerate
resonance structures as contributors. Polythiophene is a classic example in this case with both an
aromatic and quinoidal configuration contributing to the ground state structure (Figure 1.9).13
The aromatic structure has C-C bonds adjoining adjacent rings with significant single bond
character as shown with electron diffraction of gaseous bithiophene which gives a bond length of

1.480 A 5° The quinoidal structure moves the double bond character within the aromatic ring to
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the C-C bonds connecting individual rings with calculations predicting a decrease in bond length
between the carbons adjoining thiophene units of 0.118 A for a new bond length of 1.362 A.%°
The two configurations are not energetically equivalent however, and the aromatic form is the
more stable of the two, contributing significantly more to the actual ground state structure.??
Upon further investigation, it was shown that if the quinoidal contribution to the ground state
was increased, a linearly correlated reduction in Eqwas also observed.'?® The significant finding
therefore was that for these systems with nondegenerate ground state resonance structures, a
simplified BLA approach to Eg modeling would no longer suffice and the additional factor of

how much the quinoidal structure contributes to the ground state configuration need also to be
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Figure 1.9. Aromatic and quinoidal forms of polythiophene.

Enhancing the Quinoidal Contribution to the Ground State

As stated previously, the quinoidal configuration in polythiophene is a minimal
contributor and the ground state structure is dominated by the aromatic configuration. Therefore,
to reduce bandgaps in these materials by increasing the quinoidal character, significant molecular
modification needs to occur. An effective way to increase the quinoidal character, specifically in
the case of five-membered rings such as thiophene is to incorporate an additional fused ring at
the 3- and 4-positions. The first example of this was poly(isothianaphthene) which was
synthesized in 1984 and was also the first example of a polymer with a lower E4 than

polyacetylene and an experimentally determined value of 1.0 eV.%° As shown in Figure 1.10. The
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fusing of this six-membered ring allows for a quinoidal resonance form that has a higher
contribution to the ground state because of the enhanced aromatic stability of the benzene ring

over that of thiophene.5?

/ \
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Figure 1.10. Aromatic and quinoidal forms of poly(isothianaphthene).

Electron Confinement and Aromaticity

While the quinoidal and aromatic contributions to the ground state can provide significant
information regarding bandgap tuning, the confinement of electrons on the aromatic ring has also
been considered as a factor that plays a sizeable role. This has largely been explained in terms of
how aromatically stable the ring is, with changes to the repeat unit showing correlated changes in
bandgap.X** In conjunction with the observation that the ring fusion of a more aromatically
stable species on the polymer backbone reduces the bandgap is the comparison of polarized
heterocycles such as thiophene with a relatively nonpolar aromatic ring such as benzene. These
two species have significant differences in their aromatic stability as well as a correlated change
in Eq energy. with benzene having a 36 kcal/mol aromatic stability and a polyphenylene giving
an Eg4 of 2.9 eV® and thiophene having an aromatic stability of 23 kcal/mol® and an Eg of 2.0
eV.12 The rationalization of this coming through an electron confinement lens, in that benzene’s
aromatic stability prevents the delocalization of electrons along the polymer backbone while the
polarization of thiophene due to the included sulfur heteroatom reduces electron affinity to allow

for increased delocalization.!
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Functional Group Electronics

From the above discussion the electronics of the aromatic ring used as the repeat unit
show a direct influence on the bandgap of the resulting polymers. Therefore, changing the nature
of the aromatic ring is one way to modify the bandgap. While this can be done through changing
the identity of the ring, another route is through the addition of electronically altering side-
chains. The side-chain tuning method has been shown to lower the oxidation potential of the
polymer for polythiophene analogues through the addition of electron-donating substituents*® as
well as raise the oxidation potential through the addition of electron-withdrawing substituents.®
Electron donating substituents are the more common of the two due to the ability to stabilize the
polymers in the oxidized doped state and thus a variety of donating substituents have been
investigated including alkoxy, mercapto, and amino groups as functionalized polythiophene
analogues.*®
Steric Induced Torsional Strain

Lastly, in addition to the electronics of substituents is the potential for steric clashing
between substituents on adjacent rings. In the case of polythiophene, substituents are located on
either the 3- or 4-positions with one of the most common analogues being poly(3-
hexylthiophene) (P3HT).1*® Depending on the synthetic method, P3HT can exist in a
regiorandom or regioregular arrangement along the polymer backbone (discussed in section 1.8).
In a regiorandom arrangement, the possibility for steric clashing between substituents can then
lead to torsional strain between thiophene units causing deviations from planarity along the CP
backbone. A less planar backbone will then have reduced conjugation due to poor orbital overlap

and a resultant increase in Eq.11213
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Donor-Acceptor Theory

Currently, one of the most common theories evoked when discussing low bandgap
polymer synthesis is the donor-acceptor (D-A) theory. This approach originates from a 1992
paper by Havinga and coworkers on polysquaraines and polycroconaines, which was further
investigated in 1993 and 1995.%6-% The investigation showed that when an electron-rich donor
species such as 1,2,3,5,6,7-hexahydro-3,3,7,7-tetramethyl-2,6-bis(methylene)benzo[1,2-b:4,5-
b'ldipyrrole was paired with either of two different electron-deficient acceptor species, squaric
acid or croconic acid, the resulting alternating copolymers had bandgaps as low as 0.5 eV.%¢ This
work was groundbreaking in that band gap reduction was previously pursued largely through the
enhancement of the quinoidal contribution to the ground state of the polymer as in the case of
poly(isothianaphthene) mentioned in the previous section, which has been reported as having an
Eg of 1.0-1.2 eV.%° This new insight into the pairing of energetically matched donors and
acceptors has since been the cornerstone of most current research on low Eq CPs with a variety
of explanations as to what is the cause of the observed Eg4 reduction.®®
Explanations for Eq Reduction in D-A Systems

The rationalization for a reduction of the Eg in D-A systems has been explained in
multiple ways, with one common explanation being a reduction in BLA due the formation of
multiple resonance structures. These resonance structures can be expressed as single bond
between the D-A moieties, as well as an additional resonance structure with a double bond
between the donor and acceptor moiety and a now positively charged donor and negatively
charged acceptor as shown in Figure 1.11 due to charge transfer from donor to acceptor. This
implies that both donor and acceptor are of relatively high strength and that the averaging of the

two resonance forms causes the BLA reduction.’
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Figure 1.11. Possible resonance forms of donor-acceptor copolymers.

An additional explanation for the D-A approach and slightly more prevalent in the
literature is the hybridization of frontier orbitals to reduce the Eg. In this interpretation, the donor
which has a destabilized HOMO is paired with the acceptor which has a stabilized LUMO. The
resulting polymer HOMO is then the hybridization of both the donor and the acceptor and only
slightly destabilized whereas the LUMO only has significant contribution from the acceptor due
to the energy mismatch making the donor species LUMO typically much higher in energy. This
then results in a CP species that has an Eg lower than either donor or acceptor species could
achieve in a homopolymer system of the respective components. This is represented in Figure
1.12 with A as a generic acceptor species and D as a generic donor species with both the energy

levels of the homodimer and heterodimer species pictured.

Figure 1.12. Frontier orbital energy level representation of donors and acceptors and the possible
hetero- and homo-dimer combinations showing the extent of mixing.5®
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Limitations of D-A Theory

The D-A theory, while potentially useful in low Eg polymer synthesis, does have its
limitations. For one, the validity of the theory has been questioned in that it may not be D or A
moieties at all that result in lower Eq materials, but rather the alternation between aromatic and
quinoidal units.>* As mentioned in the previous section, it has been shown that increasing the
quinoidal contribution to the ground state has a direct effect on reducing the bandgap. In Figure
1.13 some typical donor and acceptor moieties are shown. Interestingly all the common donor
species depicted have a stabilized aromatic ground state while the acceptor species have a
stabilized quinoidal ground state.! Whether or not this translates to increasing the quinoidal
contribution to the ground state with a corresponding increase in double bond character of the
resulting alternating copolymers when these donor and acceptors are paired has been disputed

and is the subject of chapter 3 of this dissertation.
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Figure 1.13. Common donors and acceptors used in conjugated polymer synthesis.
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An additional issue arises when trying to categorize a species as either donor, acceptor, or
spacer units. As mentioned previously the donor unit has a high-lying HOMO and is electron
rich, the acceptor has a low-lying LUMO and is electron deficient. However, the spacer unit is
often considered to have minimal contributions to the HOMO or LUMO and any reduction in Eq
due to their incorporation in a CP is often explained by enhanced planarity of the CP backbone.>?
This understanding of spacers seems to be flawed in that any species participating in the
conjugation path should be contributing to the polymer HOMO. This question of spacer unit
contribution to frontier orbitals has since led to investigations into the addition and removal of
spacer units and has shown their ability to alter the electronic properties of CPs beyond what a
planarity argument alone could produce.>?

While many species do fit conveniently into each role (donor or acceptor), examples such
as thieno[3,4-b]pyrazine (TP), which has both strong donor and strong accepting qualities,
transcends this definition. Initially TP was only investigated as an acceptor unit until evidence of
its high-lying HOMO showed that it could also act as a strong donor comparable to one of the
strongest donors, EDOT." This discovery then spurred investigations into the pairing of TP with
other acceptors which produced low Eq TP-A copolymers.5272 In these TP-A alternating
copolymers significant bandgap reductions were observed, which according to the D-A theory
should have only been possible with the pairing of an energy matched strong donor with an
acceptor.n*2 This has since led to the classification “ambipolar” for monomers which can act as
both donor and acceptor to cover the often overlooked but important species in which this is the

case.?!
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Charge Carrier Mobility

In conjunction with bandgap tuning is the ability of electrons and holes (sites with
vacated electrons) to move freely throughout the CP backbone as well as between individual
polymers in what is known as charge carrier mobility (CCM).>*"® The conductivity of CPs is
determined by the mobility of the dominant charge carrier which is typically hole mobility due to
the enhanced mobility of positively charged polarons over negatively charged polarons.® The
simplest and most convenient method for a CCM measurement is with thin-film OFETs due the
simplicity of relating the charge transport to the applied electric field of the gate.>’* The CCM is
crucial for device performance with hole mobilities needing to be at least 0.1 cm? V1 s and
lon/loff ratios greater than 10°.37 The higher on/off ratios being a good representation of
conductivity as it shows the current ratios in the on and off states without an applied voltage and
thus how much current leakage is occurring. In addition, the lon/loff ratio shows environmental
stability, as this value will decrease with the degradation of the material.”

The molecular design of CPs dictates how effective CCM will be along the polymer
backbone. At the molecular level this is influenced directly by the charge delocalization and is on
the timescale of <10 ps.’® For the specific ladder-type polymers, poly(p-phenylene) analogues, it
has been shown that intrachain hole mobilities of up to 600 cm?/V s can be achieved. Both the
intramolecular and intermolecular CCM play a role in the total CCM, but in the solid state
intermolecular CCM dominates by an order of magnitude increase in energy transfer rate as has

been shown in PEC-PIFTEH (Figure 1.14) materials.”
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Figure 1.14. Structure PEC-PIFTEH.

As with most investigations on CP properties, polythiophene has been used as a model
system to look at CCM in OFETSs. A key finding in this area is the enhancement of mobilities of
polythiophenes when sidechains are oriented consistently in a regioregular linkage. This will be
discussed further in the next section, but as a note of importance, regiorandom polythiophenes
have mobilities in the range of 10 to 10° cm? V! s whereas regioregular polythiophenes have
achieved mobilities up to 0.7 cm? V1 s1.7478 Along with the regioregularity enhancement of
mobilities, the larger molecular weight samples (Mn > 25 kDa) also provide high mobilities with
the determining factor being good intermolecular mobility between crystalline domains.”®
Side-Chain Tuning for Solubility and Processability

One of the often-stated benefits of CPs over their inorganic counterparts is their solubility
and solution processability.® This feature of CPs allows for various processing techniques such
as inkjet printing®'®?, spin coating®, blade coating® %, and drop-casting with the potential
application for large scale manufacturing of CP devices. While it is true that CPs can be solution
processed, the specifics vary by the polymer system and each CP typically requires the tailoring

of parameters to provide optimal device performance. Solubilizing side-chains is often the
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answer for enhanced solution processability, but may introduce unwanted steric interactions and
thus disrupt interchain charge mobility.® It then becomes crucial for sidechains to be oriented in
a regioregular fashion to increase the crystallinity and coplanarity for ordered packing.®” This in
turn, can directly affect the electronic properties such as the bandgap, and hole mobility.®
Additionally, the solubility of a given polymer will determine the polymer properties by
impacting critical parameters such as molecular weight and polydispersity.
Poly(3-hexylthiophene) and Regioregularity

Investigations into poly(3-hexylthiophene) (P3HT) specifically have shown that the
method of linking the monomers together can have a significant impact on the resultant polymer
properties due to the presence of non-equivalent a-positions on 3-hexylthiophene allowing for
variations in the final polymer product.?%° These are due to the three possible couplings, 2,5’-
(head-to-tail, HT) 2,2'-(head-to-head, HH) and 5,5'-(tail-to-tail, TT) and are shown in Figure
1.15. The variable coupling sites can then result in four possible thiophene triads which have
different proximities of adjacent side chains. If a polymer has a consistent linkage throughout the
polymer it is said to be regioregular whereas if the linkage is inconsistent it is denoted as
regiorandom.

In a regioregular sample of P3HT the improvement to the crystallinity has been shown by
the presence of X-ray diffraction (XRD) patterns at 26=5.4°, 10.8", and 16.3" which do not exist
for regiorandom P3HT.! As far as the property changes, hole mobilities have been shown to
increase from 10° cm? V! s for regiorandom P3HT to 0.2 cm? V! s for regioregular P3HT
samples.®! Shifts in absorption maximum are also observed in both solution and the solid state

with increases to regioregularity. A 50% regioregular P3HT produced higher energy (blue-
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shifted) peaks at 413 nm in solution and 420 nm in the solid-state when compared to an 80%
regioregular sample produced 440 nm in solution and 518 nm absorption maximum in the solid-

state.%?

CeH13 CgH13
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Head-to-Head (HH)  Head-to-Tail (HT) Tail-to-Tail (TT)

TT-HH

Figure 1.15. Allowable regiochemistry of P3HT with the three possible types of coupling
between monomeric units.

Side Chain Tuning to Enhance Properties of CPs

Along with the regiochemistry, the type and length of sidechains also plays a significant
role in the processability and resultant properties of the CP.%3-% Without the presence of
solubilizing sidechains CPs are typically insoluble in most common organic solvents.% In
addition to simply being solution processible, the CPs must also blend sufficiently with other
components in devices to reach optimal efficiency.®® This tradeoff between optimal electronic
properties of the CPs and the actual device performance has been investigated thoroughly and in

the case of a set of polyphenylene polymers that showed very similar optical absorption and
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electrochemical behavior, significant deviations in device performances were reported.®® This
was largely rationalized due to the variations in domain size that were observed with changes in
sidechain length and quantity on the CPs. In the set of thiophene-quinoxaline-dialkoxybenzene
copolymers (LBPP-2,5,6) investigated LBPP-6 when compared to LBPP-2 and LBPP-5 is absent
two octyloxy and butoxy groups respectively on the pendant phenyl rings of the quinoxaline unit
(Figure 1.16). This alteration was shown to produce drastic changes in morphology of the
CP/Phenyl-C61-butyric acid methyl ester (PCBM) devices as made apparent by atomic force
microscopy measurements.

The eventual findings for all CPs were that shorter alkyl lengths produced smaller
domain sizes and better performing devices. Improvements in device efficiency by this sidechain
adjustment were limited however in that for LBPP-6 where no alkyl substituents are present on
the pendant phenyl rings of the quinoxaline unit, the solubility of the polymer was so low that the
overall molecular weights of the polymers produced became a limiting factor and caused

reductions in mobilities and in turn poorer performing devices.*
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LBPP-2 LBPP-5 LBPP-6

Figure 1.16. Thiophene-quinoxaline-dialkoxybenzene copolymers with side-chain tuning.%

Devices
The quest for further reductions/tuning of bandgaps, enhanced electron/hole mobilities,

and improved processabilities is all pursued with the end goal of fabricating devices that either
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compete with inorganic devices currently available or provide devices with new properties
previously unavailable. Low-bandgap materials as active layers in OPVs are the most common
device application?? with others such as supercapacitors?>*°, polymer light-emitting diodes
(PLEDs)®, electrochromic materials®®, OFETs'®, coatings for corrosion control'®, and near-
infrared (NIR) photodetectors'®? gaining increasing attention as the field advances. The three of
which that will be discussed here due to their relevance to the present research are OPVs, NIR
photodetectors, and OFETS.
OPV Design

An OPV works on the principle of the photovoltaic effect in which illumination on the
photoactive layer of the device causes the generation of holes and electrons which migrate to
opposite electrodes due to the potential difference between junctions within the cell (Figure
1.17).1% In an inorganic PV device this charge generation is a free electron and free hole while in
a typical OPV they are generated as a electrostatically bound electron/hole pair known as an
exciton. The offset in energy between the HOMO of an electron donating layer and the LUMO
of an electron accepting layer in the OPV then allows for a dissociation of these excitons into
free charge carriers (i.e., unbound holes and electrons) which can flow to opposite electrodes and
generate a current.°31% A hurdle in the design of OPVs however is that excitons have a limited
lifetime (less than 1 ns) and a limited diffusion length (less than 20 nm) and thus a significant
potential for geminate electron hole recombination prior to interaction with donor-acceptor
interface.’®+1% This proves to be specifically challenging for single layer and bi-layer devices
where the interfaces required for charge separation can be around 100 to 200 nm apart due to the
thickness of each thin-film layer.1%* A solution to this problem is the fabrication of devices with a

mixed photoactive electron donor species and electron acceptor species in what is known as a
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bulk heterojunction (BHJ) solar cell. In a BHJ, the distance an exciton needs to travel for charge
separation is dictated by the domain sizes of the donor and acceptor materials and thus can be

tuned by molecular design and processing methods.
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Figure 1.17. (left) Bulk heterojunction solar cell and (right) photoactive layer exciton generation
followed by charge separation and migration.

NIR Photodetectors

In addition to the light harvesting application of OPVs is the light detection of organic
photodetectors in a multitude of functions such as photoconductors'®1%” photodiodes!®-1% and
phototransistors'®1%, The principle and device structure in general are the same with the
absorption of light generating charge that can be separated to generate a current. Where these
types of devices differ however is that instead of simply looking at external quantum efficiency
as the focus of device performance, other parameters become important such as specific
detectivity which rates the ability of the device to detect weak intensity signals for roles such as

optical communication, remote control, and chemical sensing.%® These potential applications
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have brought forth the need for materials which can probe further into the NIR which until
recently was unachievable due to an Eq less than 1.5 eV being unavailable until only recently.*2
OFET Design and Mobility Measurements

Another type of device that does not require the light harvesting properties of CPs but
certainly depends on the semiconducting properties of CPs are OFETSs. These devices are
necessary components for the realization of fully organic integrated circuits and thus their
development is paramount in the field of organic electronics.'® In addition, OFETSs are
extremely valuable in our understanding of CP materials because they can provide information
about CCM. In a specific case study of P3HT OFET devices it was found that different
processing methods produced variations in how polymers stacked (parallel or normal to the
substrate) and an over 100-fold increase in CCM (up to 0.1 cm? V1 s71).%° The rationale for this
increase in CCM being that in OFET devices the CCM is limited by n—nr interchain rather than
intrachain transport and thus when the orientation of polymer domains coincide with that of the
OFET substrate, charge carriers have significantly improved n—r interchain interactions. This
then increases the m—m interchain hopping and allows for more 2-D- charge transport as opposed
1-D transport along via intrachain transport.*
Research Goals

The promise of conjugated polymers in a variety of electronic devices is now a realized
accomplishment and likely to grow in scope of application. For the field to continue to develop,
our understanding of the structure-property relationships within CPs must also be advanced so
that materials can be designed with an increasing ability to judiciously select appropriate
materials for device application and performance. This includes reaching further into the

bandgap energy well and designing materials that approach bandgaps closer to 0 eV through the
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incorporation of new fused rings onto the already low bandgap poly(TP). It also includes the
refinement of commonly evoked models for CP design such as the D-A theory which finds its
limits tested with species such as TP that do not fit into this dichotomous grouping. This
refinement requires model oligomeric systems to be developed that simplify the picture while
also shedding light on the true nature of D-A interactions.

Additionally, for CPs to see increased applicability, the routes in which they are
synthesized need to be increasingly green and economical. This requires new polymerization
methods such as direct arylation polymerization (DArP) that reduce toxic byproducts as well as
the total number of synthetic steps from monomer to polymer. Using DArP as an alternative to
traditional cross-coupling methods requires a fine-tuning of reaction conditions for all CP
systems investigated and therefore to optimize conditions requires an extensive survey of the
reagents involved. Chapter four exhibits the synthetic results of TP-A copolymers coupled with
device data to show how these polymers synthesized via DArP compare to their traditionally
coupled counterparts. Lastly, in addition to the DArP optimization study, the effects of
sidechains on the polymer properties have also been investigated and reported. This last avenue
of the investigation looks at the variability in side-chain length and branching on the molecular
weight and electronic properties of the polymers produced via DArP and under variable
conditions.
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CHAPTER 2. EXTENDED RING THIENO[3,4-b]JPYRAZINES

Introduction

A method that allows for further tuning of the electronic properties of thieno[3,4-
b]pyrazine (TP) building blocks and their respective materials is through the incorporation of
additional fused rings onto the pyrazine portion of TP.1* This strategy is of interest due to the
possibility of bandgap (Eg) reduction through stabilization of the LUMO for which the pyrazine
portion of TP is largely responsible while having less of an effect on the destabilization of the
HOMO for which thiophene is the main contributor.!>° Furthermore, the quinoidal contribution
from the pyrazine portion of TP can also be modified through the addition of extended fused-
rings (ERs) and thus the modification with respect to all these parameters is of particular
importance for production of low Eg4 conjugated materials.*
Extended Ring Thieno[3,4-b]pyrazines With Conjugation Extension

Upon the incorporation of ERs, the destabilization of the HOMO and stabilization of the
LUMO due to extended conjugation can produce TP analogues with overall smaller HOMO-
LUMO gaps and resultant polymers with more quinoidal character in the ground state.’*® These
HOMO-LUMO reductions have been shown in a variety of examples (Figure 2.1)
experimentally by their characteristic lower energy reductions and oxidations.® The drawback of
this additional conjugation is that in many cases, the polymers of these extended analogues are
sparingly soluble or completely insoluble, limiting both their applicability to devices as well as
the ability to fully characterize them.3* This solubility deficiency is thought to be largely due to
the enhanced rigidity in addition to the lack of solubilizing side-chains for many examples.® So,
while extended ring TPs (ERTPs) are a route to ever decreasing low Eg systems, further tailoring

is required to make these materials processable for future device applications.
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Figure 2.1. Examples of extended ring thieno[3,4-b]pyrazines with extended conjugation.®®

Modifying the Thieno[3,4-b]pyrazine Frontier Orbitals Through Nonconjugated Ring Fusion
While an approach based on increasing the conjugation does seem to be the most
significant in terms of HOMO-LUMO gap reductions, the ability to modify the LUMO of TP at
the pyrazine b-face with the fusion of nonconjugated ERs also allows for further fine-tuning of

MOs. This is significant for TP materials because the already elevated HOMO can result in
oxidative instability, limiting their usage in devices.® These types of ERTPs (Figure 2.2) are a
separate class in that conjugation is not extended through the EFR and all MO modifications

occur through electron donating and withdrawing effects.

DS =
o g oy

Figure 2.2. Examples of extended ring thieno[3,4-b]pyrazines without extended conjugation.%-*2

Initial Work on Extended Ring Thieno[3,4-b]pyrazines
Synthesis of an isolable ERTP monomer was first reported by Tanaka and Yomashita in
1997 with the synthesis of 2A%52-[1,2,5]thiadiazolo[3,4-b]thieno[3,4-e]pyrazine (TdzTP) and its

analogues (Figure 2.3).23 The intention of this work was to produce new monomers with

41



narrowved HOMO-LUMO gaps due to increased delocalization and the enhancement of the

quinoidal ground state in alternating copolymer systems.*314

S
N
o G e QO
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Figure 2.3. 2A%5°-[1,2,5]thiadiazolo[3,4-b]thieno[3,4-e]pyrazine and its analogues.®

While the parent ERTP was found to be unstable for this system, the trimers were
chemically stable enough to undergo electrochemical characterization.*®** This electrochemical
analysis indeed showed that the fused ring trimer systems significantly narrowed the
HOMO/LUMO gap when compared to the parent unfunctionalized TP with the gap shrinking
from 2.19 to 1.06 eV for the TP-terthienyl and the TdzTP-terthienyl respectively.'* Likewise the
TdzTP-terthienyl polymer was determined electrochemically to have the lowest Eg of all species
investigated with a value of 0.3 eV and later followed up with an optical Eq measurement of 0.5
eV.1314 This seminal work showed that the design motif of ERTPs could be a powerful tool for
Eg reduction, but were still restricted to copolymer systems. The synthesis of ERTP
homopolymers would not occur until the early 2000s largely in part due to the Rasmussen group

advancing and optimizing TP monomer synthesis.'*
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Previous Rasmussen Work on Extended TPs

The ability to tune the electronic properties of TP by the addition of fused rings was
initially attempted by the Rasmussen group with acenaphtho[1,2-b]thieno[3,4-e]pyrazine
(ATP).’® The ATP homopolymer was shown to have the unique ability of reducing the bandgap
when compared to poly(2,3-dialkylthieno[3,4-b]pyrazines) (pTP) while also being a much more
stable to overoxidation.'®!’ The added ring only had a substantial effect on the stabilization of
the LUMO (bottom of theconduction band of the polymer) and therefore the reduction in
bandgap was not at the cost of polymer stability.'6

The synthesis of ATP was carried out similarly to previous TP analogues®®, by reacting
3,4-diaminothiophene with acenaphthenequinone as the appropriate dione to undergo a double
condensation and form the pyrazine ring (Figure 2.4).1517 With the monomer in hand,
polymerizations were carried out electrochemically via oxidative polymerization (Figure 2.4)
allowing for oxidation/reduction potentials to be determined in the process.®” The observed
thin film potential at which oxidation occurs fell between the two poly(2,3-dioctylthieno[3,4-
b]pyrazine) (pCsTP ) oxidation peaks of -250 mV and 130 mV at -25 mV (vs. Ag/Ag).1® Of the
two oxidation peaks for pCsTP the -250 mV peak is the larger of the two and therefore the
oxidation at -25 mV of poly(acenaphtho[1,2-b]Jthieno[3,4-]pyrazine) (pATP) indicates a slightly
more easily oxidized polymer overall. The reduction potential was not only much lower (-970
mV vs. Ag/Ag*) than previous TP analogues®® but was also shown to be significantly more
reversible indicating an expected stability that the additional fused ring on pyrazine provides
without the undesirable HOMO destabilization.*®*® The electrochemical bandgap was then

calculated by the oxidation and reduction onsets of pATP films and found to be ~0.45 eV.
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Figure. 2.4. Synthesis of acenaphtho[1,2-b]thieno[3,4-e]pyrazine via condensation of 2,3-
diamminothiophene with acenaphthenequinone followed by electrochemical oxidative
polymerization. 16/

To further probe the impacts of extended conjugation on the TP unit, the Rasmussen
group looked at four additional species: 3,4-dibromoacenaphtho[1,2-b]thieno[3,4-e]pyrazine
(ATPBr2), 3-octylacenaphtho[1,2-b]thieno[3,4-e]pyrazine (ATPCsHs7), dibenzo[f,h]thieno[3,4-

b]quinoxaline (DBTQ), and thieno[3’,4’:5,6]pyrazino[2,3-f][1,10]phenanthroline (TPP) (Figure

2.5).2
Br Br H CgHq7
@ o o
N/ \N N/ \N N/ \N
\ \
ATP ATPBr, ATPCgH, DBTQ TPP

Figure 2.5. Extended ring thieno[3,4-b]pyrazine analogues included in comparative analysis.

These four ERTPs were compared to 2,3-dimethyITP and 2,3-diphenylTP with the
objective to better understand the structure-function relationships as ERTP monomers were

modified while paying specific attention to changes in the frontier MOs.? (2,3-dimethyl) TP
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without additional conjugation should then have the largest HOMO/LUMO gap, while (2,3-
dipheny) TP should be somewhat reduced due to the phenyl rings that while not completely
planar due to torsional twisting does extend the n-system. 251415

In this study all TP moieties were analyzed via electrochemistry and UV-vis absorption
spectroscopy to determine and compare frontier orbital energy levels (Tables 2.1 and 2.2). A

significant finding in the electrochemical analysis was the limited changes in HOMO energies

(~0.5 eV) with a greater variance in LUMO energies (~0.8 eV) between all analogues compared

(Figure 2.6).
Table 2.1. Electrochemical data for extended ring thieno[3,4-b]-
pyrazine analogues.?
ElX Ewz AE  HOMO® LUMOP
Compound V) V) (mV) (eV) (eV)
(2,3-dimethyl) TP 1.33 -2.04 90 6.38 3.01
(2,3-diphenyl) TP 1.26 -1.78 75 6.33 3.34
ATP 1.18 -1.67 60 6.23 3.38
ATPBr; 147 -1.25 150 6.52 3.80
ATPCgH17 1.15 -1.75 90 6.20 3.30
DBTQ 098 -151 90 6.03 3.54
TPP 145 -127 110 6.50 3.78

4Potentials measured vs Ag/Ag+ using 0.1 M TBAPFs in CH3CN.
bDetermined vs ferrocene (5.1 eV vs vacuum).

As expected, all ERTPs show a reduction in the HOMO/LUMO gap when compared to
2,3-dimethyITP and 2,3-diphenylTP with optical measurements showing the lowest
HOMO/LUMO gaps coming from DBTQ and TPP. This is as expected due to the additional two
n-electrons in comparison to the ATP analogues and thus additional conjugation when going

from the five to six membered fused-ring.
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Table 2.2. UV-vis data for extended thieno[3,4-b]pyrazine analogues.?

Compound A5 ek (Nm)
2,3-dimethyI TP 350
2,3-diphenyITP 340
ATP 375
ATP(CgH17)2 376
DBTQ 426
TPP 418
3 ™
° ° ° LUMO
[
4 ® L
Evs. Ag/Ag* ¢
6 °
o ° ® . ] . HOMO

TP(CH;), TPPh, ATP ATPBr, ATPC,H, DBTQ TPP

Figure 2.6. Variations in HOMO and LUMO energies for extended ring thieno[3,4-b]pyrazines.?

The results of this investigation into the frontier MOs of ERTPs showed that the greatest
level of tuning via this method is of the LUMO energies. For the ERTPs the LUMOs are
significantly reduced (0.3-0.7 eV) compared to their alkyl analogues with LUMO levels tuned
through heteroatoms, pendant substituents, and annulated ring size. The method thus provides a
route to CP precursors with reduced HOMO/LUMO gaps while keeping HOMO levels stabilized
to oxidation.
Nonconjugated Extended Ring TPs and Lumo Modification

Investigations by the Rasmussen group into other 2,3-disubstituted TPs produced another

extended ring TP, 1,3-dihydrofuro[3,4-e]Jthieno[3,4-b]pyrazine (FTP) (2.1).! This fused ring
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differs from ATP in that conjugation does not extend through the new fused ring due to the
presence of sp? carbons on the furan ring disrupting further conjugation. This then limits
electronic effects to the electron donating nature of the furan ring which destabilizes the LUMO
and results in a larger HOMO-LUMO energy. The HOMO-LUMO gap was determined via
absorption spectroscopy and found to be 3.49 eV. ™

The furan-TP analogue 2.1 was an unexpected result from the substitution of bromine in
2,3-bis(bromomethyl)thieno[3,4-b]pyrazine 2.2 with potassium hydroxide in attempts to make
the corresponding diol-TP (Figure 2.7).1! While it has not been investigated beyond the initial
study it did provide a potential route for ERTPs that could start with compound 2.2.

HO OH

r

KOH N\
__>e——>
Br Br /B
MeCN/H,O
Pad o
Z/ \g o)
S KOH E_Z
2.2 N N
MeCN/H,0

B
(9]
—

it
[

Figure 2.7. Synthesis of 2.1 via ring substitution on bromine on 2.2 followed by ring closure.

Compound 2.1 was limited in its applicability to ERTP materials largely in part to the
presence and location of oxygen on the newly fused five-membered ring. If the oxygen
heteroatom were changed to a species beyond row two of the periodic table, the potential for
octet expansion would become available and allow for further conjugation and delocalization.

This then became the starting point of an investigation into dithieno[3,4-b:3’,4°-¢]-

pyrazine (2.3) (Figure 2.8) where the ER now has a sulfur heteroatom with virtual d-orbitals low
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enough in energy to allow for octet expansion®® and thus a dehydrated heterocycle that can
extend the conjugation on TP. The final goal being a new low bandgap ERTP with the potential
for a record setting low Eq homopolymer. To date the research conducted on both the monomer
and any potential polymers outside of the Rasmussen group has been computational only?*-?2 and

thus any synthesis and experimental analysis would be the first for the ERTP 2.3.

23

Figure 2.8. Structure of 21*5?-dithieno[3,4-b:3”,4’-e]pyrazine (2.3).

Extended Ring TP Computational Investigations

Initial computational investigations into 2.3 were carried out in 2002 by Yoshizawa and
coworkers in attempts to understand the relationship between bond length alternation and
bandgap through the addition of fused rings and enhancement of the quinoidal character. What
was found was that when paired with thiophene and pyrrole in alternating copolymer systems, as
the amount of 2.3 increased the bandgap decreased. In addition, a homopolymer of 2.3 had a
bandgap that was calculated to be 0.14 eV.??

Additional computational work was then performed in 2006 by Wang on the nature of
nonclassical thiophene derivatives and their electronic structure, aromaticity, singlet/triplet
splitting energies, and vertical ionization energy.?* An important conclusion from this study was
that the adiabatic splitting energies were determined to be low enough to allow for the existence

of a diradical species as a possible contributor to the ground state structure (Figure 2.9).
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Figure 2.9. Aromatic and diradical contributions to the ground state structure of 2.3.

So, while 2.3 has been determined to be a potential candidate for low Eq polymers, it also
has a resonance contributor that may result in unwanted diradical reactivity. With these
properties in mind, synthesis was carried out on both the parent unfunctionalized 2.3 as well as
additional protected analogues with the end goal of low Eg homopolymers.

Development Of 24*32-Dithieno[3,4-B:3°,4’-E]pyrazine Monomers

Based upon these previous results | was tasked with the synthesis of a new monomer
which required a multi-step synthesis. The following sections in this chapter are the experimental
design and results of that investigation.

Nitration of 2,5-Dibromothiophene Optimization

In addition to the incorporation of extended ring functionality on TP was an investigation
into the optimization of a key step in TP synthesis, the nitration of 2,5-dibromothiophene (2.4).
The method used to make this TP precursor had been optimized previously by the Rasmussen
group with yields of up to 94% obtained for the synthesis of 2,5-dibromo-3,4-dinitrothiophene
(2.5).28 Under these conditions the Rasmussen group was able to modify the initial conditions by
removing the need for fuming nitric acid which had previously only given yields of 2.5 of 30-
47%.%52* The conditions of this reaction were optimized such that 2.4 was added dropwise to a
50/50 v/v solution of H2SOas(conc.)/ H.SO4(fuming) while maintaining the temperature below 20

°C (Figure 2.10). This was then followed by the slow addition of concentrated nitric acid with the
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temperature kept under 30 °C. It was then determined that both the order and the rate at which
the acids were added played a significant role in the increase in product yields of 2.5 by reducing
the unfavorable nitrosation caused by decomposition of nitric acid to NO2.%

1) H,SO4 (conc.)

H2S0,4 O,N NO,
(fuming, 30% SO3)
I B
Br s Br g Br s Br
2.4 2) HNOg3 (conc.) (94%)
) <30 °C
2.5

Figure 2.10. Synthesis of 2,5-dibromo-3,4-dinitrothiophene 2.5.%%

Due to changes in the availability of fuming sulfuric acid precursors, the general
procedure has since been modified to carry out the reaction with 20% fuming sulfuric acid. The
modifications were made such that the ratio of concentrated sulfuric acid to fuming sulfuric acid
would produce an equivalent concentration of free SOs3 to that of the optimized conditions (30%).
Under these conditions attempts were made to synthesize 2.5 and after repeated trials, yields of
58-72% were obtained (Table 3).

Further investigations were then pursued in altering the ratio of concentrated H.SO4/20%
fuming H2SO4 as shown in Table 1. While these conditions did not show any improvements
beyond the previous conditions with 20% fuming sulfuric acid, the trend observed was that as the
concentrated H2S04/20% fuming H2SO4 ratio increased, as did the product yield. With the
maximum yields coming from the initial modifications to account for the fuming H>SO4 source
and peaking at 72% (entry 7 Table 3). Other minor modifications included changes to the
concentration of nitric acid, with an increase from 35 mL to 50 mL (Entry 6 Table 3) showing no

discernable increase in product yields.
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Table 2.3. Reaction conditions in the optimization study of 2.5.

Volume Volurr_le of Volume of 25-
Concentrated (18~ fuming nitricacid  dibromothiophene  Yield (%)
M) sulfuric acid  sulfuric acid (mL) (mL)
(mL) (20%) (mL)
1 50 150 39 28 58
2 50 150 35 25 58
3 50 150 35 25 65
4 0 200 35 26 28
5 25 175 35 26 44
6 50 150 50 25 66
7 50 152 35 24 72

Parent Extended Ring Thieno[3,4-b]pyrazine Synthesis

As stated previously, the interest in a potential record setting low bandgap polymer then
led our investigation into the synthesis of the monomer and eventual polymers of 2.3. The
synthesis was a direct development of previous work on 2.2 which was used to synthesize 2.1.1
The initial synthesis of 2.3 would follow a similar route in which 2.2 would be reacted with
sodium sulfide in the Sn2 double substitution ring closing reaction to form 1H,3H-
dihydrodithieno[3,4-b:3’4’-e]pyrazine (DHTTP) (2.6). This method however proved to have
limited success with only an 8-14% yield (Figure 2.11).

S

BI’VBF S i
N2 Na,S N\
Z—ﬁ MeCN/H,0 7\_/</ \

S S
8-14%
2.2
2.6

Figure 2.11. Initial conditions for the synthesis of 2.6.
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A second method was then attempted in which the incorporation of the sulfur on the
newly formed ring would occur through sodium hydrosulfide. This method being attempted due
to the enhanced solubility of sodium hydrosulfide over sodium sulfide in both aqueous and polar
organic solutions. The new method did indeed show improvement over the previous strategy in
that yields of up to 63% were obtained (Figure 2.12) for 2.6.

S

Br Br g_z
H NaHS N N\
m MeCN/H,0 Z_ﬁ
S S
2.2 63%
2.6

Figure 2.12. Optimized conditions for the synthesis of 2.6 from 2.2.

When compared to 2.1, 2.6 shows a significant upfield chemical shift of ~1 ppm of the
protons on the a-carbons next to the newly incorporated sulfur (oxygen in 2.1). This is as
expected due to the significant reduction in electronegativity from oxygen to sulfur causing
increased shielding of these protons in 2.6. This same enhanced shielding effect is apparent in
the B°CNMR on the a-carbons themselves with a ~35 ppm chemical shift observed in 2.6.

The electronic implications of the substitution of oxygen for the less electronegative and slightly
more electron rich sulfur on the new ring is a destabilization of LUMO as shown by the 100 mV
shift from -1.87 to -1.77 in Table 2.4. This then corresponds to a decrease in the potential for
oxidation with an increase in the potential for reduction.

As proposed by Cava et. al. the next step along the pathway of a fully aromatic ring was

the oxidation of sulfur to form the sulfoxide.?® This was carried out by Cava successfully in the
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oxidation of 1,3-dihydrothieno[3,4-b]quinoxaline with monoperoxyphthalic acid magnesium salt

(MMPP) to form 1,3-dihydrothieno[3,4-b]quinoxaline 2-oxide (Figure 2.13).%

Table 2.4. Electrochemical Data for alkoxy- and nonconjugated-ERTPs.

oxidation reduction
Compound a AE ~ HOMO/LUMO
Ept (V) E12 (V) (mV) Gap (eV)

furan (2.1)%! 1.45 -1.87 100 3.32
DHTTP (2.6) 1.45 -1.77 100 3.22
DHTTP-s-oxide (2.7) 1.70 -1.85° - 3.55
(CsH1:0CH»-), TP 1.49 -1.85 100 3.34

3All potentials vs Ag/Ag™. Plrreversible, value corresponds to Ey°

R N MMP R N
N N
R N MeOH R N

Figure 2.13. Formation of sulfoxide on 1,3-dihydrothieno[3,4-b]quinoxaline.?®

This was the same strategy employed for the oxidation of 2.6 to form dihydrothieno[3,4-
b]thieno[3,4-e]pyrazine-s-oxide (DHTTPS-oxide) (2.7) using MMPP as an oxidant with the
results being modest yields of 6-25 %. Additional oxidants were used to attempt to improve
yields and included hydrogen peroxide and sodium periodate with no improvement and overall

worse product yields.

@]

S
/Q\ MMP NS/ \ZN
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Figure 2.14. Oxidation of 2.6 to form 2.7 with MMP via Cava method to oxidize quinoxalines.
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Analysis of DHTTP-s-oxide was performed via electrochemistry (Table 2.4) and
compared to 2.6 as well as the previously synthesized 2,3-Bis(pentoxymethyl)thieno[3,4-
b]pyrazine (2,3-pentoxyTP) and 2,3-dimethylthieno[3,4-b]pyrazine dimethyl-TP (Figure 2.15).
As expected, 2.7 has a lower energy reduction when compared to 2.6 and and dimethyl-TP.
Interestingly however is the nearly identical reduction when compared to 2,3-pentoxy TP which
implies that the electronic effects of the sulfoxide are enough to shift the reduction potential in an
equivalent capacity to that of two pentoxymethyl groups. Where 2.7 differs significantly is in the
oxidation potential, where an irreversible oxidation is observed just within the solvent window
and 0.2 mV higher in energy than 2,3-pentoxyTP. This can be rationalized through the locked in
configuration of the fused ring provding an enhanced dipole to further remove electron density
from thiophen on the TP unit as opposed to the allowable rotation in the pentoxymethyl groups

that have the potential to cancel out a portion of the dipole moment to reduce its effect.

(@]
5 §
IS &
S S
H,C CH,4 H11C50 OC5H11
M N N
3 /3
S S
+ J { ! 1 ' ] ' | !
(mV vs. Ag/Ag") 2000 1000 0 -1000 -2000

Figure 2.15. Cyclic voltammogram of 2.6 (red), 2.7 (blue), 2,3-pentoxy TP (violet), and 2,3-
dimethyl-TP (black).
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With the DHTTPS-oxide 2.7 in hand and following the Cava strategy to make thieno[3,4-
b]quinoxaline the reduction of the s-oxide to the fully aromatic ring was then carried out initially
with potassium hydroxide in toluene using sonication to avoid unwanted reactivity due to heating
in what is known as a Pummerer dehydration.?® All attempts, however, in this regard were

unsuccessful in generating 2.3 (and *HNMR showed the reformation of 2.6 (Figure 2.16)).

(I)I S

S N
E/ \Z KOH E/ \Z
N N —X— N N
2/ \S Toluene 2/ \g
S S

2.7 2.3

Figure 2.16. Synthetic scheme for unsuccessful Pummerer dehydration of 2.7 to form 2.3.

This lack of successful results was likely due to the potential diradical contribution to the
ground-state structure mentioned previously and proposed for other species such as thieno[3,4-
c]thiophene.?”?8 If indeed this is the case the insoluble black material that is formed during the
reaction is likely a polymerization product, but more analysis is needed to confirm this
qualitative observation.

Routes to Reduce Monomer Reactivity

Attempts to stabilize the monomer were then pursued with the initial species investigated
being a cyano analogue. This method was first discovered by Cava et. al. this time on thieno[3,4-
c]thiophenes.?® Lakshmikantham and Cava et. al. had previously concluded that this species
existed as the 1,3-diradical species and wanted to create substituted stable analogs. The attempts
on TP were carried out by the substitution of bromine on 2.2 with a nitrile group using either

sodium or potassium cyanide to make 2,3-bis(cyanomethyl)thieno[3,4-b]pyrazine (CMTP) (2.8)

55



(Figure 2.17). Not only would a nitrile group block the alpha positions on the newly formed ER,
but the electron withdrawing effects of the nitrile group would also favor the tetravalent sulfur on
the ER portion of TP and reduce the diradical contribution on the original thiophene ring,

allowing it to potentially remain unprotected for future polymerization.

Br Br NC CN
MeCN/H,O
/ \ / \

S S

2.2 2.8

Figure 2.17. Synthesis of 2.8 by cyano-substitution of 2.2.

Another strategy to block the positions alpha to the sulfur on the extended ring was to
incorporate methyl substituents. This was approached by a modification of the dione used to
make 2.2 by brominating 3,4-hexanedione with Br, to make 2,5-dibromo-3,4-hexanedione (2.9)
(Figure 2.18). With this method, the ER protected with methyl substituents would still have
resonance structures in which the diradical could move to the unprotected thiophene and thus

protection of the original thiophene would be necessary at a later step prior to the Pummerer

dehydration step.
Br
0
Br2
—>/_/<<1 CH;COOH 0
B

3 CHCl, '
29
50%

Figure 2.18. Dibromination of 3,4-hexanedione.

Even with the modest yields of 2.9, the corresponding TP (2,3-bis(1-bromoethyl)

thieno[3,4-b]pyrazine) (2.10) was then synthesized under the typical conditions used for previous
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TPs™ (Figure 2.19). This method was found to be successful with yields of 80% obtained. With
2.10 in hand the ring closure was performed as before with 2.6 to make (2.11) and moderately

successful with yields of 57% obtained (Figure 2.20).

Br Br
s N
H,N NH 0 NN
2 2 EtOH
Z/ \; + o) Z/ \g
S Br S
2.9 2.10
80%

Figure 2.19. Synthesis of 10 under typical TP condensation conditions.*®

H NaHS N N
Z—ﬁ MeCN/H,0 @
zjo 2.11

(57%)

Figure 2.20. Synthesis of 2.11 from 2.10 via optimized conditions for 2.6.

The synthesis of 1,3-dimethyldithieno[3,4-b]thieno[3,4-e]pyrazine-S-oxide (2.12) was
then attempted with the same conditions as 2.7 with no resultant product formed. Further
optimization is this required to pursue this protection route. As mentioned previously, once 2.12
has been synthesized, the incorporation of additional protecting groups may be necessary to
prevent unwanted reactivity at the thiophene within TP. A possible solution here would be to

brominate these two positions by the previously reported methods®® with N-bromosuccinimide.
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Polymerization could then be carried out by Grignard metathesis to synthesize the desired
homopolymer.
Conclusions

In these investigations into ERTPs, the synthesis of 2.3 as of this point seems to be out of
reach due to the reactivity of the monomer to uncontrollably self-polymerize. This has since led
to further investigations into the protection of 2.3 via alkyl and cyano substitution which require
further development and optimization to become potential candidates for low Eq homopolymers.
While 2.3 itself is unstable, its precursors are not, and their synthesis has added new analogues to
the family of TP units for the potential use in low Eg polymers. If an analogue of 2.3 can be
successfully synthesized, it may also be of interest to compare the optical and electronic
properties to that of the original series? of extended TP analogues.
Experimental
Materials

2,5-Dibromothiophene?®, 3,4-diamino-2,5-dibromothiophene?, BMTP!! and FTP!! were
prepared as previously reported. Unless specified, all other reagents were purchased and used
without further purification. Reactions were carried out under a nitrogen environment with a
Schlenk line setup in which all vessels were evacuated and backfilled three times to ensure an air
free atmosphere.
Synthesis

1H,3H-Dihydrodithieno[3,4-b:3’4’-e]pyrazine (DHTTP) (2.6). Formation of the
extended ring TP with the sulfur containing heterocycle was carried out by adding NaHS (0.71 g,
9.6 mmol) to (2.2) (0.40 g, 1.2 mmol) in 40 mL of 50:50 acetonitrile/water solution while stirring

at room temperature. Solution was stirred for 3 % hours and 20 mL of H>O was added and
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stirring stopped. The product was then extracted with dichloromethane and dried with sodium
sulfate. Once dry, solvent was removed under reduced pressure and the crude product was
purified by a 20/80% EtOAc/hexanes, silica gel, column which yielded 0.12 g (50%) of pure
product. mp 119.1-119.3 °C. tHNMR (CDCls, 400 MHz) & 7.91 (s, 2H), 4.22 (s, 4H); 3C NMR
(CDCl3, 400 MHz) 6 155.6, 141.1, 116.9, 34.1

1H,3H-Dihydrothieno[3,4-b]thieno[3,4-e]pyrazine-S-oxide (2.7). Oxidation of the ER
sulfur on DHTTP was carried out by adding (2.6) (0.23 g, 1.1 mmol) to 60 mL of MeOH and
heated until all solids dissolved. Once dissolved, a 1% magnesium monoperoxyphthalate (0.60 g,
1.2 mmol) solution (in 60 mL of H>O) was added in 5 mL aliquots. The mixture was then stirred
until TLC (30/70% EtoAc/Hexanes on silica) showed starting material was no longer visible
under longwave UV-light. Product was then extracted with dichloromethane, washed with
Na2COs, and dried with Na2SOs. Once dry, product was purified by a 50/50% EtOAc/hexanes,
silica gel, column which yielded 0.010 g (5.9%) of pure product. 'HNMR (CDCls, 400 MHz) &
8.00 (s, 2H), 4.33 (dd, 4H, J = 12 Hz)

2,3-Bis(cyanomethyl)thieno[3,4-b]pyrazine (2.8). Cyano substitution of bromine on
(2.2) was carried out by adding (2) (0.68 g, 2.1 mmol) and potassium cyanide (0.72 g, 11 mmol)
to 50 mL of formamide. The red/brown solution was analyzed with TLC (30/70%
EtOAc/hexanes on silica) after 1 hour under UV-light and starting material was no longer
visible. The solution then stirred for 2.5 more hours, and product was extracted with
dichloromethane, dried with Na>SQO4, and solvent removed under reduced pressure. Crude
product was then purified by column chromatography using silica gel and 40/60%
EtOAc/hexanes to give a trace amount of pure product. HNMR (CDCls, 400 MHz) § 8.15 (s,
2H), 4.16 (s, 4H)
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2,5-Dibromo-3,4-hexanedione (2.9). The bromination of 3,4-hexanedione was carried
out by adding acetic acid (250 mL), chloroform (250 mL), and 3,4-hexanedione (5.78 g, 50
mmol) together and cooled to 0 °C while stirring. Molecular bromine (16.0 g, 100 mmol) was
then added dropwise, and the mixture was heated to reflux. Mixture was heated under reflux for
3 hours and upon completion was quenched with saturated sodium bicarbonate solution. Product
was then extracted with chloroform, dried with magnesium sulfate, and solvent removed under
reduced pressure. Crude product was then purified by column chromatography using silica gel
and hexanes to yield 6.84 g (50.1 %). *HNMR (CDCls, 400 MHz) & 5.30 (q, 2H, J = 6.7 Hz),
1.84 (d, 6H, J = 6.7 Hz).

2,3-Bis(1-bromoethyl)thieno[3,4-b]pyrazine (2.10). 2,5-Dibromo-3,4-hexanedione
(5.46 g, 20.0 mmol) was dissolved in 20 mL of absolute ethanol and cooled to 0 °C. In a separate
flask 3,4-diaminothiophene (2.48 g, 21.7 mmol) was dissolved in 60 mL of absolute ethanol and
cooled to 0 °C. diamine solution was then added to dione solution via cannula and the solution
was stirred for 3 hours. The crude product was purified by column chromatography (10/90%
EtOAc/Hexanes on silica) to give 5.63 g (80.4%) of pure product. 'tHNMR (CDCls, 400 MHz) &
8.06 (s, 2H), 5.75 (g, 2H, J = 6.6 Hz), 2.25 (d, 2H, J = 6.6 Hz)

1,3-Dimethyldithieno[3,4-b:3°4’-e]pyrazine. (2.11) Formation of the methyl protected
extended ring TP with the sulfur containing heterocycle was carried out by adding NaHS (2.47 g,
24.4 mmol) to (2.10) (1.75 g, 5.00 mmol) in 200 mL of 90/10% acetonitrile/water solution while
stirring at room temperature. Solution was stirred for 3 % hours and 20 mL of H,O was added
and stirring stopped. The product was then extracted with dichloromethane and dried with
sodium sulfate. Once dry, solvent was removed under reduced pressure and the crude product

was purified by a 20/80% EtOAc/hexanes, silica gel, column which yielded 0.63 g (57%) of pure
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product. tHNMR (CDCls, 400 MHz) & 8.06 (s, 2H), 5.75 (q, 2H, J = 6.6 Hz), 2.25 (d, 6H, J = 6.6

Hz).
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CHAPTER 3. MODEL DIMER SYSTEMS

Introduction

As the field of conjugated polymer (CP) synthesis advanced so did the focus as to what
parameters would make a material useful in an electronic device. These parameters include
processability, stability, high conjugation length, a suitable Eg, and sufficient charge mobility.%?
While all are necessary for the implementation of CPs in devices, the Eg has been given special
attention due to its correlation to potential emission and onset of absorption.'® Additionally, the
Eg has a direct relationship with the frontier orbital energies and therefore the tuning of the Egq
can also be responsible for environmental stability as well as the energetic matching with other
components within a device.®

The tuning of the E4 in CPs has been understood primarily by two structure-function
models. One being the enhancement of the quinoidal nature of the polymer backbone and the
second being an alternating donor-acceptor (D-A) framework.?® The latter of which has been
the most frequently evoked in the literature when considering low Eq CP design.
Donor-Acceptor Model

The initial research on D-A frameworks was carried out on strong alternating donor-
acceptor polysquaraines/polycroconaines by Havinga and coworkers with Egvalues as low as 0.5
eV.1415 L ater publications would investigate the cause of the reduction in Eq with the
explanation elucidated in terms of the reduction of bond length alternation via the addition of a
new resonance structure (Figure 3.1).2%*2 This new resonance structure required each unit to be
relatively strong in their respective role (i.e. strong donor and strong acceptor), with the
averaging of the two structures producing an overall lower alternation in bond length along with

a corresponding decrease in Eg.>% 12
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%D—Ai - {»DEAih

Figure 3.1. D-A interactions forming an additional resonance structure.

However, the most common rationalization in the literature for the Eg reduction by D-A
frameworks is the mixing and hybridization of frontier orbitals. This being the donor as the main
contributor to the HOMO and the acceptor as the main contributor to the LUMO which upon

mixing produce a material with an overall lower HOMO/LUMO gap (Figure 3.2). 2%12

D DD D DA A AA A

Figure 3.2. D-A hybridization diagram showing reduction in HOMO/LUMO gap.

Limitations in the D-A Model and the Aromatic-Quinoidal Approach

Even with these competing fundamental understandings, the validity of the D-A approach
as a complete picture for copolymeric systems has been called into question in recent years due
to the narrow scope of compounds in the initial investigation with limited modifications
thereafter for other D-A systems.®>1¢ This has since brought a new emphasis on the quinoidal
model and multiple computational studies have proposed that in most cases, acceptor units

provide quinoidal character while donors bring more aromatic character, resulting in a ground

65



state structure hybrid of the two structures that reduces the overall BLA with a corresponding
reduction in Eg.1"20

Further complications to the D-A approach were also realized when certain monomers
failed to fall into a single category of either donor, acceptor, or neutral spacer unit.?* This has
been observed specifically in the case of thieno[3,4-b]pyrazine (TP), because of TP’s high lying
HOMO which allows it to act as a strong donor while also having a low lying LUMO to act as a
strong acceptor.?? TP while not unique in these characteristics is one of the more commonly used
monomers to exhibit these traits due to additional desirable properties such as relative ease of
synthesis and tunability at the 3- and 4-positions. Therefore, the discovery of the nature of TP
has led to the need for a new definition for this class of monomers, which have since been
denoted as ambipolar units.?? As a result of this phenomenon, TP has since been paired with both
strong donors* and strong acceptors®’ as alternating copolymers to produce low band gap
polymers.
Modeling D-A Interactions Through Dimeric Systems

To understand the monomeric species commonly found in CPs in a more thorough
capacity it then becomes important to quantify the changes that the combining of a strong donor
with a strong acceptor creates. In addition, the ambipolar subclass of monomers has been rarely
studied and thus how these species interact with both donors and acceptors is of paramount
importance if these units are to be developed and incorporated into organic semiconducting
devices. One method to accomplish this is through the synthesis and analysis of model D-A
dimeric systems. This simplified dimeric picture with a limited and consistent conjugation length
allows for D-A interactions to be investigated and compared between a variety of donor,

acceptors, and ambipolar units. A well-designed series can then show how these D-A
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interactions correlate to frontier orbital energies, structural changes of the monomers, as well as
HOMO-LUMO gap narrowing.
Dimer Design

In the dimer investigation presented here, three different monomers were selected to
represent the three electronically significant units encountered in conjugated polymer systems
(Figure 3.3). The three selected were 3,4-ethylenedioxythiophene (EDOT) as the donor!?3
benzo[c][1,2,5]thiadiazole (BTD) as the acceptor?*? and 2,3-dihexylthieno[3,4-b]pyrazine (TP)
as the ambipolar species. Both homo- and hetero-dimer species were synthesized from all three
monomers to make the six possible configurations (Figure 3.3). These six different dimer

combinations would then provide case studies for D-D species, A-A species, and ambipolar-

ambipolar dimeric species in addition to a D-A, ambipolar-D, and ambipolar-A species.

TP BTD EDOT
CeH1z CeH
613 CeHis —
:/ \i Q o O
Z—/< I Z/ \g
TP-TP BTD-BTD EDOT-EDOT TP-BTD TP-EDOT EDOT-BTD
CeH1z  CeH1z CeH1s CeH13 CeH13

>/—\< C6H13

N N
/- \ S Z_ﬁ\g_z |\
S \ /) N/\ s
s N RN

W S
CeHyz  CgHis

Figure 3.3. TP (ambipolar species), BTD (acceptor), and EDOT (donor) and the six possible
dimer configurations.

The selection of these three monomers also served the purpose of maintaining a

consistent conjugation length with only a single aromatic ring per monomer contributing to the
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conjugation length from each monomer. A consistent conjugation length ensures that any
contribution to optical and electronic properties in these configurations is comparable and that
any D-A effects would arise from differing configurations (i.e identity and connectivity of
atoms).? Issues in these types of comparisons have been shown for example in the case of donor

strength between TP and dithieno[3,2-b:2’,3’-d]pyrrole (DTP) (Figure 3.4).

aY

/7 N\ H
N N N 7 \ 4S5
@/ \ / N\ /) \ 1°S2 3 \
3
N/
HOMO -6.3 eV -5.6 eV -5.5 eV

Nonequivalent conjugation length Comparable conjugation length
copolymer has more HOMO with further destabilized
contribution from DTP HOMO energy

Figure 3.4. (top) HOMO energies of TP, DTP, and TP-TP. (bottom) potential polymeric systems
showing HOMO destabilization is maximized with TP-homopolymer.

In this specific example TP has a much deeper HOMO of -6.3 eV than that of DTP
which has a HOMO energy of -5.6 eV. At first impression this implies that DTP is a significantly
better donor than TP, but if the two are to be accurately compared an adjustment needs to be

made to accommodate for an equivalent conjugation path length that would exist along the
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polymer backbone and thus contribute to the HOMO of the polymer. To make an accurate
comparison of these two species would require a TP dimer which as expected has a HOMO of -
5.5 eV and is very similar to a DTP monomer (Figure 3.4).8 Thus, if a polymeric system were to
be designed with the goal of driving up the HOMO a TP-homopolymer would be have a more
destabilized HOMO than a 1:1 TP:DTP and be the lower Eq material.

This chapter will thus be focused on the comprehensive study carried out by the
Rasmussen group on these six dimeric species.'® This study includes synthetic details for
monomers and dimers, characterization of each species, density functional theory (DFT)
analysis, and finally a discussion of the implications that the results of this study imply.

Results and Discussion

Due to the electronic differences between monomers, the coupling reactions differed
significantly for each species and required specific reaction sequences to be pursued for each
dimer generated. This included incorporating different handles at the coupling sites as well as
the incorporation of protecting groups and solubilizing sidechains. To synthesize the symmetric
dimers, various homocoupling methods were used and are shown in Figure 3.5%%2” while Stille
coupling was employed for the asymmetric dimers and carried out by Trent Anderson.?® In
addition, redox stability of unfunctionalized TP has been shown to be an issue previously and
thus the functionalized 2,3-dihexyl analogue was used which also provided the added benefit of
increased solubility and limited impacts on the electronic properties.*2°3°

EDOT required separate handles for all three dimers synthesized. For the symmetric
dimer a lithiation step preceded the oxidative homocoupling with Cu(ll) as previously reported.?’
The TP-EDOT species utilized a bromide handle on EDOT and coupling via Stille coupling with

an organostannane TP. Lastly the EDOT-BTD dimer was also synthesized via Stille coupling,
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however with a reverse role for EDOT as the organostannane reagent and 4-Bromo-2,1,3-

benzothiadiazole (BrBTD) as the halogenated species.

e} e} BuLi
2/ \;
S
EDOT
CeH1z CeHis
— BuLi
N N - o
>/ \< Me3SnCl
S
TP
O’ O‘ BulLi
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o O EDOT-EDOT

CuCl, [\ S
- . S \ /
0 0
(40-45%) —/
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—_— / \ s
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0 s
NN (85-90%) SN
S

Figure 3.5. Three possible EDOT dimers and the cross-coupling methods required for synthesis.

For the remaining two BTD species, both utilized a bromide handle in BrBTD as the site

for coupling to occur (Figure 3.6). In the homocoupling reaction the symmetric dimer was

synthesized via a nickel catalyzed pathway in the presence of stoichiometric amounts of zinc.?®

The BTD-TP dimer was synthesized via Stille coupling as previously stated with the TP as the

organostannane species and BrBTD as the halogenated species.
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Figure 3.6. Remaining BTD dimers and the cross-coupling methods required for synthesis.

Lastly, the remaining TP homodimer (TP-TP) being slightly environmentally unstable to
oxidation required further modification of trimethylsilyl groups (TMS) on the exterior alpha
positions to block unwanted reactivity at these sites (Figure 3.7). These were added with the
knowledge that these groups would contribute little to the electronic properties allowing for a
consistent comparison to be made across all investigated oligomers.?? Once the TMS group was
added to Br.TP. The TP-TP homodimer was then synthesized as previously reported via Stille
coupling by Li Wen.??

Dimer Characterization

Characterization of all dimer species was necessary to show evidence of their synthesis as

well as potential D-A effects. This characterization included *HNMR, 3CNMR, X-Ray

crystallography (when possible), electrochemistry, and UV-vis absorption spectroscopy.
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Figure 3.7. TP-TP synthesis with TMS protecting groups.

Molar Absorption Coefficients, Oscillator Strengths, and Maximum Absorptions

The optical transitions of the six dimers were analyzed by UV-vis absorption
spectroscopy and comparisons were made between dimers to see what changes occurred to
characteristic intramolecular charge transfer (ICT) band as well as the n-n” transition. In addition
to the energy at which a species absorbs light, the molar absorption coefficient (¢) is also an
important parameter to determine the probability of absorption for a given transition. This
parameter appears in the Beer-Lambert law with its most simplified form shown in Eq.1. In this
Equation the variables are absorbance (A), which is unitless, the path length (b) in cm, and the
concentration (c) in M which then gives units of M cm™ for €. Solving Eq. 1 for € then requires
a known concentration of analyte and if concentrations are below 10 M can be assumed to
follow ideal behavior and Beer’s law.3! The & parameter therefore gives information regarding

each maxima in a UV-vis spectra, but not electronic transitions as a whole, and thus an integrated
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parameter combining the various vibrational variations in a transition is needed to provide a
more complete picture of absorption probability.
A =e¢bc (Eq. 1)
The integrated form of absorption probability is known as the oscillator strength (f). This
parameter can be determined from Eq. 2 with the experimental € value plotted against the energy
in wave numbers of the absorption. %
f=43x107° [ edv (Eq. 2)
The maximum absorption wavelengths (A?® max), €, and f values for all dimers investigated
are shown in Table 3.1. As can be seen from the table each A% max has an associated € value
while the calculated f values are a combination of vibrational modes of the same transition.
EDOT-EDOT having no pendant accepting groups has just a single f value as all three A% max
peaks correspond to the m-m transition of an all-donor species. As pendant accepting groups are
incorporated, the previously mentioned ICT transition appears along with two additional higher
energy m-m transitions that are within the spectral window (BTD-BTD falls just outside the
window).
UV-vis Absorption Spectroscopy and Donor-Acceptor Interactions
The ICT was paramount in this investigation due to being the lowest energy transition for
D-A systems and providing an avenue to accurately estimate the HOMO-LUMO gap and thus
part of the picture of the D-A interactions that may exist between the two units.** The higher

energy m-mt transition is a result of the optical transition of the delocalized all-donor backbone

73



Table 3.1. Photophysical data for dimer series.?

Compound A0S ax (NM) e M1lcm? f
EDOT-EDOT 296 9000 0.50
307 10 900
320 15 400
335 13 200
BTD-BTD 308 21 600 0.31
316 28 600
363 9100 0.16
EDOT-BTD 287 17 400 0.35
306 15 300 0.48
319 15 400
409 6600 0.11
EDOT-TP 260 13 300 0.36
306 17 800 0.33
456 5000 0.11
TP-BTD 274 12 300 0.20
284 12 700
316 16 200 0.17
435 6000 0.13
TP-TP 257 21 800 0.57
304 17 000 0.32
503 7300 0.15
&Measured from dilute CHCI3 solutions in 1 cm quartz cuvettes. Data collected
from Ref. 16

and becomes the only observable band in CPs without D-A interactions and likewise represents
the HOMO-LUMO gap for an all-donor CP system.!116

Looking at the analogues that do not contain ambipolar TP (EDOT-EDOT, BTD-BTD,
and EDOT-BTD) and represent an all-donor species, all acceptor species, and D-A species
respectively, some expected trends are present (Figure 3.8). The all-donor EDOT dimer is unique

in that the ICT is noticeably absent due to a lack of D-A interactions. Additionally, the n-m"
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transition has a bathochromic (red) shift relative to the other analogues due to enhanced HOMO
destabilization from a greater donor concentration along the CP backbone. Conversely, the BTD
dimer having pendant electron deficient rings on the CP backbone does show both characteristic
transitions (ICT and n-r") albeit with the n-n" hypsochromically (blue) shifted compared to the

EDOT dimer due to the acceptor contribution stabilizing the HOMO. Lastly, the archetypical D-
A example EDOT-BTD dimer has both transitions. The ICT of EDOT-BTD has a significant red
shift compared to the BTD dimer due to the acceptor contribution to the LUMO (stabilization)

and the donor contribution to the HOMO (destabilization) for an overall lower HOMO-LUMO

gap.
95 —— EDOT-EDOT
] —— EDOT-BTD
< 20 —— BTD-BTD
E
1]
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Figure 3.8. UV-vis spectra for D-D, D-A, and A-A species.

The ambipolar TP unit requires special attention here because if it were to be treated as a
typical electron acceptor species the trends in the UV-vis at first may seem inconsistent with the
current knowledge of D-A interactions, but upon further investigation fit well with the current
understanding. As shown in Figure 3.9 A, when TP is paired with a strong donor species such as
EDOT both the ICT and n-r” transitions are present. This is as expected, but where the D-A

theory seems to breakdown is in the relation to TP-TP, which shows a red shifted ICT compared
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to TP-EDOT. Looking at this from a D-A approach, the paring switch from an EDOT donor to a
TP “acceptor” should result in a blue shifted ICT assuming the traditional electron acceptor role
for TP and thus an assumed A-A type species. However, because TP is ambipolar, the HOMO is
stabilized to a nearly equivalent degree to that of EDOT-TP while also incorporating additional

LUMO stabilization. The LUMO stabilization is being enhanced through a hybridization of two

pyrazine rings as opposed to a singular electron deficient pyrazine ring in TP-EDOT.

1A
254 —— EDOT-EDOT

254 —— BTD-BTD
] —— TP-BTD
20 — TP-TP

10
5
0
T . T v T ¥
300 400 500 600
Wavelength (nm)

Figure 3.9. UV-vis spectra for (A) D-D, D-TP, TP-TP and (B) A-A, TP-A, and TP-TP.1¢

In conjunction, Figure 3.9 B shows the comparison between the various TP and BTD

species to depict the ambipolar-A interactions. As with the D-TP system, the TP-A dimer
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produces an ICT transition that is inconsistent with the treatment of TP as a traditional acceptor.
The ICT transition here is blue shifted in comparison to TP-TP and due to a BTD contribution to
the HOMO. This once again illustrates the ambipolar nature of TP in that when a traditional
acceptor such as BTD interacts with another strong acceptor as in BTD-BTD the ICT is
significantly blue shifted. The strong donor characteristics of TP however red shift the ICT when
paired with BTD and the ICT is red shifted even further in TP-TP.

Fluorescence Spectroscopy and Solvatochromism

Further attempts to quantify charge transfer effects in the symmetrical BTD-BTD
analogue were pursued through fluorescence spectroscopy. The BTD-BTD analogue being
investigated specifically because BTD monomer shows no ICT transition in its absorption
spectrum.®® If the higher energy absorption in BTD-BTD is indeed an ICT transition then the
influence of the solvent on the energy of the excited state should show a solvatochromic shift
with varying solvent polarity.>*

In Figure 3.10, four solvents were investigated with the relative polarities of chloroform
< acetone < acetonitrile < methanol. While chloroform, acetone, and acetonitrile are relatively
close in emission energy, they do show a red shift that follows an increase polarity trend. The
most significant shift came from the most polar solvent methanol and implied that the excited
species is indeed stabilized by a polar solvent. A characteristic that a CT species with an increase
in dipole moment would show from a solvent that could stabilize the excited state through dipole
interactions.®* The difference between the monomer and dimer therefore is likely increased
delocalization between phenyl rings which destabilizes the HOMO and thus makes the biphenyl

a better donor for CT to occur.
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Figure 3.10. Fluorescence spectroscopy showing the solvatochromism of BTD-BTD.!®

Electrochemistry

The electrochemical analysis of the six dimer species was carried out through cyclic
voltammetry (CV) and the frontier orbital MOs estimated by first oxidation/reduction onsets with
reference to the ferrocenium/ferrocene (Fc*/Fc) couple which has a formal potential of -5.1 eV in

Table 3.2. Electrochemical data for dimer series containing EDOT, TP, and BTD units.®

HOMO LUMO

Compound Epa®(V) E12%(V) AE (mV) (eV)P (eV)©
EDOT-EDOT 0.49 -5.44

BTD-BTD 158  -1.68,-1.94¢ 60,60 -6.56 -3.50
EDOT-BTD 0.91 -1.76 80 -5.80 -3.45
EDOT-TP 0.49 -1.88 70 -5.43 -3.30
TP-BTD 0.93 -1.70 220 -5.85 -3.55
TP-TP 0.50 -1.83 110 -5.45 -3.40

%vs. Ag/Ag". PEomo =-(E[onset, ox vs. Fe+/F1+5.1) (€V). “ELumo = -(E[onset,red vs. Fe+/re] + 5.1) (V).
dUnpublished data
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relationship to the vacuum scale.® All species (Table 3.2.) show an irreversible oxidation as
expected in thiophene containing small molecules due to the oxidized species ability to couple
via a thiophene based radical cation.3® This rationalization extends to a phenyl-based radical
cation for BTD-BTD which contains no thiophene and similarly undergoes oxidative coupling.
Other significant structural differences in voltammograms of the dimeric species are the
reversibility of the reductions. For a process to be considered reversible the AE = |Epc -Epal must
be <57 mV/n (@ 25 °C) and indicates that oxidized and reduced species are at equilibrium on
the electrode surface.®’

All dimeric species investigated showed a quasi-reversible (AE > 57 mV/n) reduction
except for EDOT-EDOT which has no reduction within the solvent window (Figure 3.11). This
reduction occurring by electron injection on the electron deficient portion of a monomer which is

pyrazine in TP, and thiadiazole in BTD and thus not present in EDOT-EDOT which has a

Potential (V vs. Ag/Ag*)

2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

=3

Figure 3.11. Cyclic voltammograms of BTD-BTD (blue) and EDOT-EDOT (orange).
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pendant ring that is electron rich. Additionally, BTD-BTD has an additional higher energy quasi-
reversible reduction that has also been observed in TP-trimers??. This likely being from each
electron deficient pendant ring being capable of reduction and in the case of BTD-BTD, low
enough in energy to be within the solvent window (Figure 3.11).

Electrochemistry of Dimers: Comparison and Analysis

An initial comparison can be made between the symmetric species to better characterize
donors, acceptors, and ambipolar units in general. The all-donor EDOT-EDOT has as expected a
significantly destabilized HOMO while its LUMO so high in energy as to be outside the solvent
window requiring comparisons to be made with its calculated value of -1.01 eV (B3LYP)® and
thus also the highest in energy of any dimer in the series. Conversely, the all-acceptor BTD-BTD
has the most stabilized HOMO as well as a significantly stabilized LUMO. The TP-TP species
has a HOMO comparable to EDOT-EDOT and LUMO slightly more destabilized than BTD-
BTD which as expected makes it both a strong donor and strong acceptor and as a result the
lowest HOMO/LUMO gap of all the dimers in the series. Therefore, as a tool for HOMO/LUMO
reduction in polymeric materials, a unit that can both destabilize the HOMO and stabilize the
LUMO may be more crucial than simply incorporating the strongest donors or acceptors in the
polymer backbone.

A look at the asymmetric dimer species likewise shows how significant the presence of
the ambipolar TP unit is in HOMO/LUMO reduction. If the series is looked at from the
simplistic view of traditional D-A theory of pairing the strongest donor with the strongest
acceptor, then the EDOT-BTD should produce the dimer with the smallest HOMO/LUMO gap.
As mentioned previously, this is not the case, and TP-TP claims this title. In fact, the significant

trend is that all dimers containing TP show the lowest HOMO/LUMO gaps in the series. As a
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specific counter example to the confined D-A class system, TP often regarded as an acceptor in
D-A theory, when paired with BTD in TP-BTD has a lower HOMO/LUMO gap than EDOT-
BTD indicating that TP is a better donor than EDOT if the standard “strongest donor with
strongest acceptor generates lower bandgaps™ logic applies. While the HOMOs of EDOT-EDOT
and TP-TP are within 0.01 eV, the crucial component that reduces the HOMO/LUMO of TP-
BTD is the additional LUMO stabilization due to hybridization from each unit in the dimer.
Lastly, EDOT-TP according to D-A theory has a strong donor paired with a strong acceptor and
as expected produces a dimer with a significantly reduced HOMO/LUMO gap. However, once
again when compared to TP-TP, the destabilization of the HOMO due to both units being strong
donors is still less significant than an all ambipolar system that has hybridization occurring at
both the HOMO and the LUMO.

X-ray Crystallography

Attempts to grow single crystals of all dimer species was carried out by the Rasmussen
group with the limited success of EDOT-BTD (Figure 3.12) (grown by Trent Anderson), EDOT-
EDOT (Figure 3.13) (previously reported by Jean Roncali), and BTD-BTD (Figure 3.14) ( giving
crystals suitable for analysis.'® This limited success however did give useful information and
comparisons to the known structures of thiophene and BTD* and allowed for significant
conclusions about frontier orbital energies to be drawn.

The EDOT-BTD dimer crystallizes in the monoclinic space group P2i/c, with four
molecules per unit cell. The dimer exists in the anti-configuration with a completely planar BTD
unit and an EDOT unit with an 18° rotation about the interannular bond twisting it slightly out of
the plane. When compared to thiophene, the EDOT unit shows little structural differences on the

thiophene portion with bond lengths that are nearly identical on the thiophene portion of EDOT.
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The comparison of BTD in the dimer does however show significant structural changes when
compared to BTD in that the dimer BTD has a six membered ring that has bond lengths closer to
benzene.

The significant bond regarding the contribution of the additional resonance structure as
predicted by the D-A model is the C-C bond between EDOT and BTD. This bond was found to
be 1.469 A which indicates significantly more single bond character than double bond character
when compared to the typical C-C length of 1.52 A and a typical C=C length of 1.35 A.% This in
conjunction with the presence of a 18° interannular twist thus indicates that structurally the
EDOT-BTD dimer has little to no double bond character at the C-C bond linking the two units
together and thus limits the contribution if any of the potential additional resonance structure

outlined in Figure 3.1.

Figure 3.12. (left) Face and (right) edge ellipsoid plots of EDOT-BTD at the 50% probability
level 1

The X-ray quality crystals of EDOT-EDOT agreed precisely with that of the previously
reported data.?®*° EDOT-EDOT is unique among the dimer models investigated in that the
potential for two non-bonding S-O interactions are possible. These interactions have been shown
to be well within the sum of the van der Waals radii of sulfur and oxygen (3.25 A) with a

distance of 2.92 A, indicating a strong interaction between the two atoms. Consequently, this
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interaction results in a system with a high level of planarity (0° interannular twist) along the
conjugated portion with significant rigidity (Figure 3.12).%° As a comparison, EDOT-BTD shows
significant twisting out of the plane between EDOT and BTD with the previously mentioned 18°
interannular twist. While there is the potential for S-N interactions, there is also a hydrogen
bonding opportunity between the interior O on EDOT with the interior H on BTD that further

twists the dimer out of planarity.

Figure 3.13. (left) Face and (right) edge ball and stick plots of EDOT-EDOT from single crystal
X-ray analysis.*

Lastly, the previously unreported BTD-BTD X-ray quality crystals were grown via slow
evaporation from toluene at room temperature followed by cooling to 0 °C. The most significant
structural change between BTD-BTD and the previously discussed structures (EDOT-BTD and
EDOT-EDOT) is the large twisting out of planarity of 43° between the two BTD units (Figure
3.14). This large twisting indicates hydrogen bonding is minimized between N0O02 and the

hydrogen attached to C004 and results in a repulsive interaction.
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Figure 3.14. Face and edge ellipsoid plots of BTD-BTD at the 50% probability level.

Limited hydrogen bonding is also indicated by the distance between N002 and the
attached hydrogen to C004 with a calculated value of 2.663 A (Figure 3.15). This distance is
significantly longer than the H--O distance in EDOT-BTD which was calculated to be 2.267 A
as well as the. H--N distance in TP-BTD which was calculated to be 2.230 A.%® While the
hydrogen bonding distance is increased in BTD-BTD, it is still within what is considered a
significant interaction distance of 2.7-3.5 A% and thus this interaction while apparently weaker
may still have some favorable interaction.

In addition to the increase in the H--*N distance is the decrease C-H:--N angle of BTD-
BTD which was calculated to be 107.6°. In comparison EDOT-BTD’s C-H---O angle was
calculated to be 124.8° while TP-BTD’s C-H---N was calculated to be 127.5°. Therefore,
comparatively BTD-BTD has an enhanced deviation from linearity and thus minimizes hydrogen
bonding interactions.*! Thus if both the distances and angles of these interactions are to be taken
into account EDOT-BTD TP-BTD, and BTD-BTD all have hydrogen bonding distances that fall
within what are deemed significant interactions (2.7-3.5 A) while BTD-BTD’s ~20° increased
angle out of linearity reduces the possibility of overlap and indicates the distance is purely due to

purely coincidental structural factors.
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Figure 3.15. Estimated distance between H006 and NOO2 for potential hydrogen bonding.

Additionally, the crystal packing indicates the presence of significant n-n interactions
with the packing showing a face on slip-stacked orientation (Figure 3.16). This interaction has a
face-to-face distance of 3.712 A which falls within the upper end of window (3.3-3.8 A) of what
is considered significant n-m interactions.*? Outside of n-n intermolecular interactions is the
potential of other interactions such as hydrogen bonding and heteroatom lone-pair interactions
such as S-'N interactions (Figure 3.17). While these two interactions may be present here, they
appear to be relatively weak. Specifically, in the case of the S-*N interaction that which although
oriented in a favorable position with two potential interactions has a distance (3.674 A) larger
than that of the van der Waals radii of sulfur and nitrogen (3.35 A)*.

Two potential hydrogen bonding cases with sulfur and nitrogen are also possible (Figure
3.16). The S---H interaction is favorably oriented and somewhat elongated (3.314 A) indicating a
weak interaction. While the N---H interaction is favorably oriented and significantly shorter
(2.702 A) than the S---H interaction implying that the N---H has the more significant hydrogen
bonding character and thus should be the greater contributor to the crystal packing structure.
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Comparison of the different interannular bonds of the respective dimer units analyzed via
X-ray spectroscopy (Table 3.3) have interesting implications when considered through a D-A
rationalization. First and foremost, of the three the shortest C-C distance between units is EDOT-
EDOT which indicates the most double bond character. The BTD-BTD conversely has the
longest interannular C-C distance of the three indicating the least double bond character. Lastly,

EDOT-BTD has a C-C distance which is almost exactly the average of the other two.

Figure 3.16. Evidence of n-x interactions in the crystal structure of BTD-BTD.
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Figure 3.17. Possible intermolecular interactions present in crystal packing.

Table 3.3. Interannular bond angles and distances for respective dimer units analyzed via X-ray

spectroscopy.
Interannular C-C-C-C Interannular C-C bond
Dimer unit torsional angle (°) distance (A)
EDOT-BTD? 162.00 1.469
EDOT-EDOT® 180.00 1.442
BTD-BTD 132.63 1.490

aRef. 16 and "Ref. 23

From a D-A approach the EDOT-BTD should have the shortest C-C distance of the three

due the presence of the resonance structure contributor outlined in Figure 3.1 from the pairing of
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a strong donor with a strong acceptor. However, no evidence of the shortening of this bond due
to D-A interactions is observed and the deviation from this prediction is therefore likely due to
other factors with the most apparent being the steric interactions from the internal hydrogens on
the benzo-containing species. These steric interactions likely cause the twisting out of planarity
and follow the trend EDOT-EDOT < EDOT-BTD < BTD-BTD with a corresponding reduction
in the number of internal hydrogens. Interestingly, once again EDOT-BTD has an interannular
torsional angle at the near exact average of the other two. Therefore, although the intramolecular
interactions seem to be the dominant factor in the interannular bond distances and angles, the
presence of some degree of shortening beyond the averaging of the two homodimer systems
should be observed with EDOT-BTD and is notably absent.
Conclusions

In this chapter the model dimer systems provided insight into some of the concepts that
are often assumed for D-A systems without having been specifically vetted for variable systems.
A significant finding in this study is the limited evidence for the existence of any double bond
character between any of the D-A dimeric species. This indicates that the often-stated reduction
in bond length alternation as a determining factor for Eq reduction may be overstated. The more
important factor in these model systems appears to be the hybridization of frontier MOs and thus
the most significant HOMO/LUMO reductions come from the incorporation of ambipolar units
with a low-lying LUMOs that also have high-lying HOMOs (Figure 3.18). This being due to the
HOMO having contributions from both donor and acceptor units while the LUMO is essentially
localized on the acceptor. The information garnered from this study should provide a design
motif that can be applied to alternating copolymer systems in which Eg control is a primary

focus.
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Figure 3.18. Modified D-A frontier orbital diagram showing the reduction in HOMO/LUMO
energies with the pairing of TP with donors or acceptors.

Experimental
X-Ray Crystallography

X-Ray quality crystals of EDOT-EDOT were grown via slow evaporation in cyclopently
methy| ether for 48 hours. Similarly, X-ray quality crystals of BTD-BTD were grown via slow
evaporation in toluene at room temperature for 48 hours followed by cooling to 0 °C for 24
hours. The X-ray intensity data of the crystals were measured at either 273 or 100 K on a CCD-
based X-ray diffractometer system equipped with a Cu X-ray tube (I = 1.54178 A) operated at
2000 W of power. Crystals were then compared to previously reported crystal structure® and the
structure was confirmed.
Absorption Spectroscopy

A dual beam scanning UV-vis-NIR spectrophotometer was used to perform UV-vis
absorption spectroscopy measurements. Extinction coefficients were determined by preparing a
100 mL stock solution of 2.0 x 10* M dimer sample which was subsequently used to make

25mL diluted solutions containing 1, 2, 3, and 4 mL of the stock solution to generate 8.0 x 10,
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1.6 x 10°, 2.4 x 10, 3.2 x 10> M solutions respectively. Extinction coefficients were converted
to oscillator strengths via spectral fitting and calculated with literature methods.2
Electrochemistry

Electrochemical analysis was conducted with a three-electrode cell with platinum disc
working and platinum wire reference electrodes. A reference Ag/Ag* (0.251 vs. SCE) electrode
was built in house and consisted of 0.01 M solution of AgNOs, and 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPFg) all in CaH dried MeCN. All
electrochemical cells were oven dried and prior to taking measurements, cells were sparged with
argon. Measurements were then taken with blanketed argon at a scan rate of 100 mV s,
Estimated Exomo and ELumo Were determined by taking the onsets of first oxidation and
reduction and compared to ferrocene (50 mV vs. Ag/Ag*) with a value of 5.1 eV vs. vacuum for
ferrocene.®
Materials

2,5-Dibromothiophene, 3,4-diamino-2,5-dibromothiophene,?®* 2,1,3-benzothiadiazole,
and 4-Bromobenzo[c][1,2,5]thiadiazole®® were prepared as previously reported. 4-(3,4-
Ethylenedioxythiophen-2-yl)benzo[c][1,2,5]thiadiazole (EDOT-BTD), 2,3-Dihexyl-5-
(trimethylstannyl)thieno[3,4-b]pyrazine, 5-(3,4-Ethylenedioxythiophen-2-yl)-2,3-
dihexylthieno[3,4-b]pyrazine (EDOT-TP), and 4-(2,3-Dihexylthieno[3,4-b]pyrazin-5-
yl)benzo[c][1,2,5]thiadiazole (TP-BTD) were prepared by Trent Anderson.*6 2,2° 3,3’-
tetrahexyl-7,7-bis(trimethylsilyl)-5,5’bis(thieno[3,4-b]pyrazine) (TP-TP) was prepared by Li
Wen.?? Unless specified, all other reagents were purchased and used without further purification.

Reactions were carried out under a nitrogen environment with a Schlenk line setup.
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Synthesis

4,4’-Bis(benzo[c][1,2,5]thiadiazole) (BTD-BTD) The following is a modification of
previously reported methods. Zinc powder (0.38 g, 5.7 mmol), Ni(dppp)Cl. (0.607 g, 1.12
mmol), and BusNBr (0.122 g, 0.378 mmol) were added to 10 mL of THF and stirred under N>. 4-
Bromobenzol[c][1,2,5]thiadiazole (0.830 g, 3.86 mmol) was then added and the mixture was
heated at reflux for 6 h. The solvent was removed under reduced pressure and the crude product
was purified via silica chromatography with CH2Cl; as the eluent to give a light-yellow solid
(85-90% yield). M.p. 240.4— 241.4 1 °C (lit. 240-241 1C). 'HNMR: 5 8.27 (dd, J = 1.0, 7.0 Hz,
2H), 8.12 (dd, J = 1.0, 8.8 Hz, 2H), 7.81 (dd, J = 7.0, 8.8 Hz, 2H). 3 CNMR: § 155.5, 153.6,
130.8, 130.0, 129.5, 121.7. NMR data agree well with previously reported values. 8

2,20-Bis(3,4-ethylenedioxythiophene) (EDOT-EDOT). The following is a modification
of previously reported methods.** EDOT (1.02 g, 7.18 mmol) was dissolved in 20 mL dry THF.
While being stirred, it was then evacuated and backfilled with N2 three times. The solution was

then cooled to -78 °C and BuLi (3.0 mL, 2.5 M in hexanes) was added dropwise over a span of
10 min, keeping the temperature below -70 °C. Once the BuLi was completely added, the
mixture was warmed to 0 °C and stirred for 2 h. Anhydrous CuCl; (1.415 g, 10.5 mmol) was then

added, and the mixture stirred for 18 h. The solution was then filtered, and solvent removed
under reduced pressure. The crude product was purified via silica chromatography with CH2Cl>—
hexanes (1:1 v/v) as the eluent to yield 0.44 g of a white solid (43% yield). M.p. 212.1-213.1 °C
(lit. 183-185 1C). *H NMR: d 6.29 (s, 2H), 4.35 (ddd, J = 1.9, 5.3, 6.2 Hz, 4H), 4.26 (ddd, J =
1.9, 5.3, 6.2 Hz, 4H). °C NMR: § 141.2, 137.0, 109.9, 97.5, 65.0, 64.6. NMR data agree well

with previously reported values.®
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CHAPTER 4. DIRECT ARYLATION POLYMERIZATION OF THIENO[3,4-
b]PYRAZINE-ACCEPTOR COPOLYMERS
Introduction

The design motif as outlined in chapter 3 showed the pairing of thieno[3,4-b]pyrazine
(TP) with an electron-deficient acceptor to lower the HOMO/LUMO gap with minimal
destabilization of the HOMO.! From a polymeric device standpoint this then becomes
specifically beneficial by preventing elevated HOMO levels that cause atmospheric instability as
well as energetic mismatch between the active layer and the poly(3,4-ethylenedioxythiophene)-
modified indium tin oxide (ITO) cathode in photonic devices.?® TP has typically been treated as
an electron-accepting unit due to the electron deficiency of the pyrazine ring and has thus been
paired with electron-rich donors according to the D-A model.! This has led to the
underdevelopment of TP-functionalized moieties such as distannyl- and diboroester-substituted
analogs which are required for traditional cross-coupling reactions. Therefore, the synthesis of
TP-A alternating copolymers by traditional cross-coupling would require the development of
new TP analogues in a fashion similar to that of common electron-donating species.*

A critical priority for development and implementation of conjugated polymers (CPs) in
devices lies in the methods used in their polymerization. While methods vary and have changed
over the years, the current primary route to synthesize most CPs is through a small set of cross-
coupling reactions (Stille, Suzuki, Negishi, Heck, Kumada). These cross-coupling reactions,
while effective in the production of many CPs, have drawbacks such as the need for
stoichiometric amounts of main group elements, toxic byproducts, and limited functional group
tolerance.>° Therefore, in the pursuit of an ever-expanding toolbox for CP synthesis, a method

known as direct arylation polymerizations (DArP) has recently been developed, which reduces
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the amount of toxic by-products by avoiding main-group element coupling handles and
maintaining a high level of functional group tolerance has found increasing attention,0-12

While DATrP is currently gaining traction in the literature, it is still somewhat
underrepresented as a polymerization method with current a SciFinder search only yielding 523
references while in comparison Stille coupling has over 14,000 reference hits.*® It then becomes
apparent that DATP is still in its infancy and requires further investigation and optimization if it
is to replace any of its traditional counterparts. The conditions that will need to be investigated to
better understand DArP include temperature, pressure, choice of solvent, additives, and reaction
time as a select few parameters that can be altered and investigated for this polymerization
method.
Traditional Cross-coupling Methods

In 2010, the Nobel prize was awarded to Richard F. Heck, Ei-ichi Negishi, and Akira
Suzuki jointly for their efforts in palladium-catalyzed cross-coupling reactions for organic
synthesis.** These efforts would lead to a wealth of applications and eventually become the
method of choice for most homopolymerizations and copolymerizations of CPs. Additional
methods, while not part of the 2010 Nobel prize, have also been developed with the list including
Stille (also known as Migita-Stille), Hiyama, and Kumada couplings as other examples that
significantly enhanced the utility of palladium cross-couplings for small molecules and
polymers® (Figure 4.1). Of these additional methods, Stille coupling is a particularly notable
example because of John Kenneth Stille’s (1930-1989) premature death in a plane crash
excluding him from what would have been a share of the 2010 Nobel prize.*®

These cross-coupling reactions have a few distinct characteristics, with the first and

foremost being the presence of a palladium source such as palladium(I1) acetate (Pd(OAc).) or
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palladium foil.>®1> Additionally, for each reaction one of the coupling partners is an aryl- or
vinyl-halide which has some degree of electrophilicity. While a point of commonality between
all but the Heck reaction (has a nucleophilic alkene), the complementary coupling species has a
main group functionality which enhances the carbon’s nucleophilicity. Thus, an
electrophile/nucleophile pair is at the center of these palladium facilitated cross-coupling
methods.

(Pd]

Suzuki R-X Ar—B(OH), ——————>=  R-Ar + XB(OH),

+

[Pd]
Stille R-X + Ar—SpnRy ———> R-Ar  + XSnR'3

[Pd] R
Heck R—-X + S~ _— /=/ + H-X
base R'

[Pd]
Hiyama R-X + R"3Si—R' @——m R-R'
base

[Pd]
Kumada R-X +  RMgX —_— R-R'

[Pd]

R'ZnX _— R-R'

Negishi R-X

+

base
R, R' = Aryl, Vinyl

Figure 4.1. Generic schemes of traditional cross-coupling methods.

Of the palladium cross-coupling methods mentioned, the three with specific relevance to
CP synthesis are Stille, Suzuki, and Kumada coupling. Stille coupling has been shown to be
especially successful in CP synthesis due to high functional group tolerance and the ability to

synthesize polymers in good yields.® Likewise Suzuki coupling, which incorporates mild
97



reaction conditions as well as a relatively non-toxic boronic acid handle as a reactive coupling
site, is also a frequently used method in CP synthesis.® Lastly, Kumada coupling, one of the first
palladium based catalytic cross-coupling methods used in CP synthesis'’ has found relatively
high usage as a largely in part due to the key benefit to this method coming from the wealth of
Grignard precursors that have already been developed albeit at the cost of functional group
tolerance.®

In general, all palladium cross-coupling reactions mentioned with the exception of the
Heck reaction have been proposed to follow the simplified mechanism as outlined in Figure
4.2.% This simplified picture is a three step process in which the first step is an oxidative
addition of the electrophilic aryl-halide species followed by a transmetallation step for the
insertion of the main group functionalized species and finally a reductive elimination to produce
the cross coupled species with a newly formed C-C bond.

2L, pd"

R_ |
elimination
L

R
L,Pd°®
R-X
reductive oxidative
addition
R L. R

Pd Pd
Y R r X

transmetallation

XM R'—M

Figure 4.2. Generic proposed mechanism for traditional cross-coupling methods.*®
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Direct Arylation Development

Of the cross-coupling methods previously listed, the Heck coupling reaction is considered
the origin of the palladium-based catalysis.®>8 Direct arylation has its origins here as well with
couplings being reported as Heck-type reactions even into the 2010s.1%?° The early direct
arylations used a Pd(OAc): precatalyst polar amide solvents, and a carbonate or acetate
base!%2122 which had previously been developed for Heck cross-coupling.®*® Likewise the two
methods involve the coupling of an aryl-halide species with a non-organometallic species (olefin
in Heck and Ar-H in direct arylation). These Heck-type conditions are thus used in many DArP
reactions and proposed mechanisms depending on the conditions have been stated as following a
Heck-type pathway which is heavily dependent on the electrophilicity of the aryl-halide
species.?3?4
DArP and Conjugated Polymers

The utilization of DArP in the synthesis of conjugated polymers seems to originate in
1999 with one of the first reports coming from Lemaire and coworkers.?® The initial investigation
looked at the synthesis of poly(3-alkylthiophene)s (P3ATs) from 2-iodo-3-alkylthiophene in the
presence of a Pd(OACc)2, K2COs, BusNBr, and DMF. This initial report called this coupling
“Heck-type” although obviously no olefins are involved in the coupling between the C-H and C-
Br on the two different thiophene units leading future investigators to point to this as one of the
earliest instances of aryl-aryl coupling via direct arylation for the purposes of
polymerization.?®?%2” The resulting polymers were regioregular, but fairly low molecular weight
with My= 3000 and a PDI = 2, and it would take until 2010 to be improved by Ozawa et al.
where they were able to obtain regioregular polymers with My = 30,600.22 The conditions used

here bear a greater resemblance to current conditions in which they used Cs>CO3, variable
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phosphine ligands, a variety of solvents (THF, DMF, and DMAC) in the presence of either
Pd(OAC)2 or Herrmann'’s catalyst to synthesize poly(3-hexylthiophene) (P3HT) with the

conditions shown in Figure 4.3 as their most successful parameters.?®

Herrmann's
catalyst 1-2 mol%
CeH13 ( Q—}P CeH13
3
I\ / N\
S n
CsCO4
99 %

THF, 120-125 °C,
24-48 h

Figure 4.3. Conditions used by Ozawa to synthesize high molecular weight 98% rr P3HT.%

The work by Ozawa seems to have been inspired by other work carried out on the
synthesis of small molecule species. With a notable previous work coming in 2006 by Fagnou
and coworkers?® where they were able to show that direct arylation need not be limited to the
coupling of simple arenes with electron rich species as the previous reactivity had required.?2303!
In this work they were able to show successful coupling between simple and electron-deficient
arenes with a broad scope of aryl halides, thus expanding the utility of the method.

While the use of Ozawa’s conditions and Herrmann’s catalyst worked well for the
homopolymerization of P3ATS, the initial investigations into donor-acceptor copolymers
followed Lemaire’s strategy®® and employed the use of Pd(OAc).. One of the first donor-
acceptor copolymers made in this way came by Kanbara in 2011 where 1,2,4,5-
tetrafluorobenzene was coupled with 2,7-dibromo-9,9-dioctylfluorene to make poly[(9,9-
dioctylfluorene-2,7-diyl)-alt-(2,3,5,6-tetrafluoro-1,4-phenylene)] (PDOF-TFP).3 Thus with the

advances made on both homopolymers and copolymers, DArP has become an increasingly
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useful tool in conjugated polymer synthesis with only minor adjustments needed to expand the
method to new polymer systems.
Direct Arylation Conditions

Generally, DArP is the catalyzed cross-coupling reaction between two monomers in
which one coupling site contains a C-X bond (X = halogen or pseudohalogen) and another
contains an aryl sp> C-H bond suitably acidic for C-H activation. The coupling results in the
formation of a new C-C bond between two aryl units as well as the elimination of H-X. Upon
repeated linkage, this forms a polymer as in the reaction shown in Figure 4.4. This method
differs from most traditional cross-coupling reactions in that no main-group transition metals are
required as a pre-activation step prior to coupling. The transmetallation step which is
characteristic of the traditional cross-coupling methods is replaced by a base facilitated concerted
metalation deprotonation (CMD) step of the Ar-H species and requires the incorporation of a
Bragnsted-base such as a carboxylate or carbonate species which can coordinate to the palladium

catalyst and remove the Ar’-H proton.

LnPd°

X-Ar-X  +  H-Ar-H

+Ar-Ar +n
additives,
base

Figure 4.4. General reaction scheme for DArP.

A key parameter that needs to be considered when designing DArP syntheses is the
suppression of homocoupling and defect formation. DArP proceeding by the coupling of active
C-H bonds is specifically susceptible to this type of unwanted coupling and because defects can
significantly impact electronic properties®, conditions need to be tailored to ensure that coupling
only occurs at the desired location. In simple systems such as P3HT the most common defect is

the B-coupling, as the proposed mechanism for the CMD step has relatively close activation
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energies of 25.6 kcal/mol and 29.9 kcal/mol for the o- and B-positions respectively.® The
suppression of these coupling defects have been accomplished through low catalyst loadings and
precise temperature control.*® Similarly, in D-A systems the suppression of unwanted
homocoupling (D-D and A-A defects) has been accomplished by increasing the steric bulk of
phosphine and carboxylate ligand addatives.3®

The current specifics for DArP reactions include a palladium (others such as copper®’
have also been implemented) catalysts, phosphine ligands, Bronsted bases, carboxylic acids, and
depending on the desired products, either a strongly coordinating or polar aprotic solvents.%1238
Reaction specifics will be discussed and analyzed with an emphasis on how these different
parameters apply to conjugated polymer synthesis with the specific focus on donor-acceptor
systems.
Catalysts

While other metals such as platinum?®® and copper®’ have been used in small molecule
direct arylation and DArP reactions, the most common catalysts systems are palladium based.'%
123340 This is due largely in part to the relative stability of Pd(0) with coordinated phosphine
ligands that can undergo oxidative addition readily.** While multiple Pd-based catalysts have
been used, Pd(11) species that can be reduced to Pd(0) in situ are often the starting point due the
relative stability of Pd(11) complexes.®® These include Herrmann-Beller, and Pd(OAc); as Pd(lI)
sources'® with other Pd(0) precursors such as Pdzdbas-CHCI3s* also represented in the DAIP
literature.

The Herrmann-Beller, or often stated as Herrmann’s catalyst (Figure 4.5), has been
frequently used in the synthesis of P3ATSs. Early success in P3HT synthesis as described by

Ozawa were THF superheated to 120-125 °C, Hermann-Beller precatalyst (trans-di(p-

102



acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(Il)) (1-2 mol%), phosphine ligand (tris(2-
dimethylaminophenyl)phosphine or tris(o-methoxyphenyl)phosphine)) (2-4 mol%), and Cs2COs
(1 equiv). Under these conditions poly(3-hexylthiophene) was synthesized with Mn up to 30,600
and regioregularity up to 98% head to tail (HT).?® Later investigations and optimization would
show an increase to an My of 33,000 and 99.5 HT coupling with Herrmann’s catalyst showing

superior suppression of p-defects over Pd(OAc),.2843

Ar\ Ar J\

P\ /()/A\()\
Pd Pd
\ /s
O\/O /P\
TAr Ar

Ar = o-tolyl

Figure 4.5. Herrmann-Beller Catalyst.

With the origins of DArP coming from the adaption of the Heck reaction, the first
palladium source investigated was Pd(OAc)..2° This was certainly the case for the initial
conditions used by Lemaire, but as previously mentioned, later Herrmann’s catalyst was
investigated by Ozawa with significant improvements in molecular weights.?® In the current
literature, both catalysts find usage in a variety of cross-coupling reactions.

While Herrmann’s catalyst shows superior performance in the synthesis of P3HT,
Pd(OAC); has continued to find widespread use in DArP procedures.'*34244 An obvious benefit
to using Pd(OAC):2 is that it is simpler than Herrmann’s catalyst and as expected, much cheaper.
Therefore, its use is preferrable specifically in scenarios where defect formation can be
suppressed, or molecular design of the monomers prevents defects altogether.!

The activation of Pd(OACc). has been shown to proceed by reduction of Pd(I1) to Pd(0) by

a variety of phosphine ligands.*>~*® This in general requires two additional equivalents of ligand
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to be sacrificially oxidized to form phosphine oxide. If the ligand concentration is kept to a
minimum, a low ligated Pd(0) is formed which has been shown to be specifically susceptible to
oxidative addition with aryl bromides.*’

Ligands

Depending on the solvent system used, many DATrP reactions incorporate phosphine
ligands for a variety of reasons including: aggregation disruption of Pd species in solution to
generate a higher concentration of active catalyst species*® and the prevention of homocoupling
defects® as two studied examples. The ligands that have found the most success in this regard
are ortho-substituted triphenyl phosphines such as P(2-MeOCsHa)s and P(2-MezNCgHy)3. 101133
The key features of these ligands being the ability to coordinate to the palladium through the
phosphorous as well as through the ortho positioned N or O and potential chelation for enhanced
stabilization of the active Pd(0) catalyst.*®5*

Additional investigations into increasing the steric bulk of tris(o-
methoxyphenyl)phosphine at the alkoxy substituent was carried out by Leclerc et al. with the
substitution of the methyl group with isopropyl, cyclopentyl, 2-ethylhexyl, methylcyclohexyl,
and cycloheptyl groups.*® Results showed that as the steric bulk of the phosphine ligand
increased, the homocoupling and B-defect formations decreased for the coupling between
diketopyrrolopyrrole and thiophene. This reactivity was rationalized by a transition state in
which the phosphine ligand would be in proximity to a monomer with alkyl sidechains which
block the B-site of the coordinated thiophene.

Base Additives
A key difference between DArP and other cross-coupling reactions is the proposed CMD

step in the catalytic cycle. Investigations into this step have shown the importance of
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incorporating a carbonate base that can coordinate to the catalyst prior to the CMD step and
assist in the deprotonation of the incoming Ar-H species.>>> Two common reagents in this
regard are Cs,COz and Na>COs. The two carbonate salts have shown similar reactivity with
Cs2C0s having a benefit of enhanced solubility in less polar solvents while Na,COs is
significantly more cost effective.>
Carboxylic Acids

While carbonate salts alone have been shown to facilitate the CMD step, the addition of
carboxylic acids can enhance reactivity through a proposed deprotonation by the carbonate base
forming a carboxylate species which can coordinate to the palladium catalyst.®® In this regard the
carboxylic acid species has been deemed a “proton shuttle” in which the coordinated carboxylic
acid deprotonates the incoming Ar-H and is sequentially deprotonated by a carbonate base.!*>
The carboxylate species also brings the added benefit of incorporating variable functionality to
fine tune conditions. While a variety of carboxylic acids have been investigated, none have found
the success to that of pivalic acid.'**? This has been rationalized through the stabilization of the
C-H bond breaking transition state over that of carbonates by 1.3 kcal/mol, with sterics seeming
to be the crucial factor here, as bulkier carboxylic acids showed inferior polymer products and
acetic acid produced no polymer at all.®
Solvent

The choice of solvent in direct arylation reactions have typically fallen into one of two
categories, polar aprotic solvents for “ligandless” systems with highly coordinating solvents and
“non-coordinating” solvents with phosphine ligand additives which can effectively solvate
highly rigid CPs.1° The types of polar aprotic solvents used are typically acetonitrile, N-

methylpyrrolidone, N,N-dimethylacetamide, and N,N-dimethylformamide while the nonpolar
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solvents that have found success are toluene, xylenes, tetrahydrofuran, and cyclopentyl methyl
ether.191240 The differences in these two solvent systems for the arylation of 3-
(methoxycarbonyl)thiophenes with 1-bromo-3-nitrobenzene has also been shown to alter the
selectivity with polar aprotic solvents such as N-methylpyrrolidone, arylating at the 2-position of
thiophene and non-polar solvents such as toluene selectively arylating at the 5-position of
thiophene. ¢

Mechanistic Overview of the DArP Catalytic Cycle

Investigations into the catalytic cycle of DArP have shown that the general steps involved
are oxidative addition (OA) of the aryl halide followed by CMD2%34 and finally reductive
elimination (RE) to form a new C-C bond.!* Other mechanistic details may vary based on
additives such as carbonate salts, carboxylic acids, ligands, solvent, and depending on the
coupling species’ involved may even proceed through a Heck-like pathway.?3?*

The reduction of Pd(OAc). to Pd(0)(PR’3). in Figure 4.6. has been proposed as the
required first step to generate the active Pd(0) catalyst*®*® and thus proceeds through the
proposed mechanism in Figure 4.6. In the catalytic cycle, the first step is the OA of the aryl
halide. In the synthetic design of the alternating copolymers the unit judiciously selected for this
role is the electron-deficient acceptor species. The acceptor unit is specifically suited for the aryl
halide in this regard due to its electrophilic nature toward the electron rich Pd(0). This oxidative

addition on the 14 e Pd species generates 1, a 16 e species that has the Ar-Br bond cleaved and

is added cis preferentially based on a concerted addition pathway.
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Figure 4.6. Proposed DATrP catalytic cycle for TP-A Copolymers.

Upon oxidative addition of the electron deficient unit and the formation of 1, a proposed
pathway for the CMD step is an initial coordination of a carboxylate species with a
corresponding removal of bromide on the Pd center. This generates the four coordinate species 2
which has also been proposed to have a chelated analogue 2a.%” A base (carboxylate) assisted
insertion of the Ar-H via the 18 e CMD transition state then generates the 16 e species 3 which

can undergo reductive elimination and regenerate the active catalyst.
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Synthesis of TP-BTD Alternating Copolymers via DArP

With the understanding of the ambipolar nature of TP, 2,1,3-benzothiadiazole (BTD) was
selected as a strong acceptor partner for potential low Eq4 alternating TP-A copolymers. The
synthesis of TP-A copolymers was initially considered through a traditional cross coupling route
in which a distannyl- or diboroester-species would be paired with a dibromo-species per standard
Stille or Suzuki cross-coupling methods.>® While both TP and BTD have known bromination
reactions,>®° the stannyl and boroester handles have typically been reserved for the electron
donating species and therefore to date neither species has a developed synthesis for these
functionalized analogues.

The implementation of DArP for this cross-coupling reaction then become an
increasingly obvious choice due to the elimination of undeveloped precursor syntheses as well as
the elimination of one of the two bromination reactions to make the precursors for cross-
coupling. The choice regarding which species would play what role was decided to be TP as the
Ar-H species and BTD as the brominated Ar-X species. This decision was based on multiple
factors including the limited C-H sites on TP for potential defect formation, relative electron
deficiency of benzene over thiophene for increased reactivity in the OA step of the Ar-X species,
and the relative electron richness of thiophene over benzene for increased favorability toward
coordination to the palladium center in the CMD step.

DArP Condition Considerations

The initial DArP conditions to synthesize poly(2,3-dihexylthieno[3,4-b]pyrazine-alt-
2,1,3-benzothiadiazole) (pCeTP-BTD) and poly(2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine-alt-
2,1,3-benzothiadiazole) (pEHTP-BTD) were selected based on standard conditions used in other

D-A CP syntheses.® The general synthetic scheme as shown in Figure 4.7 was applied to both
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2,3-dihexylthieno[3,4-b]pyrazine (CsTP) and 2,3-bis(2-ethylhexylthieno[3,4-b]pyrazine (EHTP)
analogues with variations in pressure and temperature to optimize the polymer properties. The
catalyst used was Pd(OAC)2, as used by Lemaire and coworkers with similar catalytic loadings of
10-20%.2° Likewise the incorporation of the base K>COj3 also followed these initial conditions

with the base in excess of ~3 molar equivalents.

R= Hexyl (Cy)
2-Ethylhexyl (EH) Pd(OAc),
R R K,CO3 R R
— 'BuCOOH 7
N/ \N N Br Br THF Ny PTP-BTD
7\
2/ \i N._.N
s S <
N
TP Br,BTD N,
i

Figure 4.7. Synthesis of pTP-BTD via DArP.

The pivalic acid additive was incorporated due to the evidence supporting the base
assisted CMD step as proposed by Fagnou in which the pivalate anion was shown to reduce the
transition state energy.?® The Fagnou conditions have typically used a highly coordinating
solvent such as dimethylacetamide (DMACc) which circumvented the need for additional ligands
to provide the sufficient coordination saturation and electronic effects required for the DArP
catalytic cycle. DMAc however was not used here due to its relative inability to solvate more
complex CPs with extended n-systems and the weakly coordinating THF was used instead as it
has shown success in other D-A CP systems.’

The incorporation of a phosphine ligand has been shown to activate Pd(11) to Pd(0)*’ in
addition to stabilize Pd(0) to prevent unwanted Pd black precipitation.®® While tris(2-

methoxyphenyl)phosphine (TMPP) has been shown as an effective ligand in this regard*® with
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the increased bulkiness of other common phosphine ligands not seeming to be necessary due to a
lack of B-sites on TP and thus a limited possibility for defect formation.
Superheating of Solvent Under High Pressure Conditions

Initial attempts for DArP synthesis of TP-BTD alternating copolymers was carried out in
a Schlenk-tube under nitrogen by Trent Anderson. In THF this only allowed temperatures of <70
°C to be achieved due to the low boiling point of THF. Under these conditions, low molecular
weight (Mn = 1900 corresponding to a degree of polymerization = 4-5) pCe¢TP-BTD materials
were generated, indicating limited solubility of the generated polymer product (entry 1 Table
4.1).%! To overcome this limitation, efforts were then pursued in which higher reaction
temperatures could be achieved by super-heating the THF in sealed microwave vials as has been
shown to be effective for P3HT homopolymers via DArP.? Under these new conditions,
temperatures of up to 120 °C could be achieved with THF providing both enhanced solubility for
the resultant polymer product as well as additional energy to overcome activation barriers for
polymerization to occur.
Characterization of Polymer Products

Polymer characterization was done via gel permeation chromatography (GPC), tHNMR
spectroscopy and thermogravimetric analysis (TGA) to determine molecular weights, the
presence of defects and thermal stability.

The initial appearance of The tHNMR data seemed to show that the only observable
peaks were in the aliphatic region (Figure 4.8). The observable alkyl band of overlapping peaks
indicates a multitude of chemical environments for the various hydrogens in a polydisperse

polymer sample. As can be seen from Figure 4.8, The CsTP-BTD polymer can be differentiated
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Table 4.1. Optimization of conditions for the synthesis of TP-BTD copolymers.

Entry  Polymer Monomer 1 Monomer 2 Solvent _
Name Name Amount Name Amount (THF)  Yield Temp Time
Amount
1 0.110 g, 0.104 g,
0.355 0355 10mL g0 %70°C" 5d
pCeTP-BTD CsTP mmol BTDBr2 mmol
2 0.108 g, 0.104 g,
0.355 0.354 0.110 g,
pCsTP-BTD CeTP mmol BTDBr> mmol 7 mL 71% 100 °C 24 h
3 0.108 g, 0.104 g, 0.104 g
0.355 0.354
pCeTP-BTD CsTP mmol BTDBr, mmol 7 mL 67% 100 °C 24h
4 0.127 g, 0.1041 g,
0.354 0.354 0.130 g,
pEHTP-BTD EHTP mmol BTDBr; mmol 7 mL 74% 100 °C 24 h
5 0.125 ¢, 0.105 g,
0.347 0.356 0.175 g,
pEHTP-BTD EHTP mmol BTDBr, mmol 7 mL 100% 100 °C 48h
6 0.131 g, 0.107 g,
0.363 0.365 0.160 g,
pEHTP-BTD EHTP mmol BTDBr, mmol 7 mL 73%  100°C 22h
7 0.173 g, 0.106 g,
0.480 0.360 0.210 g,
pEHTP-BTD EHTP mmol BTDBr, mmol 7 mL 89%  100°C 21h
8 0.187 g, 0.108 g,
0.519 0.367 0.223 g,
pEHTP-BTD EHTP mmol BTDBr, mmol 7 mL 100% 120°C 24h

Entry 1 was carried out in a Schlenk tube under nitrogen at atmospheric pressure by Trent
Anderson”

from the EHTP-BTD polymer by the increase in intensity of proton peaks in the aliphatic region
for EHTP-BTD as would be expected for the branched alkyl system having additional solubility

in CDClIs with equal concentration samples.
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Figure 4.8. (top) tHNMR data for C¢TP-BTD and (bottom) EHTP-BTD.

Upon further analysis of the spectrum of EHTP-BTD however it became apparent that a
band in the aromatic region was indeed visible ca. 9-10 ppm (Figure 4.9). This peak matches
well with the previously synthesized TP-BTD dimer which has one of the two BTD peaks shifted
significantly downfield at 9.38 ppm.! This downfield shifted of the aromatic peak has since been

identified as the H on BTD which is capable of hydrogen bonding with the nitrogen on the
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pyrazine ring as supported by DFT calculations.! Thus, this hydrogen bonding appears to be
present in the polymeric material as well, indicating an anti-configuration for the alternating

copolymer.
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Figure 4.9. (top) Hydrogen bonding between BTD and TP (bottom) aromatic region in the
!HNMR spectra of EHTP-BTD.

The thermal stability of EHTP-BTD was also investigated and showed stability of the
polymer up to ~400 °C (Figure 4.10). This was carried out with TGA and is well within

acceptable parameters for conjugated polymers for devices that have been previously reported.
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Figure 4.10 TGA of EHTP-BTD.
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As mentioned previously, the synthesis of pCeTP-BTD under atmospheric pressure at 70
°C produced low molecular weight polymers (Table 4.2) that were initially thought to be due to
the low temperature polymerization conditions. Once the high-pressure conditions were
developed however only slight enhancement of the M, was observed indicating very little change
in polymer molecular weights. Upon further investigation however it was observed that a
significant portion of the polymer sample was aggregating in the GPC prefilter and thus the high-
end molecular weight products were not soluble enough to be analyzed. Solubility testing was
also performed and indicated solubility was poor with solid precipitates observed above
concentrations of 10 mg/mL in CHCls.

A potential solution to this problem was to then make the polymers more soluble through
the incorporation of branched sidechains. A potential candidate in this regard that would have
limited impact on the electronic properties of the polymers while enhancing the solubility was
EHTP-BTD and was the polymer of choice for this study. Once synthesized, EHTP-BTD
showed significant increases to both M, and My, values in addition to a twofold solubility
enhancement (Table 4.2).

Table 4.2. Molecular weight data for TP-BTD copolymers with corresponding solubilities.

Solubility in
Polymer Mn Mw PDI CHCI3 mg/mL
pCeTP-BTD (low MW) 1900 3000 1.57 10
pC6TP-BTD 2300 3000 1.29 10
pEHTP-BTD 8100 11,700 1.45 20

Synthesis of TP-Qx Alternating Copolymers via DArP
To expand the scope of TP-A alternating copolymers, Cs TP was also paired with a
slightly weaker acceptor 2,3-dihexylquinoxaline (Qx) in comparison to the previously studied

BTD with the synthesis of poly(2,3-dihexylthieno[3,4-b]pyrazine-alt-2,3-dihexylquinoxaline)
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(pCsTP-Qx).52 This TP-A would therefore retain the design motif of TP-BTD copolymers while
also allowing for the introduction of additional solubilizing side-chains for more soluble polymer
products. The conditions used were the same as for the pTP-BTD derivatives with hexyl

sidechains on both TP and Qx as outlined in Figure 4.11.

oH oh Pd(OAC)2 06H13 CBH13
CeH1z CeH1s 618 /w6713 K,CO4 N/ \N pCTP-Qx
72\ N/ \N 'BuCOOH
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- Q0
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C¢TP Br,Qx OMe CeH1s b

6H13

Figure 4.11. Synthesis of pCsTP-Qx via DArP.%?

The tailoring of conditions was like TP-BTD in that the initial synthesis was carried out
in a Schlenk tube preventing the increase of reaction temperatures above 70 °C in THF by Trent
Anderson. When high-pressure conditions were implemented, improvements to molecular
weights, and yields were observed along with significant reductions in the needed reaction time.
The changes in conditions were once again pursued through changes in reaction time and
temperature and optimal results were achieved with a 24 h stir time at 100 °C (Table 4.3).

Table 4.3. Yield data in the optimization of pCe TP-CsQX.

Solvent

Entry Monomer 1 Monomer 2 (THF)  Yield Temp. Time
0.108 g, 0.162 g, 0.093 g,

1 CeTP 0.355 mmol | CeQxBr, 0.355mmol | 10mL 44% 70°C" 5d
0.089 g, 0.130 g, 0119

2 CeTP 0.285 mmol | CeQxBr.  0.285 mmol | 7 mL 61% 100°C 17h
0.110 g, 0.162 g, 0.21 g,

3 CeTP 0.361 mmol | CeQxBr.  0.355 mmol | 7 mL 99% 100 °C 24 h
0.110g, 0.167 g, 0.16 g,

4 CeTP 0.361 mmol | CeQxBr. 0.366 mmol | 7 mL 75% 100 °C 22h

Entry 1 was carried out in a Schlenk tube under nitrogen at atmospheric pressure”
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Characterization of Polymer Products

In the same capacity as the TP-BTD polymers, the pCsTP-CsQx system was
characterized by *HNMR, and GPC. The aliphatic profile like that of pCsTP-BTD was due to
both the TP and quinoxaline species having hexyl sidechains attached to a pyrazine unit and thus
in similar chemical environments (Figure 4.12). Also comparable to the pTP-BTD analogues was
the significant increase in molecular weight upon the modification of conditions to allow for
high-pressures and elevated temperatures. The pairing of two units with solubilizing sidechains
was predicted to be limited by the reaction conditions and not the solubility of the polymer itself.
This prediction was supported by the GPC data which showed significant increases in molecular
weights ~6x that of the low temp/pressure method (Table 4.4). Solubility was also investigated

and like pEHTP-BTD, showed over a twofold increase in solubility in CHCls.
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Figure 4.12. 'HNMR spectra for pCsTP-QX.
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Table 4.4. Molecular weight data for TP-BTD and CsTP-Qx copolymers.

Polymer Mn Mw PDI

pCeTP-Qx (low MW) 2700 3400 1.28
pCeTP-Qx 13,700 18,400 1.34
pCeTP-BTD 2300 3000 1.29
pEHTP-BTD 8100 11,700 1.45

Similarly, although much less refined in pCsTP-QXx is the presence of an aromatic band
ca. 9-10 ppm (Figure 4.13). In pCsTP-Qx this band is nearly lost in the baseline but does still
appear to be present. This interaction further emphasizes the interaction between TP and phenyl-
based acceptors as rigid alternating copolymers that are essentially locked into an anti-planar
conformation due to hydrogen bonding. The reduction in intensity however indicates that the
hydrogen-bonding here may not be as significant as in EHTP-BTD and thus a higher of diversity
of chemical environments for the aromatic protons broadens the aromatic region of the

polymer.®

Figure 4.13. Aromatic region in the tHNMR spectra of CsTP-QxX.
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Optical and Electronic Properties of TP-A Materials

While the two previous sections showed how to optimize DArP conditions in order to be
applied to TP-A copolymers, the main aim of the investigation was to investigate these TP-A
systems as low Eq materials.®>®2 As with other D-A systems this is typically carried out through
UV-vis absorption spectroscopy and electrochemical analysis. Through these techniques the
determination of the Eg and estimation of frontier orbitals can be achieved. All the TP-A systems
investigated were synthesized by the optimized methods discussed in the previous two sections.

To better understand the impacts of TP-A interactions four A-species were paired with
TP. The polymer backbone was kept consistent between the TP-A systems by linking each
acceptor moiety through a phenyl ring. The variations to the acceptors therefore would occur
through the modification of the pendant fused rings. The acceptors species studied included
BTD, Qx, benzene (Bz), and 2,1,3-hexylbenzotriazole (BTA) (synthesized by Wyatt Wilcox) as

shown in Figure 4.14.
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Figure 4.14. Acceptor species paired with TP for TP-A copolymers.

To quantify the electron acceptor strengths each monomer was analyzed by cyclic
voltammetry (CV). Figure 4.15 shows the ordering of acceptor strength of each monomer based
on reduction potential and proceeds with BTD > TP > Qx > BTA. This trend also corresponds to
reductions in Eg and the importance of the pendant accepting ring is clear with the significantly

larger Eq of TP-Bz which has no pendant ring to contribute to the LUMO of the polymer.
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Figure 4.15. Cyclic voltammograms of acceptor species (left) and electrochemistry data along
with estimated HOMO/LUMO energies (right) of TP-A copolymers.

A question that remains somewhat ambiguous is whether the LUMO is delocalized
between pendant accepting units (i.e. pyrazine-thiadiazole hybridization, pyrazine-pyrazine, and
pyrazine-triazine hybridization). A piece of supporting evidence is the redshift in absorbance for
all the TP-A copolymers and a noticeably blue-shifted absorbance for pTP-Bz which has no
pendant electron deficient unit for hybridization of the LUMO between units to occur (Figure

4.16).
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Figure 4.16. UV-vis absorption spectra of TP-A copolymers.
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Conversely, the low energy intramolecular charge transfer could exist as overlapping
bands with a charge transfer from the polymer backbone HOMO to separate localized acceptor
rings. This alternative interpretation would then indicate that the determining factor in the blue-
shift of pTP-BZ is solely due to conjugation effects. Of the two potential cases the hybridized
LUMO has been supported by DFT calculations.®! Regardless of which is the case in these
examples, Figure 4.16 shows a clear trend in pairing TP with other strong acceptors as a route to
low Eg copolymers.

Optimization of TP-BTD Copolymers

In addition to the previous work on the synthesis of TP-BTD copolymers was further
investigations into the optimization of EHTP-BTD. This was pursued largely in part due to the
lack of any chloroform insoluble fraction post soxhlet extraction. The implication of the lack of
an insoluble fraction being that conditions could be altered to increase molecular weights and
thus lower the resultant Eg.

The first parameter investigated for further DArP optimization was a variation in solvent.
The solvents investigated were THF, xylenes, N,N-dimethylacetamide (DMAC), and cyclopentyl
methyl ether (CPME). These solvents were selected based on previous success in other DArP
systems?:384264 ‘and gave a range of aromatic and non-aromatic, polar and non-polar, and
strongly coordinating and weakly coordinating species. In this solvent screening study, all
polymer products were then investigated via UV-vis absorption spectroscopy. This preliminary
data was then used to determine if conditions were improvements over the previously reported

method,! with the data presented in Table 4.5.
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Table 4.5. Optimization of pPEHTP-BTD.

Entry Solvent Temp. Time Yield Mw PDlI AmaC®  Amax  Aonset Eg (€V)

C (nm) Film (nm)  Film
(nm)
1 THF 100 24 99% - - 697 - - -
2 THF 100 48 99% 11,700 1.45 813 850 1180 1.05
3 THF 120 24 99% - - 815 853 1170 1.06
4 Xylenes 120 24 99% 6,525 142 798 842 1140 1.09
5 Xylenes 150 24 trace - - - - - -
6 DMAc 120 24 78% - - 625 652 970 1.28
7 DMACc 120 24 61% - - 625 - - -
8 CPME 120 24 41% - - 766 798 1290 0.96
9 CPME 120 48 58% - - 716 - - -
10 CPME 120 72 24% - - 694 - - -
11 CPME 130 24 16% - - 714 - - -

Of the solvents screened THF showed the best overall performance in terms of both yield
and optical properties, with the lowest optical Eq value coming from the 48 h stir time at 100 °C
(entry 2). This was an improvement over the 24 h stir time in THF which showed a blue-shifted
lowest energy absorption (entry 1). Interestingly, it was also shown that if reaction temperatures
were increased to 120 °C the stir time could be cut down to 24 h in THF with limited impact on
yield or optical properties (entry 3).

Xylenes provided the opportunity of using a solvent that could be heated to temperatures

of up to 150 °C without compromising the structural integrity of the microwave vial due to its
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relatively high boiling point of ~139 °C. Initial xylenes conditions were 120 °C for 24 hours and
based on the previous success of THF (entry 3) and showed high yields with comparable optical
properties albeit with a significant decrease in molecular weight of the polymer. An increase of
the reaction temperature however only gave trace amounts of polymer product which previous
reports have also claimed for DArP reactions carried out above 130 °C with Pd(OACc). catalysts
in other solvents, 11276566

DMACc which has found use in what has been deemed “ligandless” DArP systems?230¢7
provided a strongly coordinating solvent albeit with the TMPP ligand still present. Under these
conditions optical absorptions of the resultant polymers (both onsets and Amax) were blue shifted
beyond the THF and xylenes samples with a resultant higher calculated Eg values (Entries 6 and
7). EHTP-BTD having the lowest predicted solubility in DMACc is likely limited by this factor,
but further investigations and determination of molecular weights is necessary to conclude this
definitively.

With the previous success and solubilizing nature of THF, other ether solvents such as 2-
methyltetrahydrofuran®®, and CPME®® have been suggested as “greener” alternatives that can be
sourced from biomass and have shown success as solvents for DArP reactions.’”®’ Of the two,
CPME was selected to give greater structural diversity when compared to THF in the solvent
screening analysis. The results of the CPME investigations were an unexpected red shift in the
lowest energy onset of absorption with a corresponding blue shifted Amax (entry 8). This indicated
that the CPME conditions produced the lowest E4 of any solvent investigated while also having a
much broader absorption profile. Upon the initial findings, further alteration of parameters
followed with increases in reaction time up to 72 hours and an increase in reaction temperature

of 130 °C which all gave inferior results (entries 9-11).
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Device Design and Fabrication

The design of TP-A copolymers has interesting implications in that the materials have
high enough HOMOs and low enough LUMOs to be able to be applied as either donor or
accepting materials in devices. In attempts to investigate the applicability of using pCéTP-BTD
as an accepting material a mixture of pCeTP-BTD and P3HT was analyzed via solution
fluorescence and absorbance spectroscopy (Figure 4.17) by Seth Rasmussen.®! As the absorption
profiles show, the mixing of P3HT and pCsTP-BTD in solution does not change the respective
absorbances for each species. Conversely a reduction in intensity of the assigned emission peak
of P3HT is observed upon mixing with pCeTP-BTD indicating a degree of quenching of the

P3HT emission by pCsTP-BTD.
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Figure 4.17. Fluorescence quenching of P3HT by pC¢TP-BTD in CHCI3.%*

In attempts to see how TP-A copolymers perform as donor materials in devices, low My
pCsTP-Qx was paired with PCBM as the active layer in OPV devices. The key parameters for
device performance were determined, including power conversion efficiency (PCE), open circuit

voltage (Voc), fill factor, and short circuit current (Jsc) (Table 4.6). The external quantum
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efficiency (EQE) measurements were also determined by irradiation of the devices with a
confined wavelength range of 400 to 1100 nm to give a resultant EQE of 2.5 % (Figure 4.18).5?

Table 4.6. Device data from pCsTP-Qx/PCBM OPV devices.®?

OPV characteristics

PCE (%) Voc (V) Fill Factor Jsc (MA cm?)
0.25+0.01 0.39£0.05
0.05 + 0.01 (0.06) 051 +0.01(0.52) (0.27) (0.43)

The devices fabricated from pCeTP-Qx showed properties that underperformed in all
areas investigated. For example, by comparison in the investigation on the scale-up of P3HT
under DArP conditions had corresponding devices made with P3HT/PCBM mixtures that had
Voc values in the range of 0.479-0.597 V, Jsc values in the range of 8.19-9.04 mA cm2, fill
factors of 0.35-.60, and PCEs of 1.76-2.55%."% While these devices were fabricated in a nearly
identical fashion it should be noted that a silica column purification step was performed on the
P3HT sample prior to device fabrication in order to remove potential salts formed in the DArP
synthesis which had been shown to improve device efficiency on other D-A systems.” This may

be an effective route to improve device efficiency among others to further device efficiency.
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Figure 4.18. (A) 1-V curve for pCsTP-Qx/PCBM OPV devices and (B) EQE determination of
pCsTP-Qx/PCBM OPV devices under 400-1100 nm irradiation.5?
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While not yet published, devices have also been fabricated with a blend of P3HT as the
donor material and pEHTP-BTD as a non-fullerene electron accepting material. The preliminary
data shows very poor performing devices when compared to P3HT:PCes1BM devices (Table 4.7).
As can be seen from Table 4.7, the Jsc is particularly degraded. The cause of which is likely a
morphological issue’" in which domains sizes are not conducive to charge transport. This
results in a significantly reduced PCE as shown by the three-fold magnitude reduction for the
P3HT:pEHTP-BTD devices. The root cause if this poor performance is believed to be due to the
formation of pEHTP-BTD crystallites (Figure 4.19). As can be seen in the Figure 4.19, upon
magnification small crystalline domains are visible which are likely the more insoluble pEHTP-
BTD. These crystallites prevent effective movement of charge in the bulk heterojunction by
trapping electrons in these acceptor “islands”. Therefore, further modifications to post processing
and the incorporations of additives is a logical next step in this devices design.

Table 4.7. Device data for P3HT:pEHTP-BTD and P3HT:PCs1BM blends.

2
PCE (%) Voc (V) FF Jsc (mA/cm )
Donor:Acceptor Bulk_OPV  Average £ STD  Average £ STD ~ Average+  Average + STD
(Best) (Best) STD (Best) (Best)
=)
; Unannealed 0.002+0.001  0.267+0.131 0.227+£0.102 0.024 £0.012
a (0.003) (0.324) (0.277) (0.037)
=
=
2
5 0.003 £0.001  0.366 +0.003 0.266 +0.002 0.034 +0.004
= Annealed
= (0.004) (0.361) (0.268) (0.039)
[~
z Unamnealed  233+0-18  051£001 053002 853051
UG (2.61) (0.51) (0.55) (9.36)
R
E Annealed 2.75+£0.14 0.58 £0.01 0.64+£0.02 745=+0.15
& (2.96) (0.58) (0.67) (7.60)
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Figure 4.19. Magnification of thin film blends of P3BHT:pEHTP-BTD (scale bar is 200 pum).

Conclusions

The synthesis of TP-A copolymers has required the implementation of new methods such
as high-pressure DArP to produce high molecular weight, low Eg polymeric materials. As with
other DArP systems each reaction typically requires the tailoring of conditions for maximum
optimization. In these investigations, solvent, temperature, time, and high pressure were
surveyed for a variety of TP-A systems and analyzed according to yield, molecular weight, and
optical/electronic properties.

As a system Ce¢TP-BTD had the lowest Eg, but at the cost of solubility and thus EHTP-
BTD may be preferrable in devices due to its enhanced solubility and only slightly larger Eg.

While C¢TP-BTD did not show improvements in optical and electronic properties upon increased
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pressure, it did provide evidence that the polymer was limited by solubility in terms of molecular
weight. EHTP-BTD while not having a resultant reduction in Eqdid show a red shifted
absorption in solution and thus likely has limitations due to the solid-state packing that may be
rectified through additional processing methods.

The investigations into additional TP-A copolymers such as TP-Qx, TP-BTA, and TP-Bz
provided some evidence into the hybridization of the LUMOSs between TP and the A species.
The significant indicator being the LUMO destabilization of TP-Bz which has no pendant
acceptor portion to hybridize with TP compared to the other A species. Additionally, these TP-A
copolymer systems showed that 0.1 eV LUMO energy tuning could be achieved with no change
in HOMO energies for CeTP-Qx, and C¢TP-BTD.

The further optimization of EHTP-BTD showed that the solvent system plays a
significant role in the polymer generated via DArP. The crucial factor seems to be the solubility
of the resulting polymer with the solvents THF, xylenes, and CPME showing enhanced
molecular weights and optical properties over the more polar/coordinating solvent DMAc. While
THF produced the overall highest yield with the best optical properties, CPME produced the
lowest Eq EHTP-BTD copolymer to date. The yields with CPME were however poorer than THF
and thus further optimization is necessary.

Lastly, the fabricated devices made from the low My pCsTP-Qx showed poor
performance in all criteria tested. Therefore, significant optimization will be required to
incorporate these materials into OPV devices including additional purification steps, blend ratios,
annealing modifications, and even looking at different electron acceptors. Additionally, the
devices were fabricated prior to the optimized synthesis to generate higher Mw pCsTP-Qx and

thus the polymer themselves may be a limiting factor in device performance. Even with the poor
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device performance the initial TP-A copolymer motif has been shown to be a possible candidate
for materials in OPV devices.
Experimental
Absorption Spectroscopy

A dual beam scanning UV-vis-NIR spectrophotometer was used to perform UV-vis
absorption spectroscopy measurements. Measurements taken in solution were made in dry
CHCls. Measurements taken in the solid state were spin coated glass slides. All Egvalues were
estimated from the onset of the lowest energy absorbance.
Electrochemistry

Electrochemical analysis was conducted with a three-electrode cell with platinum disc
working and platinum wire reference electrodes. A reference Ag/Ag* (0.251 eV vs. SCE)
electrode was built in house and consisted of 0.01 M solution of AgNO3, and 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPFg) all in CaH dried MeCN. All
electrochemical cells were oven dried and prior to taking measurements, cells were sparged with
argon. Measurements were then taken with blanketed argon at a scan rate of 100 mV s,
Estimated Exomo and ELumo Were determined by taking the onsets of first oxidation and
reduction and compared to ferrocene (50 mV vs. Ag/Ag*) with a value of 5.1 eV vs. vacuum for
ferrocene.’
OPV Device Fabrication

Bulk heterojunction OPV devices were fabricated by blending a 1:1 mixture of low MW
pTP-Qx and phenyl-C61-butyric acid methyl ester (PCBM). The device architecture consisted of
ITO/PEDOT:PSS/ pTP-Qx:PCBM/ZnO/Al with a 1:1 (w/w) P3HT:PCBM ratio for the active

layer.
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OPV Device Characterization

Current density—voltage (J-V) measurements were performed using a Newport Class
AAA solar simulator. The light intensity was calibrated to 100 mW cm-2 using a silicon
reference solar cell (FHG-ISE). J-V data was recorded in the dark and under illumination using a
Keithley 2400 source meter. External quantum efficiency (EQE) measurements were recorded by
illuminating the OPV devices with a tungsten halogen lamp passed through an Oriel Cornerstone
130 monochromator. An Ithaco Dynatrac 395 analogue lock-in amplifier an S5 Thorlabs PDA55
silicon diode were employed to collect the reference signal, and a Stanford Research Systems
SR830 DSP digitizing lock-in amplifier was employed to measure the device current.®?
Materials

2,3-dihexylthieno[3,4-b]pyrizaine (CsTP) was made according previously reported
methods from 3,4-diaminothiophene.””"® 3,4-diamminothiophene was made from 2,5-dibromo-
3,4-dinitrothiophene as previously reported.””"® 2,5-dibromo-3,4-dinitrothiophene was made
from 2,5-dibromothiophene according to previously reported methods modified for 20% fuming
sulfuric acid concentrations.’® 2,5-Dibromothiophene was made according to previously reported
methods from thiophene.®® Thiophene was purchased from Sigma-Aldrich and used without
further purification. 3,5-Dibromo-2,1,3-benzothiadiazole was prepared from 2,1,3-
benzothiadiazole according to previously reported methods.*® 2,1,3-benzothiadiazole was made
from 1,2-diamminobenze via previously reported methods.® 1,2-diamminobenzene was
purchased from Alfa Aesar and used without further purification. 5,8-dibromo-2,3-
dihexylquinoxaline was prepared from 3,6-Dibromo-1,2-diaminobenzene according to

previously reported methods.5?
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Synthesis

2,3-Bis(2-ethylhexyl)thieno[3,4-b]pyrazine (EHTP). The EHTP monomer was
prepared via a modification of the previously reported procedure.””’® 5,10-Diethyl-7,8-
Tetradecanedione (1.50 g, 5.31 mmol) was dissolved in 50 mL of ethanol and stirred. 3,4-
Diaminothiophene (3.81 g, 33.4 mmol) was dissolved in 100 mL of ethanol in a separate flask
and sonicated until all solids completely dissolved. The two solutions were then combined along
with an additional 250 mL of ethanol and the reaction was stirred for 3 h at room temperature.
Solvent was then removed at reduced pressure where a red brown oil was isolated. Water was
then added, and the mixture was extracted with dichloromethane and dried with magnesium
sulfate. Solvent was once again removed by reduced pressure and the oil was purified by silica
gel chromatography (5% ethyl acetate/hexanes) to give a dark yellow oil (0.781 g, 40.9%). *H
NMR (CDClz): 6 7.80 (s, 2H), 2.83 (d, J = 7.1 Hz, 4H), 2.04 (sept, J = 6.2 Hz, 2H), 1.50-1.25 (m,
16H), 0.94 (t, J = 7.3 Hz, 6H), 0.91 (t, J = 7.3 Hz, 6H).5* NMR data agree well with previously
reported values.®?

Poly(2,3-dihexylthieno[3,4-b]pyrazine-alt-2,1,3-benzothiadiazole) - High-pressure
conditions. 2,3-Dihexylthieno[3,4-b]pyrazine (0.108 g, 0.355 mmol), 4,7-dibromo-2,1,3-
benzothiadiazole (0.104 g, 0.355 mmol), palladium(Il) acetate (0.10 g, 0.041 mmol), tris(o-
methoxyphenyl)phosphine (0.022 g, 0.062 mmol), potassium carbonate (0.147 g, 1.07 mmol),
and pivalic acid (0.036 g, 0.36 mmol) were all added to a microwave vial and put under nitrogen.
The vial was then placed in a dry box where the cap was removed, and tetrahydrofuran was
added. A cap was then crimped on the vial and the vial was removed from the glove box where it
was then stirred at 100 °C for 24 h to give 0.110 g of dark blue soluble polymer product. GPC:

My = 2300, My = 3000, PDI = 1.29.5¢
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Poly(2,3-bis(2-ethyldihexyl)thieno[3,4-b]pyrazine-alt-2,1,3-benzothiadiazole) - High-
pressure conditions. 2,3-Bis(2-ethylhexyl)thieno[3,4-b]pyrazine (0.125 g, 0.347 mmol), 4,7-
dibromo-2,1,3-benzothiadiazole (0.104 g, 0.354 mmol), palladium(ll) acetate (0.011 g, 0.0490
mmol), tris(o-methoxyphenyl)phosphine (0.0237 g, 0.0673mmol), potassium carbonate (0.149 g,
1.08 mmol), and pivalic acid (0.038 g, 0.372 mmol) were all added to a microwave vial and put
under nitrogen. The vial was then placed in a dry box where the cap was removed, S4 and 7 mL
of tetrahydrofuran was added. A cap was then crimped on the vial and the vial was removed
from the glove box where it was then stirred at 100°C for 48 h. Upon completion the polymer
solution was added to 200 mL of methanol and stirred for 1 h in an ice bath. A dark blue
precipitate formed and was filtered on a coarse frit multiple times until filtrate appeared
yellow/clear. The precipitate was then washed with methanol, acetone, and hexanes via Soxhlet
prior to chloroform extraction to give near quantitative yield of soluble polymer product. GPC:
Mn = 8100, My = 11,700, PDI = 1.45 %

Poly(2,3-dihexylthieno[3,4-b]pyrazine-alt-2,3-dihexylquinoxaline) ) - High-pressure
conditions. 2,3-Dihexylthieno[3,4-b]pyrazine (0.09 g, 0.285 mmol), 5,8- dibromo-2,3-
dihexylquinoxaline (0.130 g, 0.285 mmol), Pd(OAc). (0.012 g, 0.053 mmol), tris(o-
methoxyphenyl)phosphine (0.022 g, 0.064 mmol), K2COs (0.147 g, 1.03 mmol), and pivalic acid
(0.036 g, 0.36 mmol) were all added to a microwave vial and put under nitrogen. The vial was
then placed in a dry box where the cap was removed and 7 mL of anhydrous THF were added. A
cap was then crimped onto the vial, and the vial was removed from the glove box where it was
then stirred at 100 °C for 48 h. Upon completion, the polymer solution was added to 200 mL of
methanol and stirred for 1 h in an ice bath. A dark blue-black precipitate formed and was filtered

on a coarse frit multiple times until filtrate appeared yellow/clear. The precipitate was then
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washed with methanol and hexanes via Soxhlet extraction, after which the chloroform-soluble
fraction was isolated to give 105 mg of blue/black polymer product GPC: My = 13,700, My =
18,400, PDI = 1.34.%2
Poly(2,3-bis(2-ethyldihexyl)thieno[3,4-b]pyrazine-alt-p-phenylene 2,3-Bis(2-
ethylhexyl)thieno[3,4-b]pyrazine (0.133g, 0.369 mmol), 1,4-dibromo-benzene (0.0866 g, 0.366
mmol), palladium(l1l) acetate (0.012 g, 0.053 mmol), tris(o-methoxyphenyl)phosphine (0.024 g,
0.068 mmol), potassium carbonate (0.148 g, 1.07 mmol), and pivalic acid (0.040 g, 0.39 mmol)
were all added to a microwave vial and put under nitrogen. The vial was then placed in a dry box
where the cap was removed, and 7 mL of tetrahydrofuran was added. A cap was then crimped on
the vial and the vial was removed from the glove box where it was then stirred at 100°C for 46 h.
Upon completion the polymer solution was added to 200 mL of methanol and stirred for 1 h in
an ice bath. A dark blue precipitate formed and was filtered on a coarse frit multiple times until
filtrate appeared yellow/clear. The precipitate was then washed with methanol, acetone, and
hexanes via Soxhlet prior to chloroform extraction to give 0.104 g (67% yield) of soluble
polymer product.
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS

Summary

As the focus of the previous chapters, thieno[3,4-b]pyrazine (TP) has shown significant
capability in producing low bandgap (Eg) polymers from a variety of design motifs. The
investigations presented here provide a better understanding of conjugated polymers (CPs) from
both a theoretical design and practical application standpoint. Much of the utility of TP is derived
from its ambipolar nature, allowing for both low Eg homopolymers and copolymers to be
synthesized from its analogues.
Extended Ring Thieno[3,4-b]pyrazines

In chapter 2, the extended ring analogues showed that the fusion of additional rings to the
TP core could produce polymers with Eg values below 0.5 eV. While this is exceptional
electronically, the solubility of these extended ring TPs is extremely poor, limiting their
applicability in devices.!? In attempts to produce even lower Eq materials, a synthetic route to

poly(21+&2-dithieno[3,4-b:3°,4’-e]pyrazine) was proposed and attempted with minimal success.

In the pursuit of this material, previously unreported TP analogues were synthesized and
characterized and thus have added to the family of TP units as potential candidates in low Eq4
materials.
Model Dimer Systems

Chapter 3 provided a simplified dimer design to investigate donor-acceptor interactions
in a set of monomers of consistent conjugation length. The units investigated included the strong
donor 3,4-ethylenedioxythiophene, the strong acceptor 2,1,3-benzothiadiazole, and the ambipolar
unit TP. The findings of the extensive study provided evidence for the hybridization of the
LUMO for the pairing of two units containing pendant electron deficient rings. Conversely, for
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strong donor-acceptor pairs, no significant shortening of the bond between units was observed
that would result of the resonance structure often invoked for donor-acceptor systems.® The study
produced a wealth of data including novel synthetic routes to over six compounds and two
crystal structures.
Thieno[3,4-b]pyrazine-Acceptor Copolymers

The design motif of pairing TP with strong acceptors was tested in chapter 4. The results
of which were materials with Eg values ranging from 1.1 - 0.96 eV. The two acceptors 2,1,3-
benzothiadiazole* and 2,3-deihexylquinoxaline® showed that both electronic properties and
solubility could be altered with changes to the acceptor, albeit with improvements of one
coinciding with the degradation of the other. The design is particularly enticing in future devices
due to the bandgap reduction occurring mainly from LUMO stabilization as opposed to HOMO
destabilization and thus the resultant polymers should be more stable to atmospheric oxidation.

Using direct arylation polymerization (DArP) as a method to synthesize these copolymer
systems proved to be especially useful by reducing the overall number of synthetic steps by
avoiding organometallic functionalization required in many traditional cross-coupling reactions.®
Additionally, DArP is particularly conducive to the polymers investigated here due to the lack of
active C-H bonds available for defect formation. Therefore, the survey of conditions through
temperature, reaction time, pressure, and solvent control were investigated as initial
modifications to optimize the method for further use. Of the polymers investigated, poly(2,3-
bis(2-ethylhexyl)thieno[3,4-b]pyrazine-alt-2,1,3-benzothiadiazole) produced the lowest Eq4

polymer with an Eg of 0.96 eV.
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Future Directions
Extended Ring Thieno[3,4-b]pyrazines

While unsuccessful in generating CPs with Eg values approaching 0 eV, the extended-
ring TP approach may still yet be viable to produce intrinsic conductors. Further work into the
protection of the diradical susceptible alpha-positions and polymerization of the previously
reported precursors is an option in this regard. The oxidation of 1H,3H-dihydrodithieno[3,4-
b:3°4’-e]pyrazine was specifically problematic and a survey of additional oxidants and
conditions may be necessary to acquire yields sufficient for the following Pummerer dehydration
step.

Once monomer synthesis has been successful, the next step will be to make any potential
homopolymers. The logical choice will be to carry this out electrochemically as with the
previously synthesized extended ring TP analogues.! With this polymerization method being
preferable over other oxidative polymerization methods due to the ability to gather bandgap
measurements once the polymer has formed at the electrode surface. Additionally, until
solubilizing sidechains are engineered these polymers will likely be insoluble in most solvent
systems making any solution-based measurements post polymerization difficult.
Thieno[3,4-b]pyrazine-Acceptor Copolymers

As a design motif, the TP-A copolymer systems investigated show the versatility of the
TP building block. Issues with the design however may be due to the arching inherent to pairing
a five-membered ring with a six-membered ring in an alternating fashion along the polymer
backbone (Figure 5.1). This may be causing reactivity issues in the polymerization due to steric
interactions when the chains get long enough to wrap around on themselves and the potential for

kinking which hampers delocalization of the m-system.
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Figure 5.1. Arching in TP-Qx copolymers.

A possible solution to this issue is through the incorporation of fused acceptor units in the
CP backbone (Figure 5.2 (top)). This would have the effect of positioning The TP portion anti to
one another and allow for the generation of a straight chain. This would however also have the
added effect of increasing the total content of BTD in the CP and thus may alter the electronic
properties by lowering the HOMO. Additionally, this could also be accomplished through the
pairing of TP with an accepter dimer as shown in Figure 5.2 (bottom). This method is
particularly interesting because of the already developed chemistry of the 2,1,3-benzothiadiazole

dimer chemistry.® However, as was pointed out previously in chapter 3, there is significant
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twisting between the two BTD units, and in a polymer system may result in reduced

delocalization.

Figure 5.2. (top) Fused acceptor moiety as a solution to addressing arching in TP-A copolymers
(bottom) pairing TP with an acceptor dimer to address arching issues.

Extended Ring Thieno[3,4-b]pyrazine-Acceptor Copolymers

Another project with some preliminary data is the pairing of the ERTP acenaphthol[1,2-
b]thieno[3,4-b]pyrazine (ATP) with 2,3-bis(2-ethylhexyl)quinoxaline (EHQX) in an alternating
copolymer (Figure 5.3). This copolymer system was initially pursued in the hopes of solubilizing
ATP copolymers, but solubility testing in DMF, DMSO, chloroform, and toluene showed little to
no solubility of the polymer product. Upon heating in quinoline however it was shown that
indeed the polymer could be solubilized, and this was used to cast a thin film for UV-vis analysis

and an optical bandgap determination.
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Figure 5.3. Preliminary investigation into ATP-Qx alternating copolymers.

The results of the thin film absorbance analysis showed that the lowest energy
absorbance corresponded to an Eqof 1.5 eV (Figure 5.4). This is significantly higher than
expected (the homopolymer of ATP has an Eq= 0.45 eV) and with the insolubility, appears to be
due to low molecular weight polymers. Further analysis is needed to confirm this, such as gel
permeation chromatography to get information about the actual molecular weights of the

polymers.
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Figure 5.4. UV-vis absorption spectrum of ATP-Qx alternating copolymer thin film.
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Conclusions
In conclusion, this study into the nature of TP has provided useful insights into CPs in
general, but most importantly into how TP as an ambipolar unit fits within D-A relationships.
The dimer investigation has provided evidence for an orbital hybridization rationale in D-A
design as a route to lower Eg values while simultaneously casting doubt on the possibility of a
new resonance contributor with double bond character between the two units. Additionally, TP
as an ambipolar unit paired with other acceptors is a practical strategy for low Eq CPs. While the
scope of acceptors that TP has been paired with is still limited, CPs that are soluble and stable
under atmospheric conditions have been synthesized largely in part due to the design of limited
HOMO destabilization in the TP-acceptor pairing. While current devices have shown poor
performance, the use of TP-A polymers as non-fullerene acceptor materials in OPVs is ongoing.
The optimization of which could produce devices which absorb nearly the entirety of the solar
emission spectrum. Even without practical device applications, the refinement of the D-A model
alone shows the utility of this design and further work is sure to improve how we look at D-A
copolymer systems in the future.
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