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ABSTRACT

Conjugated polymers are a class of materials receiving significant interest due to their
unique combination of optical and electronic properties found in inorganics with the flexibility
and processability of traditional organic plastics. These materials have become popular in
application to electronic devices such as organic photovoltaics (OPVs), organic light-emitting
diodes (OLEDs), sensors, electrochromics and field effect transistors (FETS). As the energetic
gap between frontier orbitals, the band gap (E,) is largely responsible for the energetic transitions
of these materials and thus tuning of this parameter is of great interest. A popular method to
reducing Eg is through the use of fused ring systems such as thieno[3,4-b]pyrazines (TPs). These
TP-based materials have been previously applied to solar cells. However, all exhibited limited
efficiency (<5% PCE). In an effort to improve the efficacy of TPs in electronic devices, the
scope of available TP materials was expanded in an effort to study the effect of changing both
side chain and comonomer has on the material properties.

In an effort to study the effect of side chains Rasmussen and coworkers introduced a new
method in 2008 toward synthesis of 2™ generation TPs with expanded electronic tuning. To
further develop this work, preparation of new electron-withdrawing TPs were generated.
Application of 1 and 2" generation TPs in the production of homopolymeric and copolymeric
materials was performed, along with characterization of their optical and electronic properties.
Select materials with altering side chain and comonomeric unit were then applied to OPV

devices and efficiencies were evaluated based on the changed parameter.
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CHAPTER 1. INTRODUCTION
1.1. Background of Conjugated Polymers

Conjugated polymers (CPs), often referred to as synthetic metals or conducting
polymers, are a class of polymeric organic materials which feature extended pi orbital overlap
along the backbone.! This overlap, shown in Figure 1.1, leads to an overall delocalization of
electrons, creating a material which has conducting and optical properties similar to those of
inorganic semiconductors. Combining these features with those of typical insulating plastics such
as mechanical flexibility, ease of processing, and low density, produce materials®® which have

2,4-6

been used in a number of electronic devices including organic photovoltaics (OPVs),”™ organic

light emitting diodes (OLEDs),"** electrochromics,*™° sensors®®? and organic field effect

transistors (OFETs).>?% Additionally these materials can be modified on a molecular level,

allowing for specific tuning of the electronic and optical properties.?32343

TN, 7 2

Figure 1.1. Conjugation via overlapping = orbitals illustrating 7 conjugation.

Although conjugated polymers had been in existence for many years, the first report of
CPs featuring significant conductivity was in 1963 by the Australian group of Weiss and
coworkers. In this report tetraiodopyrrole was heated, producing a cross-linked polypyrrole in the

form of a black powder which displayed conductivities ranging from 0.005 — 1.0 S/cm.**’



Further study showed that decreased iodine content led to a decrease in conductivity. However,
at the time of the study the relationship between conductivity and iodine doping was not
understood.*”* A second study by Jozefowicz and coworkers in 1968 found that the electronic
properties of polyaniline could be manipulated by changing the pH of the environment.*” In 1971
they were able to report conductivities as high as 30 S/cm from protonation of polyaniline by
sulfuric acid.*’

Conjugated polymers gained a great deal more attention upon the accidental generation of
polyacetylene films in 1967 by Shirakawa and coworkers. The group had been studying the
mechanism of Ziegler-Natta polymerization of acetylene when an error led to the addition of
Ziegler-Natta catalyst at one thousand times the normal amount, leading to a silvery-film.
Analysis of these films via IR spectroscopy showed that both cis and trans isomers were present
(Figure 1.2) and that configuration was dependent on temperature. An irreversible isomerization
of polyacetylene was found to occur at temperatures exceeding 145 °C.*° Studies of the
electronic properties of both isomers yielded a resistivity of 2.4 x 10® Q cm eV for the cis-rich

isomer and resistivity of 1.0 x 10* Q cm for the trans.*

AN —\__/\__ /T,
n

all trans-polyacetylene all cis-polyacetylene

Figure 1.2. Cis vs. trans isomers of polyacetylene.

While on a visit to Japan, Alan MacDiarmid observed the silver films Shirakawa had
produced, and became interested in further studying these unique materials. In 1976, Shriakawa

was invited to the University of Pennsylvania and met Alan Heeger, who had been collaborating



with MacDiarmid on conductivity studies of poly(sulfur-nitride).** Together, the three scientists
combined MacDiarmid and Heeger’s work on treating poly(sulfur-nitride) with bromine vapor to
increase conductivity with Shirakawa’s silver polymer films and found that, similar to the
poly(sulfur-nitride), polyacetylene experienced a similar effect to four orders of magnitude.*
However, it was noted that overexposure of the polymer film to bromine could lead to a decrease
in conductivity. An additional study, doping tran-polyacetylene with iodine vapor gave
conductivity over seven orders of magnitude higher, with a maximum conductivity of 38 S/cm.*
This work was recognized in 2000 when Shirakawa, Heeger, and Macdiarmid were awarded the
Nobel Prize in Chemistry for the discovery and development of conducting polymers.*?
Although this wording is often used to describe the accomplishment of these three individuals, as
discussed, there were several other groups who had previously generated conducting polymers.
The work of Shirakawa, Heeger, and Macdiarmid is, nonetheless, very significant in that
materials of higher conductivities were generated and their work led to greater exposure of these
types of materials, thus truly starting the expansion of work with CPs.

Since the initial studies discussed above, the field has grown substantially with new
materials featuring a higher degree of electronic and optical tunability. Application of these
materials to commercially-available electronic devices such as OLEDs and OPVs has been
achieved, although a great deal more progress is required to develop efficient devices of the
latter. A selection of common conjugated polymers which have been developed is shown below

in Chart 1.1.
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Chart 1.1. Commonly used conjugated polymers and their respective
band gaps.**

1.2. Band Gap

One of the critical parameters which largely determines the optical and electronic
properties for these materials is the band gap (Eg). The E4 is defined as the energetic separation
between the filled valence and unfilled conduction bands of the bulk solid-state material. This is
analogous to the HOMO-LUMO gap for molecular species. For an insulator this gap is large,
typically over 2 eV. Conductors, such as metallic species, feature no gap between bands and thus
electrons are able to feely move through the solid material. Between these two are
semiconductors which typically have band gaps between 0 — 2 eV. A semiconductor with a band
gap closer to 0 eV will often feature higher conducting behavior whereas ones closer to 2.0 eV
will be more insulator-like. The conducting behavior is due to an increase of charge carriers
existing in the conduction band. A lower band gap will allow excitation of electrons, through

external sources of either induced potential or photon, to occur with a lower energy.



Additionally, lower energy between the two bands allows an enhanced thermal population of
charge carriers in the conduction band.*

Within semiconducting materials there exists the sub classification of low band gap
materials. This term has been used to define materials with a wide range of band gaps, including
those with an Eg up to 2.0 eV. In 1998, Pomerantz proposed a definition of low band gap as
materials featuring an Eg below 1.5 eV.* This E, value is below that of polyacetylene (1.5 eV)
which has the lowest band gap of the parent CPs. Thus the definition by Pomerantz retains the
definition that no parent compounds are considered low band gap materials. While others have
tried to redefine low band gap as < 2.0 eV, this definition has little meaning as most thiophene-
based materials have band gaps around 2.0 eV. In support of Pomerantz’s original definition,
Rasmussen encourages this definition of low band gap materials. Additionally he has proposed
materials featuring band gaps between 1.5 and 2.0 eV be called reduced band gap materials to
give a more solid definition for those materials in this range.*>*’

While metallic species feature true band-like energy structure, molecular systems such as
conjugated polymers have bands which are derived from the combination of molecular orbitals
(MOs). As previously discussed conjugated systems feature extended p orbital overlap which
leads to greater m-conjugation through the material backbone and delocalization of electrons.
This n-conjugation leads to a molecular structure which has narrowly spaced energy levels. As
conjugation increases, the number of MOs increases and the spacing between MOs continues to
decrease. Upon formation of a bulk solid-state material MOs become energetically
indistinguishable and blend to form two bands, the filled = band being the valence band the

empty ©* band being the conduction band. The space between bands is then the E,4 of the bulk

material. A graphical representation of the generation of bands is shown in Figure 1.3.
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Figure 1.3. Band and molecular orbital (MO) structure in w-conjugated
systems.

There are two basic methods to determine the band gap of a material, the first of which is
via the solid state absorption of a film. Measurements of Eg in solution have been published,
however solid state films give more accurate values, as in solution interchain coupling is limited.
In this method the steepest slope of the lowest energy transition is extrapolated to the baseline,
corresponding to a wavelength, illustrated in Figure 1.4A. This is then converted to an energy
giving the optical band gap. Although this method is efficient toward the determination of Eg, its
accuracy is not high. A second method toward determining band gap from an absorption profile
plots hv vs. (A x hv)?, where hv is the photon energy and A is absorbance (Fig 1.4B).* This is
the formally accepted method toward determining the optical band gap. Although absorption is

useful in determining Eg, this method gives no information on oxidation or reduction potentials.
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Figure 1.4. Determination of optical band gap by (A) extrapolation of transition edge to baseline
and (B) plot of eV vs. (A x hv).2

Cyclic voltammetry (CV) is the second commonly used method to determine band gap.
This method additionally provides data on the potential for oxidation and reduction potential.
Additionally, the onset of oxidation and reduction may be determined which correspond to the
HOMO and LUMO energies respectively. Electrochemical methods toward determination of the
band gap utilize the separation between the onset of the potential of oxidation and reduction
potential. Determination of HOMO and LUMO energies may be determined by first
extrapolating the energy of where the oxidation and reduction onsets meet the background, as
shown in Figure 1.5. This energy is then converted from the electrochemical standard to that of
Fc/Fc*. This energy may then be conveniently converted to reference against vacuum.*®> As many
CPs have band gaps equal to or higher than 2 eV it is common that either oxidation or reduction
may occur outside the solvent window. For low band gap materials this is less commonly an

issue.
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Figure 1.5. Determination of electrochemical
band gap.

1.3. Control and Tuning of the Bang Gap

Given how instrumental band gap is in determining a material’s optical and electronic
properties, it is unsurprising that a great deal of effort is put forth in controlling the band gap
along with HOMO and LUMO energies. There are several such methods aimed toward this end,
the first of which is bond length alternation.
1.3.1. Bond Length Alternation

One of the features shown to be a large contributor to the band gap is bond length
alternation. **>2 As high conjugation is a result of overlapping p orbitals, bonds featuring higher
symmetry in bond length character lead to increased delocalization of electrons. This is in
contrast to large differences in alternating bond lengths, which feature more single-double or
single-triple bond character, which thus leads to reduction in electron delocalization. Reduction
in bond length alternation will thus cause a decrease in Eq whereas an increase will cause a larger

Eg. One of the most efficient methods to observe this phenomenon is replacing a vinyl unit in a



polymer chain with an ethyne unit. The difference in double bond and triple bond lengths is large
enough to observe the difference in bond length alternation. Once example of this is shown with
thieno[3,4-b]pyrazine (TP) units (Figure 1.6) where the vinyl space polymer has a band gap of

0.88 eV and the ethyne space polymer has a band gap of 0.90 eV.>*
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Figure 1.6. Example of bond length alternation
and its effect on E4.>

1.3.2. Resonance Forms

In contrast to polyacetylene, which features a degenerate ground state, aromatic-based
CPs have non-degenerate resonance forms featuring a lower energy aromatic form and higher
energy quinoidal form, shown in Figure 1.7.**%%49 While the afore mentioned bond length
alternation has been shown to significantly affect the energy of the band gap, a much larger
effect in aromatic CPs may be seen by promoting the system to the quinoidal form. Thus a
transition from primarily the low-energy aromatic form to the higher energy quinoidal form,

shown in Figure 1.8, will have a greater effect on reducing E,.
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Figure 1.7. Alternation of aromatic and quinoidal forms of polythiophene.

Although the quinoidal form of thiophene is a higher energy state and thus more
thermodynamically disfavored, methods toward increasing the propensity of the quinoidal form
have been investigated. The primary method toward increasing the quinoidal nature of the
thiophene backbone is implementation of a fused-ring system. In such fused-ring systems only
one ring may accommodate the proper aromatic sextet in any resonance form and thus be
aromatic. Thus, introduction of a fused ring, such as benzene, featuring higher aromaticity
(empirical resonance energy of 25.0 kJ mol™) effectively limits the aromaticity of the thiophene
(empirical resonance energy of 20.3 kJ mol™) backbone causing it to enter the quinoidal state.*’
Examples of the implementation of this include polyisothianaphthene (1.0 eV) and
poly(thieno[3,4-b]pyrazine) (0.7 eV), which both feature band gaps lower than the parent

polythiophene (2.0 eV).**

Energy f

Figure 1.8. Energy diagram for
polythiophene-based resonance structures.
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1.3.3. Planarity

As band gap is highly reliant on the overlap of p orbitals, deviations from planarity of
the polymer backbone can lead to significant increases in Eq. Theoretical studies have shown that
torsional angles up to 30° will lead to minimal impact on w-overlap, however, larger deviations
will cause significant increase in E4.>* The two most common causes toward deviations to
planarity are B-hydrogen interactions amongst neighboring aromatic units and side chain
interactions. Bond rotation due to B-hydrogen repulsion, as shown in Figure 1.9 A, is a larger
issue for six-membered aryl polymers when compared to five-membered analogous systems.

One of the key advantages of organic electronics over their inorganic counterparts is
solution processability, necessitating solubility of the polymer in common solvents. Most
unfunctionalized CPs are completely insoluble due to strong interchain = stacking and thus
functionalization via side chain addition is required. While addition of side chains provides
solubility to the polymer, it also increases steric interactions via repulsion from side chains with
the polymer backbone and neighbor side chains (Figure 1.9 B). Methods exist, however, aimed
toward reducing the amount of steric repulsion.

One such method of reducing side chain interactions for asymmetric functionalized
polymers is controlling the coupling mode. This method has been thoroughly investigated for
poly(3-alkylthiophene)s (P3ATSs) and thus will provide the primary example. For these systems
there are three coupling modes: head-to-head (HH), head-to-tail (HT), and tail-to-tail (TT). It has
been shown that in the case of HH coupling chain-chain interactions are maximized leading to
increased rotation along the polymer backbone.>® While TT coupling in one position of the
polymer will increase separation of side chains at the coupled site, in a regioirregular polymer,

this will always result in HH coupling.
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In the case of HT coupling these chain-chain interactions are minimized thus leading to
limited rotation. The selectivity of the HT mode over the others yields the regioregular polymer
versus a regiorandom analogue. While side chain interactions with the sulfur lone pair still exist;
these have a lower impact on torsional rotation than that of HH side chain interactions. Thus due
to the advantages of regioregular P3ATs over regiorandom P3ATSs via reduction of steric
interactions, methods in improving the regioregularity of these P3ATSs have been extensively

investigated.”®°

Figure 1.9. Torsional rotations stemming from (A) -hydrogen repulsion
and (B) side chain interactions.

A second method toward reducing side chain repulsion is exchange of heteroatoms in
place of the a-methylene in the polymer side chain, Chart 1.2. The bulky a-methylene group can
induce steric repulsion from a lone pain on neighboring monomer units, such as thiophene,
causing twisting of the backbone. Exchanging a heteroatom in place of the methylene group can
reduce the volume of this position and thus limit these steric repulsions, reducing band gap.>*’
An added advantage to this strategy is the inductive effects of the heteroatom.?>"*® Electron
donating heteroatoms, such as oxygen or nitrogen, destabilize the HOMO thus reducing the

potential for oxidation and further reducing Eg. A limitation toward alkoxy side chain
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substitution is reduced solubility due to fewer steric interactions. Intermediately-sized side chains
such as amino groups yield improved solubility with similar electronic effects; however, with an
increased steric bulk.**

Difunctionalized thiophenes have also been produced and shown to have advantageous
characteristics by further modification of the electronics. One concern with these types of
systems is the reintroduction of chain-chain interactions. To address this side chains featuring
bridging alkyl groups were generated to reduce the chain-chain interactions. One of the most
common of these is 3,4-ethylenedioxythiophene (EDOT) which features a bridging ethylene
group.®* The polymeric form of EDOT, PEDOT, has shown many beneficial properties, many of
which are due to the lone pairs on the two oxygens featured on each unit. These electron-
donating groups cause a destabilization of the polymer’s HOMO, making it a good donor
material.*® One of the most common uses of this material is as a doped salt using
poly(styrenesulfonate) (PSS) as a polyanion. This doped polymeric salt is commonly referred as
PEDOT:PSS. This polymeric salt is commonly used to coat the bottom electrode of devices such

as OLEDs and OPVs prior to addition of the active layer. %%

R /\ R
0] (0] (0] N~R
I R TR 6
Chart 1.2. Polythiophenes featuring heteroalkyl
side chains.

1.3.4. Donor-Acceptor Copolymers
One of the more popular approaches in recent years toward the generation of polymers
featuring a low band gap is the combination of an electron deficient ‘acceptor’ (A) unit and an
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electron rich ‘donor’ (D) unit in an alternating ‘donor-acceptor’ (DA) copolymer."®® This
approach was first presented by Havinga and co-workers based on the systems of polysquarains
and polycroconains, both of which exhibited low band gaps.®* In this approach it was thought
that the donor material would modulate the polymer’s HOMO and the acceptor system would
modulate the polymer’s LUMO. By combining these effects in a polymer featuring strong donor
and acceptor units a reduction in Eq can occur.*"® An example of HOMO/LUMO gap reduction,
with dimer systems of DD, AA, and DA in the ground state may be seen in Figure 1.10.” Initial
thought behind this model also placed the first excitation state as a charge transfer from the

HOMO-localized donor to LUMO-localized acceptor.
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Figure 1.10. Energy scheme for donor-acceptor model showing dimer combinations of a donor
with itself (DD), an acceptor with itself (AA) and the mixed system donor-acceptor (DA).*’

While this method has been successfully used toward the design of numerous low and
reduced band gap materials, this technique was initially generated for a specific class of
materials, polysquaraines and polycroconains, but has since been implemented to a much broader
scope of materials with little alteration to the theory behind it. More recent studies have indicated

that rather than isolated donor and acceptor units throughout the backbone, the HOMO is
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delocalized along the polymer backbone while the LUMO is located on isolated electron-
deficient regions. Thus the primary excited state transition is a backbone to acceptor transition.”
This also has the logic that for CPs to function delocalization is required, and thus having the
HOMO spread over the polymer backbone leads to much further delocalization than that of an
isolated donor unit. It has also been suggested that the lowering of Eq may be due to geometric
mismatch of monomer units, where donor units are typically aromatic and acceptor units are
more commonly quinoidal. Thus providing strong enough donor and acceptor character, a new
resonance form might form showing double bond character between donor and acceptor units.
Averaging of the two forms reduces bond length alternation, thus reducing band gap.*"®
Although units used to generate DA copolymers may fit conveniently as either strong
electron donating or electron accepting, several systems have been shown to exhibit traits of
both. These ambipolar units will often be the primary contributors to both HOMO and LUMO of
the resulting polymers. It has been shown that when combined with typical “donor” units whose
HOMO is stabilized in comparison to the ambipolar unit HOMO, Eg will increase. Thieno[3,4-
b]pyrazine (TP) is one such ambipolar unit which has displayed these characteristics.*®
Combination of TPs with most other donor units will actually cause an increase in band gap from
that of the homopolymeric material. This has been shown by Rasmussen and coworkers with
combination of TP with EDOT and thiophene units in the generation of terthiophene systems."?
In both cases, an increase of TP content in favor of either unit causes a red shift in absorption
spectra and decrease in potential of oxidation.” This trend can also be seen in numerous
copolymeric systems, where decreased TP content leads to a larger band gap.*® Utilization of
ambipolar materials, such as TPs, in the generation of DA copolymers is of interest for improved

molecular design and developing new methods toward tuning the properties of DA. Design of
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polymers may be adjusted to accommodate ambipolar units by utilizing the ambipolar unit to
modulate the LUMO and selectively tune the HOMO.
1.4. Research Goals

Conjugated materials are of significant interest for application in electronic devices due
to their electronic and optical properties. This class of materials has been thoroughly researched
generating a wide variety of monomeric, oligomeric, and polymeric materials. Despite these
advances significant research remains toward improving the design techniques used to construct
new materials. The two most popular approaches in reducing band gap in recent years has been
through inducing a quinoidal state by fused ring systems and generation of donor-acceptor
copolymers. Thieno[3,4-b]pyrazine (TP) is a popular fused ring system used in creating low
band gap polymers and has been used to generate reduced and low band gap copolymeric
materials. Although numerous materials have been made using this TPs, most have used 1°
generation alky! or aryl analogues and not the more electronically tunable 2" generation
systems. Additionally TPs have commonly been used as traditional acceptor units even though
they feature a higher HOMO than most common donors and thus act as ambipolar type units.

One goal of this research project is aimed toward providing insight into the nature of
ambipolar units and how their electronic structure affects the overall electronics of generated
polymers. Toward that end synthesis of new homopolymeric and copolymeric materials, using of
both 1% and 2" generation TPs will be discussed (Scheme 1.1), illustrating the unique properties
of TP in selectively tuning both HOMO and LUMO energies. A second goal of this research is to
expand the scope of available TP units, particularly by introduction of new electron-withdrawing
side chains. Application of TP materials into solar cell devices will allow further study into how

changing both TP-based side chains and comonomer unit affects solar cell efficiency.

16



1°! Generation >_<
7\

TPs N N

N N
mo_p Ay
S
(0] OEt

R! R'

2" Generation >—<

Y 7\
TPs N N
0] O Br Br R' R’ / /K/U\

:/ \i - > \< Ar
HNB ZNH PBr; N W Nuc . N/ N S }_

B 8! B T N

S S S 7N\

9]

CsHy4
CeH,7o CeHys R y 1 Sy o N__o /[/@\L
At J \SNZ/ y s 7 )

Scheme 1.1. Outline of proposed TP materials.
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF NEW
THIENOJ3,4-b]JPYRAZINES UTILIZING SIDE CHAINS TO TUNE
THE ELECTRONIC PROPERTIES
2.1. Introduction

Due to their unique combination of electronic and optical properties typically associated
to inorganic semiconductors with the processability and flexibility found in plastics, conjugated
polymers have become an attractive class of materials for use in electronic devices. An
advantage of these materials is the ability to tune the optical and electronic profiles via simple
molecular design. One such method is through the use of a fused ring system. This induces a
quinoidal state in the thiophene backbone of a polymer, reducing band gap.'® Several such low
band gap systems have been generated, including thieno[3,4-b]pyrazines (TPs) 2.1, shown in
Scheme 2.1.**° These materials have been used to generate both homo- and copolymeric
systems, displaying optical band gaps as low as 0.50 eV.**

The basic synthetic scheme for the production of TPs involves the condensation of 3,4-
diaminothiophene 2.2 with an a-dione 2.3.%**® This process has largely stayed a constant
throughout TP’s history; however, generation of the precursor 2.2 has undergone a great deal of
modification. In every method this begins with bromination of thiophene to generate 2,5-
dibromothiophene 2.4. The halogens act to protect these positions for the subsequent nitration of
the 3- and 4- positions to generate 2.5. Nitration of 2.4 was reported by Kreis in 1884 in which
nitric acid was added to a solution of 2.5 in sulfuric acid.** In 1945 Mozingo modified this
method by use of fuming acid and increased control over reaction temperature, giving product in
a 30% vyield.*® Further development by Rasmussen and coworkers first increased reaction time to

improve yield to 45-50%.* This was then further improved by Rasmussen by using
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concentrated nitric acid in place of a fuming acid and slowly adding the precursor to fuming

sulfuric acid, giving a 90-95% yield.**

a R=R'=H j R=R'=C;Hy,
8 b R=R'=CH, k R =R'=2-ethylhexyl
lNBS ¢ R=R'=C,H; I R=CH;, R'=H
d R=R'=CH;; mR=PhR=H
e R=R'=C;H;; n R=Ph R'=CH,
/@\ f R=R'=CgH;; o R=Ph,R'=C,H;
Br™ ~g7 "Br g R=R'=C;oH,, p R=Ph,R'=C,H;
24 h R=R'=C,Hy; q R=C,Hs, R'=C;H,;
HNO, i R=R'=C,H,;
fum. H,SOy4
0°C RBr
R R

Br S Br ;/ \; RMgBr
S

2.5 EtOH

CuBr, LiBr
THF

21t R=H
u R = 2-ethylhexyloxy

21v
Scheme 2.1. General synthetic scheme for 1% generation TPs.
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Reduction of 2.5 to produce the ammonium salt is carried out in HCI with tin power to
generate the diammonium salt 2.6. Initially the counterions in 2.6 were reported by both Imoto
and Binder to be 2.6+2HCI1+SnCl,.*°* Later Outurquin and Paulmier reported the counter ion to
be simple SnClg>.*>*® However, elemental analysis by Rasmussen and coworkers revealed a
more complex system with a composition of [2.6]x[SNCle”Jx-1/2)[C1]y.* As the exact
composition of couterions is variable in each reaction an exact molecular weight cannot be
determined. Thus as it is desirable to know molar ratios between 2.6 and the o-dione 2.3 for
condensation to generate the monomer, neutralization of 2.6 to form 2.2 is a prerequisite step.
This neutralization is accomplished by addition of KOH to the salt in a water solution.*® Previous
methods used NaOH or Na,CO3.** However, current methods use KOH as it was found to
adequately neutralize the salt quickly, without decomposing the material. Condensation with a
prepared or commercially available a-dione is then performed, yielding monomer 2.1.

While this method has proven effective for the generation of TPs, it is limited by the a-
diones commercially or synthetically available, primarily including alkyl or aryl groups. To
include a wider variety of side chains, including electron withdrawing or donating chains, the
Rasmussen group introduced a new method toward the generation of TPs.>® A TP monomer
featuring halides at the 2- and 3- positions would allow simple substitutions to be performed to
introduce new electron-donating or withdrawing side chains. The first step in building the target
compound was the formation of the basic TP architecture. This was accomplished via
condensation of 2.2 with either diethyl oxalate to form 2.7 or 1,4-dibromo-2,3-butanedione to
form 2.8.

From 2.7, reaction with PBrs was performed to generate 2,3-dibromothieno[3,4-

b]pyrazine 2.9. This process was modified from previously reported bromination of
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quinoxalines.>** The reaction with other systems had previously been performed neat and the
process is accomplished by melting the materials, allowing them to react. Thiophene-based
materials, however, feature increased sensitivity to oxidizing agents and will readily polymerize.
Thus, several changes were made from the quinoxaline method, the foremost of which was the
addition of a solvent. Non-coordinating solvents, such as benzene and CCl,4, have been shown to
yield the molecular form of PBrs. Xylenes, which has similar properties to benzene, features a
higher boiling point and was thus chosen as the solvent for the reaction. Although favoring the
molecular form in non-coordinating solvents, the molecular form is in equilibrium with PBr; and
Br, as shown in Scheme 2.2. The equilibrium is temperature dependent and when heated the
equilibrium shifts toward molecular PBrs, allowing for conversion of the starting material to
generate 2.9. Alternatively, using monomer 2.8, simple substitution may be performed to

generate similar functionalities featuring a methylene spacer.

PBr5 BI'Z + PBI'3

Scheme 2.2. Disassociation of
PBrs to PBr; and Brs.

From this new set of monomers, in Scheme 2.3, it was shown that control over electronic
and optical properties could be accomplished by careful selection of the side chains. As expected
electron-donating systems such as alkyloxy and amine groups acted to destabilize energy levels
whereas the electron-withdrawing cyano group acted to stabilize HOMO/LUMO levels as seen
in Figure 2.1. It was also noted that while HOMO levels were certainly affected by the
electronics of the side chain, the LUMO was affected to a far greater extent. This results in an

increased HOMO-LUMO gap for donating groups and a decreased HOMO-LUMO gap for
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withdrawing groups, which is reflected in the absorption profile. An example of this MO tuning
may be observed by comparing the electron-rich alkyloxy substituted TP and electron-poor
cyano substituted TP. Those TPs featuring alkyloxy side chain feature a HOMO destabilized by
1.55 eV, LUMO by 2.26 eV and a reduction in HOMO/LUMO gap by 0.71 eV in comparison to
the cyano substituted TP analogue.”® Thus changing the electronic nature of the TP side chain

increased control over the material properties is possible.

EtO 0] O 0] PBrs, Br Br R R'
H,N NH, } ( BuyNBr, >/ \< >/ \<
m O N32CO3
S tO
2:2 210213
0
Br —>_(* R”O—>_(*OR"
H 7N\ < N\ < N\
—> or
EtOH Z/ \S Z/ \S Z/ \S
S S S
2.14 2.15

R R’ 210aR=R'= OC5H11 R"O OR"
2.10b R = R'= OC,oH,, w
7~ 2.10¢ R = R' = O(CH,CH,0);CHj N 215 R =
211 R=R'= NHC]()HZ]

AlR=R'= 2.15b R" = Bu
?/ \S 212R=R'=CN 2/ \S 2.15¢ R=R'=CH,,

g 213R=CN S 2.15d R = R' = (CH,CH,0);CH,
R' = OFt

Scheme 2.3. Synthetic outline of new TP monomers.™

Although electron-donating groups are well represented in this group of monomers,
electron-withdrawing side chains are only represented by halogen and cyano groups. The halide-
functionalized TPs feature low solubility and may readily undergo chemical reactions and
decomposition and thus are not good candidates for further use. Monomer 2.12 also has several
disadvantages including low yield (at ~15 %) and, similar to the halide TPs, low solubility. The
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low yield in generating 2.12 is due in large part to the low solubility of the salt (KCN or NaCN)
used in the reaction (Scheme 2.4) with aprotic solvents. It was discovered that use of an non-
nucleophilic solvent is required for this reaction as nucleophilic solvents, such as alcohols, will
add to the monomer in place of the desired CN. The low solubility is also a substantial issue as
the generated materials require solution processing. However, it may be overcome by
copolymerization with units featuring large solubilizing chains and thus investigation into this
monomer unit is of interest due to its strong electron-withdrawing nature. In this chapter will be
discussed attempted alternate synthetic paths using metal-catalyzed methods toward generation

of 2.12 in an effort to increase yield.

q0d 117 e
20 _- ) -1.80 2.04
= 250 248
-3.01 343
4.0
-5.0
6.0 580 —
T e 618634
7.0+ 650 569
1 -7.35
210a  21d  2.14c  2.1a 2.13 2.9 2.12
R= OCH,, CH, CHOCH, H CN Br CN
OEt

Figure 2.1. HOMO/LUMOs for select 1% and 2™ generation TPs.>®

While —CN groups provide good electron-withdrawing proficiency, they provide no
solubilizing capability which is important for further use in generating polymeric systems. Thus

the need for electron-withdrawing side chains featuring some long alkyl functionality is highly
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desirable. Later in the chapter will be presented attempts to generate new 2" generation TPs with
ketone and amide side chains, both electron-withdrawing systems featuring the desired
solubilizing alkyl chain. An improved synthesis of electron-donating alkyloxy TPs will be
presented, generating previously unprepared ethyloxy and hexyloxy analogues. Finally,

spectroscopic and electrochemical data of each generated monomer will be presented.

Br Br NC CN
N>/_\<N MCN N>/_\<N
—_—

S S
2.9 2.12

M=NaorK

Scheme 2.4. Synthesis of CNTP.

2.2. Results and Discussion
2.2.1. Synthesis
2,3-Dicyanothieno[3,4-b]pyrazine. Current methods toward generation of 2,3-
dicyanothieno[3,4-b]pyrazine (CNTP) use CN salt, KCN or NaCN, in MeCN to generate the
dicyanoTP. However, as previously mentioned, yields are very low (~15%) due to salt solubility.
To increase yield several alternate synthetic methods, shown in Scheme 2.5, were attempted.
The first such method was attempted using a palladium-catalyzed cyanation with
Zn(CN), as the CN source, following a literature procedure.> Previous trials by the authors had
been done with phenyl, naphthyl, and pyridine systems and thus a pyrazine should be similar.
However, completion of the reaction showed three major products, the monosubstituted TP
(~50%), unstubstituted TP (~40%), with only a small 10% yield of disubstituted product. Further

substitution of the monocyanoTP was attempted with the idea that more product may be formed
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with one position already converted, production of dicyanoTP might be more favorable.

However, yields were again low at 10%.

PdCl,(dppe)
CuSCN  Br. Br py dba, NG CN NC) (Br
>_< >_< HCOONa >—</ N\ Zn(CN), >/ \< 7\
N N HCOOH N N DPPF NN NN
DMF, 120°C o
ISR S s St s S &
S S S
2.12 2.9 212
10% 50% 10% >0%

Pd/t-BuyP (1:1)
NaCN, Zn
MeCN/THF
70°C,2h
2.12

Scheme 2.5. Alternate synthetic routes for the generation of CNTP.

A second reaction using Pd/t-BusP catalyst system and simple a NaCN salt for the CN
source was attempted using chemistry developed by Grushin and coworkers; a proposed
mechanism for this reaction is found in Scheme 2.6.>* The catalyst system was prepared a day
prior to the reaction. This was then added to the reaction via syringe. Despite reported high
yields with monosubstitutions of benezene-based systems, this reaction formed no product from
2.9. However, it was noted by the authors that excess amounts of CN”™ or water will cause catalyst
poisoning. In their study the authors did not attempt double cyanation. They also noted that the
reaction did not work well with bromopyradines due to N-binding. It is possible that the
increased amount of CN™ involved in generating the dicyanated species may cause catalyst
poisoning; however, the stoichiometric amount of catalyst was doubled as well. Additionally, as

two nitrogens exist on the pyrazine ring, such N-binding is also a potential complication.
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excess CN°, [BuyN]" excess CN’, H,0

/—\ Ar-X
[(CN);PdBu]> ( [(CN),Pd]* + H,

Ar-CN LoP
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Bu;N [(CN);PdH]*>
/Ar
L, Pd

JAr
L,Pd
CN X
X CN-
excess CN~ excess CN~
-L L, -X
[(CN);PdAr])*
Scheme 2.6. Proposed mechanism of cyanation via methods 1

and 2.%¢

A third method utilized CuSCN for the CN source and a PdCl,(dppe) catalyst.® The
proposed mechanism for this reaction is found in Scheme 2.7. Sodium formate was used as a
base to coordinate to the metal center and formic acid was an additive believed to accelerate the
reaction rate. The formic acid appears, as shown in the below mechanism, to play a role in both
forming the product and catalyst recovery. However, again, the systems generated by the
authors were phenyl-based with no thiophene-based system trials. The reaction with 2.9 behaved
similarly to previous efforts, giving product in ~10% yield, with the rest being starting material

or monosubstituted TP.
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-§S—=N
S
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HS /
>:N\ HCOOH
Ar PdX
HCOO

Scheme 2.7. Proposed mechanism for cyanation via method 2.

In reactions using either CUSCN or Zn(CN),, the monosubstituted TP is generated as the
major product with about 10% of the disubstituted product formed. This indicates that each
catalytic cycle for disubstitution can occur. The monosubstituted product also is generated in
reasonable yield. However, in both cases where the single substitution occurs, the bromide
remains, as indicated by the proton NMR, suggesting no oxidative addition to the metal catalyst.
It is possible that catalyst poisoning is occurring due to an excess of CN’, as indicated by Grushin
in his account.> This would account for inhibition of oxidative addition, which should otherwise
be enhanced by the electron deficiency of the ring.

2,3-Di(octanamide)thieno[3,4-b]pyrazine. Attempts were made toward generating a TP
with an amide side chain 2.15 (Scheme 2.8). This would not only introduce an electron-
withdrawing chain, but also allow for a solubilizing alkyl group. Previous reports from

Buchwald and coworkers illustrated a copper-catalyzed amidation using a bidentate amine
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ligand.>**" This method had been additionally adapted to use in the generation 2™ generation N-

acyldithieno[3,2-b:2",3'-d]pyrroles.*®

C;Hs C;H;s
Br.  Br )*NH HN«
N>/ \<N Cul, Ligand 0 N/ \N 0
KaCO; o
Z/ \; 90 °C, 24 h ]\
S DMF S
2.9 2.15 o O
/ \ N N
Ligand=" _\py gN— \
DMEDA TMEDA  2-Isobutyrylcyclohexane
B-ketone

Scheme 2.8. Synthesis of diamide TP.

Upon completion of the reaction NMR data suggested the product had formed, however,
evidence of additional peaks was seen. These peaks correlated well with the ligand, N,N’-
dimethylethylenediamine (DMEDA), and thus it was thought some remained in the product,
even after purification via column chromatography. However, even after placing the sample
under vacuum for 12 h DMEDA peaks showed in NMR spectra and it was thought that the
DMEDA ligand might be binding to the TP. There are several possible ways this binding might
occur; two such are shown in Chart 2.1. The crude yield was found to be 20-25%.

Attempts were made to purify the product further and remove the ligand via a wash with
acidified CHCIs. Thus HCI was added to CHCI; and this solution was used to dissolve the
product. A solid precipitated out and the resulting solution was washed with copious amounts of
H,0. This solid dissolved into the organic layer after the addition of water and further CHCl3.

After this wash, NMR data showed removal of the DMEDA peaks and thus purified material.
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However, yield was brought down to 5%. A reaction was attempted without ligand to determine

if it was needed. This resulted in no amidation.

VATRTAS 0 0 /N\H H'N\ 0
o/ uH
>\~N' ‘NJ< >\~N' N

! \
C;H;s >/ \< C;His C/HisH 7~ \H C;H;s
N N N

N
Z/ \§ 2/ \§
S S
Chart 2.1. Two proposed products of the

amideTP reaction with DMEDA.

A second reaction was attempted with N,N,N’, N -tetramethylethylenediamine (TMEDA).
The logic behind this was that the increased bulk of the ligand might prevent such interactions
from occurring while still allowing progression of the reaction. However, minimal product was
formed and this was primarily the monofunctionalized species. The problem with this ligand was
due to a slower rate of producing the copper complex. Thus the reaction time of ligand with
copper was increased from 30 mins to 1 h, resulting in a blue colored solution and production of
the product. This reaction was further optimized by increasing the reaction time upon addition of
TP. The overall yield with this new method was 45-50%, a substantial increase over the 5%
isolated from use of DMEDA as a ligand. It was attempted to determine if, when using DMEDA,
the ligand could be removed simply by bromination in the slightly acidic conditions of NBS.
However, while full bromination did occur, the resulting material still showed DMEDA peaks in
the NMR spectrum. A summary of all conditions attempted in generating 2.15 are shown in

Table 2.1.
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Table 2.1. Attempted synthetic conditions for production of 2.15.

Entry Ligand Stirring time with ligand ~ Reaction time Isolated yield (%)
1 DMEDA 05h 24 h 5%

2 - - 24 h 0%

3 B-diketone 05h 24 h 0%

4 TMEDA 0.5h 24 h 0%

5 TMEDA 1h 24 h 20-25%

6 TMEDA 1h 48 h 45-50%

7 TMEDA 1h 72 h 50%

2,3-Dioctanoylthieno[3,4-b]pyrazine. Addition of a third electron-withdrawing, octanoyl
side chain, was attempted to generate 2.16. This acylation was attempted in modulation of a
Heck reaction by palladium-catalysis reported by Xiao and coworkers.®® This work had
previously been used primarily on benzene and thiophene derivatives, supporting electron-
donating and —withdrawing functionalities, but had thus far not been tested on any nitrogen
containing heterocycles. The reaction, shown in Scheme 2.9, used Pd,(dba); for the catalyst, the
ligand 1,3-(diphenylphosphino)propane (dppp), and a pyrrolidine additive. Although several
trials were performed with this system, every case yielded the monosubstituted TP. Addition of a
second ketone group was attempted from the isolated monosubstituted product, however,

production of the disubstitutedTP was not observed. Although, this procedure was tried several

B B Pd,dbas, d o Q O
r r
20095, CPPP ¢ H 5 CHys  Br C7Hs
>/—\< o pyrrolidine
N N, J\ 4 AMS - RN NZRN
/ \ H C.Hys DMEF, 115 °C
ng /\ /\
S S
29 2.16

Scheme 2.9. Attempted synthesis of 2.16.
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times, no alteration of conditions was attempted and thus further investigation into the generation
of 2.16 is needed.

2.3-Dialkyloxythieno[3,4-b]pyrazines. Synthesis of the alkyloxyTP analogues have
previously been performed, yielding product between 70-80 %.>° It was found that addition of a
small excess of NaH and alcohol increased yield. It is thought that in previous attempts,
remaining H,O in the solvent reacted with the base, thus reducing the stoichiometric amount
available to deprotonate the alcohol. Adding an excess of base allows for reaction with any H,O
present while the remaining base is still present to fully deprotonate all the alcohol. The excess
of base does not appear to have any negative side effect on the formation of product. This is in
contrast to the bis(alkoxymethyl)thieno[3,4-b]pyrazine analogues which feature substitution at
the methylene spacer. With this method, 2.10d and 2.10e were generated in yields of >95%,
shown in Scheme 2.10. Removal of any remaining alcohol was accomplished by column

chromatography using hexanes.

Br Br RO OR

r<_ rou 7

N excess NaH

N N N
m DMF m

S S
2.9 2.10 dR= C2H5
eR = C6H13

Scheme 2.10. Synthesis of alkyloxyTPs.

2.2.2. UV-vis Absorption Spectroscopy
A representative spectrum of monomers 2.10d, e and 2.15 are represented below in
Figure 2.2 with monomer 2.1d for comparison. Photochemical studies of several of the TP

monomers shown here have been previously reported by Rasmussen and coworkers and are
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replicated to illustrate the effect of side chains on the absorption profile. Data for all of these is
listed in Table 2.2. All monomers have two distinct absorption band areas. The first set of bands,
appearing at 200-250 nm, is due to the m-x* transition. Monomers 2.10d, e and 2.1 all have this
peak at ~210 nm. This typically shows as a set of two peaks, with the minor peak at ~230 nm.
The n-n* band for 2.15 is slightly red shifted, occurring at 217 nm. The minor peak for 2.15

appears at at ~230 nm, as found with the previously discussed monomers.

e 2. 1d
— 2.10d
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S —
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Figure 2.2. Solid-state absorption spectra of 2™ generation TPs
with 2.1d.%

The second band is the charge transfer band. This is due to the transfer of electrons from
the HOMO, centered about the thiophene ring, to the LUMO, centered about the pyrazine ring.
As observed from this figure, the donating or withdrawing nature of the side chain can have an
impact on the absorption profile. It is interesting to note that electron-donating systems, such as
2.10d and e do not show significant blue-shift in the CT absorption band, showing a Amax at 305

for both. The electron-withdrawing amide side chain on 2.15 shifts the Amax (363 nm) and onset
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(385 nm) further to low energy wavelengths for the CT band. This could be in part due to further

electron delocalization through the amide groups.

Table 2.2. Photophysical properties of TP monomers.®

Compound  Amax T-¥(MM)®  Amax CT (hM)* e (Mtcm™) HOMO/LUMO gap (V)

2.10d 208 (232) (295) 305 (317) 6500 3.70

2.10e 206 (232) (293) 305 (315) 20000 3.70

2.15 217 (231) 363 (375) 1300 3.22
2In CH4CN.

2.2.3. Electrochemistry

Electrochemical measurements were performed of the three generated TP monomers,
shown in Table 2.3 and Figure 2.3. Both alkyloxy TPs featured a onset of oxidation at 1.25 V
giving a HOMO of -6.5 eV, consistent with previously reported alkyloxy TPs. These are all more
negative than the oxidation potential for alkyl monomer C¢TP, which occurs at 1.35 V, showing
destabilization resulting from the electron-donating alkyloxy side chains. This oxidation was
coupled with a reduction occurring at 0 V, indicating an irreversible oxidation. No reduction was
observed in these experiments. LUMOs for both 2.10d and e were determined by use of the

optical HOMO/LUMO gap, yielding -2.8 eV for both.

Table 2.3. Electrochemical properties of TP monomers.

Compound Eg (V)*  Ep (V)) HOMO (ev) LUMO (V) HOMO/LUMO gap (eV)'

2.10d 1.38 - -6.5° -2.8¢ 3.70
2.10e 1.40 - -6.5" -2.8¢ 3.70
2.15 2.20 -1.71 -6.7° -3.5° 3.20

8 CV experiments performed as solution-state in MeCN. Potentials vs. Ag/Ag” in 0.1 M
TBAPFg, Eromo Was determined from the onset of oxidation vs ferrocene (5.1 eV vs.
vacuum),BOC EHOMO = ELUMO + Eg, d ELUMO = EHOMO — Eg, € ELUMO was determined from the
reduction onset vs. ferrocene (5.1 eV vs. vacuum).> fOptical.
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Potential (V vs. Ag/Ag")

Figure 2.3. Cyclic voltammograms of new monomers in CH3;CN.

Electrochemical studies of 2.15 yielded the opposite trend, where the reduction peak
occurred at -1.71 V, yielding a deeper LUMO and a slight oxidation peak was observed at ~2.25
V. The reduction peak also has a small coupled oxidation peak at -1.5 V, indicating
quasireversible character. It is likely the small oxidation of 2.15 occurs is only partially seen due
to interference of the solvent window. The HOMO for 2.15 was found by taking the onset of
oxidation and found to be -6.7 eV. This value agrees with previous trends that a unit featuring
electron-withdrawing groups, such as the amide groups here, should have more stabilized
frontier orbitals. Thus, although reduction cannot be seen in 2.10d or e, 2.15 shows a strong
reduction peak. Similar trends are also apparent in the oxidation of these monomers, with 2.10d
and e showing strongly at a lower potential than for 2.15.

2.3. Conclusion
Although TPs have been shown to rapidly undergo substitution with electron-donating

groups in high yield, electron-withdrawing systems are much less successful. Generation of
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several electron-withdrawing substituted TPs was attempted, with varying degrees of success.
Previous methods toward the generation of CNTP resulted in low 15% yields. Metal-catalyzed
substitution reactions were attempted to generate product in higher yields. While disubstituion
was still low, an increased amount of monosubstituted CNTP was observed. There is some
evidence that the concentration of CN- content may have an effect on the catalyst, with high
concentrations acting to poison the catalyst. Additionally, nearly all materials used in these
reactions were phenyl-based and the few cases where a nitrogen-containing ring was used there
was a noted decrease in yield. Similarly attempts to generate a 2,3-dioctanoylthieno[3,4-
b]pyrazine analogue resulting in only monosubstituted product. Further attempts to add a second
keto side chain resulted only reduction of product. Attempts at generating the diketoTP under
Pd-catalyzed conditions also produced monosubstituted product, although in this reaction no
disubstituted product was formed.

Slightly more successful was the generation of 2.15. Similar methods to the previously
reported N-acylDTP were used to generate 2.15. The use of the ligand DMEDA resulted in the
desired disubstituted product, however, with the ligand bound to the nitrogen-based protons.
Attempts to remove ligand from the product resulted in severe reduction of yield. In attempt to
eliminate ligand-binding occurring with DMEDA, TMEDA was used. An increased time of
stirring prior to addition of starting material and an increased time under reflux conditions
resulted in production of clean product in higher yield (50%). Spectroscopy experiments show a
significant reduction of HOMO/LUMO gap from other 1% and 2™ generation TPs

Spectroscopic and electrochemical experiments were performed on 2.15, showing a
marked red shift in absorption onset and a stabilization of HOMO and LUMO levels. This is in

good agreement with previous trends found for other 2" generation TPs where EWGSs were seen
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to both stabilize the frontier orbitals as well as reduce the HOMO/LUMO gap. Monomer 2.15
shows a LUMO at -6.7 eV, similar in energy to 2.9, and 0.5 eV shifted from 2.1d.*°

In this chapter a modified synthesis of dialkyloxythieno[3,4-b]pyrazines was used to
generate two new systems in near quantitative yields. Chain length was altered from the
previously studied pentyloxy 2.10a, to generate the ethyloxy 2.10d and hexyloxy 2.10e systems.
Spectral and elecrtrochemical data was collected from these systems, showing similar properties
to 2.10a. These new systems could be useful in further studies of chain length size in
polymerized materials.
2.4. Experimental
2.4.1. General

Unless noted, all materials were reagent grade and used without further purification.
Chromatographic separations were performed using standard column chromatography methods
with silica gel (230-400 mesh). Dry DMF was obtained by mixing with MgSQy, followed by
flushing through silica gel, storing under molecular sieves, and purging over nitrogen for 1 h.
Dry THF and toluene were obtained via distillation over sodium/benzophenone. Dry acetonitrile
was obtained via distillation over CaH. All glassware was oven-dried, assembled hot, and cooled
under a dry nitrogen stream before use. Transfer of liquids was carried out using standard syringe
techniques and all reactions were performed under a dry nitrogen stream. The *H NMR and **C
NMR were recorded on a 400 MHz spectrometer. All NMR data was referenced to the
chloroform signal and peak multiplicity was reported as follows: s = singlet d = double, t =
triplet, q = quartet, p = pentet, tt = triplet of triplets, m = multiplet and br = broad. Melting points

were determined using a digital thermal couple with a 0.1 °C resolution. The following
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compound was synthesized according to previously reported literature procedures: 2,3-
dibromothieno[3,4-b]pyrazine (2.9).>°

5,7-Diethyloxythieno[3,4-b]pyrazine (2.10d). Hexanes (20 mL) was added to a round
bottom (RB) flask containing 60% NaH dispersion in mineral oil (0.5 g, 12.5 mmol) and stirred
for 20 min. The hexanes was removed via syringe and the material was dried further via
evacuation. Dry DMF (40 mL) followed by absolute ethanol (0.35 mL, 6 mmol) were added via
syringe and the solution was stirred for 5 min. Monomer 2.9 was added and the reaction stirred
for 3 h. Ammonium chloride was added to quench the remaining NaH and DCM was added to
extract the product. The organic layer was separated, dried with MgSQO,, and solvent was
removed via rotary evaporation. Further purification occurred via column chromatography first
using hexanes:ethyl acetate (95:5) to generate a white powder (>95% yield). mp 123.1-124 °C.
'H NMR: 8 7.31 (s, 2H), 4.45 (q, J = 7.2 Hz, 4), 1.41 (t, J = 7.2 Hz, 6H); *C NMR: & 150.1,
140.1, 117.3, 65.3, 14.1.

5,7-Dihexyloxythieno[3,4-b]pyrazine (2.10e). Monomer 2.10e was prepared in the same
manner as 2.10d, substituting ethanol with 1-hexanol. The product was purified via column
chromatography first using hexanes to remove excess 1-hexanol followed by hexanes:ethyl
acetat (95:5) to generate a white powder (>95% vield). mp 69.9-71.1 °C. *H NMR: § 7.33 (s,
2H), 4.38 (t, J = 6.8 Hz, 4H), 1.81 (p, J = 8.8 Hz, 4H), 1.45 (p, J = 7.2 Hz, 4H), 1.35-1.30 (m,
8H), 0.85 (t, J = 7.4 Hz, 6H); **C NMR: § 150.2, 138.3, 112.4, 67.2, 31.6, 28.6, 25.8, 22.7, 14.1.

5,7-Di(octanamide)thieno[3,4-b]pyrazine (2.15). To a 3 neck RB flask fitted with a
condenser was added K,COj3 (0.83 g, 6 mmol) and Cul (0.018 g, 0.09 mmol). The ligand
TMEDA (0.03 mL, 0.2 mmol) and toluene (60 mL) were syringed in and the reaction was

allowed to stir for 1 h. Monomer 2.9 (0.3 g, 1 mmol) and N-octanamide (0.3 g, 2 mmol) were
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added and the reaction was heated to reflux for 48 h. The reaction was cooled to RT and H,O
was added. Hexanes was used to extract the product and the organic layer was separated and
dried with MgSQO,. The product was isolated via rotary evaporation and purified via column
chromatography with hexanes:ethyl acetate (50:50) to produce a white solid (50% yield). mp
99.0-99.4 °C. *H NMR: & 7.24 (s, 2H), 5.36 (br, 2H), 2.21 (t, J = 7.6 Hz, 4H), 1.60 (p, J = 6 Hz,
4H), 1.29-1.24 (m, 18H), 0.87 (t, J = 4 Hz, 6H); 13C: d 176.05, 144.28, 139.35, 108.83, 47.39,
36.96, 31.87, 29.39, 25.75, 22.80, 14.27.
2.4.2. Electrochemistry

All electrochemical techniques were performed on a Bioanalytical Systems BAS 100B/W
electrochemical analyzer. Cyclic voltammetry (CV) experiments were performed using a three-
electrode cell consisting of a Pt-disc working electrode, Pt coiled wire auxillary electrode, and a
Ag/Ag" reference electrode. A 0.1 M electrolyte solution was prepared with
tetrabutylammonium hexafluorophosphate (TBAPFg) using MeCN distilled over CaH, under dry
nitrogen. The solutions were deoxygenated with argon for at least 20 min prior to each scan and
blanketed with argon during the experiments. Experiments were performed by first performing a
background in electrolyte solution followed by addition of product. The product was solubilized
in the solution via stirring. Enough product was added until peaks of sufficient magnitude were
observed. CV experiments were performed in the above described cell at a sweep rate of 100
mV/s. Enomo values were determined in a reference to ferrocene (5.1 V vs. vacuum)59 and the
ELumo was determined from the following equation: E, yumo = Exomo — optical band gap.
2.4.3. UV-vis-NIR Absorption Spectroscopy

All absorption spectroscopy was performed on a Carry 500 dual-beam UV-vis-NIR

spectrophotometer. Solution-state spectra were analyzed in chloroform were analyzed with the
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polymer spin coated on a glass plate. The optical band gaps were determined from the onset of

the lowest energy absorption by extrapolation of the steepest slope to the intersection with the

wavelength axis.
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF THIENO[3,4-
b]JPYRAZINE HOMOPOLYMERS VIA GRIGNARD METATHESIS (GRIM)
3.1. Introduction
Conjugated polymers (CPs) are a growing class of materials made for industrial
application due to their attractive electronic and optical properties in conjunction with the
mechanical flexibility and processability of organic plastics.’® These materials have been applied

9-13

to electronic devices such as organic light-emitting diodes (OLEDSs),” ™ organic photovoltaics

(OPVs), X1 field-effect transistors (FETs),"* electrochromics devices,>?* and sensors®** in
an effort to optimize efficiency while reducing cost and environmental impact. One of the key
advantages to these materials is the ability to tune the electronic, optical, and mechanical
properties on the molecular level, allowing for specific tuning of properties via simple alteration
of either the side chain or the polymer backbone.>333

As discussed in Chapter 1, introduction of fused-ring systems has been shown to reduce
band gap by induction of the high energy quinoidal state in the polymer backbone.®* This
approach has been utilized in the generation of several low band gap polymers. The first of these
was poly(isothianaphthene) (PITN) with an Eg of 1.0 eV.** This material, however, exhibits
rotation of the backbone due to steric hindrance from the phenyl-based protons. A related
material, thieno[3,4-b]pyrazine, was introduced as a theoretical construct featuring a calculated
E, of 0.7 eV, a band gap even lower than that of the PITN system and less than half that of
polythiophene (2.0 eV).

The electronic and optical properties of conjugated polymers (CPs) are largely dependent

on the band gap (Eg), which is a significant factor in the material’s efficiency in applied devices,

and thus tuning of this property is of great interest. There are several factors which play a role in
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determining a material’s Eg; however, the most significant is the extent of conjugation. As the
extent of conjugation increases, Eg decreases and so by extending the path of conjugation via
polymerization or limiting steric interactions which may hinder intra- or intermolecular
interactions the Eq may be minimized.

A second factor significant to the polymer’s performance in a device is the energies of
the HOMO and LUMO levels. This is often done by selection of materials used in the polymer
backbone and can in some cases be more selectively tuned by changing the functionalities
attached to these materials. A third critical factor for these materials is the capacity to be soluble
in common organic solvents, allowing the materials to be processed via solution. When
unfunctionalized with side chains, polymers will often be completely insoluble in most solvents.
In order to increase the solubility of these polymers in organic solvents, alkyl chains are
commonly attached to the base monomer units. However, these functionalities, while being
necessary to allow processing, also increase steric interactions, and reduce backbone planarity.
The primary interactions which cause these deviations from planarity are chain-chain
interactions and interactions between the polymer backbone and the a-methylene unit.

A class of materials utilizing the fused ring structure that have shown great promise for
low band gap materials is that of thieno[3,4-b]pyrazines (TPs).%**° As discussed in Chapter 2, the
HOMO and LUMO of TP monomers may be effectively tuned by selection of the side chain.
Introduction of an electron-donating system caused both an increase in HOMO/LUMO gap as
well as an overall destabilization of the HOMO and LUMO energies. In contrast, electron-
withdrawing systems were shown to reduce HOMO/LUMO gap and stabilize the HOMO and

LUMO energies. These electronic effects on TP by side chain selection were further shown in
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electropolymerized films of the —-OCsH;; and -NHCyoH»; difunctionalized analogues, showing
destabilization with electron-donating groups.*°

Techniques toward polymerization of TP-based systems have evolved greatly over time
in an effort to increase M, while maintaining solubility. The first TP polymer generated was
poly(2,3-dihexylthieno[3,4-b]pyrazine) in 1990 by Pomerantz using FeCls; as a chemical oxidant
(Scheme 3.1).*! The resulting material featured a band gap of 0.95 eV. Pomerantz also noted that
the resulting polymer featured paramagnetic properties even after extended attempts to dedope
the material. Rasmussen and coworkers later repeated these experiments and determined the
unusual properties were due to chelation of Fe** by the polymer backbone.*? It was determined
the iron in the sample was approximately 4.4 ppm, roughly one iron per 30 repeat units.
Dedoping methods were attempted to remove the Fe impurities, however, were unsuccessful.

Other oxidative coupling polymerizations techniques follow the same base mechanism as

seen in Scheme 3.1. This includes electropolymerization techniques discussed later in this
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Scheme 3.1. Mechanism for oxidative polymerization of polythieno[3,4-b]pyrazines based on the
mechanism for analogous thiophene systems.
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chapter. First either chemical or electrochemical oxidation occurs in the thiophene unit by
removal of an electron from the thiophene-based n-system to generate the radical cation. This
state has several resonance forms, but favors the lone electron on the a-position. Coupling of the
lone electrons on two such oxidized units and subsequent removal of 2H" generates the dimer
species. Further oxidation and coupling follows as described generating the desired polymer until

the reaction is terminated.*®
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Scheme 3.2. Proposed mechanism for polymerization of TP via polycondensation.*
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In 1995, Asselt and coworkers reported an alternate polymerization technique of TPs via
P,4S10 and pyrazinedicarboxylic anhydride.* This polycondensation, as shown in Scheme 3.2,
begins with pyrazinedicarboxylic anhydride and through thionation of one carbonyl generates 3-
thioxothiophenone[b]pyrazine.*> Coupling under thermal conditions then generates the polymer
via condensation and expulsion of S,. The polymer generated via this technique contained
significant sulfur and phosphorus impurities and was additionally insoluble. This work was later
repeated by Hagan and coworkers, generating a polymer featuring an Eg of 1.0 eV.*

In 2002 Rasmussen and coworkers prepared pTP via electropolymerization techniques.*’
Previous attempts at generating a 2,3-methylTP were unsuccessful due to overoxidation, leading
to the destruction of electroactivity. In the case of TP, overoxidation can occur with potentials
lower than 1.0 V.*® However, successful polymer films were generated under lower potentials
(ca. 1.35 V vs. 1.55 V for parent) (vs. Ag/Ag") on both indium tin oxide (ITO) and Pt plates. The
mechanism for this technique is the same as shown in Scheme 3.1. However, in this case
electrons are removed by induction of a potential to form the radical cation. These polymers
exhibited band gaps significantly smaller than those generated via other oxidative coupling. The
generated polymers exhibited bang gaps of 0.66-0.79 eV with the highest E4 corresponding to the
dodecyl analogue and the lowest corresponding to the methyl analogue. These band gaps were in
good agreement with the theoretical E4 of 0.7 eV for pTPs.* A fused ring poly(acenaphtho[1,2-
b]thieno[3,4-e]pyrazine) (PATP) was generated via electropolymerization. This material featured
a band gap of 0.5 eV, the lowest band gap for TP homopolymers. However, the generated films
of all polymers were also completely insoluble.*® In 2008 Rasmussen and coworkers introduced
new TP monomers with electron-donating and withdrawing groups.®® These monomers were

then used to generate polymers via electropolymerization. It was observed through CV that
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polymers with electron-donating groups, -OCsH;; and -NHC,oH>; acted to destabilize the
HOMO and LUMO whereas electron-withdrawing CN group acted to stabilize the polymer.>
Described above are three techniques, shown in Scheme 3.3, toward generating pTPs.
However, in the case of polymers produced via oxidative coupling with FeCls, low molecular
weight and poor film formation limit these for application. Polymers produced via
polycondensation were insoluble and featured low conductivity (10° S cm™).*
Electropolymerized materials, although featuring the highest M, and optical onset, were largely
insoluble. Other techniques have also been utilized to produce pTPs. However, these often

involved more difficult and rigorous synthetic steps and featured large band gaps.®*™
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Scheme 3.3. Synthetic routes toward the production
of polytheino[3,4-b]pyrazine.
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In an attempt to generate TP polymers of higher processability, solubility, and purity
Rasmussen and workers searched for alternate methods. The McCullough group had previously
introduced a Grignard methathesis (GRIM) polymerization (Scheme 3.4) for the generation of

regioregular poly(3-alkylthiophenes).®*® This method has been used since to generate numerous
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Scheme 3.4. Proposed mechanism for GRIM polymerization to generate pTP based on
the mechanism for thiophene systems.®*

57



polymeric materials.®® This method is a quasi-“living” chain-growth polymerization which has
been shown to not only increased the regioregular nature of generated polymers, but also yielded
materials of high molecular weight.®® The mechanism for this method begins with the oxidative
addition of the nickel catalyst to two equivalents of the Grignard intermidiates. This is then
reductively eliminated to form the dimer species. However, as indicated in Scheme 3.4, the
nickel catalyst is still bound to the growing polymer in an as of yet unknown manner. This cycle
continues with addition of more monomers to the growing polymer chain and may continue as
long as more monomer is present.

Poly(3-alkylthiophene) (P3HT) materials generated via this technique gave band gaps of
~2 eV.* In 2008 Rasmussen and coworkers applied this technique toward the generation of
poly(2,3-dihexylthieno[3,4-b]pyrazine.®® The polymers generated of a purer nature than those
generated via polycondensation or oxidative coupling with FeCls, with yields around 50-55 % of
soluble material. Observation of the optical properties (Figure 3.1) additionally shows a slight

red shift going from the FeCl3 produced polymer to the GRIM produced polymer. Additionally

—— FeCl; Band gap = 0.95 eV
GRIM Band gap=0.93 eV
1 —— Echem Band gap =0.69 eV

Absorbance

400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)
Figure 3.1. Solid-state absorption spectrum of pTP via various technigues.
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molecular weights for GRIM polymerized pTPs (M, = 4800-4900, PDI = 1.48) were improved
from those using FeCls methods (M, = 4300, PDI = 2.14). Band gaps for pTPs generated via
GRIM (0.93 eV) were lower than those of either condensation or FeCl; methods, although
higher than those generated via electropolymerization.®

The work presented in this chapter, shown in Scheme 3.5, will focus on expanding the
scope of pTPs generated through GRIM polymerization. This expansion includes increasing the
alkyl side chain length, in an effort to determine how side chain size affects both solubility and
M,.. Additionally, polymerization of 2" generation TPs, such as the alkyloxy analogues will be
explored. As discussed in Chapter 2, the use of side chains to modify the electronic properties of
TP monomers has led to the ability to not only tune the HOMO/LUMO gap, but also to stabilize
or destabilize the HOMO and LUMO levels based on the electronic donating or withdrawing
nature of the side chain.*® Thus an effort to polymerize these monomers is of interest in
generating materials whose properties may be easily modified. The electronic and optical
properties of all generated materials have been characterized and will be discussed.
3.2. Results and Discussion
3.2.1. Synthesis

The synthesis of TP homopolymers was performed as followed, shown in Scheme 3.5.
The dibromoTPs 3.2a-d were prepared via standard conditions using N-bromosuccinimide
(NBS) in N,N-dimethylformamide (DMF) to produce a yellow solid from the respective
monomers. The GRIM polymerization with 3.2a and 3.2b was carried out to generate 3.3a and
3.3b under previously reported conditions.® Yields for these polymers were 55 and 56%,

comparable to that of the hexyl analogue. The major focus of this study was to determine the
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Scheme 3.5. Polymerization of TPs via GRIM method.

effect of increasing the size of the side chain on molecular weight, with the idea that increased
side chain length might improve the solubility of the material undergoing polymerization. This
would allow pTPs of higher molecular weight to be generated, improving film forming
properties. However, M is significantly reduced for both 3.3a and 3.3b analogues. This is
believed to be due to side chain crystallization, where side chains pack tightly together.?®° This
reduces solubility of the material undergoing polymerization, thus causing it to precipitate out of

solution at lower molecular weights.

R-0  O-R
H A
MeMgCl N N
B Ot 's St 5
Br Br S MgBr
Scheme 3.6. Coordination of MeMgCI with alkyloxy TP

followed by generation of the Grignard intermediate with a
second equivlaent of MeMgClI.

Upon attempting to generate the Grignard intermediates, it was noted via thin layer
chromatography (TLC) that with the addition of one eq. of MeMgCl, some starting material

remained. An additional 0.5 eq. of Grignard was added, converting the remaining material to the
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mono Grignard, which then underwent polymerization upon addition of the Ni catalyst. It is
believed that while most of the Mg is used in the generation of the mono Grignard some portion
of the Mg chelates to the oxygens of the alkyloxy side chains as seen in Scheme 3.6. Upon
addition of an additional 0.5 eq of MeMgCl, the remaining starting material was converted to the
Grignard intermediate. Yields for these polymers were slightly higher than those of the alkyl
analogues with 61 % for 3.3c and 62 % for the 3.3d. The molecular weight for the hexyloxy
analogue is comparable to that of the pCgTP and the DP for both is similar. This is a marked drop
in both M, and DP for 3.3c. This is likely due to low solubility of the polymer, causing it to

become insoluble in the reaction at an earlier stage of chain growth.

Table 3.1. Yield and molecular weights for generated pTPs with pC¢TP for comparison.

Entry M, PDI? DP Yield
pCsTP® 4800 1.7 16 50-55 %
3.3a 2500 1.4 6 55 %
3.3b 3300 1.6 7 56 %
3.3c 920 1.3 4 61 %
3.3d 4100 1.2 12 62 %

% Determined via gel permeation chromatography.

3.2.2. UV-vis-NIR Absorption Spectroscopy

Solution data in CHCI3 and thin films of pTPs made via spin coating were analyzed via
UV-vis-NIR spectroscopy; the representative absorption spectra are shown in Figure 3.2 and
corresponding absorption data for the pTPs may be found in Table 3.2 with poly(2,3-
dihexylthieno[3,4-b]pyrazine) data to compare. As seen in Figure 3.3 all TP polymers in both
solution and solid state feature two absorption bands. The first absorption peak at ~300 nm
corresponds to the high energy w-n* transition, which does not shift considerably with changing

functional groups, however, the alkyloxy pTPs have a larger shoulder ~400 nm.

61



Table 3.2. Absorbance data of pTPs.

Entry Solution Amac (NM) Solid Amac (NM) Band gap (eV)°
pCsTP® (885), 970 890, (1050) 0.93
3.3a 850, (1008) (966), 1027 1.03
3.3b (676),755 (952), 1025 1.03
3.3c 824 880 1.05
3.3d 899 925 1.13

% In CH3CN, ® In CH4CI, ° Film formed via spin coating on glass plate. ¢ Optical.

The second, low energy absorption band is a charge transfer transition and responsible for
the optical band gap. Both alkyl analogues, as well as pCs TP, feature charge transfer bands with
an onset roughly ~1200 nm. Comparison between solution and solid state for alkyl polymers
reveals a red shift of about 100 nm, indicating strong packing interactions in the solid state. The
alkyloxy polymers, in comparison to the alkyl analogues, feature an optical onset which is blue-
shifted. This is in good agreement with the molecular orbital data from Chapter 2, in which the
alkyloxy monomer experienced a slight HOMO/LUMO gap increase. This would be expected to
be compounded in the polymer, giving the expected blue shift in onset of absorption. However, it
should be noted 3.3c is slightly red-shifted from 3.3d by 80 nm. As 3.3c has a lower DP
compared to 3.3d it should be expected 3.3d to be more red shifted. This inconsistancy could be
due to the presence of closely packed oligomers or, due to the decreased stability from the
alkyloxy side chains, oxidation, causing a red shift in absorption. These theories are supported by
the broad shoulder found on the UV-vis spectrum of 3.3c. Alkyl polymers also feature a shoulder
around 900 nm. Polymer 3.3d shows no analogous shoulder, however, 3.3c, while not having a

distinct shoulder, features the broadened slope at ~1050 nm as previously described.
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Figure 3.2. Solid-state absorption spectra of pTPs.
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3.2.3. Electrochemistry

Cyclic voltammetry (CV) experiments were performed on all GRIM prepared polymers.
The representative data for all polymers is displayed on Table 3.3 and the corresponding CVs are
shown in Figure 3.3. As shown from Figure 3.4, a shift of ~0.30 V to the positive potential is
seen going from 3.3d to the alkyl pTPs. This is in good agreement with the monomer data in
which the frontier molecular orbitals (MOs) were destabilized with electron-donating side
chains. All polymers feature similar broad oxidation peaks. However, more fine features are
found on the alkyl analogues. Interestingly the alkyl oxidation onset potentials all have a slight
shift corresponding to a more positive potential from 3.3a to 3.3b despite a larger M, for 3.3b.
This could, however, be due more to solid state packing effects with the larger side chain on
3.3b. Interestingly, 3.3c has a unusually high Ep, at 1.51 eV and onset of oxidation, even though
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it should electronically be destabilized, similar to 3.3d. However, low molecular weight is likely
the cause of this shift to a more positive potential. As the optical and electrochemical data seem

inconsistent, more investigation is needed to determine the reason behind the observed behavior.

Table 3.3. Electrochemical properties of pTPs.

Entry Polymer (3.3)
- Band Gap (eV)® Epa (V)" HOMO (eV)° LUMO(eV)?
pCeTP 0.93 0.65 -5.2 -4.2
a 1.03 0.91 -5.4 -4.4
b 1.03 1.17 -5.5 -4.5
c 1.05 1.51 -5.9 -4.8
d 1.13 0.61 -5.1 -4.0

Optical ° Film formed by drop casting from CHCI5 solution on Pt disc working electrode.
Potentials vs Ag/Ag® in 0.1 M TBAPFg in MeCN. ° Eyomo Was determined from the onset of
oxidation vs ferrocene (5.1 eV vs vacuum).® “E ymo = Eromo — Eq.

Potential (V vs.Ag/Ag")

Figure 3.3. Cyclic voltammograms of GRIM polymerized pTPs with pCsTP® for
comparison.

It should be noted that all CV curves feature a reduction at -0.45 V, -0.32 V, -0.42 V and

-1.10 V for 3.3a, 3.3b, 3.3c, and 3.3d respectively; however, it is thought these are not due to
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reduction of the polymers to the -1 state. The energetic difference between these peaks and the
onset of oxidation is substantially lower than the optical Eq and thus these peaks are not likely to
correspond to the reduction potential. Instead, it is likely these peaks correspond to the coupled
reduction of the oxidation peak and that pTPs are electrochemically irreversible.

3.3. Conclusion

GRIM polymerization techniques were used to generate TP homopolymers featuring side
chains of differing length and electronic properties. Polymers 3.3a and b were generated under
standard GRIM conditions. These polymers have molecular weights significantly lower than that
of pCeTP. This is likely due to side chain crystallization, making the polymer chains less soluble.
This would cause the growing chains to precipitate out of solution earlier terminating the chain
growth. The long chain polymers showed absorption profiles similar to that of the previously
generated pCgTP. The alkyloxy polymers 3.3c and 3.3d used modified GRIM conditions, by
adding an extra 0.5 eq. of MeMgClI to produce the Grignard intermediate, followed by standard
procedure. Polymer 3.3c featured molecular weights similar to that of pCsTP, likely due to
analogous side chain length.

Absorption data was taken for all four polymers. The alkyl analogues 3.3a and b had the
largest optical onset thus leading to band gaps of 1.03 eV for both. Polymers 3.3c and d had blue
shifted onsets from 3.3a and b, in good agreement with monomeric data, leading to larger band
gaps of 1.05 eV and 1.13 eV. However, CV experiments showed unexpected behavior. While
3.3d featured an oxidation onset shifted to a negative potential, as expected, 3.3c was shifted to a
positive potential. Additionally in the alkyl analogues polymer 3.3b, with a larger M,, showed a

more stabilized oxidation onset, although this might of be more a factor of packing.
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3.4. Experimental
3.4.1. General

Unless noted, all materials were reagent grade and used without further purification.
Chromatographic separations were performed using standard column chromatography methods
with silica gel (230-400 mesh). Dry DMF was obtained by mixing with MgSQy,, followed by
flushing through silica gel, storing under molecular sieves, and purging over nitrogen for 1 h.
Dry THF was obtained via distillation over sodium/benzophenone. All glassware was oven-
dried, assembled hot, and cooled under a dry nitrogen stream before use. Transfer of liquids was
carried out using standard syringe techniques and all reactions were performed under a dry
nitrogen stream. The *H NMR and *C NMR were completed on a 400 MHz spectrometer. All
NMR data was referenced to the chloroform signal and peak multiplicity was reported as
follows: s = singlet d = double, t = triplet, q = quartet, p = pentet, tt = triplet of triplets, m =
multiplet and br = broad. Melting points were determined using a digital thermal couple with a
0.1 °C resolution. The following compounds were synthesized according to previously reported
literature procedures: 2,3-didecylthieno[3,4-b]pyrazine (3.1a),* 2,3-didodecylthieno[3,4-
b]pyrazine (3.1b).%

5.7-Dibromo-2,3-didecylthieno[3,4-b]pyrazine (3.2a). To a 100 mL RB flask was
added 3.1a (2.07, 5 mmol), which was then evacuated and placed under a dry nitrogen stream.
To this, dry DMF (50 mL) was added via syringe and the solution was cooled to -78 °C (dry
ice/acetone). A solution of NBS (2.22 g, 12.5 mmol) in DMF (10 mL) was added dropwise, after
which the solution was warmed to -15 °C (ice/salt bath) and stirred for 3 h. The solution was
then poured into 100 mL of ice and stirred for 10 min. The resulting precipitate was then filtered,

solubilized in diethyl ether, and washed with NH,4CI, H,O, and brine. The organic layer was then
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dried with MgSQO, and product was concentrated via rotary evaporation. Purification was done
by silica gel chromatography in hexanes/Et,O (3 %) to give a yellow solid product (52 — 63%
yield). mp 45.0-46.2 °C; *H NMR: & 2.89 (t, J = 7.6 Hz, 4H), 1.79 (p, J = 8.0 Hz, 4H), 1.46-1.19
(m, 31H), 0.87 (g, J = 6.8 Hz, 6H). 3C NMR: 8 158.4, 139.9, 103.5, 35.6, 32.1, 29.8, 29.8, 29.7,
29.5, 29.3, 28.2, 22.9, 14.3.

5.7-Dibromo-2,3-didodecylthieno[3,4-b]pyrazine (3.2b). Monomer 3.2b was produced
as a yellow solid in the same manner as 3.2a substituting 3.1a with 3.1b (50 - 67% yield). mp
45.2 — 46.4 °C; '"H NMR: 8 2.29 (t, J = 7.6 Hz, 2H), 1.77 (p, J = 7.6 Hz, 2H), 1.34 (m, 18H),
0.87 (t, J = 6.8 Hz 6H). 3C NMR: § 156.6, 141.9, 116.0, 35.9, 32.1, 31.1, 30.0, 29.8, 29.7, 21.6,
29.5,29.2, 28.5, 22.9, 14.3.

5.7-Dibromo-2,3-ethyloxythieno[3,4-b]pyrazine (3.2c). Monomer 3.2c¢ was produced as
a yellow solid in the same manner as 3.2a substituting 3.1a with 3.1c (65% yield). mp 61.2-62.0;
'H NMR: § 4.64 (q, J = 6.8, 4H), 1.47 (t, J = 7.2, 6H). 3C NMR: & 184.8, 153.9, 142.7, 65.6,
14.2.

5.7-Dibromo-2,3-hexyloxythieno[3,4-b]pyrazine (3.2d). Monomer 3.2d was produced
as a yellow solid in the same manner as 3.2a substituting 3.1a with 3.1d (67% yield). mp 45.2 -
46.4°C; *H NMR: & 4.48 (t, J = 6.8 Hz, 4H), 1.86 (t, J = 6.8 Hz, 4H), 1.38 (m, 14H), 0.89 (t, J =
2.4 Hz, 6H); ®*C NMR: § 151.1, 136.3, 98.8, 67.9, 31.6, 28.5, 25.8, 22.7, 14.1.

Poly(2,3-didecylthieno[3,4-b]pyrazine) (3.3a). Polymerization via GRIM coupling was
accomplished using previously reported methods.®® To a 25 mL RB flask was added, 3.2a,b (1
mmol) which was then evacuated and placed under a dry N, stream. THF (10 mL) was then
added via syringe and MeMgCI (1.0 mmol, 0.33 mL) was also added via syringe. The solution

was heated to reflux for 1 h and Ni(dppp)Cl, (0.003 g, 3.90 x 10 mmol) was added. The
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reaction was then heated for another hour, after which was then poured into 100 mL of methanol
and stirred for 2 h. The precipitate was then filtered and collected. Soxhlet extraction was
performed with methanol, acetone, and hexanes and the solid was then collected in CHCIs. The
polymer was concentrated via rotary evaporation giving a purple-black solid (55% yield). *H
NMR: ¢ 2.90, 2.12, 1.26, 0.89 GPC: M,, = 3500, M, = 2500, PDI = 1.4.

Poly(2,3-didodecylthieno[3,4-b]pyrazine) (3.3b). Polymer 3.3b was produced in the
same manner as 3.3a substituting 3.2a with 3.2b. The polymer was concentrated via rotary
evaporation to yield a purple-black solid (56% yield). *H NMR: & 1.54, 1.41, 0.84. GPC: My, =
5300, M, = 3300, PDI = 1.6.

Poly(2,3-diethyloxythieno[3,4-b]pyrazine) (3.3c). To a 25 mL RB flask was added 3.2c
(0.35 g, 1 mmol) which was then evacuated and placed under a dry N, stream. THF (10mL) was
then added via syringe and MeMgCI (1.5 mmol, 0.45 mL ) was also added via syringe. The
solution was heated to reflux for 1 h and Ni(dppp)Cl, (0.003 g, 3.90 x 10 mmol) was added.
The reaction was then heated for another hour, after which was then poured into 100 mL of
methanol and stirred for 2 h. The precipitate was then filtered and collected. Soxhlet extraction
was performed with methanol, acetone, and hexanes and the solid was then collected in CHCI;to
give a blue-black solid (61% vyield). 'H NMR: 6 4.71, 1.48. GPC: M,, = 1200, M,, = 920, PDI =
1.3.

Poly(2,3-dihexyloxythieno[3,4-b]pyrazine) (3.3b). Polymer 3.3d was produced in the
same manner as 3.3c substituting 3.2c with 3.2d. The polymer was concentrated via rotary
evaporation to yield a blue-black solid (62% yield). *H NMR: & 4.70, 1.89, 1.45, 0.89. GPC: M,,

= 4900, M, = 4100, PDI = 1.2.

68



3.4.2. Electrochemistry

All electrochemical techniques were performed on a Bioanalytical Systems BAS 100B/W
electrochemical analyzer. Cyclic voltammetry (CV) experiments were performed using a three-
electrode cell consisting of a Pt-disc working electrode, Pt coil wire auxillary electrode, and an
Ag/Ag" reference electrode. A 0.1 M electrolyte solution was prepared with
tetrabutylammonium hexafluorophosphate (TBAPFg) using MeCN distilled over CaH, under dry
nitrogen. The solutions were deoxygenated with argon for at least 20 min prior to each scan and
blanketed with argon during the experiments. Solutions of polymers in CHCI;3 were drop cast on
the working electrode and dried to form a solid film. CV experiments were performed in the
above described cell at a sweep rate of 100 mV/s. Ehomo values were determined in a reference
to ferrocene (5.1 V vs. vacuum)®® and the Eymo Was determined from the following equation:
ELumo = Enomo — optical band gap.
3.4.3. UV-vis-NIR Absorption Spectroscopy

All absorption spectroscopy was performed on a Carry 500 dual-beam UV-vis-NIR
spectrophotometer. Solution-state spectra were analyzed in chloroform and solid-state spectra
were analyzed with the polymer spin coated on a glass plate. The optical band gaps were
determined from the onset of the lowest energy absorption by extrapolation of the steepest slope
to the intersection with the wavelength axis.
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CHAPTER 4. SYNTHESIS AND CHARACTERIZATION OF THIENO[3,4-
b]JPYRAZINE-BASED COPOLYMERS WITH THIOPHENE COMONOMERS.

4.1. Introduction

Over the course of the past decade, the donor-acceptor (DA) approach toward the
generation of low band gap (Ey) polymers has become increasingly popular. As previously
discussed in Chapter 1, this approach combines an electron-rich donor material with an electron-
poor acceptor material in the generation of an alternating copolymer. The HOMO of the resulting
polymer is largely modulated by the donor material while the LUMO is largely modulated by the
acceptor.® The generated DA copolymer then has an Eg lower than that of the homopolymers of
either donor or acceptor units. This approach has many advantages, such as the ability to tune the
electronic, optical, and bulk properties by careful selection of comonomeric units. Although an
inorganic n-i-p-i (n = n-type, p = p-type) structure is one cited explanation of the lowed Eg for
DA copolymers,? recent studies have suggested instead the combination of aromatic and
quinoidal units may cause decreased bond length alternation.® Additionally, low energy
transitions were thought to be due to a charge transfer from donor to acceptor units. However,
more recent studies have pointed to a HOMO delocalized along the polymer backbone and a
LUMO localized on the acceptor.* This explanation has logic in that it allows for a greater
delocalization of electrons, and thus destabilization of the HOMO. Although most materials are
classically defined as either a donor or an acceptor, several existing monomeric units do not fit
into conventional ‘donor’ or ‘acceptor’ roles and thus produce materials of unanticipated
electronic properties.

One such class of materials exhibiting such unconventional behavior in DA copolymers

are thieno[3,4-b]pyrazines (TPs).> Monomeric TPs are commonly considered to be an acceptor-
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type moeity, thus primarily involved in the formation of the polymer LUMO. However, careful
study of TP-based DA copolymers have shown these materials have a more complex role in DA
polymers. TP-based copolymers generated with common strong donor units, such units as
thiophene,®’ 4-di(2-ethylhexyl)cyclopenta[2,1-b:3,4-b'dithiophene,® and 1,4-
didecyloxybenzene,’ yield polymers with band gaps of 1.03 eV, 1.18 eV, and 1.52 eV
respectively. As discussed in Chapter 3, homopolymeric poly(2,3-dihexylthieno[3,4-b]pyrazine)
(pCsTP) has a band gap of 0.93 eV, smaller than the previously mentioned DA materials.*
Examination of the three DA copolymers frontier orbitals shows that TP does act as an acceptor-
type unit in the formation of the polymer LUMO, which occurs at energies similar to TP
homopolymers. However, as discussed in Chapter 1, TPs actually have a HOMO higher than that
of many other common donor materials.

This was further illustrated by Rasmussen and coworkers by generation of oligomers
combining TP with donor units 3,4-ethylenedioxythiophene (EDOT) and thiophene. In this study
oligomers with higher TP content showed a red shift in absorption and decrease in potential of
oxidation.***? In agreement with these results and previously mentioned copolymeric data,
HOMOs of TP-based DA copolymers are typically found between the HOMO of the analogous
TP homopolymer and that of the donor homopolymer.®®*337 A representation of molecular
orbital (MO) combinations using dimer models of donor-donor TP-TP and donor-TP is shown in
Figure 4.1.

The DA approach has become a powerful tool toward design of materials by alteration of
electronic and optical properties. Organic photovoltaics (OPVs) are a device application which
has become a large focus of material design in the field of conjugated polymers (CPs). The drive

in applying organic systems in solar cells stems from the potential of devices which are light
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D DD D D-TP TP TP-TP TP
Figure 4.1. Combination of donor-donor, TP-TP, and donor-TP dimers in the ground state to
illustrate the effect of electronic tuning of DA copolymers.®

weight and solution processable and thus more cost effective.®**? In OPVs fabrication the use of
a bulk heterojunction active layer has become popular, showing increased efficiency. These
architectures use a fullerene acceptor material, with the donor typically being a CP. Thus, while
the acceptor material remains largely the same from cell to cell, optimization of the donor
component has become a large focus.**** Much of this focus has been aimed at generation of low
band gap polymers in order to absorb the majority of the solar flux. However, equally important
to the efficiency of the solar cell is the optimization of the Vo, which is largely influenced by the
offset between the donor HOMO and fullerene LUMO. An example of the structure architecture
of an OPV device is shown in Figure 4.2, along with a representation of a bulk heterojunction.
Additionally, offset between donor and acceptor material LUMOs must be large enough to drive
electrons to the fullerene and eliminate back transfer. Thus, reduction of band gap and
optimization of V. are opposing forces and so fine tuning of electronic properties is of
significant interest. A representation of a current vs. potential plot is shown in Figure 4.3 with

the calculation of power conversion energy (PCE).
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Typical Solar Cell Scheme

— 5 Al (100 nm)

— 4 Donor:PCBM (~90 nm)
— 3 PEDOT:PSS (~100 nm)
— 2 Patterned ITO (~140 nm)

hv — 1 Glass substrate
————— ©
. . SO;5
Bulk Heterojunction N %
/\
Acceptor 4@
Donor PEDOT PSS

Figure 4.2. Model of a typical BHJ solar cell with the BHJ layer general structure.

Through methods described above, optimization of donor material properties has yielded
improved solar cell efficiencies. Previous solar cells using poly(3-hexylthiophene) have reached
high efficiencies of 5%.%*" However, design of new materials through the DA approach has
generated solar cells of efficiencies greater than 9%.*® To improve this technology to be
competitive with silicon solar cells, further optimization of the donor material through careful
modification of electronic properties is needed. In an effort to both expand the scope of CP
materials and further expand understanding of the structure-function relation of DA polymers,
new materials utilizing the previously discussed amibpolar unit, TP, were generated using this
approach. Copolymers containing TP were combined with thiophene-based ‘donor’ materials to
examine how electronic and optical properties are changed with altering comonomer and TP-
based side chains. Additionally 2" generation TPs, discussed in Chapter 2, were combined with
these donor units to investigate changes in polymer properties by altering the TP-based

electronics.
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Figure 4.3. Typical current vs. potential plot for an OPV device and calculation of power
conversion efficiency (PCE).

N-Octyldithieno[3,2-b:2°,3’-d]pyrroles (DTPs) have been shown to be excellent donor
materials with good mobilities. Application of DTPs in DA polymers has successfully generated
materials used in devices such as FETs and OPVs.**? In section 4.2, combination of TPs with
DTP in the generation of TPDTP copolymers is outlined along with electronic and optical
characterization. Also in section 4.2, combination of TP with the donor unit, benzo[1,2-b:4,5-
b’]dithiophene (BDT), is outlined. BDT has previously been shown to generate highly soluble,
highly planar materials, which may be easily functionalized.>**° Previous application of BDT
into copolymers with diketopyrrolopyrrole has generated materials that, when applied into solar
cells, have yielded efficiencies greater than 8%.* Combination BDT with TPs should allow for
further fine tuning of electronic properties by selection of side chain on either unit.
Characterization of optical and electronic properties of TPBDT copolymers will also be
discussed. These polymers were also applied in conjunction with Paul Dastoor and Mihaela

Stefan to BHJ solar cells.®? The characterization of these devices will be addressed.
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4.2. Results and Discussion
4.2.1. Synthesis

Synthesis of TPDTP Copolymers.®®* TPDTP copolymers 4.4a-c featuring varying TP-
based side chains were prepared via Stille coupling, as seen in Scheme 4.1. Copolymer 4.4a was
generated by Sean Evenson in a one-pot reaction in which the distannane was produced in situ
and immediately reacted with 4.3a and Pd(dppe)Cl.. Due to inefficient production of the

distannane intermediate the resulting polymer was generated in low yields and molecular weight.

Table 4.1. Yields and molecular weight data for TPDTP copolymers.®®

Entry M,? PDI? Yield (%)
4.4a - - 79
4.4b 6400 1.8 79-81
4.4c 3600 1.7 75

? Determined via gel permeation chromatography (GPC).

In an attempt to generate higher quality polymers, Sean Evenson developed a method of
generating and isolating 4.2 in high yield (99%). This was then combined with 4.3b and c via
Stille coupling in a 1:1 toluene/THF solution to generate copolymers 4.4b and c. In these
reactions the catalyst was changed to Pd,dbas with the ligand P(o-tolyl); and heated to reflux for
four days. Both polymers, 4.4b and c, generated via this method featured higher yields (75-86%).
Additionally analysis via gel permeation chromatography (GPC) showed higher molecular
weights for these polymers. Copolymer 4.4b gave a M,, of 11400 with a PDI of 1.8 and 4.4c gave
a M, of 6100 and PDI of 1.7. The significantly higher M, of 4.4b could be due to increased
solubility imparted by the extended side chain on the TP unit. Relevant data for all generated

polymers can be found on Table 4.1.
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Scheme 4.1. Synthesis of TPDTP copolymers via Stille cross-coupling.

Synthesis of TPBDT Copolymers. TPBDT copolymers 4.6a-c were generated via Stille
polycondensation as shown in Scheme 4.2. The reaction conditions used a catalyst system of

Pd,dbas/P(o-tolyl); in toluene for four days yielding chloroform soluble polymer in yields of 67-

74%. All three generated polymers are a blue-black solid. Monomer 4.5b, featuring 2-

dodecylthiopene side chains, was generated by Mihaela Stefan and coworkers for use in the
production of copolymers 4.6b% and c. As shown in Table 4.2 all copolymers were of relatively
high yield and molecular weight. There is a noted increase in M, for copolymer 4.6b, compared

to a and c. The increase from 4.6a is likely due to the introduction of the BDT-based side chain.

82



Copolymer 4.6¢ has a shorter alkyloxy side chain, likely contributing to its smaller molecular

weight.

Table 4.2. Yields and molecular weight data for TPBDT copolymers.

Entry M,® PDI? Yield (%)
4.6a 9700 1.3 67
4.6b° 12200 2.5 73
4.6¢ 27000 2.7 74

% Determined by GPC.

R R
R R R’ >/\<
>_< szdba3 N/ N ,
R
NN Vi S P(o-tolyl);
+ Me;Sn SnMe, > |\
S Y Toluene, A 7 S
/ \ 4d 5 S y
Br S Br R' n
Rl
4.3 a: R:C]2H25 45a:R'=H 4.6 a: R:C|2H25, R'=H
b: R :OC6H13

7\
b:R'= @CIZHZS ) b:R = C12H24, R' :/@\Cleﬁ)
c:R= OC6H13, R'= @CIZHZS )

Scheme 4.2. Synthesis of TPBDT copolymers via Stille cross-coupling.

4.2.2. UV-vis-NIR Absorption Spectroscopy
Absorption Data for TPDTP Copolymers. Absorption data for TPDTP copolymers
4.4a and c are shown in Figure 4.4. Related absorption data for all TPDTP copolymers can be
found in Table 4.3. All three polymers feature three absorption bands in solution (Figure 4.3A).
The first two high energy bands at 300-350 nm and 400-450 nm correspond well with -7*
transitions. These transitions closely resemble those often observed with 2,3-disubstituted TPs.
The third, low energy absorption band is representative of a charge transfer (CT)

transition. This transition occurs from the HOMO, located along the polymer backbone, to the
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TP pyrazine-based LUMO. The CT band is commonly found in all TP-based materials, including
monomers, homopolymers, and other copolymers.® As shown in Figure 4.3B, the solid state
onset shifts significantly going from 4.3a to 4.3c. This is in good agreement with previous TP

data in which alkyloxy side chains lead to an increase in band gap.

Table 4.3. Optical data for TPDTP copolymers.®®

Entry Amax (solution)? Amax (Solid)® Eq (€V)°
4.4a 310, 432, 787 838 0.9
4.4b 301, 431, 805 893 0.8
4.4c 329, 406, 675 675 1.3

% In CHCI3, ° Film formed by spin-coating on glass plate, ¢ Optical.

(A) B)
i — 4.3a | — 4.3a
— 4.3¢ ]
- =
= <
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Figure 4.4. (A) Solution (in CHCI3) and (B) solid-state absorption spectra of TPDTP
copolymers 4.4a and 4.4c.

Absorption Data for TPBDT Copolymers. Absorption data for all three TPBDT

copolymers can be found on Table 4.4 and representative spectra in Figure 4.5. As with
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previously discussed copolymers, 4.6a-c all feature two major absorption bands. The first high
energy band occurs at 300-500 nm and is the w-=* transition. It is notable that the Amax for 4.6b
and c are roughly equivalent at 336 and 349 nm respectively, whereas 4.6¢ has a
bathochromically shifted Ama.x at 398 nm. Copolymer 4.6a lacks the 5-dodecylthiophene side
chains found in 4.6b and c, likely accounting for the difference in Amax. Also notable is the small
peak at 450 nm only found in the absorption spectra for 4.6b. In the case of 4.6b there are TP-

based dodecyl side chains vs. TP-based hexyloxy side chains in 4.6c.

Table 4.4. Optical data for TPBDT copolymers.

Entry Amax (Solution)? Amax (Solid)® Eq (eV)°
4.6a 398, 641 402, 658 15
4.6b% 336 (450), 696 (760) 342 (450), (688) 760 1.4
4.6c 349, (639) 691 351, (640) 694 15

% In CH3ClI, ® Film formed via spin coating on glass plate, ¢ Optical.

The second low energy charge transfer (CT) band is a transition from the HOMO, located
along the polymer backbone, to the more pyrazine-based LUMO. In solution 4.6a has the lowest
onset and the weakest shoulder; this could be due to a combination of effects including lower
molecular weight and removal of the BDT-based 5-dodecylthiophene side chain. In both cases
this would result in decreased conjugation and thus a higher Egq. In the solid state there is a ~40
nm red shift, due to packing giving it an onset equal to that of 4.6¢. Copolymer 4.6b has both the
highest Amax, 760 nm for solid-state, and onset of all three polymers. A high molecular weight
and extended conjugation through the BDT-based thiophene side-chains are likely the cause of
this red shift. Additionally, it is notable that going from solution to solid state spectra for 4.6b,

the Amax Shifts from the high energy to low energy peak, indicating increased packing order. The
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absorption spectra for 4.6¢ changes very little from solution to solid-state. In both cases the
onset, low energy Amax, and high energy shoulder remain the same. In solution, 4.6¢ has an onset
between that of 4.6a and c. However, as previously mentioned, 4.6a and b have a nearly
identical onset in solid state. Copolymer 4.6¢ has on onset blue-shifted ~35 nm from that of
4.6a. This is in good agreement with previous polymers featuring TP-based alkyloxy side chains,
which all experience a blue-shift in absorption onset due to the electron-donating nature of the

functionality.
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Figure 4.5. (A) Solution (in CHCI53) and (B) solid-state absorption data of TPBDT copolymers.

4.2.3. Electrochemistry

Electrochemical Data for TPDTP Copolymers. Electrochemical experiments were
performed on generated TPDTP copolymers using cyclic voltammetry (CV), as shown in Figure
4.6. The Ep,, along with calculated HOMO and LUMO levels and Eq for each polymer can be

found below in Table 4.5. Copolymer 4.4a shows both a strong oxidation peak at 0.69 V and a
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strong reduction peak at -1.70 V. Both appear to be electrochemically reversible. The onset of
oxidation for 4.4a occurs at a much lower potential than the other TPDTP copolymers.
Copolymer 4.4b features a strong oxidation peak at 0.35 V, however, no reduction peak is
observed. Based on molecular weight, it would be expected 4.4b would have an onset of
oxidation lower than that of 4.4a due to increased conjugation. However, it may be the longer
side chains on the TP unit cause greater disorder in the polymer film, thus causing the HOMO to

be stabilized.

Table 4.5. Electrochemical data for TPDTP copolymers.®

Entry Epa (V)° HOMO (eV)® LUMO (eV)° Eg (eV)*
4.4a 0.69 -4.7 -3.8 0.9
4.4b 0.35 -4.8 -4.0 0.8
4.4c 0.65 -5.2 -3.9 1.3

# Film formed by drop casting from CHClIj solution on a Pt disc working electrode. Potentials vs.
Ag/Ag" in 0.1 M TBAPFg in MeCN. ® Exiomo Was determined from the onset of oxidation vs.
ferrocene (5.1 eV vs. vacuum).* °E_ymo = Enomo — Eg. © Optical.

The lack of a reduction peak is thought to be due to hindrance of the counter ion to enter
the site of reduction due to the longer side chains of TP. The potential of oxidation for copolymer
4.4c occurs at 0 V, yielding a HOMO at 4.1 eV, the same as poly(2,3-dihexyloxythieno|[3,4-
b]pyrazine). This indicates a HOMO largely dominated by the TP unit. Again, no reduction peak
is seen, potentially again due to side chain hindrance of the counter ion. Several attempts were

made, both with 4.4b and c to produce a reduction peak, however, none were successful.
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Figure 4.6. Cyclic voltammograms of TPDTP
copolymers.

Electrochemical Data for TPBDT Copolymers. Electrochemical studies of TPBDT
copolymers were performed via cyclic voltammetry. The data for these polymers is found in
Table 4.6 and representative spectra can be found in Figure 4.7. Copolymers 4.6a and c both
have an oxidation onset at ~0.55 V, giving a HOMO of -5.6 eV. It would typically be expected
from TP-based alkyloxy side chains on 4.6c to see destabilization of the HOMO compared to the
alkyl chains on 4.6a. However, due to the additional BDT-based thiophene side chains on 4.6¢
no direct comparison between the two can be made. No reduction peaks appeared for polymer
4.6a and so the LUMO was calculated based on the optical Eg; both appear at -4.1 eV. Although
a reduction is seen for 4.6c¢, this is a coupled reduction to the previously mentioned oxidation
peak and not representative of the first polymer reduction. Thus the LUMO for 4.6¢ was found in
the same manner as 4.6a. Polymer 4.6b shows significantly different behavior from the other

polymers. The onset of oxidation occurs at ~0.20 V, giving a destabilized HOMO of -5.3 eV.
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This increased destabilization of the HOMO is likely due to high molecular weight. This is also

the only polymer showing a reduction peak, giving an onset of -1.50 VV and LUMO of -3.6 eV.

Table 4.6. Electrochemical data for TPBDT copolymers.

Entry Epa (V) HOMO (eV)° LUMO (eV)° Eg (eV)"
4.6a 1.05 -5.6 -4.1 1.5
4.6b% 1.25 5.3 -3.6 1.4
4.6¢ 1.66 -5.6 -4.1 1.5

% Film formed by drop casting from a CHCI5 solution on a Pt disc working electrode. Potentials
vs. Ag/Ag* in 0.1 M TBAPFg in MeCN. ° Eromo Was determined from the onset of oxidation vs.
ferrocene (5.1 eV vs. vacuum).64 “ELumo = Enomo — Eg. d Optical.

23009 D - 1000 2000

Potential (mV)

Figure 4.7. Cyclic voltammograms of TPBDT copolymers.

4.2.4. OPV Device Properties

Solar Cell Properties of 4.6a. All polymers generated in this chapter were evaluated as
an active layer donor material in bulk heterojunction solar cells. Copolymers 4.4a-c, although
showing photo response, yielded no functioning solar cells. Devices featuring copolymers 4.6a-

¢, however, did generate functioning solar cells. The data from these devices can be found in
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Table 4.7. As shown from the data, as the blend increases in PCs;BM content, V. decreases.
However, this is offset by an increasing Jsc and FF, yielding an overall increase in efficiency as
the PC¢BM content increases. The maximum efficiency is found with the 1:4 polymer:PCgs;BM
blend with an efficiency of 0.42%. The IV (current vs. voltage) curve from this device can be

found in Figure 4.8.

Table 4.7. OPV device data for copolymer 4.6a.

4.6a:PCq;1BM Ve (V) Isc (MA) FF (%) n (%)
1:1% 0.44 -0.080 31.3 0.22
1:22 0.44 -0.099 34.7 0.31
1:3% 0.42 -0.115 38.7 0.37
1:42 0.39 -0.112 44.0 0.42
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Figure 4.8. IV characteristics for 4.4a at 1:3
polymer:PCs;BM blend.

Solar Cell Properties of 4.6b. Stefan and coworkers generated solar cell devices from

copolymer 4.6b and tested these under various 4.6b:PCs;BM solution ratios.%? The results of
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these tests may be found below in Table 4.8. The device with a blend of 4.6b:PCs;BM (1:3)
yielded the highest efficiency. Although devices with a higher PC:BM blend gave a higher Vo,
both Js. and FF decreased. The addition of diiodooctane (DIO) as a cosolvent was attempted to
improve the efficiency of the 1:3 polymer:PCgs:BM devices. However, a decrease in efficiency
was observed. This is owed mostly to a decrease in fill factor, possibly contributed by poor film

formation. These results are not shown.

Table 4.8. OPV device data for copolymer 4.6b.%

4.6b:PCs;BM Voc (V) Jsc (MA/cm?) FF (%) n (%)
2:1 0.40 0.83 32 0.10
1:1 0.47 1.35 43 0.27
1:2 0.46 1.53 49 0.34
1:3 0.48 1.71 64 0.52
1:4 0.46 1.67 53 0.40
1:5 0.50 1.69 55 0.47
1:6 0.50 1.70 60 0.51

% This data represents the highest measured values.

Solar Cell Properties of 4.6¢. Solar cells were made of copolymer 4.6¢ by Trent
Anderson. The data from these devices can be found in Table 4.9 and the representative data of
the light curves for all three ratios can be found in Figure 4.9. This polymer did not produce
devices as efficient as the prior two TPBDT copolymers. This is likely due to the difference in
electronics from the alkyloxy side chains on TP.

The data shows that both the 1:1 and 1:3 (polymer:PCg;BM) cells produced the highest
efficiencies of 0.19% for these materials. A drop in efficiency is seen going to the 1:2 blend
which is mostly attributed to the drop in Js.. All three devices have roughly similar V. values so
this is not greatly affected by changing the active layer blend. Fill factor, however, appears to

increase with increasing PC¢BM content.
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Table 4.9. OPV device data for copolymer 4.6c.

4.6a:PC¢BM Vo (V) Jsc (MA/cm?) FF (%) n (%)
1:1° 0.41 1.56 23.4 0.19
1:2° 0.42 0.88 31.4 0.12
1:3 0.37 1.41 35.9 0.19
& Annealed.
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Figure 4.9. IV light characteristics for 5.6c.

4.3. Conclusion

Two sets of TP-based copolymers were made by Stille polycondensation. The first set of

polymers combines the TP and DTP projects. The generated TPDTP copolymers all feature band

gaps below 1.5 eV, making them low band gap materials. Copolymer 4.4b, with the TP-based

dodecyl side chain displayed the highest molecular weight, likely due to increased solubility of

the growing polymer. Correspondingly, the band gap of 4.4b is also the lowest. The highest band
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gap TPDTP is 4.4c, which is in good agreement with other polymers featuring alkyloxy-
fuctionalized TPs. However, in contradiction to previous alkyloxy TP compounds, 4.4c features
the deepest HOMO of all TPDTP copolymers. Due to the electron donating nature of the
alkyloxy side chain destabilization of the HOMO should be expected. This inconsistency could
be due to lowered molecular weight of 4.4c, compared to the other two TPDTP copolymers.
Although application of these materials into OPV devices was attempted and showed photo
response, no current was generated. This is likely due to the high HOMO observed with these
polymers.

The second group of copolymers discussed in this chapter combined TP with two forms
of BDT. Copolymer 4.5a featured protons at the 4- and 8- positions while b and ¢ have 5-
dodecylthiophene side chains. All three polymers were generated in good yield and have high
molecular weights. These polymers had slightly larger band gaps, likely due to the introduction
of a phenyl unit in BDT, all at around 1.5 eV. Copolymer 4.6¢ has a blue shifted onset in
comparison to 4.6b, likely due to the alkyloxy side chains. Polymers 4.6a and ¢ show similar
HOMO and LUMO energies, while 4.6b shows an overall destabilization of MO energies.

The TPBDT copolymers were applied to solar cell devices. Solar cells featuring 4.6a as
the donor in the active layer were made in Newcastle, Australia and yielded a high PCE of
0.42% with the 4.6a:PCs;BM blend of 1:4. Stefan and coworkers produced solar cells containing
a 4.6b donor material. Devices produced with 4.6b yielded a high PCE of 0.52% with the
4.6b:PCs:BM blend of 1:3. Although attempts were made to further increase efficiency with
cosolvent DIO, no increase was observed. Trent Anderson generated solar cells with 4.6¢ as the
donor material. A high efficiency was observed in the 1:1 and 1:3 polymer:PC61BM devices at

0.19%, considerably lower than previously generated TPBDT copolymers. However, this might
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be due to the differing electronics from the TP-based alkyloxy side chains. While V. did not
greatly alter from cell to cell, Js; experienced a strange decrease with the 1:2 blend and Fill
Factor increased with increasing PCg:BM content, likely due to increased charge separation
capabilities.

Although high efficiency cells were not generated from these polymers, a greater
understanding of structure-function relation was obtained, which may then be used in future
endeavors. Use of electron-withdrawing side chains, either TP-based or DTP-based, would
stabilize the polymer HOMO and might lead to working solar cells. Additionally, as introduction
of electron-donating TP-based side chains led to reduction in solar cell efficiency for TPBDT
polymers, a change to electron-withdrawing TP-based side chains would be worth attempting to
further examine structure-function relations in solar cell devices.

4.4. Experimental
4.4.1. General

Unless noted, all materials were reagent grade and used without further purification.
Chromatographic separations were performed using standard column chromatography methods
with silica gel (230-400 mesh). Dry THF and toluene were obtained via distillation over
sodium/benzophenone. All glassware was oven-dried, assembled hot, and cooled under a dry
nitrogen stream before use. Transfer of liquids was carried out using standard syringe techniques
and all reactions were performed under a dry nitrogen stream. The *H NMR and **C NMR were
completed on a 400 MHz spectrometer. All NMR data was referenced to the chloroform signal
and peak multiplicity was reported as follows: s = singlet d = double, t = triplet, q = quartet, p =
pentet, tt = triplet of triplets, m = multiplet and br = broad. The following compounds were

synthesized according to previously reported literature procedures: N-octyldithieno[3,2-b:2”,3’-
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d]pyrrole (4.1),%® N-octyl-2,6-bis(trimethylstannyl)dithieno[3,2-b:2°,3’-d]pyrrole (4.2),* 5,7-
dibromo-2,3-dihexylthieno[3,4-b]pyrazine (4.3a),%® poly(2,3-dihexyltheino[3,4-b]pyrazine-co-N-
octyldithieno[3,2-b:2°,3-d]pyrrole) (4.4a),> poly(2,3-didodecyltheino[3,4-b]pyrazine-co-N-
octyldithieno[3,2-b:2°,3-d]pyrrole) (4.4b),?® poly(2,3-dihexyloxytheino[3,4-b]pyrazine-co-N-
octyldithieno[3,2-b:2°,3-d]pyrrole) (4.4c),*® 2,6-(trimethylstannyl)benzo[1,2-b:4,5-
b’]dithiophene (4.5a), 2,6-(trimethylstannyl)-4,8-bis(5-dodecylthiophene-2-yl)benzo[1,2-b:4,5-
b’]dithiophene (4.5b).%

Poly(benzo[1,2-b:4,5-b’]dithiophene-co-2,3-didodecylthieno[3,4-b]pyrazine) (4.6a).
To a three-neck round-bottom flask, 4.5b (0.128 g, 0.128 mmol), 4.3b (0.081 g, 0.128 mmol),
Pd.dbas (0.002 g, 0.002 mmol), and tri(o-tolyl)phosphine (0.002 g, 0.007 mmol) were added
under a nitrogen atmosphere. Toluene (20 mL) was added to dissolve all reagents and the system
was again evacuated and backfilled with nitrogen four times. The solution was heated at reflux
for 4 days. The polymerization was stopped by cooling to room temperature and precipitating the
polymer in methanol. The polymer was filtered and then purified using Soxhlet extractions with
methanol, acetone, hexane, and chloroform. The polymer was obtained from the chloroform
fraction upon evaporation of the solvent. The polymer was obtained was a dark bluish/black
solid (73% vield). *H NMR: 7.52, 3.33, 2.61, 1.54, 1.29, 0.89. GPC: Mw = 12600, M, = 9700,
PDI=1.3.

Poly(4,8-bis(5-dodecythiophene-2-yl)benzo[1,2-b:4,5-b’]dithiophene-co-2,3-
didodecylthieno[3,4-b]pyrazine) (4.6b). Polymer 4.6b was produced as reported in literature
procedures (73% yield).** *H NMR: (CDCls, 500 MHz), § 7.70, 7.15, 3.63, 2.64, 1.56, 1.28,

0.89. SEC: Mw = 30000, M, = 12200, PDI = 2.5.
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Poly(4,8-bis(5-dodecythiophene-2-yl)benzo[1,2-b:4,5-b’]dithiophene-co-2,3-
dihexyloxythieno[3,4-b]pyrazine) (4.6¢). Polymer 4.6¢ was produced in the same manner as
4.6a substituting 4.3b with 4.3c. The polymer was obtained was a dark bluish/black solid (73%
yield). 'H NMR: § 7.70, 7.13, 4.71, 3.17, 1.60, 1.53, 1.26, 0.89. GPC: M,, = 73400, M, = 27000,
PDI =2.7.

4.4.2. Electrochemistry

All electrochemical techniques were performed on a Bioanalytical Systems BAS 100B/W
electrochemical analyzer. Cyclic voltammetry (CV) experiments were performed using a three-
electrode cell consisting of a Pt-disc working electrode, Pt coil wire auxillary electrode, and an
Ag/Ag" reference electrode. A 0.1 M electrolyte solution was prepared with
tetrabutylammonium hexafluorophosphate (TBAPFg) using MeCN distilled over CaH, under dry
nitrogen. The solutions were deoxygenated with argon for at least 20 min prior to each scan and
blanketed with argon during the experiments. Solutions of polymers in CHCI3; were drop cast on
the working electrode and dried to form a solid film. CV experiments were performed in the
above described cell at a sweep rate of 100 mV/s. Enomo values were determined in a reference
to ferrocene (5.1 V vs. vacuum)® and the E_umo Was determined from the following equation:
ELumo = Enomo — optical band gap.

4.4.3. UV-vis-NIR Absorption Spectroscopy

All absorption spectroscopy was performed on a Carry 500 dual-beam UV-vis-NIR
spectrophotometer. Solution-state spectra were analyzed in chloroform and solid-state spectra
were analyzed with the polymer spin coated on a glass plate. The optical band gaps were
determined from the onset of the lowest energy absorption by extrapolation of the steepest slope

to the intersection with the wavelength axis.
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4.4.4. OPV Device Fabrication

OPV Device Fabrication for 4.6a. Glass substrates coated with patterned indium-tin
oxide (ITO) were cleaned prior to use by heating in a bath of detergent at 90 °C followed by 15
min sonication. The detergent was then poured out and the plates were rinsed 3 times with
deionized water. The plates were then placed in under sonication in acetone and isopropanol in
succession for 15 min each, followed by drying under dry N2. A 0.5 mm filtered dispersion of
PEDOT:PSS in H,O was spun cast at 5000 rpm for 60 s onto the cleaned ITO plates and then
heated to 200 °C for 5 min to yield a film of ~40 nm. A blend of polymer:PC¢:BM at
concentrations of 40 mg/mL were filtered through a 0.45 mm filter and spun cast at 700 rpm for
60 s onto the PEDOT:PSS layer. The substrate was then dried at 60 °C for 10 min. The
aluminum cathode was vacuum deposited at a pressure of 1 x 10" mbar, giving a thickness of
100 nm. The IV characteristics of the devices were then measured at AM 1.5 simulated light.

OPV Device Fabrication for 4.6b.°*OLED-grade glass slides were purchased with
prepatterned indium tin oxide (ITO) electrodes from Luminescense Technology (Taiwan). The
substrates were cleaned with deionized water, acetone, and isopropanol successively by
sonication for 20 min each and then the substrates were subjected to UV/ozone treatment for 10
min prior to use. Immediately after ozone treatment, PEDOT:PSS was spin cast (4000 min,
1740 min™ s, 90 s) onto the substrates, followed by annealing at 120 °C for 20 min under
nitrogen, resulting in a film thickness of ~20-25 nm. The PCBM/polymer blend was prepared in
chloroform at different weight ratios of polymer and PCBM, but maintaining a total
concentration of 15 mg/mL. This blend was then spun cast (2000 min™, 1740 min™* s, 60 s) onto
the PEDOT-PSS/substrate. Cathodes consisting of calcium (10 nm) and aluminum (100 nm)

were thermally evaporated at a rate of ~2.5 A/s through a shadow mask to define solar cell active

97



areas. IV testing was performed under a controlled N, atmosphere using a Keithley 236, model
9160 interfaced with LabView software. The solar simulator used was a THERMOORIEL
equipped with a 300 W xenon lamp; the intensity of the light was calibrated to 100 mW cm™
with a NREL-certified Hamamatsu silicon photodiode. The active area of the devices was 10.0
mm?. The active layer film thickness was measured using a VVeeco Dektak V111 profilometer.
OPV Device Fabrication for 4.6¢. Organic solar cells were fabricated on patterned
indium tin oxide (ITO) glasses with a sheet resistance of 20 Q/sq. The ITO glass was cleaned by
sequential ultrasonic treatment in detergent, deionized water, acetone, and isopropanol, and then
treated in a bench-top plasma cleaner (PE-50 bench top cleaner, The Plasma Etch, Inc., USA) for
2 min. PEDOT:PSS (Clevious P VP Al 4083 H. C. Stark, Germany) solution was filtered
through a 0.45 um filter and then spin coated at 4000 rpm for 60 s on the ITO electrode. The
PEDOT:PSS layer was baked at 100 °C for 40 min in the air to remove any moisture that might
be present in film. The PEDOT:PSS coated substrates were transferred to a N, filled glove box.
A blend solution of THE POLYMERS(Rieke Metals, Inc., MW = 17kDa) and PCBM (Nano-C)
at a concentration of 30-40 mg/mL (at varying ratios w/w) in 0.25 mL of chloroform. The
solution was spun on the top of the PEDOT:PSS layer at 800 rpm for 45 seconds. After an hour
of aging half of the POLYMER:PCBM blend films were thermally annealed at 105 °C for 5
minutes. The edges of the solar cell were cleaned using chloroform before being capped with the
cathode consisting of LiF (~1 nm) and Al (~100 nm) which were thermally evaporated on the
active layer under a shadow mask in a base pressure of 1x10° mbar. The device active area was
~7.9 mm? for all the solar cells discussed in this work. The J-V measurement of the devices was

conducted on a computer controlled Keithley 2400 source meter. The J-V measurement system
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uses a solar simulator with a Class-A match to the AM1.5 Global Reference Spectrum. It is

calibrated with KG5-filtered silicon reference cell with calibration traceable to NREL and NIST.
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CHAPTER 5. SYNTHESIS AND CHARACTERIZATION OF THIENO[3,4-

b]JPYRAZINE-BASED COPOLYMERS WITH PHENYL COMONOMERS.
5.1. Introduction

The field of conjugated polymers (CPs) has grown substantially in the past few decades
due to interest in their use in technological applications. Much of this interest is due to their
unique combination of inorganic electronic and optical properties with the processability and
mechanical flexibility of typical organic polymers.*® Additionally these materials may be tuned
on the molecular level by modification of monomer units, addition of side chains, or combination
with other units.* %2

Thieno[3,4-b]pyrazines are a class of materials which have been shown to feature a low
band gap, advantageous in absorbing light in the solar spectrum.**™ As discussed in Chapter 2,
pTPs may be generated easily via Grignard metathesis (GRIM) polymerization.™> However, a
common drawback to these types of materials is a high HOMO which, while increasing solar
absorption, reduces open circuit potential in OPV devices. Thus, while TPs are typically
designated as an electron accepting group due to their stabilized LUMO, it has been shown that
the HOMO has donating capabilities equal to and even exceeding that of 3,4-
ethylenedioxythiophene (EDOT).!"*® Thus one of the goals of this research is to utilize the
unique properties of TPs and combining them with methods previously used to generate
materials yielding high device efficiency.

As previously discussed, tuning of the band gap as well as frontier molecular orbitals is
of particular interest in optimizing materials for use in electronic devices. The approach of
combining strong electron-rich units with electron-deficient units to generating donor-acceptor

(DA) copolymers has become a popular in tuning electronic properties.'** Materials generated
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from this approach have yielded materials with promising electronic and optical properties for
device application.??® However, as TPs have been reported to have character of both a strong
donor and acceptor,'® a goal of research in this area was to use TPs as a donor unit and examine
the properties when combining them with common aryl-based units. Of particular interest is
combining TPs with other typical acceptor units.

In the first section of this chapter various TPs were combined with fluorene (FLO).
Fluorene is an aryl-based system, commonly used in the generation of organic light-emitting
diodes (OLEDs) due to its high quantum efficiency and charge transport ability.?”?® Fluorene is
classically considered to be a donor system due to its aromatic backbone. As fluorene has been
used in numerous DA copolymers, it serves as a good comonomer for comparison of new
materials.?>** Additionally, combination of TPs with fluorene should stabilize the HOMO, while
still maintaining the TP-based LUMO. Several TPFLO copolymers were generated via Suzuki
cross-coupling; the synthesis and characterization of TPFLO copolymers are described in
Section 5.2. A TP-based terthiophene was also combined with fluorene to examine the nature of
flanking thiophene units on the polymer backbone. A solar cell device was also made and
characterized from one TPFLO copolymer.

A previously state goal of this research was to combine TPs with typical acceptor units,
thus using TP as the donor material. This approach would allow the generation of materials
which maintain a low band gap, but have slightly stabilized HOMOs to improve device
performance. In an effort to examine the properties of such materials, TP was combined with two
materials classified as acceptor materials. The monomer 2,3,1-benzothiadiazole (BTD) is a
commonly used system in the generation of DA copolymers as an acceptor material and has

yielded materials of high OPV efficiency.® Phthalimide (PTH) is another phenyl-based acceptor
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unit commonly used in DA copolymers. In 2009 Watson and coworkers generated copolymers
with N-alkylphthalimide with field-effect mobilities of 0.28 cm?/(V s) thus making it a promising
material for device application.*® Preparation of copolymers featuring both BTD and PTH
combined with TP are described in Section 5.2. These polymers, however, were generated by

direct hetero(arylation), an increasingly popular method of cross-coupling.

£
N N
NN (0] (0]
E\ /f
2,3,1-Benzothiadiazole Phthalimide
(BTD) (PTH)

Chart 5.1. Acceptor materials combined
with TPs in acceptor-acceptor polymers.

Methodologies toward the generation of new carbon-carbon bonds, in an effort to expand
the scope of new materials available, for synthesis have been a well research topic. In aromatic
systems this typically takes the form of metal-catalyzed cross coupling reactions. Such reactions
as Stille, Suzuki, and Kumada cross coupling have successfully been applied in the field of CPs
to generate new polymers in good yield and high molecular weight. However, in cases such as
Stille or Suzuki coupling, functionalization with an organometallic moiety such as —SnR3 or —
B(OR)3, respectively, is required to couple with a leaving group (I, Br, OTf, etc.) prior to
polymerization.>"® This both increases the number of synthetic steps required and introduces
potential synthetic complication such as instability of a polymer precursor. Organostannyls, used

in Stille coupling, are highly toxic and thus elimination of their use is highly advantageous.
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Thus, a push for use of new synthetic methods toward cross-coupling is of significant
interest. In 2006 Fagnou and coworkers introduced a cross-coupling method to combine
electron-deficient aromatics using a palladium catalyst and phosphine ligand.*® This work along
with subsequent optimization has yielded the method coined direct(heteroarylation)
polycondensation.*®*’ In copolymerizations, this method requires one unit to be a dihalide while

the other may remain unfuctionalized, thus removing the required organometallic moiety. Like

-~
wn
-

other cross-coupling methods direct(hetero)arylation uses transition metal catalysts and a base to
Br
d_ :

Pd(0) /—\&
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P
p P = phosphine
KHCO, K,CO;5 + @\H
K,CO;
& @
KHC03 @ / N
P
Ko,co-H p-Pds

Scheme 5.1. Mechanism for direct (hetero)arylation between thiophene and
bromobenzene without a carboxylate additive.*’
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deprotonate. The proposed mechanism without a carboxylic additive, submitted by Leclerc and
coworkers, is represented in Scheme 5.1.%" In this mechanism are common transformations seen
in other cross-coupling mechanisms including oxidative addition of the aryl halide and reductive
elimination to form the final product. However, this mechanism utilizes C-H activation to add
the alternating monomer. This method has been used to generate several polymers in high yield
and molecular weight.*>*® Although highly efficient, selectivity is an issue with this method. As
units such as thiophene may contain both o and p protons free for coupling, cross-linking or
coupling at the 8 position occurs as shown in Scheme 5.2.%® To avoid such issues careful

selection of monomeric units is required.

Y o 74 |
S

\ (Pd(0) ==
\_$

Scheme 5.2. General example of DHAP coupling benzene
to a thiophene through the 2- and 3- positions.

5.2. Results and Discussion
5.2.1. Synthesis

Synthesis of TPFLO Copolymers. TPFLO copolymers 5.3a,b were generated via
Suzuki polycondensation with the dibromoTP and fluorene-diboronic ester as shown in Scheme
5.3. The reaction was heated to reflux using a Pd(PPh3)ClI; in toluene for four days to give 5.3a
and 5.3b in 43% and 41% respectively. Both reactions began yellow and changed color over
time with 5.3a changing to a bright red and 5.3b changing to a yellow-brown color,

corresponding to the color of emission for each polymer. Both polymers were endcapped with
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phenylboronic acid and phenylbromide to remove reactive endgroups which may chemically
react and stabilize the polymers. Additionally boronic acids may act to trap electrons, thus
lowering the efficiency of any prepared devices, and so removal of these groups should inhibit

the capabilities.®>!

R 53 aR=C,H

. 1225

1) K,CO5, H,0 R7/§ bR =0CH,;
CgHy7 CgH 5 Pd(PPh;),Cl, I N
Toluene, A N
zi aoagex o
5.1 a R = C12H25 . \OH
b R = OC6H13

Scheme 5.3. Synthesis of polymers 5.3a,b via Suzuki polycondensation.

In order to analyze the effect of flanking thiophenes on TPFLO copolymers, a terthienyl
analogue of 5.2b was generated.® The synthesis of this polymer is shown in Scheme 5.4.
Synthesis of this polymer first required assembly of the terthienylOCsTP. To generate this, first
5.1a and 2-tributyltinthiophene were combined to generate 5.4 via Stille coupling. A bromination
of 5.4 was then attempted; however, all trials resulted in decomposition of the material. In an
effort to continue the project, Stille coupling of the terthienyl and dibromofluorene was
attempted. Generation of 5.5 was completed by deprotonation with BuLi and subsequent addition
of Me3SnCl. Purification of 5.5 was accomplished by running it through a EtsN-treated silica gel
plug. This generated the pure 5.5 which was then combined with 5.6 using a Pd,dbas catalyst and
P(o-tolyl)s for a ligand in toluene to generate the polymer 5.7 via Stille coupling. The polymer

was generated in a 41% yield.
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Scheme 5.4. Synthesis of 5.7 via Suzuki polycondensation.

All three polymers have similar yields at 41-43% regardless of polymerization technique
used. All the molecular weights, found in Table 5.1, of all three polymers were obtained via GPC
with giving an M, of 4800 for 5.3a and 2700 for 5.7. All three M, values are relatively low, with
the lowest being that of the terthienyl polymer. The lower M, for 5.7 could be due in part to the
scale of the reaction, which was at a third the scale of either 5.3a or b. All three polymers were
readily soluble in CHCI; and THF and thus the low molecular weights are not due to the polymer

precipitating out of solution.

Table 5.1. Yields and molecular weight data for TPFLO copolymers.

Entry M," PDI? Yield (%)
5.3a 4800 1.3 43
5.3b - - 41
5.7% 2700 1.5 41

& Determined via gel permeation chromatography (GPC).
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5.2.2. UV-vis-NIR Absorption Spectroscopy

Absorption Data for TPFLO Copolymers. The representative solution and solid state
absorption spectra of 5.3a, b, and 5.7 are shown in Figure 5.1; the data from these spectra can be
found on Table 5.2. All polymers show the two absorption bands typically seen in TP-based
polymers, with the first transitions at 300-400 nm, representative of the polymer backbone n-1t*
transfer. The low energy transfer bands in 5.3b and 5.7 are blue shifted from 5.3a, likely due to
molecular weight differences. The low energy band in the solid state for 4.7 appears to largely
disappear, blending into one broad peak.

The second low energy bands are representative of the charge transfer from polymer
backbone to the TP-based pyrazine. Both 5.3a and 5.3b show a slight red shift in absorbance
going from solution to solid state, due to polymer packing. Comparison of optical onset for 5.3a
(660 nm) and 5.3b (620 nm) shows a shift of 40 nm to higher energy in the latter, giving a larger
band gap for 5.3b. This is in good agreement with both the TP monomer and homopolymer data,
in which alkyloxy TP analogues show larger HOMO/LUMO gaps than those of the alkyl TPs.
Some contribution, however, may be a product of lower molecular weight. Copolymer 5.7 shows
little affect from solid state packing, having a similar onset as in the solution spectrum and has
the lowest optical onset at 540 nm. Due to the low molecular weight of 5.7 this is not

unsurprising.

Table 5.2. Optical properties of TPFLO copolymers.

Entry Solution Amax Solid Amax’ Band gap (eV)"
5.3a 360, 515 365, 558 1.87
5.3b 300, 454 338, 475 2.0
5.7 343, 451 444 2.3

% In CHsClI, " Film formed via spin coating on glass plate. ¢ Optical.
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Figure 5.1. (A) Solution (in CHCI3) and (B) solid-state absorption spectra of TPFLO copolymers.

5.2.3. Electrochemistry

Electrochemistry of TPFLO Copolymers. The CV experiments were performed on
TPFLO copolymers with data found on Table 5.3 and representative CVs can be found in Figure
5.2. The TPFLO copolymers 5.3a and 5.3b feature oxidation peaks shifted 100 mV to a negative
potential going from an alkyl to an alkyloxy side chain. This indicates a destabilization of the
HOMO and is in good agreement with monomer and homopolymer data seen previously in
Chapters 2 and 3. Copolymer 5.7, also with an alkyloxy side chain, features an even further
negatively shifted oxidation peak, indicating further destabilization of the HOMO. Although a
reduction peak is observed in each polymer it is likely, as with the homopolymers, these are due
to a coupled reduction of the oxidation peak, indicating these polymers to have electrochemically
irreversible oxidation. Based on the optical band gap, reductions of each polymer should be

observed at a more negative potential than seen, lending credibility to this assumption.
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Table 5.3. Electrochemical properties of TPFLO copolymers.

Entry Epa (V)? HOMO (eV)° LUMO (eV)® E, (eV)*
5.3a 1.19 -5.8 -39 1.9
5.3b 1.09 -5.4 -3.4 2.0
5.7° 0.66 -5.4 -3.1 2.3

% Film formed by drop casting from a CHClI; solution on a Pt disc working electrode. Potentials
vs Ag/Ag* in 0.1 M TBAPFs in MeCN.” EHOMO was determined from the onset of oxidation
vs ferrocene (5.1 eV vs vacuum).> ° E_ ymo = Exomo — Eg, © Optical.

B 53 aR=C,H,;, =—
e U SRt
CgHyy CH &

CH,0  OCH,

Potential (V vs. Ag/Ag")

Figure 5.2. Cyclic voltammogram of TPFLO copolymers.

5.2.4. Synthesis

Synthesis of Other TP-aryl Copolymers via Direct (Hetero)arylation. The copolymer
poly(thieno[3,4-b]pyrazine-co-2,3,1-benzothiadiazole) (TPBTD) 5.9 was generated via direct
heteroarylation of 5.1a and 5.8 (prepared by Cole Larsen). The reaction used a Pd(OAc),

catalyst with K,COj3 as a base and a tri(o-methoxyphenyl)phosphine ligand, performed in THF at
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70 °C for two days generating the polymer 5.9 in 31.3% yield. The reaction color started as
yellow. However, after 5 h of heating, the reaction turned black-purple.

A second polymer poly(thieno[3,4-b]pyrazine-co-N-octylphthalimide) (pTPPTH) 5.11
was prepared in a similar fashion to 5.9, via combination of 5.1a and 5.10. However, the solvent
was changed to toluene in order to increase the reaction temperature. This reaction began a
yellow solution and turned red in color upon heating to reflux. The synthesis of both polymers is

shown in Scheme 5.5 and yields and molecular weight data can be found on Table 5.4.

< P Cc,,H C,H
<2>3 12Has  CioHos
CioHys  CppHys >—<

> < N/S\N /O N/ \N
NoOW W K,COs, Pd(OAc),
U Br@*Br THF, 70 °C /\
S
S
7 n
5.1a 58 5.9 N\SJ\I
( p
CipHys  CipHys CgH 7 3
> < I{I 0
7\ (0] (0] /
N N + K2CO3, Pd(OAC)2
>/ \< Br Br Toluene, 95 °C
S
5.1a 5.10

Csﬁn
Scheme 5.5. Synthesis of 5.9 and 5.11 via direct (hetero)arylation cross-coupling.

Table 5.4. Yields and molecular weight data for TP-arylene copolymers.

Entry M,? PDI? Yield (%)
5.9 1200 14 31.3
5.11 3400 1.3 52.8

% Determined via gel permeation chromatography (GPC).
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5.2.5. UV-vis-NIR Absorption Spectroscopy

Absorption Data for TP-arylene Copolymers. The absorption data for 5.9 and 5.11 is
found on Table 5.5 and the representative data can be found in Figure 5.3. As with the previous
polymers, these have a dual band absorption profile. The first high energy band at ~300 nm,
again, is representative of the n-rt* transition. Copolymer 5.9 has a low energy band with onset

at 900 nm is due to the afore mentioned charge transfer excitation. This band features shoulders,

Table 5.5. Optical properties of TP-arylene copolymers.

Entry Solution Amad Solid Amax Band gap (eV)°
5.9 257, 317, 561 (615) 320, 584 (630) 13
5.11 321, 462 322,483 2.0

% In CH3Cl, ® Film formed via spin coating on glass plate. ¢ Optical.

Absorbance (arb. units)

T T
1200 1400

T T T T T T T

I
400 600 800 1000
Wavelength

Figure 5.3. Solid-state absorption of TP-arylene
copolymers 5.9 and 5.11.
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showing good vibrational activity. There is a slight red shift in all Anax peaks and onset going
from solid to solution state, indicative of polymer packing. The polymer has good absorption
over the entire visible region, into the infrared and has good potential for solar cell application.
Copolymer 5.11 also features two major optical transitions, the first of which is the n-n*
transition seen in TP-based materials, occurring at 322 nm, similar to that seen in 5.9. However,
5.11 has an onset significantly blue shifted by over 200 nm, despite higher molecular weight.
This polymer also has less vibrational structure in the low energy band than 5.9. Due to similar
odd effects in the electrochemistry, discussed later, there is an unknown effect in this polymer
affect its properties.
5.2.6. Electrochemistry

Electrochemistry of TP-arylene Copolymers. Electrochemical characteristics of 5.9
and 5.11 were performed, yielding the data seen in Table 5.6 from the CV spectrum in Figure
5.4. As observed for 5.9, a weak oxidation peak occurs at ~1.2 V with a coupled reduction at 0.1
V, indicating the oxidation is electrochemically irreversible. The polymer has a reduction onset
occurring at ~0.9 V, yielding an electrochemical E4 of 1.4 eV, in good agreement with the optical
Eq.

Elecrochemical experiments were performed on 5.11, however, no activity was observed.
Upon forming a film on the working electrode, thick films caused no electroactivity to occur
while thin films yielded normal background electroactivity. Solution-based electrochemistry was
attempted in CHCI3, however, again only normal background activity was observed. As a final
test, O, was blown over the sample in CHCIs, but yielded no color change. Ultimately it was

concluded copolymer 5.11 was not electroactive.
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Table 5.6. Electrochemical properties of TP-arylene copolymers.

Entry Epa (V)? HOMO (eV)® LUMO (eV)° E, (eV)*
5.9 1.15 -5.6 -4.2 1.3
5.11 - - - 2.0

% Film formed by drop casting from a CHCI5 solution on a Pt disc working electrode. Potentials
vs. Ag/Ag" in 0.1 M TBAPFs in MeCN. " Exomo Was determined from the onset of oxidation vs.
ferrocene (5.1 eV vs. vacuum).*® © E; ymo = Eromo — Eg, ® Optical.

Figure 5.4. Cyclic voltammogram of copolymer 5.9.

5.2.7. OPV Device Properties.

Device Properties for Copolymer 5.3a. Polymer 5.3a was applied as an active layer
donor material in bulk heterojunction solar cells. Only one blend of polymer:PCgBM was
attempted due to time constraints using a 1:1 mixture. The IV characteristics can be found on
Figure 5.5 and data in Table 5.7. The device produced gave an efficiency of 0.027%. The low

PCE seen here could be a contribution of several factors, including low molecular weight and
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polymer absorption. Polymers of low M, will often produce inferior films such as those

produced spin coating with 5.3a:PCs;BM blend.

Table 5.7. OPV device data for copolymer 5.3a.%

Polymer Polymer:PCs:BM (W:w) Voo (V) Js(MA/cmM?)  FF(%) (%)
5.3a 1:1° 0.23 -0.44 0.26 0.027
% annealed.
0.15
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0.03 4

0.01 A
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Figure 5.5. IV characteristics for 5.3a at 1:1 polymer:PCs;BM blend.

Device Properties for Copolymer 5.9. Devices were made using copolymer 5.9 as a
donor in the active layer by Trent Anderson. Successful devices were made using 5.9:PC¢:BM
blends of 1:2 and 1:3, although efficiencies were relatively low in both cases. The IV
characteristics can be found on Figure 5.6 and data in Table 5.8. Although both V. and FF were
reasonable, Js for both cells was very low, likely the cause of the low efficiencies observed in
both devices. One factor which may have contributed to the low efficiencies of generated devices
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is poor film morphology. The films formed via spin coating were both thin and gelatinous. It is
notable that going from 1:2 to 1:3 (polymer:PCs;BM) there is a rough halving of both V. and Jsc

and consequently, PCE.
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. —_— 13 N N
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-0.0054
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Current (MA)

Potential (V)
-0.015+

-0.0204

-0.025+

-0.030-
Figure 5.6. IV characteristics for copolymer 5.9 at 1:2 polymer:PCs;BM blend.

Table 5.8. OPV device data for copolymer 5.9.%

Polymer:PCg¢:BM (w:w) Ve (V) Jse(MA/cm?) FF(%) (%)

1:2 0.89 0.06 31.2 0.02

1:3 0.49 0.03 44.3 0.01
# annealed.
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5.3. Conclusion

Two DA copolymers featuring an alternating TP and fluorene units have been generated
via Suzuki coupling. A third TP based TP-based terthienyl copolymer with fluorene was
generated via Stille coupling. These are representative of more of the traditional DA systems
where the fluorene is considered to be a donor material. All three polymers have profiles
absorbing in the visible region, with the dodecyl analogue being the furthest red shifted. The
copolymer 5.3b shows an expected blue shift in the low energy onset, showing the capability of
tuning the optical properties by altering the TP-based side chains as previously seen in the
homopolymeric materials. Although the terthienyl copolymer 5.7 features a further blue-shifted
absorption profile, this is likely due to low molecular weight and further optimization of
coupling conditions may show a bathochromic shift with higher M,. Copolymer 5.3a was
applied as a donor material in the active layer of a generated solar cell. Although low efficiency
was seen from the device, further optimization of polymer:PCBM blends, along with higher M,
copolymers might improve PCE.

Direct (hetero)arylation polycondensation was used to combine TP with arylene groups
benzothiadiazole and N-octylphthalimide to generate copolymers pTPBTD 5.9 and pTPPTH
5.11. These systems are also DA type polymers. However, in the case of these TP is acting as the
donor material and is combined with other traditionally classified acceptors. Copolymer 5.9 had
an absorption onset blue-shifted >300 nm from that of 5.11. This was also one of the few
copolymers showing both oxidation and reduction peaks in cyclic voltammetry experiments.
Copolymer 5.11, despite showing reasonable spectral absorption showed no electroactivity. It is
unknown at this time why this occurred and thus attempts to generate this polymer under varied

conditions is of interest to make a more useful polymer. Solar cell devices were made from
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copolymer 5.9. Although these showed both low Js. and PCE, it might be of interest to attempt to
generate copolymers with BTD featuring different 2" generation TP-based side chains to
observe the effect these electronic properties have on device performance.

While DHAP showed promise as a method to generate copolymers much work is needed
to optimize conditions. The current conditions used to generate TP-based copolymers worked
well for 5.9, however, less success was observed for 5.11. Upon generation of materials with
high molecular weight with both materials, fabrication of new OPV devices will be desired to
obtain a more accurate measure of these materials’ capabilities in device application. This
technique is very attractive allowing previously unavailable avenues in polymerization as well as
removing difficult synthetic steps and will likely be a focus in future research for these materials.
5.4. Experimental
5.4.1. General

Unless noted, all materials were reagent grade and used without further purification.
Chromatographic separations were performed using standard column chromatography methods
with silica gel (230-400 mesh). Dry THF and toluene were obtained via distillation over
sodium/benzophenone. All glassware was oven-dried, assembled hot, and cooled under a dry
nitrogen stream before use. Transfer of liquids was carried out using standard syringe techniques
and all reactions were performed under a dry nitrogen stream. The *H NMR and **C NMR were
completed on a 400 MHz spectrometer. All NMR data was referenced to the chloroform signal
and peak multiplicity was reported as follows: s = singlet d = double, t = triplet, g = quartet, p =
pentet, tt = triplet of triplets, m = multiplet and br = broad. Melting points were determined using
a digital thermal couple with a 0.1 °C resolution. The following compounds were synthesized

according to previously reported literature procedures: 9,9-diocyl-2,7-bis(4,4°,5,5’-tetramethyl-
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1,3,2-dioxaborolan-2-yl)-9H-fluorene (5.2),>* 2,7-dibromo-9,9-dioctyl-9H-fluorene (5.6),> 4,7-
dibromo-2,3,1-benzothiadiazole (5.8),% N-ocytyl-3,6-dibromophthalimide (5.10).%

Poly(2,3-didodecyl-thieno[3,4-b]pyrazine-co-9,9-dioctyl-9H-fluorene (5.3a). To a 100
mL flask was added 5.1a (0.22 g, 0.37 mmol), 5.2 (0.25 g, 0.39 mmol), and PdClI,(PPhs), (0.013
g, 0.019 mmol). The tube was then evacuated and backfilled with N2 five times. N,-purged
toluene (60 mL) and a solution of N,-purged K,COj3 in H,O (2 mL, 1.6 M) were then added via
syringe and the reaction was heated to 95 °C for 4 days. Bromobenzene (0.003 mL, 0.035 mmol)
was added and the solution was stirred for 1 h after which phenylboronic acid (0.004 g, 0.035
mmol) was added and the reaction was stirred at 95 °C for 1 day. The reaction was then cooled to
RT and precipitated in MeOH (300 mL). The crude polymer was purified via Soxhlet extraction
with MeOH, acetone, and hexanes before being collected in CHCI3. The polymer was then
concentrated via rotary evaporation to produce a red solid (43% yield). *H NMR: § 7.61, 7.30,
3.20, 2.52, 1.50-0.88. GPC: My, = 6200, M, = 4800, PDI = 1.3.

Poly(2,3-dihexyloxy-thieno[3,4-b]pyrazine-co-9,9-dioctyl-9H-fluorene (5.3b).
Polymer 5.3b was produced in the same manner as 5.3a substituting 5.1a with 5.1b. The polymer
was concentrated via rotary evaporation to yield a yellow-brown solid (41% yield). *H NMR: &
7.62,7.31,4.50, 2.01, 1.59-0.61.

2,3-Dihexyloxy-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (5.4).> 2-
(Tributylstannyl)thiophene (0.39 g, 1.08 mmol) and 4.1a (0.21 g, 0.42 mmol) were combined in
a 250 mL flask, evacuated, and backfilled with dry N,. Dry THF (100 mL) was then added via
syringe, followed by a second N, cycling. PdCl,(PPhs), (0.015 g, 0.02 mmol) was added, the
solution was heated to reflux, and stirred for 16 h. The solution was then allowed to cool to room

temperature and the solvent was removed via rotary evaporation. The resulting material was
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dissolved in CH,Cl,, washed with H,O, dried with MgSO,, and concentrated via rotary
evaporation. Purification was done by silica chromatography in (95:5, hexanes:CH,Cl,) yielding
an orange solid (48% yield). *H NMR: § 7.45 (dd, J = 3.0, 1.2 Hz, 2H), 7.31 (dd, J = 4.5, 1.2 Hz,
2H), 7.06 (dd, J = 3.0, 4.5 Hz, 2H), 4.55 (t, J = 7.0 Hz, 2H), 1.93 (t, J = 7.0 Hz, 4H), 1.52-1.38
(m, 12H), 0.94 (t, J = 6.5 Hz, 6H). 3C NMR: 8 150.16, 135.40, 134.03, 127.47, 123.29, 120.48,
68.08, 31.77, 28.52, 25.95, 22.80, 14.22.

2,3-Dihexyloxy-5,7-bis(5-trimethylstannyl-2-thienyl)thieno[2,4-b]pyrazine (5.5).>
Dry hexanes (60 mL) was added via syringe to a flask containing 4.4 (0.06 g, 0.12 mmol) and the
solution was cooled to 0 °C. N,N,N’,N -tetramethylethylenediamine (TMEDA) (0.05 mL, 0.35
mmol) was then added followed by BuLi (0.13 mL, 0.33 mmol) and the solution was stirred for 2
h. MesSnCl (0.3 mL, 0.33 mmol) was then syringed into the solution and the reaction was
allowed to stir overnight. The solution was poured over Et3N-treated silica gel, filtered, and
rinsed with 100 mL hexanes. The solution was then concentrated via rotary evaporation to yield
a yellow liquid (99%). *H NMR: & 7.44 (d, J = 3.2 Hz, 2H), 7.10 (d, J = 1.6 Hz, 2H), 4.40 (t, J =
6.4 Hz, 4H), 1.81 (m, J = 6.8 Hz, 4H), 1.53-1.20 (m, 16H), 0.86 (t, J = 6.8 Hz, 6H), 0.40 (s,
18H).

Poly(2,3-dihexyloxy-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine-co-9,9-dioctyl-9H-
fluorene) (5.7).°% Fluorene 5.6 (0.06 g, 0.12 mmol), 5.5 (0.10 g, 0.12 mmol), Pd,dbaz (0.002 g,
0.002 mmol), and P(o-tolyl); (0.02 g, 0.08 mmol) were combined in a flask. N,-purged toluene
(15 mL) was then added via syringe and the solution was evacuated and backfilled with N, five
times. The reaction was then placed in an oil bath, heated to 95 °C, and allowed to stir for 4 days.
The reaction was then cooled, poured into 300 mL MeOH, and filtered. The soluble fraction was

collected in CHCI3 and isolated via rotary evaporation. Further purification was accomplished
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via additional washes with MeOH giving a red solid (75% yield). '"HNMR: & 7.5, 7.44, 7.30, 4.55
(br), 1.92, 1.6-0.6. GPC: M, = 4000, M,, = 2700, PDI = 1.48.

Poly(2,3-didodecylthieno[3,4-b]pyrazine-co-2,3,1-benzothiadiazole (5.5). To a 20 mL
Schlenk tube was added 5.1a (0.1 g, 0.21 mmol), 5.8 (0.06 g, 0.21 mmol), Pd(OAc), (20 mg,
0.09 mmol), K,CO3 (0.044 g, 0.32 mmol), and tris-(0-methoxyphenyl)phosphine (0.022 g, 0.063
mmol) and the vessel was then was evacuated and refilled with N, four times. N,-purged THF
was syringed into the solution; the reaction was heated to 70 °C and allowed to stir for 2 days.
The reaction was cooled to RT, poured into 300 mL MeOH, and filtered. The soluble fraction
was collected in CHCI3 and concentrated via rotary evaporation. Further purification was
accomplished via Soxhlet extraction with MeOH, acetone, and hexanes. The polymer was then
dissolved in CHCI; and concentrated via rotary evaporation to give a purple-black solid (31.3%
yield). 'H NMR: & 7.99, 3.02, 1.97, 1.40-1.21, 0.89-0.81. GPC: M,, = 1700, M, = 1200, PDI =
1.4.

Poly(2,3-didodecylthieno[3,4-b]pyrazine-co-N-octylphthalimide (5.11). Polymer 5.11
was produced in the same manner as 5.9 substituting 5.8 with 5.10. Solvent was used in this
reaction in place of THF and heating was done at 95 °C. The polymer was concentrated via
rotary evaporation to yield a yellow-brown solid (52.8% vield). *H NMR: & 8.05, 2.92, 2.82,
1.40-1.18, 0.853 GPC: M, = 4400, M,, = 3400, PDI = 1.3.

5.4.2. Electrochemistry

All electrochemical techniques were performed on a Bioanalytical Systems BAS 100B/W
electrochemical analyzer. Cyclic voltammetry (CV) experiments were performed using a three-
electrode cell consisting of a Pt-disc working electrode, Pt coil wire auxillary electrode, and an

Ag/Ag” reference electrode. A 0.1 M electrolyte solution was prepared with
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tetrabutylammonium hexafluorophosphate (TBAPF;) using MeCN distilled over CaH, under dry
nitrogen. The solutions were deoxygenated with argon for at least 20 min prior to each scan and
blanketed with argon during the experiments. Solutions of polymers in CHCI3 were drop cast on
the working electrode and dried to form a solid film. CV experiments were performed in the
above described cell at a sweep rate of 100 mV/s. Ehomo values were determined in a reference
to ferrocene (5.1 V vs. vacuum)*? and the E_ymo Was determined from the following equation:
ELumo = Enomo — optical band gap.
5.4.3. UV-vis-NIR Aborption Spectroscopy

All absorption spectroscopy was performed on a Carry 500 dual-beam UV-vis-NIR
spectrophotometer. Solution-state spectra were analyzed in chloroform and solid-state spectra
were analyzed with the polymer spin coated on a glass plate. The optical band gaps were
determined from the onset of the lowest energy absorption by extrapolation of the steepest slope
to the intersection with the wavelength axis.
5.4.4. OPV Device Fabrication

OPV Device Fabrication for Copolymer 5.3a. Glass substrates coated with patterned
indium-tin oxide (ITO) were cleaned prior to use by heating in a bath of detergent at 90 °C
followed by 15 min sonication. The detergent was then poured out and the plates were rinsed 3
times with deionized water. They were then placed in under sonication in acetone and
isopropanol in succession for 15 min each, followed by drying under dry N,. A 0.5 mm filtered
dispersion of PEDOT:PSS in H,O was spun cast at 5000 rpm for 60 s onto the cleaned ITO
plates and then heated to 200 °C for 5 min to yield a film of ~40 nm. A blend of
polymer:PCs;BM at concentrations of 40 mg/mL were filtered through a 0.45 mm filter and spun

cast at 700 rpm for 60 s onto the PEDOT:PSS layer. The substrate was then dried at 60 °C for 10

126



min. The aluminum cathode was vacuum deposited at a pressure of 1 x 10”7 mbar, giving a
thickness of 100 nm. The IV characteristics of the devices were then measured at AM 1.5
simulated light.

OPV Device Fabrication for 5.9. Organic solar cells were fabricated on patterned
indium tin oxide (ITO) glasses with a sheet resistance of 20 {)/sq. The ITO glass was cleaned by
sequential ultrasonic treatment in detergent, deionized water, acetone, and isopropanol, and then
treated in a bench-top plasma cleaner (PE-50 bench top cleaner, The Plasma Etch, Inc., USA) for
2 min. PEDOT:PSS (Clevious P VP Al 4083 H. C. Stark, Germany) solution was filtered
through a 0.45 pm filter and then spin coated at 4000 rpm for 60 s on the ITO electrode.
Subsequently, the PEDOT:PSS layer was baked at 100 °C for 40 min in the air to remove any
moisture that might be present in film. The PEDOT:PSS coated substrates were transferred to a
N filled glove box. A blend solution of 5.9 (Rieke Metals, Inc., MW = 17kDa) and PCBM
(Nano-C) at a concentration of 30-40 mg/mL (at varying ratios w/w) in 0.25 mL of chloroform.
The solution was spun on the top of the PEDOT:PSS layer at 800 rpm for 45 seconds. After an
hour of aging half of the 5.9:PCBM blend films were thermally annealed at 105 °C for 5 minutes.
The edges of the solar cell were cleaned using chloroform before being capped with the cathode
consisting of LiF (~1 nm) and Al (~100 nm) which were thermally evaporated on the active layer
under a shadow mask in a base pressure of 1x10® mbar. The device active area was ~7.9 mm?
for all the solar cells discussed in this work. The J-V measurement of the devices was conducted
on a computer controlled Keithley 2400 source meter. The J-V measurement system uses a solar
simulator with a Class-A match to the AM1.5 Global Reference Spectrum. It is calibrated with

KG5-filtered silicon reference cell with calibration traceable to NREL and NIST.
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CHAPTER 6. SUMMARY

6.1. Conclusion

Development of new 2™ generation thieno[3,4-b]pyrazines (TPs) was continued by
synthesis of analogues featuring both electron-donating (ED) and electron-withdrawing (EW)
side chains. The previously developed chemistry generating TPs with alkyloxy side chains was
further optimized, giving near quantitative yields. The scope of these materials was also
expanded by production of both the ethyloxy- and hexyloxy-substituted analogues. Both showed
similar optical and electronic properties to previously studied systems. However, altering side
chain allows for further tuning of bulk solid state properties in generated polymers.

In the interest at further expanding the electronic tuning of TP-based materials,
generation of several TP systems with EW side chains was attempted, featuring both amide and
keto functionalities. Attempts at generating the 2,3-(1-octanoyl) TP yielded only
monosubstitution. Even attempts at further reacting this product in a second reaction yielded no
product. However, the amide system, upon optimization of conditions yielded the product in
50% yield. This system showed the expected stabilization of frontier orbitals, yielding a HOMO
at-6.7 eV, 0.5 eV lower than alkyl analogues. Absorption data also showed a significant red shift
in the low energy charge transfer (CT) band of ~50 nm. Optimization of dicyanoTP synthesis
was also attempted; however, no significant improvement was seen.

Continuing the work of Li Wen, homopolymers of TP units were generated by Grignard
metathesis (GRIM) polymerization. This study included the extended chain C1,TP and Cy, TP
and alkyloxy OC,TP and OCsTP systems. The extended chains were generated in an attempt to
increase molecular weight with the idea that longer side chains would cause the growing polymer

to be more soluble, however, the opposite trend was seen likely due to side chain crystallization.
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Despite the low molecular weight, optical and electronic properties were similar to that of the
previously generated C¢TP polymer. Synthesis of the alkyloxy TP polymers were modified due
to suspected binding of Mg to the oxygen lone pairs, requiring an additional 0.5 eq. of Grignard.
These were successfully generated, showing the expected blue-shift in absorption and, in the
case of the higher molecular weight pOC¢TP, a shift to a more negative potential of oxidation
similar to effects seen in the monomer systems.

Donor-acceptor (DA) type copolymeric materials combining TPs with thiophene-based
comonomers were generated via Stille cross-coupling polymerization. Dithieno[3,2-b:2°,3’-
d]pyrroles (DTPs) are a fused ring system featuring high charge carrier mobilities, which have
been applied to numerous electronic devices. Combination of N-octylDTP with various TP units
was performed in an effort to generate polymers featuring reasonable molecular weights with a
low band gap and high HOMO. Absorption of these polymers covered most of the visible region
and extended into the IR region. Although TPDTP copolymers seemed promising candidates for
organic photovoltaics (OPV), upon fabrication of devices no photocurrent was generated. This is
believed to be due to the high HOMO, restricting completion of the circuit. A second thiophene-
based unit combined with TPs in copolymeric materials was benzo[1,2-b:4,5-5 ]dithiophene.
Two such BDTs were used in these copolymers. The first was an unfunctionalized BDT, which
was combined with C1,TP in good yield and molecular weight (TPBDT1) (9700 Da). The second
BDT unit featured phenyl-based 2-dodecylthiophene side chains. This unit was combined with
both C1,TP and OCgTP to generate copolymers TPBDT2 and TPBDT3, respectively, also in
good yield. These latter two polymers also had molecular weights greater than 10 kDa. All three

polymers show absorption covering the majority of the visible region and extending into the IR.
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All three were applied to generate OPV devices, with the high efficiency of 0.52 for the polymer
TPBDT2 in a polymer:PCg;:BM blend of 1:3.

A second group of TP DA copolymers were generated with phenyl-based systems
including fluorene (FLO), 2,3,1-benzothiadiazole (BTD), and N-octylphthalimide (PTH). Two
TPFLO copolymers were made with fluorene, using dodecyl and hexyloxy TP-based side chains.
Both polymers had reasonable yield and the C1,TPFLO copolymer had a molecular weight at
4800 Da. Both were readily soluble several organic solvents. Optical measurements of both
polymers were taken giving an onset of ~560 nm for pOCsTPFLO (Eq = 2.0 eV) and ~640 for
pC1, TPFLO (E4 = 1.9 eV), showing the expected blue shift, and thus an increase in band gap,
going to the alkyloxy analogue. Cyclic voltammetry showed destabilization of the potential of
oxidation for pOCsTPFLO, also expected given the electron-donating nature of the TP-based
side chains. An OPV devices was made from pC1, TPFLO, with a very low efficiency at 0.027%.
However, no optimization of conditions has been attempted. A third terthienylTPFLO copolymer
was made with thiophenes between the two units. This polymer contained TP-based —OCg side
chains. Absorption spectra were taken which showed a further blue shift of the CT band onset
(~540 nm) from the pC1,TPFLO, thus resulting in a larger band gap (2.3 eV). However, while an
increase in band gap is expected, as was seen with pOCsTPFLO, the degree of this increase is
likely due to low molecular weight. Optimization of polymerization would likely result in both a
decrease in band gap and increase in potential of oxidation.

Direct (hetero)arylation polycondensation techniques were used to generate the other two
copolymers combining C1,TP and aryl-based systems. The two aryl groups used for these were
BTD and PTH. Conditions were changed slightly between the two polymers where THF was

used in the generation of pTPBTD and toluene in the generation of pTPBTD. Although the
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molecular weight of pTPPTH was over twice that of pTPBTD, the latter polymer had both
superior optical and electronic properties. Absorption of pTPBTD covered most of the visible
and into the IR region. Electrochemical studies showed both a clear reduction potential and
potential of oxidation. Absorption onset of pTPPTH occurred at 600 nm, giving a larger band
gap of 2.0 eV and electrochemical studies showed the polymer to be electrochemically inactive.
Due to the optical and electronic properties of pTPBTD, OPV devices were manufactured,
however, efficiencies were very low at 0.02 and 0.01%. Much of the low efficiency is likely due
to molecular weight issues causing poor film morphology.
6.2. Future Directions

Although the current library of TP materials has been expanded to include both electron-
donating and withdrawing groups along with the extensively researched alkyl and aryl
analogues, further development of new TP materials is of great interest. Development of TPs
featuring EW alkyl side chains is desired as they will introduce the desired electronic effect
while maintaining high solubility. A second group of interest for development is that of water
solubilizing side chains, involving ionic species including carboxylates. Polymerization of the
remaining 2" generation TPs will allow a more extensive study of the effect of side chain on
polymer properties. In this regard the amide TP may be a polymer of particular interest for EW
side chains. However, due to potential reaction of a Grignard at the side chain-based carbonyls,

alternate polymerization techniques may be required.
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Scheme 6.1. Generation of new TPs featuring EW side chains.
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Continuing the generation of new TP-based copolymers would allow for further
understanding of structure-function relationships aimed at improving optical, electronic, and film
properties for generation of improved device performance. Of particular interest is utilization of
TPs featuring EW side chains with both previously investigated and new comonomeric units.
Direct (hetero)arylation shows promise in generating TP-based copolymers and so optimizing
conditions for this technique may produce materials of higher quality than previously available.
In an interest of furthering the scope of TP materials, introduction of vinyl spacer in copolymers
is of interest to further increase electron delocalization. Application of new TP-based materials
and continuing optimization of existing materials may yield greater efficiency electronic devices,

giving further insight into future goals with this unique ambipolar unit.
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Scheme 6.2. Generalized plan of future work with TP-based materials.
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