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ABSTRACT 

Since their first report in the 1800s, conjugated polymers have gained significant 

attention for their ability to exhibit the optical and electronic properties of inorganic 

semiconductors and the physical traits of organic plastics. This has led to the development of 

organic electronics with notable commercial applications, such as organic photovoltaics and 

organic light-emitting diodes. The tunability of these materials has also allowed for the 

production of materials that absorb and emit near-infrared (NIR) light, making them useful for 

NIR photodetection and bioimaging. 

NIR photodetection is important for several applications, including optical 

communication, artificial vision, and health monitoring. Commercially available NIR 

photodetectors use inorganic materials such as InGaAs and HgCdTe, which are toxic, inflexible, 

and have limited tunability of their spectral response range. Conjugated polymers offer an 

alternative to these materials as they are considerably less toxic, flexible, and their spectral 

response range is tunable through molecular design. Thieno[3,4-b]pyrazine (TP) homopolymers 

show potential for NIR photodetectors due to their ability to absorb NIR light. However, TP 

homopolymers generally exhibit low solubility, which limits their application to devices. To 

improve solubility, TP homopolymers were functionalized with branched side chains, resulting 

in soluble materials with bandgaps as low as 0.64 eV. In addition, NIR photodetectors made 

from these materials exhibit specific detectivity values that are competitive with some of the top-

performing polymers currently used in NIR photodetectors. Moreover, TP homopolymers are of 

relatively low synthetic complexity compared to current state-of-the-art conjugated polymers. 

The overall design, synthesis, characterization, and device data for these materials will be 

presented. 
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Both absorption and emission are crucial for bioimaging, unlike NIR photodetection 

which only requires absorption. Fluorescence imaging allows for fast feedback and high 

sensitivity while being relatively inexpensive compared to traditional imaging methods. The 

NIR-I and NIR-II windows (700–900 and 1000–1700 nm, respectively) are ideal for 

fluorescence imaging due to the reduced absorption, autofluorescence, and scattering in these 

regions. Organic small molecule fluorophores have gained interest due to their low toxicity, fast 

excretion rates, tunability, and good biocompatibility. The overall design, synthesis, and 

characterization of several small molecule emitters will be presented. 
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Tg ....................................................................glass transition temperatures 

THF ................................................................tetrahydrofuran 

TII ..................................................................thiophene-based analogue of isoindigo 

TMEDA .........................................................tetramethylethylenediamine 

TOMPP ..........................................................tris(2-methoxyphenyl)phosphine 

TP ...................................................................thieno[3,4-b]pyrazine 

TTz .................................................................thiazolo[5,4-d]thiazole 

TzQI ...............................................................thiadiazoloquinoxalinimide 

UPS ................................................................UV photoelectron spectroscopy 

VOC .................................................................open circuit voltage 
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CHAPTER 1. INTRODUCTION 

1.1. Conjugated Organic Materials 

 Conjugated organic materials have gained attention due to their ability to exhibit both the 

optical and electronic characteristics of inorganic semiconductors and the physical traits of 

organic plastics, such as being lightweight and flexible.1 In addition, conjugated organic 

materials offer simple tunability through molecular design. These properties make them ideal for 

use in organic photovoltaics (OPVs), organic light-emitting diodes (OLEDs), and organic field-

effect transistors (OFETs).1  

When discussing conjugated materials, the term conjugation describes the connection 

between the π-systems present in a molecule.2 Essentially, conjugation refers to the 

delocalization of π-electrons along a compound’s backbone or adequate co-linear overlap 

between adjacent p-orbitals (Fig 1.1).2 A common misconception in the literature is that 

conjugation comes from the alternation of single and double bonds.2 While this may be true for 

systems such as polyacetylene and pentacene, this definition does not apply to systems like 

polyaniline, which display n-π-conjugation (i.e., when the p-orbital of a heteroatom 

accommodating an unshared electron pair contributes to the π-system (Figure 1.1)).2,3 Another 

type of conjugation observed in conjugated organic materials is cross conjugation, in which three 

unsaturated groups are connected through an unsaturated center (e.g., 3-methylene-1,4-

pentadiene (Figure 1.1)).2–4  

Conjugated organic materials can be divided into two categories, namely those comprised 

of small molecules (e.g., rubrene and pentacene) and those from polymers (e.g., polythiophene 

and polypyrrole) (Figure 1.2). In the context of this text a small molecule will refer to a species 

with a specific molecular weight, whereas a polymer (in accordance with the IUPAC definition) 
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will refer to a substance that is made up of macromolecules (i.e., a molecule that is made up of 

many repeat units, which has a relatively high molecular weight).5 Conjugated polymer samples 

are often polydisperse, meaning they are composed of macromolecules of varying molecular 

weights.   

 

Figure 1.1. Types of conjugation observed in organic compounds. 

 

Figure 1.2. Examples of conjugated organic small molecules (rubrene and pentacene) and 

polymers (polythiophene and polypyrrole). 

1.1.1. Conjugated Polymer History 

In 1834, F. Ferdinand Runge (1794–1897) synthesized polyaniline from aniline by 

oxidative polymerization, which is thought to be the first report of a conjugated polymer.6 

However, the name polyaniline was not commonly used until the 1960s, and the material was 

initially referred to by color-based names such as emeraldine and aniline black.6 In 1915, Italian 

chemist Angelo Angeli (1864–1931) synthesized polypyrrole by adding a 50% hydrogen 
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peroxide solution to pyrrole in acetic acid to give a black precipitate, which he named nero di 

pirrolo.6  

Then, in the early 1960s, Donald Weiss (1924–2008) and coworkers modified a previous 

method used to make cross-linked polypyrroles, by heating tetraiodopyrrole under nitrogen 

atmosphere at elevated temperatures in a rotating flask. They prepared pressed pellets of these 

polypyrroles and measured resistivities of 11–200 Ω cm at 25 °C, which corresponds to 

conductivities of 0.005–0.09 S cm-1.6 Further analysis of these materials led them to conclude 

that that the polymer contained “adsorbed molecular iodine” and that removal of this iodine led 

to an increase in resistance. They later reported that “The presence of the oxidant iodine, and in 

its absence oxygen, facilitates oxidation of the polymer”, a process now understood as p-doping 

and this is most likely the first report of p-doping of a conjugated polymer.6 A few years later in 

1969, Marcel Jozefowicz (b. 1934) who was working for Rene Buvet (1930–1992) found that an 

oxidized polyaniline material exhibited conductivities of 100 S cm-1.6  

In the 1970s, Alan J. Heeger (b. 1936), Alan G. MacDiarmid (1927–2007), and Hideki 

Shirakawa (b. 1936) reported metallic conductivities for a doped conjugated polymer. By doping 

trans-polyacetylene films through treatment with I2,
7,8 they achieved conductivities of up to 160 

S cm-1. Later they found that using AsF5 as a dopant led to a further increase in conductivity, 

with AsF5 doped cis-polyacetylene films exhibiting conductivities larger than 500 S cm-1.6 Their 

work led to them being awarded the Nobel Prize in Chemistry in the year 2000 for their 

contributions to the field of conjugated and conducting polymers.6,9  

In 1980, several reports of polythiophene were published. Although an earlier patent of 

the electropolymerization of thiophene was reported in 1971, this patent included little to no 

characterization details.6 The first report to contain meaningful characterization was published in 
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January of 1980, by Takakazu Yamamoto (b. 1944) who synthesized polythiophene by 

polycondensation of 2,5-dibromothiophene via Kumada cross coupling. Upon doping the 

polymer with I2, a conductivity of 3.4 x 10-4 S cm-1 was measured.6 Later in that same decade, 

the first examples of photovoltaic devices based on polythiophenes were published.10,11 Since 

then, thiophene-based materials have proven to be very effective in organic photovoltaic 

applications.6 

1.2. Band Gap and Frontier Molecular Orbitals 

One of the key advantages of conjugated materials is that their properties can be tuned by 

altering their molecular design.1,12–14 Tunable properties include solubility,15–18 frontier 

molecular orbital energies, and bandgap energy (Eg).
1,12–14,19 Among these properties, researchers 

have focused extensively on adjusting the bandgap of conjugated organic materials. 

 To explain the bandgap of a conjugated organic material, we must first discuss band 

structure, which involves the π molecular orbitals of a conjugated species. The molecular orbital 

diagrams for ethylene, butadiene, and octatetraene are shown in Figure 1.3. Ethylene has one π 

bonding orbital (π) and one π antibonding orbital (π*). The π bonding orbital is the highest 

occupied molecular orbital (HOMO), while the π antibonding orbital is the lowest unoccupied 

molecular orbital (LUMO). As the size of the conjugated system increases from ethylene to 

butadiene and then to octatetraene, the number of non-degenerate π bonding and π antibonding 

orbitals increases. This causes the gap between the HOMO and LUMO energy levels to decrease. 

Additionally, the distance between the bonding orbitals decreases and the distance between the 

antibonding orbitals decreases. As we increase the conjugation length even further and transition 

from individual molecules to the bulk, solid-state material (i.e., polyacetylene films), the number 

of molecular orbitals further increases, and the distance between them continue to decrease. In 
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addition, intermolecular interactions between individual polymer chains cause mixing and 

blurring of the molecular orbital energy levels, leading to a band structure, similar to what is 

commonly used for bulk inorganic materials.2,20,21 In the case of bulk conjugated organic 

materials the π bonding orbitals make up the valence band, and the π antibonding orbitals make 

up the conduction band. The top of the valence band is still referred to as the HOMO, and the 

bottom of the conduction band is referred to as the LUMO.  

 

Figure 1.3. Molecular orbital diagram of ethylene, butadiene, and octatetraene and band 

structure of bulk, solid-state polyacetylene. 

An essential property of conjugated organic materials is the band gap,1,2,12–14,20 which is 

the energetic gap between the valence and conduction band of the bulk, solid-state material.1,2,21 

The bandgap is generally reported in units of electron volts (eV), with an absorption onset of 

1240 nm corresponding to a bandgap of 1 eV.1 The bandgap influences the wavelengths of light 

absorbed, as well as any light emitted.1,2 Furthermore, a reduced bandgap results in a lower 
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thermal energy required to populate the conduction band, potentially leading to improved 

conductivity.1,22 Thus, many studies have focused on adjusting the bandgap of conjugated 

organic materials to suit various applications.1,2,12–14,20,22  

 Another crucial property of conjugated organic materials is the frontier molecular orbital 

energy levels. When fabricating OFET devices, it is critical to use an organic semiconductor with 

a HOMO (or LUMO) similar in energy to the electrode materials Fermi level (i.e., the highest 

energy level an electron can occupy when there is zero thermal energy). This similarity allows 

for the injection of holes (i.e., the absence of an electron) (or electrons) into the HOMO (or 

LUMO) of the organic semiconductor. A semiconductor that transports holes (or electrons) is 

referred to as a p-type (or n-type) semiconductor. Some semiconducting materials are ambipolar, 

meaning they can transport both holes and electrons, but this is not as common.23  

Frontier molecular orbital energy levels are also important when fabricating OPV 

devices. For instance, the open circuit voltage (VOC) of an OPV device is thought to depend on 

the energetic difference between the HOMO energy level of the donor material and the LUMO 

energy level of the acceptor material.24 In addition, the difference in energy between the LUMO 

of the donor and the LUMO of the acceptor determines whether the transfer of an electron from 

the donor to the acceptor is favorable.24 This is illustrated in Figure 1.4, which shows the basic 

OPV operating principles when following a channel-I mechanism (i.e., the photon is absorbed by 

the donor material), in which upon absorption of a photon, an electron is promoted from the 

HOMO of the donor to the LUMO of the donor, forming a bound electron-hole pair (or exciton). 

The exciton can then diffuse to the interface between the donor and the acceptor, where the 

electron transfers from the donor LUMO to the acceptor LUMO. The electron then moves 

toward the cathode while the hole moves toward the anode.24,25 
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Figure 1.4. Illustration of the basic OPV operating principles by a channel-I mechanism. Step 1: 

the donor material absorbs a photon, which generates an exciton. Step 2: the exciton diffuses 

towards the donor/acceptor interface. Step 3: the electron transfers from the donor LUMO to the 

acceptor LUMO. Step 4: the electron moves towards the cathode and the hole moves towards the 

anode. 

 In 1984, Wudl and coworkers synthesized polyisothianaphthene (PITN) with a bandgap 

of 1.0 eV.1,26 A year later, they referred to PITN as having a “small band-gap”.27 Following these 

publications, “small bandgap,” “narrow bandgap,” and “low bandgap” were used ambiguously 

throughout the literature. However, in 1998, Pomerantz proposed that a low bandgap material 

should be anything with a bandgap below 1.5 eV.1 This was based on the fact that the parent 

conjugated polymers like polyacetylene, polythiophene, and polyphenylene have bandgaps 

greater than or equal to 1.5 eV (Figure 1.5).1 Rasmussen and coworkers later introduced the term 

“reduced bandgap” to refer to materials with a bandgap between 1.5 and 2.0 eV.28 However, 

other bandgap classifications have also been proposed. For example, Scharber and Sariciftci 

proposed grouping bandgap energies by their respective spectroscopic energy range with the 

following bandgap classifications given, visible = 3.1–1.5 eV, near-infrared (NIR) = 1.59–0.4 

eV, and mid-infrared = 0.4–0.025 eV.12 However, as the reported visible and NIR ranges overlap 

it would make more sense for the visible range to be 3.1–1.6 eV. Nevertheless, this proposed 
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grouping of bandgap energies has not gained any support. There has been a lot of effort put into 

designing and synthesizing reduced and low bandgap materials as they are useful for OPV and 

NIR photodetector applications.1,29,30  

 

Figure 1.5. Bandgaps of various conjugated polymers.1,2  

1.2.1. Bandgap Determination 

Electrochemistry or absorption spectroscopy can be used to determine the bandgap of a 

solid-state material.1 It should be noted that bandgap measurements from solution are reported in 

the literature. However, a bandgap determined from solution is a meaningless value as there is 

minimal interchain coupling while dissolved in solution. It thus does not reflect the true bandgap 

of the material.1,2  

Electrochemical methods for determining bandgap include cyclic voltammetry (CV) or 

differential pulse voltammetry (DPV).1,12 By these methods, the first oxidation and reduction 

potentials are measured, and the difference between these values corresponds to the bandgap.1 

The onset of the oxidation and reduction peaks are usually used to determine the bandgap as 

these values best represent the band edges of the defect-free polymer structure.1   

Once the onset potentials are determined, the frontier molecular orbital energy levels of 

the material can be estimated by referencing to the ferrocenium/ferrocene (Fc+/Fc) redox couple 

and converting to the units of eV. However, there is a lack of consistency on the formal potential 

of the Fc+/Fc redox couple relative to vacuum, with potential values of –4.4, –4.8, and –5.1 eV 
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being used. Bazan and coworkers suggest a formal potential of –5.1 eV.31 They also recommend 

that researchers provide details on the parameters and assumptions used in calculating the 

frontier molecular orbital energy levels.2,31 Based on the recommendations of Bazan and 

coworkers, the frontier molecular orbitals can be determined from the following equations:2,31 

EHOMO = −(E[onset,ox vs. Fc+/Fc] + 5.1)(eV)                       (Equation 1.1) 

ELUMO = −(E[onset,red vs. Fc+/Fc] + 5.1)(eV)                       (Equation 1.2) 

Due to the limited potential window of electrolyte solutions used in cyclic voltammetry, 

the oxidation or reduction of the species may fall outside that window. To overcome this 

limitation, the optical bandgap can be measured by absorption spectroscopy, where the bandgap 

of the solid-state material is derived from the absorption onset.1,32 There are several ways to 

determine the onset value. However, a common method is to plot the long-wavelength side of the 

spectrum as photon energy (hν) versus the square of absorbance multiplied by photon energy 

((A*hν)2), extending the linear segment of this plot to the y-intercept gives the optical bandgap 

(Figure 1.6).1  

 The plot of photon energy versus absorbance multiplied by photon energy squared is 

derived from the following equations, which are commonly used for traditional amorphous 

semiconductors: 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔
𝑜𝑝𝑡)𝑛                                       (Equation 1.3) 

where α is the absorption coefficient, B is a constant, n is set equal to ½ for conjugated polymers, 

and 𝐸𝑔
𝑜𝑝𝑡

 is the optical bandgap.1 Using the fact that α ≈ A, Equation 1.3 can be rewritten to give 

Equation 1.4.1  

ℎ𝜈 ≈  [(𝐴 × ℎ𝜈)2 + 𝐸𝑔
𝑜𝑝𝑡]                                   (Equation 1.4) 
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Figure 1.6. Plot of photon energy versus absorbance multiplied by photon energy squared 

((A*hν)2), a method used to determine optical bandgap by absorption spectroscopy. 

 

Figure 1.7. Example of how to determine the bandgap of a solid-state material by extending the 

steepest part of the long-wavelength side of the absorption band to the baseline.1 

A simpler method for estimating the bandgap through absorption spectroscopy is to 

extend the steepest part of the long-wavelength side of the absorption band to the baseline. Once 

the absorption onset is determined, the following equation can be used to convert wavelength to 

energy: 

𝐸 = ℎ𝑣 =
ℎ𝑐

𝜆
                                             (Equation 1.5) 

where h is Planck’s constant, ν is the frequency of light, c is the speed of light, and λ is the 

wavelength of light. Since bandgap is generally reported in units of electron volts, Planck’s 
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constant should be in units of electron volt-seconds for this conversion. Considering the 

absorption spectrum shown in Figure 1.7 with an absorption onset of ~975 nm, the optical 

bandgap can be determined as follows: 

(4.136×10−15 𝑒𝑉∙𝑠)(3.00×108 𝑚∙𝑠−1)

975×10−9 𝑚
= 1.27 𝑒𝑉                  (Equation 1.6) 

However, this method is less accurate than other methods.1 It should be noted that the bandgap 

determined through electrochemistry (𝐸𝑔
𝑒𝑙𝑒𝑐) is usually larger than 𝐸𝑔

𝑜𝑝𝑡
. This is because upon 

absorption of a photon, an electron is excited to the lowest excited state, and the electron and 

hole stay bound to each other. Therefore, the difference between 𝐸𝑔
𝑒𝑙𝑒𝑐 and 𝐸𝑔

𝑜𝑝𝑡
 equals the 

electron-hole pair binding energy (EB).1,21 Moreover, there are alternative ways to measure the 

bandgap, such as UV photoelectron spectroscopy (UPS) or inverse photoelectron spectroscopy 

(IPES).12,33 Optical bandgap can also be determined from the point where the absorption and 

emission spectra intersect.12,34 

1.3. Bandgap Tuning 

 As previously stated, the bandgap of a material is an important property that dictates 

optical and electronic properties. Therefore, tuning the bandgap is of interest. Several factors that 

impact the bandgap of a material are effective conjugation length, planarity, monomer 

aromaticity, heteroatom effects, bond length alternation, substituents, and intermolecular 

interactions.1,2,12–14,20,22  

1.3.1. Effective Conjugation Length 

 Extending the conjugation length of a conjugated species generally decreases the 

material’s bandgap.35 However, this relationship between conjugation length and bandgap only 

applies up to a certain conjugation length. For example, computational studies suggest that when 
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a polythiophene chain reaches ~22 units, electronic properties converge, and increasing 

conjugation past this point has little impact on the bandgap.36 Thus, it is vital to recognize the 

difference between conjugation length and effective conjugation length, with the latter being 

dictated by the topology of the frontier molecular orbitals.2,37 When the conjugation length 

becomes longer than the effective conjugation length, physical properties are still impacted, 

however, optical and electronic properties see little to no change.2 Optical spectroscopy is 

commonly used to determine effective conjugation length.2  

 In 2003, Izumi et al. synthesized and characterized a series of soluble oligothiophenes.38 

They observed a red shift in the π–π* absorption band up to the oligomer with 96 repeat units. 

The shorter oligomers exhibited a linear relationship between the transition energy and the 

inverse number of repeat units. However, the longer oligomers (36 repeat units and above) 

exhibited a deviation from linearity, likely due to reaching the effective conjugation length. 

However, not all conjugated polymers exhibit the same effective conjugation length, as 

polyphenylene derivatives have been found to have an effective conjugation length of ~20 

benzene rings.39  

1.3.2. Planarity  

 Another factor that impacts bandgap is the mean dihedral angle between monomeric 

units,13,14 with enhanced coplanarity between units generally leading to a decrease in 

bandgap.12,22 As conjugation is the link between π-systems, delocalization of π-electrons occurs 

when there is good overlap between the p-orbitals of neighboring monomeric units.2 A well-

known example of planarity’s impact on optical and electronic properties is regioregular and 

regiorandom poly(3-hexylthiophene) (P3HT).40–43 The 3-hexylthiophene monomer is 

asymmetric, and thus there are several regioisomers possible for a 3-hexylthiophene trimer, 
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shown in Figure 1.8. Unfavorable chain-chain interactions occur in the HT-HH trimer, which can 

cause an increase in the dihedral angle between thiophene units and thus negatively impact π-

electron delocalization (Figure 1.9). Thus, regioregular P3HT consisting of HT couplings 

experiences better π-electron delocalization than regiorandom P3HT, which is observed in the 

difference in bandgap (~1.8 eV vs. ~2.1 eV).42 In addition, it has been found that regioregular 

P3HT exhibits higher electrical conductivity40 and higher charge transport than regiorandom 

P3HT.43 Beyond chain-chain interactions, a second interaction brought upon by side chains is 

present in poly(3-alkylthiophene)s (P3AT) between the side chain and the sulfur lone pair (Figure 

1.10). However, this interaction is present in both regioregular and regiorandom P3AT.2,44 

 

Figure 1.8. Regiochemistry of 3-hexylthiophene trimers.  

 

Figure 1.9. Regioregular P3HT and regiorandom P3HT and their respective bandgaps.42  
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Figure 1.10. Chain-chain and chain-sulfur interactions in P3AT.2,40  

1.3.3. Monomer Aromaticity 

 Another factor that impacts bandgap is the aromaticity of the monomeric units. Monomer 

aromaticity is related to the confinement of π-electrons to an aromatic unit.2 A decrease in 

monomer aromaticity results in greater delocalization of π-electrons along the polymer 

backbone, resulting in a decrease in bandgap. For example, thiophene has a lower resonance 

energy than benzene (20.3 kJ mol-1 vs. 25.0 kJ mol-1),45 and thus polythiophene has a lower 

bandgap than polyphenylene (~2.0 eV vs. ~3.4 eV)45,46 (Figure 1.11).1 However, monomer 

resonance energy is not the only factor that impacts the bandgap. This is apparent for the 

polymers composed of five-membered heterocycles shown in Figure 1.11, as furan has the 

lowest resonance energy, but polyfuran does not have the lowest bandgap. Thus, other factors 

that impact the bandgap need to be considered. 

 

Figure 1.11. Monomer empirical resonance energies, heteroatom electron affinities, and polymer 

bandgaps.1,2,45,48  
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1.3.4. Heteroatom Effects  

 Another factor that impacts the bandgap of conjugated polymers composed of 

heterocyclic monomers (i.e., polythiophene and polypyrrole) is the heteroatom of the monomeric 

units.1,2,22 It is believed that heteroatoms with higher electron affinities result in materials with 

lower bandgaps,1,2 which explains the bandgap trend for polymers composed of five-membered 

heterocycles shown in Figure 1.11. For example, sulfur has a higher electron affinity than 

nitrogen (200 kJ mol-1 vs. –7 kJ mol-1), and polythiophene has a smaller bandgap than 

polypyrrole (~2.0 eV vs. ~3.0 eV).1,2  

1.3.5. Bond Length Alternation 

Another factor that impacts bandgap is bond length alternation (Δr) – the difference in 

bond length between the longest and shortest carbon-carbon bond in the polymer backbone 

(Figure 1.12).1,2,12,14,20 A decrease in bond length alternation generally leads to a decrease in 

bandgap.1,2,12,14,20 For example, it is thought that trans-polyacetylene with complete 

delocalization of π-electrons along the polymer backbone (i.e., zero bond length alternation) 

would exhibit a bandgap of 0 eV.2 However, studies suggest that complete delocalization of π-

electrons in a 1D conjugated system is unstable, and thus the π-electrons are localized.12,14 The 

localization of π-electrons results in the experimentally observed trans-polyacetylene bandgap of 

1.5 eV.2 Bond length alternation is thought to have a relatively large impact on the bandgap 

energy.1,14  

For polyaromatic systems the bandgap is not directly related to bond length alternation. 

Instead, the bandgap is related to the quinoidal character of the backbone, which will be 

discussed in greater detail in section 1.5.2,49 Nevertheless, bond length alternation has been used 

to estimate the degree of quinoidal character of some conjugated species, with the aromatic form 
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often being represented by positive Δr values and the quinoid form often being represented by 

negative Δr values.2 In addition, the absolute value of Δr is generally slightly larger for the 

aromatic form compared to the quinoid form.2   

 

Figure 1.12. Polyacetylene with nonzero bond length alternation (left) and zero bond length 

alternation (right). 

1.3.6. Substituents 

 Another factor that impacts bandgap is the nature of substituents attached to the 

monomeric units.2,12–14,22 It has been found that functionalization with electron-donating 

[withdrawing] substituents destabilizes [stabilizes] the HOMO and LUMO energy levels (Figure 

1.13).12,13 The addition of substituents can decrease the bandgap if the impact on the HOMO and 

LUMO energy levels is asymmetric (Figure 1.13).2 For example, if adding an electron-donating 

group leads to a greater destabilization of the HOMO relative to the LUMO, the result is a 

decrease in bandgap. In addition, stabilization of a material’s HOMO by functionalizing with 

electron-withdrawing groups is a straightforward way to increase the stability of a material 

toward overoxidation.50  

 It has been found that the functionality should be attached directly to the conjugated 

backbone to maximize the substituent’s electronic effect.2 To minimize the substituent’s 

electronic effect while retaining its physical properties, it has been found that two methylene 

units between the conjugated backbone and the functionality are sufficient. However, the 

substituent can still impact the resulting electronic properties due to steric effects.2  
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In a 1994 computational study by Brédas and Heeger,51 they found that functionalization 

of poly(p-phenylene vinylene) (PPV) with electron-donating methoxy groups led to a greater 

HOMO destabilization than LUMO destabilization and thus a decreased bandgap relative to 

PPV, which they claim matches well with experimental results. In addition, they found that 

functionalization of PPV with electron-withdrawing cyano groups led to a greater LUMO 

stabilization than HOMO stabilization and thus a decreased bandgap relative to PPV. 

              

Figure 1.13. Impact of substituents with symmetric and asymmetric effects on frontier molecular 

orbital energy levels.  

 Rasmussen and coworkers have shown that the position and nature of the substituents can 

result in asymmetric tuning of the frontier molecular orbital energy levels and consequently tune 

the bandgap of the resulting material. When thieno[3,4-b]pyrazine (TP) was functionalized at the 

2- and 3-positions with electron-donating groups, they observed that the resulting polymer 

exhibited an increase in bandgap relative to the alkyl functionalized analog. They suggest the 

increase in bandgap is due to the HOMO of TP being thiophene localized and the LUMO of TP 



 

18 

being pyrazine localized. Thus attaching the electron-donating group to the pyrazine ring has a 

greater impact on the LUMO than the HOMO, causing an increase in bandgap (Figure 1.14).52,53  

 

Figure 1.14. TP homopolymers functionalized with alkyl and alkoxy side chains studied by 

Rasmussen and coworkers. 

 In addition to electronic effects, there can also be intramolecular interactions brought on 

by substituents. For example, poly(3,4-ethylenedioxythiophene) has been found to exhibit sulfur-

oxygen interactions between neighboring units, which increases the planarity of this polymer 

(Figure 1.15).54 In addition, the crystal structure of a TP-3,4-ethylenedioxythiophene (EDOT) 

trimer has been found to be planar, potentially due to sulfur-nitrogen interactions.54 

 

Figure 1.15. Sulfur-oxygen interactions present in poly(3,4-ethylenedioxythiophene). 

 Another example of functionalization causing an increase in bandgap was observed by 

Rasmussen in coworkers in 2023.55 It was found that a TP-benzothiadiazole (TP-BTD) 

alternating copolymer exhibited a bandgap of 1.02 eV and that this polymer exhibited strong 

hydrogen bonding between the aromatic hydrogen of the BTD unit and the nitrogen of the TP 

unit, which led to increased planarity in this polymer. However, a similar fluorinated polymer 

(TP-F2BTD) exhibited a bandgap of 1.60 eV, which is potentially due to repulsive interactions 
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between the fluorine of the F2BTD unit and the nitrogen of the TP unit, which causes an increase 

in the dihedral angle between monomeric units (Figure 1.16). 

1.3.7. Intermolecular Interactions and π-Stacking 

 Intermolecular interaction and π-stacking are other factors that impact bandgap.1,2,12,14,22 

Intermolecular interactions are mainly accountable for the blending of molecular orbitals upon 

creating the valence and conduction bands in the bulk solid-state material.1,56 An increase in 

intermolecular interactions causes a decrease in the bandgap by improving the electron 

delocalization between adjacent polymer chains.1 In addition, π-stacking can result in 

planarization of the conjugated backbone, which further decreases bandgap.2    

 

Figure 1.16. Hydrogen bonding in TP-BTD and repulsive nitrogen–fluorine interactions in TP-

F2BTD alternating copolymers synthesized by Rasmussen and coworkers. 

The term π-stacking or π-π interactions are used to describe favorable interactions 

between aromatic systems. However, it is crucial to understand that these terms do not suggest 

favorable interactions between the π-electrons of both aromatic systems.57,58 If this were the case, 

an eclipsed interaction (Figure 1.17) between aromatic species would be common, however, this 

is not the case.58 Alternatively, slipped-stack and edge-to-face interactions are observed (Figure 

1.17), which are favorable due to the uneven charge distribution in aromatic species where the π-

electron cloud above and below the aromatic ring possess a partial negative charge, and the 

edges of the aromatic ring possess a partial positive charge. Thus favorable interactions occur 

between the partial positive and negative portions of each species.2,57,58  
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In the case of overlap between electron-rich and electron-poor aromatic species, an 

eclipsed orientation can be adopted due to the difference in polarization between the two 

systems.2,58 However, it has also been suggested that these “aromatic donor–acceptor 

interactions” could be due to favorable interactions between the substituents attached to the 

aromatic rings instead of the interaction between aromatic rings with different polarization.58 

 

Figure 1.17. Possible repulsive and attractive interactions between two aromatic species. 

1.4. Side Chains and Solubility 

Solution-processable conjugated polymers often have rigid π-conjugated backbones and 

flexible side chains attached to some portion of the monomeric units (Figure 1.18). The flexible 

side chains are often employed to improve the solubility and processability of the resulting 

material.15–18,59,60 In addition, side chains can be used to avoid low solubility-induced 

precipitation of the growing polymer chain during synthesis, thus yielding higher molecular 

weight polymers.61  

Alkyl chains can enhance the solubility of conjugated polymers in common organic 

solvents.15–18,59,60 Reid et al. proposed that the side chains impact the interactions between the 

polymer and solvent and interactions between solvent molecules, and these interactions 

overcome the free energy of aggregation and lead to enhanced solubility.62 They also suggest 
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that side chains led to increased disorder, which is entropically favored. However, these entropic 

effects are considered minor compared to enthalpic effects. 

 

Figure 1.18. Conjugated polymer with a rigid π-conjugated backbone and solubilizing side 

chains.  

The length of linear alkyl side chains has been used to tune polymer solubility. It has 

been found that polythiophenes require alkyl side chains longer than butyl chains to give 

materials with adequate solubility.17 However, alkyl side chains that are too long can negatively 

impact interchain interactions and the solid-state material’s absorption.2 In addition, long side 

chains can lead to side chain crystallization, which decreases the polymer’s solubility.61  

An alternative option to linear alkyl side chains are branched alkyl side chains (Figure 

1.19), which tend to give polymers with enhanced solubility due to steric and thermodynamic 

effects.15–18,59,60,62 Branched alkyl side chains discourage side chain crystallization, sometimes 

seen with linear alkyl side chains.2 However, commonly employed branched side chains are 

branched at the 2-position (e.g., 2-ethylhexyl and 2-octyldodecyl),15,16,18 which is close to the 

polymer backbone, and thus can lead to enhanced steric hindrance.  

Discussed above are side chains that only entail carbon and hydrogen atoms. However, 

other possible side chains include heteroatoms such as Si, O, and F. The difference in 
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electronegativity, bond lengths, and bond angles brought on by these heteroatoms can allow 

tuning of the resulting polymer properties.2  

 

Figure 1.19. Common side chains applied to conjugated polymers. 

Side chains that include silicon atoms (i.e., carbosilane and siloxane-terminated chains) 

(Figure 1.19) have been found to increase the resulting materials’ solubility and flexibility. It is 

thought that polymers functionalized with siloxane-terminated side chains exhibit enhanced 

solubility due to the differences in bond lengths between Si–O and C–C bonds and bond angles 

between Si–O–Si and C–C–C.59 Another class of side chains that have gained interest are 

fluoroalkyl side chains (Figure 1.19). It has been found that fluoroalkyl side chains can 

discourage water and oxygen diffusion, increasing the stability of the resulting material.60 The 

enhanced stability can be attributed to the larger van der Waals radii of fluoroalkyl chains 

compared to traditional alkyl chains.15 However, fluoroalkyl side chains often exhibit poor 

solubility in common organic solvents, and they can bioaccumulate.16 Oligoether side chains 

(Figure 1.19) have gained interest due to their hydrophilicity.63 Oligoether side chains exhibit 

enhanced polarity due to the large electronegativity difference between carbon and oxygen.63 

This can enhance the solubility of conjugated polymers in polar solvents, which can be useful for 

biological applications and green processing.63 Oligoether side chains exhibit enhanced 

flexibility compared to traditional alkyl side chains, which is attributed to the decreased steric 

interactions between the neighboring methylene carbons and oxygen atom in oligoether side 
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chains (–CH2–O–CH2–) compared to the steric interactions between neighboring methylene 

carbons in traditional alkyl side chains (–CH2–CH2–).63  

1.5. Quinoid Character 

 The quinoid character is another factor that impacts the bandgap of polymers with 

repeating aromatic units (i.e., polythiophene).1,2,12,14,20,22,32,49,64 Polymers that consist of repeating 

aromatic units have two resonance forms – aromatic and quinoid (Figure 1.20). An increase in 

the quinoid character of a polymer backbone generally leads to a decrease in bandgap. However, 

the quinoid form is usually higher in energy than the aromatic form (Figure 1.20). Thus it has 

been found that increasing stability of the quinoid form causes a decrease in bandgap.1,35,49,65  

 

Figure 1.20. Aromatic and quinoid form of polythiophene.  

A well-known example of the impact that quinoid character has on bandgap is 

polyisothianaphthene (PITN), which was first synthesized by Wudl and coworkers in 1984.26 In 

the monomeric unit of PITN, a benzene ring is fused with a thiophene ring. Thus, only one of 

these rings is allowed to have an aromatic sextet. Since benzene has a higher resonance energy 

than thiophene, benzene is more likely to be in the aromatic form, thus increasing the quinoid 

character of the polymer backbone, leading PITN to exhibit a smaller bandgap than 

polythiophene (~1.0 eV vs. ~2.0 eV) (Figure 1.21).1,14,22 However, the decrease in bandgap of 
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PITN is accompanied by a significant destabilization of the HOMO energy level (Figure 1.21), 

which increases PITN’s susceptibility to oxidation. It has been found that PITN is not stable 

under ambient conditions, limiting its application to devices.35  

 

Figure 1.21. Illustration of polythiophenes and PITNs frontier molecular orbital energy levels.  

 

Figure 1.22. Proquinoidal monomeric units. 

Monomeric units which are not quinoidal in the monomeric form but, when applied to a 

polymer, can increase the quinoidal nature of that polymer (i.e., isothianaphthene) are sometimes 

referred to as proquinoidal units (Figure 1.22).19,65 A common characteristic of proquinoidal 

units is the fusing of aromatic rings to the main-chain ring, which causes an increase in the 

quinoidal character of the polymer backbone due to competition for aromaticity between the 

fused aromatic rings, as discussed above.65 Monomeric units that adopt a true quinoidal 

constitution have been introduced recently and applied to produce low bandgap polymers.19,35,65 

One example is pyrrole-based quinoid monomers, which have been used to produce low bandgap 
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materials (Figure 1.23).19,35 Their quinoidal and electron-deficient nature leads to low bandgaps 

and stabilized frontier molecular orbital energy levels.19,35 In addition, the ability to functionalize 

at the N-positions with alkyl chains allows the synthesis of processable materials.19,35  

 

Figure 1.23. Pyrrole-based quinoidal units.  

1.6. Donor-Acceptor Framework 

 The most common approach to generating low bandgap materials is through donor-

acceptor (D–A) frameworks.1,2,12,19,66 This approach was first utilized by Havinga and coworkers 

in 199267,68 when they synthesized copolymers in which the monomeric units alternated between 

donor (electron rich) and acceptor (electron poor) units. A donor unit is a monomer with a high-

lying HOMO, and an acceptor unit is a monomer with a low-lying LUMO. Some common 

examples of donor and acceptor units used to synthesize D–A polymers are shown in Figure 

1.24. 

 

Figure 1.24. Common units applied to D–A systems. 

Several explanations for the low bandgaps observed in donor-acceptor polymers have 

been given. However, the most widely accepted explanation is that hybridization of the frontier 
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molecular orbital energy levels of the donor and acceptor unit leads to a decrease in 

bandgap.1,2,20,69 Shown in Figure 1.25 is an illustration of frontier orbital mixing in donor-donor, 

acceptor-acceptor, and donor-acceptor dimers. Both homodimers exhibit a destabilized HOMO 

and a stabilized LUMO relative to their respective monomers, and thus a decrease in the 

HOMO–LUMO energy. The decrease in the HOMO–LUMO energy of the homodimers is 

consistent with the idea that increasing conjugation length leads to a decrease in HOMO-LUMO 

energy. Due to the energetic mismatch between the frontier orbitals of the donor and acceptor, 

hybridization in the asymmetric dimer leads to a HOMO, which is characteristic of the donor 

unit, and a LUMO, which is characteristic of the acceptor unit.1,2,19 Thus, the donor-acceptor 

dimer exhibits a smaller HOMO–LUMO energy than both homodimers.1  

It has been found that there is generally mixing between the HOMOs of the donor and 

acceptor units in D–A frameworks. However, the destabilization of the D–A dimer HOMO is 

less than that of the symmetric dimer HOMO due to a mismatch in energy between the HOMO 

energy levels of the donor and acceptor units. In contrast, no mixing is generally observed for the 

LUMOs as the energetic difference between the LUMO energy levels is generally too large to 

allow for adequate mixing.1,2,19 A common misconception is that the HOMO is localized on the 

donor unit, and the LUMO is localized on the acceptor unit in D–A systems.2 However, 

theoretical calculations have suggested that the HOMO is delocalized along the polymer 

backbone.2  

An alternate explanation to why D–A frameworks give low bandgaps has been proposed 

to be due to the contribution of a second resonance structure, which is shown in Figure 1.26. A 

mixture of these resonance forms would give a polymer with a decreased bond length 

alternation, and thus a smaller bandgap.1,64,70 However, there is no experimental evidence in 
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support of this explanation.2 Also, a recently reported crystal structure of a donor-acceptor dimer 

exhibited no shortening of the bond between the donor and acceptor units.71  

 

Figure 1.25. Hybridization of frontier molecular orbitals of donor-donor, donor-acceptor, and 

acceptor-acceptor dimers. 

 

Figure 1.26. Proposed resonance structures of D–A polymers.  

 Some question whether D–A interactions exist. Some suggest that instead of D–A 

interactions, the low bandgaps stem from the alternation of aromatic and quinoid units.1,2 This is 

because almost all donor units are aromatic, and most acceptor units are proquinoidal. Thus the 

aromatic and quinoidal contributions decrease the bond length alternation, which gives a lower 

bandgap.1,2 An example of a low bandgap D–A polymer is shown in Figure 1.27. Some D–A–D 

small molecules with long-wavelength absorption and emission are shown in Figure 1.28. 
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Figure 1.27. Example of a low bandgap D–A alternating copolymer.72 

 

Figure 1.28. Examples of D–A–D small molecules and their respective absorption and emission 

wavelengths.73–75  

1.7. Thieno[3,4-b]pyrazine as an Ambipolar Unit 

The donor-acceptor framework was initially proposed for polysquaraines and 

polycroconaines,67,68 and this model has since been applied to virtually all D–A systems.76 A 

common misconception that is repeated throughout the literature is that monomeric units are 

classified as either a donor, acceptor, or neutral spacer – a unit used to introduce space between 

the donor and acceptor units to reduce steric interactions.2,19,77 However, in 2009, Janssen and 
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coworkers suggested that one reason that thiophene-TP copolymers exhibit low bandgaps is due 

to the donor and acceptor character of the TP unit.78 A more detailed 2014 study of TP-based 

oligomers found that TP has similar donor strength to the strong donor EDOT (Figure 1.29).79 

Thus, Rasmussen and coworkers have proposed classifying TP as an ambipolar unit, as it 

exhibits characteristics of a strong donor and a strong acceptor.19,79 The ambipolar nature of TP 

can be attributed to the fusion of the electron-rich thiophene ring with the electron-poor pyrazine 

ring (Figure 1.29).19 The ambipolar nature of TP is also shown in Figure 1.29 in which the 

acceptor strength of TP falls between the common acceptors quinoxaline (Qx) and BTD, and the 

donor strength of TP is almost as great as the common donor EDOT.19 

 

Figure 1.29. Illustration of the ambipolar nature of TP with the electron-rich thiophene ring and 

electron-poor pyrazine ring highlighted (left). Comparison of the HOMO energy levels of TP and 

common donors (middle). Comparison of the LUMO energy levels of TP and common acceptors 

(right).19,55 

 With the understanding that TP acts as a strong donor and a strong acceptor, some trends 

observed in TP-based polymers can be explained. First, the bithiophene-TP “donor-acceptor” 

copolymer exhibits a higher bandgap and lower HOMO energy level than the TP homopolymer 

(Figure 1.30).19 This is because bithiophene is a weaker donor than TP. Thus hybridization of 

HOMO energy levels gives a stabilized HOMO energy level relative to the TP homopolymer, 

thus increasing the bandgap by ~0.8 eV.19 However, pairing TP with a strong donor such as 
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dithieno[3,2-b:2’,3’-d]pyrrole leads to enough destabilization of the HOMO energy level to 

match that of the TP homopolymer, thus giving a similar bandgap.19,80 

 

Figure 1.30. TP-based polymers and their corresponding bandgap and HOMO energy level.19  

 

Figure 1.31. Hybridization of frontier molecular orbitals in donor-acceptor and ambipolar-

acceptor frameworks. 

In recent years it has been found that TP can also be paired with acceptors to produce low 

bandgap polymers (Figure 1.30).19,55,76,81 This paring of TP with an acceptor leads to polymers 

with stabilized HOMO energy levels relative to the TP homopolymer and low-lying LUMOs due 

to stabilization brought on by LUMO orbital mixing between TP and the acceptor unit (Figure 
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1.31).19 These TP-acceptor alternating copolymers exhibit low-lying LUMO energy levels and 

low bandgaps, allowing them to act as non-fullerene acceptors in OPVs.55 
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF POLY(THIENO[3,4-b]- 

PYRAZINE)S FUNCTIONALIZED WITH BRANCHED ALKYL SIDE CHAINS 

2.1. Introduction 

As discussed in chapter 1, the properties of conjugated organic polymers can be tuned 

through molecular design, with a significant focus on bandgap tuning. Low bandgap (Eg < 1.5 

eV) polymers are often targeted as they are suitable for use in photonic devices. Organic 

photovoltaic (OPV) devices made from low bandgap polymers can absorb light of longer 

wavelengths, resulting in a better overlap with the solar spectrum.1–5 For example, a polymer 

with a bandgap of 2.0 eV can absorb around 30% of the solar radiation, while a polymer with a 

bandgap of approximately 1.1 eV can absorb approximately 77%.1 Additionally, low bandgap 

polymers can be used to complement wider bandgap materials, like poly(3-hexylthiophene), in 

tandem solar cells.6 However, due to the Shockley-Queisser limit, a solar cell’s theoretical 

maximum power conversion efficiency with a single p-n junction is thought to be achieved with 

a material with a bandgap of 1.34 eV.7,8 

Another application of low bandgap conjugated polymers is in near-infrared (NIR) 

photodetectors. NIR photodetectors are used for optical communication, nighttime surveillance, 

and remote control.9–11 However, commercially available NIR photodetectors are made from 

inorganic materials such as InGaAs, which have disadvantages such as expensive manufacturing, 

rigidity, and limited spectral response tuning.9 In contrast, conjugated polymers allow for 

inexpensive manufacturing, good flexibility, and simple tunability of their spectral response 

range.9 However, less than 20 polymers exhibit photoresponse below 1000 nm, the majority of 

which are of high synthetic complexity.9  
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 Thieno[3,4-b]pyrazine (TP) homopolymers show promise as candidates for OPVs and 

NIR photodetectors. These homopolymers have been found to absorb throughout the visible and 

well into the NIR portion of the spectrum.12 They also exhibit good stability, and their properties 

can be adjusted by functionalization at the 2- and 3-positions.13–15 Moreover, TP can be produced 

from thiophene in five steps with an overall yield of up to 75%.15,16  

2.1.1. Thieno[3,4-b]pyrazine Homopolymers  

In 1984, Wudl and coworkers synthesized the first low bandgap polymer, 

polyisothianaphthene (PITN), with a bandgap of 1.0 eV.17 However, a computational study 

conducted by Nayak and Marynick in 1990 suggested that PITN is not planar in its aromatic 

form due to steric interactions between the sulfur and hydrogen atoms of neighboring 

isothianaphthene units.18 To address this, they turned to poly(thieno[3,4-b]pyrazine) (PTP), 

which was expected to exhibit enhanced planarity and, therefore, a lower bandgap. Their 

calculations agreed, with the quinoid form of PTP having a calculated bandgap of 0.70 eV, 

whereas PITNs was 0.80 eV.  

                                   

Figure 2.1. 2,4-bis(2-thienyl)thieno[3,4-b]pyridine with sulfur-hydrogen steric interactions 

shown. 

Experimental data presented in 1994 by Ferraris et al.19 provided evidence of the 

nonplanarity in PITN. Their study focused on the crystal structure of 2,4-bis(2-

thienyl)thieno[3,4-b]pyridine and found that the thiophene ring at the 4-position (the side that 
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resembled PITN) exhibited a larger dihedral angle than the thiophene ring at the 2-position (the 

side that resembled PTP) (Figure 2.1).  

 In 1992, Pomerantz and coworkers made the first PTP by oxidative polymerization using 

FeCl3 in chloroform under dry air (Figure 2.2).20 They reported that the polymer had a weight 

average molecular weight of 3500 and exhibited a bandgap of ca. 0.95 eV, which was one of the 

lowest reported bandgaps at this time. However, they reported that the material was 

paramagnetic, but gave no explanation to why this was.  

 

Figure 2.2. Oxidative polymerization of TP in 1992 carried out by Pomerantz and coworkers. 

In 1995, Vanderzande and coworkers synthesized unfunctionalized PTP by adding 

phosphorus pentasulfide to furo[3,4-b]pyrazine-5,7-dione while refluxing in xylenes (Figure 

2.3).21,22 The polymer was analyzed by elemental analysis and found to have a higher sulfur 

content than would be expected and some phosphorous contamination. This polymerization was 

revisited by Hagan et al. in 2001, where they reported the polymer to have a bandgap of 1.0 eV.23  

 

Figure 2.3. Synthesis of PTP from furo[3,4-b]pyrazine-5,7-dione and phosphorus pentasulfide. 

 In 1998, Tamura et al. made eight TP homopolymers with alkyl chains and phenyl 

groups, as shown in Figure 2.4.24 They made polymers by the lithiation of TP followed by 
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oxidation with copper(II) chloride. The polymers number average molecular weight ranged from 

1200 to 6500, with the highest weight coming from polymer 2.2i. In addition, they found that 

polymers 2.2e and 2.2i had bandgaps of less than 0.5 eV. 

 

Figure 2.4. Polymerization of TPs reported by Tamura et al. 

 In 2003, Kenning and Rasmussen reported the electropolymerization of several PTPs 

(Figure 2.5).12 They hypothesized that the paramagnetic properties of the PTP samples produced 

by Pomerantz and colleagues in 1992 could be due to Fe3+ chelation (Figure 2.5). To avoid iron 

contamination, they opted to create the polymers through electropolymerization. Initially, they 

reported that their electrochemically produced polymer films were relatively soluble in 

chloroform and tetrahydrofuran, however, they later reported that after further analysis, the 

materials were less soluble than they originally reported.13 They reported bandgaps of 0.66 to 

0.79 eV, with the lowest bandgap reported for polymer 2.2c. They suggest that the higher 

bandgap of the polymer made through chemical oxidation could be attributed to Fe3+ chelation 

and overoxidation. 

 

Figure 2.5. Fe3+ chelation in PTP (left) and the electrochemical polymerization of TPs (right) by 

Kenning and Rasmussen. 
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In 2008, Rasmussen and coworkers compared two methods of polymerization for 

creating polymer 2.2a: GRIM polymerization and chemical oxidative polymerization with 

FeCl3.
13 To synthesize 2.2a with GRIM polymerization, they added one equivalent of a MeMgCl 

to 2.4a resulting in Grignard metathesis to yield intermediate 2.5a. They then added [1,3-

bis(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2) to produce polymers via 

Kumada Coupling (Figure 2.6). The GRIM polymerized material had a number average 

molecular weight of 4800–4900 and a polydispersity of 1.45–1.48, while the FeCl3 polymerized 

material had a number average molecular weight of 4300 and polydispersity of 2.14. 

Furthermore, the GRIM polymerized material had a broader spectral profile, improved solution 

and film stability, increased solubility, better film formation, and a slightly lower bandgap than 

the FeCl3 polymerized material. Nevertheless, because both polymerization methods produced 

materials with low molecular weight, they suspected that this was due to the poor solubility of 

2.2a. 

 In 2014, Koeckelberghs and coworkers reported their optimization of the GRIM 

polymerization of 2.1m (Figure 2.7).25 They initially used the precatalyst Ni(dppp)Cl2, and they 

obtained completely soluble material with a number average molecular weight of 9100, but that 

was described as having a “high polydispersity” (no PDI value was reported), suggesting that the 

polymerization was not controlled. To improve the polymerization, they tried the precatalyst 

[1,2-bis(diphenylphosphino)ethane]dichloronickel(II) (Ni(dppe)Cl2), which resulted in material 

with a higher number average molecular weight (12800), which was again described as having a 

high polydispersity, although no value was reported. They attributed the high polydispersities to 

the low solubility of the nickel precatalysts. They then switched to more soluble precatalysts (o-

tolyl-Ni(dppp)Br and o-tolyl-Ni(dppe)Br), resulting in polymers with lower molecular weights of 
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5100 and 5800 and polydispersities of 1.3 and 1.6, respectively. They then went on to report that 

these polydispersities were “significantly lower” than that of the polymers made without the o-

tolyl-Ni precatalyst. Their results led them to conclude that the GRIM polymerization of 2.2 is 

limited by catalyst dissociation from the growing polymer chain. They suggest that the 

dissociation is due to the electron-deficient nature of the polymer, which leads to a weak 

association between the active catalyst and the growing polymer chain. 

 

Figure 2.6. TP homopolymers prepared by Rasmussen and coworkers in 2008 and 2015. 

 

Figure 2.7. TP homopolymers reported by Koeckelberghs and coworkers in 2014. 

 In 2015, Rasmussen and colleagues conducted a follow-up study to their initial GRIM 

polymerization of 2.2. Their objective was to enhance the solubility of 2.2 to produce materials 

with higher molecular weight (Figure 2.6).14 They functionalized 2.2 with longer alkyl chains 

and alkoxy chains to achieve this. However, the polymers functionalized with longer alkyl side 

chains (decyl (2.2l) and dodecyl (2.2m)) were still of low molecular weight (2500 and 3300, 

respectively). They hypothesized that the low molecular weight was due to side chain 

crystallization, which reduced their solubility. Their hypothesis is reasonable as side chain 

crystallization has been observed for polythiophenes with side chains longer than decyl chains.26 
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Additionally, they found that the ethoxy functionalized polymer (2.2n) had a very low molecular 

weight (920) due to the short side chains that resulted in poor solubility. Side chains of butyl or 

longer are required to provide polythiophenes with adequate solubility.27 The hexyloxy 

functionalized polymer (2.2o) had a higher molecular weight (4100), similar to that of the 2.2a. 

They found that the bandgaps of polymers 2.2l, 2.2m, and 2.2o were larger than that of 2.2a. The 

larger bandgaps of polymers 2.2l and 2.2m were likely due to their low molecular weights. These 

polymers had a degree of polymerization of about six and seven, respectively, which is far below 

the effective conjugation length of polythiophenes (ca. 20 to 30 thiophene rings).28,29 Polymer 

2.2o exhibited a larger bandgap than the alkyl functionalized polymers due to the electron-

donating nature of the alkoxy side chains, which causes appreciable LUMO destabilization and, 

thus, an increase in bandgap. 

2.1.2. Catalyst Transfer Polymerization 

Targeting a catalyst transfer polymerization (CTP) mechanism for the preparation of 

PTPs is desirable as CTP has been used to produce materials with controlled molecular weight 

and low polydispersity due to its quasi-living nature.30,31 The proposed CTP mechanism can be 

found in Figure 2.8 and is described as follows:32–34 First, two activated monomers undergo 

transmetalation with one precatalyst molecule. Reductive elimination gives a dimer, which the 

catalyst stays associated with. The catalyst moves along the aromatic ring and undergoes 

oxidative addition to the arene C–X bond. Further chain growth is achieved through 

transmetalation with an activated monomer followed by reductive elimination. Throughout the 

polymerization, the catalyst remains associated with the growing polymer chain.  

The relationship between the catalyst and the propagating polymer chain is crucial for the 

quasi-living nature in CTP.33,35,36 If the catalyst and aromatic unit are too strongly associated, it 



 

44 

is unlikely that the oxidative addition step will occur. Conversely, if the association is too weak, 

the catalyst may dissociate from the growing chain, resulting in a step growth polymerization, 

which are somewhat uncontrolled and often result in high polydispersities.37–39  

 

Figure 2.8. Catalyst transfer polymerization via Kumada cross coupling mechanism. 

2.1.3. Motivation for This Work 

Rasmussen and Koeckelberghs have separately reported that polymer 2.2 produced by 

GRIM polymerization has a low molecular weight, but they have different theories to explain 

why. Koeckelberghs and coworkers suggest that the low molecular weight is due to catalyst 

dissociation is due to the electron-deficient nature of the polymer, which leads to a weak 

association between the active catalyst and the growing polymer chain. However, this seems 
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unlikely as discussed in chapter 1, TP exhibits properties of both a strong donor and a strong 

acceptor with the thiophene ring being of electron rich character, and with the polymerization 

occurring at the thiophene ring it is unlikely that dissociation due to the electron-deficient nature 

of the polymer is occurring. Nevertheless, this low molecular weight is problematic as it is 

unlikely that these polymers are reaching their effective conjugation length. To address this 

issue, this work focused on increasing the molecular weight of 2.2, which could potentially result 

in a decrease in bandgap and improve the film-forming properties.14 This research aimed to 

achieve this by addressing the low solubility issue Rasmussen and coworkers proposed. In 

chapter 1, it was mentioned that branched alkyl side chains lead to improved solubility compared 

to linear alkyl side chains due to a combination of steric and thermodynamic effects.40–46 

Therefore, this work focused on functionalizing 2.2 with branched side chains to increase their 

solubility.  

2.2. Results and Discussion 

2.2.1. Design and Synthesis 

 This work aimed to enhance the solubility of 2.2 by functionalization with branched alkyl 

side chains. Three common branched side chains were chosen: 2-ethylhexyl, 3,7-dimethyloctyl, 

and 2-octyldodecyl. While 2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine (2.1r) had been reported 

in 2018,47 and 2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine (2.1q) was prepared by Wyatt 

Wilcox, 2,3-bis(3,7-dimethyloctyl)thieno[3,4-b]pyrazine (2.1p) was an unknown species. In 

addition, the corresponding α-dione needed to make 2.1p had not been previously reported. As a 

result, 2.1p was synthesized from 3,7-dimethyl-1-octanol (2.6) (Figure 2.9).  

Following an established procedure 1-bromo-3,7-dimethyloctane (2.7) was synthesized 

from 2.6 via SN2 reaction using triphenylphosphine and N-bromosuccinimide (NBS).48 
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Following this, 2,6,13,17-tetramethyloctadecane-9,10-dione (2.9p) was synthesized from 2.7 

through a modified version of a reaction previously reported by Rasmussen and coworkers.16 To 

convert 2.7 to the corresponding Grignard reagent (2.8), slight deviation from the reported 

procedure was taken by heating the reaction at 50 °C for two hours after 2.7 was added to 

magnesium. Other researchers have also reported using heat for the formation of 2.8.49 Reaction 

of the Grignard reagent with oxalyl chloride in the presence of lithium chloride and copper(I) 

bromide gave the α-dione as a yellow oil in 46% yield. Following a previously reported 

procedure,16 a double condensation reaction between 2.9p and 3,4-diaminothiophene gave 2.1p 

in 21% yield.  

 

Figure 2.9. Synthesis of 2,3-bis(3,7-dimethyloctyl)thieno[3,4-b]pyrazine. 

Previous attempts to synthesize TP 2.1q resulted in low yields; thus, this reaction was 

further investigated (Figure 2.10 and Table 2.1). Initially, the low yields were thought to be due 

to the low solubility of dione 2.9q in the reaction solvent, ethanol. Efforts were made to increase 

the solubility of dione 2.9q by heating the reaction at reflux for three hours, which did increase 

the solubility of the dione, but the reaction yield was still low. There was concern for product 

decomposition at high temperatures, and thus, the reaction time was decreased to 30 minutes, but 

a similar yield was obtained. Finally, alternative measures were taken to solubilize the dione 



 

47 

using a mixed solvent system. The reaction was carried out in a 1:1 mixture of ethanol and ethyl 

acetate. As this increased the dione’s solubility, the yield was still low. Future work should 

investigate the low yields of this reaction with a focus on the purity of dione 2.9q. 

 

Figure 2.10. Synthesis of 2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine. 

Table 2.1. Attempts to optimize 2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine synthesis. 

 

To brominate the branched TPs (2.1p, 2.1q, and 2.1r), a modified procedure from a 

previously reported method also used for other TPs was followed (Figure 2.11).13,14 The 

procedure involved treating 2.1 with NBS in dimethylformamide at low temperatures. Previously 

reported TPs had linear side chains; thus, pouring the reaction over ice caused precipitation of 

2.4 allowing for the simple collection of 2.4 by filtration. In contrast, the brominated branched 

TPs did not precipitate when pouring the reaction over ice. Therefore, the reaction mixture was 

extracted with ethyl acetate and concentrated to yield the crude product, which was purified 

using a short silica plug. The brominated monomers 2.4p, 2.4q, and 2.4r were collected in 45%, 

82%, and 67% yield, respectively.  

Entry Temperature Time Solvent Yield (%)

1 rt 3 h EtOH 18

2 reflux 3 h EtOH 18

3 reflux 0.5 h EtOH 16

4 rt 3 h EtOH: EtOAc (1:1) 16
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 GRIM polymerization of 2.4p, 2.4q, and 2.4r was carried out following a previously 

reported procedure by Rasmussen and coworkers (Figure 2.11).13 Homopolymers of 2.2 were 

made by adding 1.05 equivalents of methylmagnesium bromide to 2.4 in tetrahydrofuran, then 

heating the reaction at reflux for one hour to cause Grignard metathesis. In the case of 2.4q, the 

reaction was heated at reflux for two hours to further encourage Grignard metathesis, as one hour 

proved to be too short potentially due to the bulky branched side chains. Adding 0.5 mol% 

Ni(dppp)Cl2 and another hour of heating at reflux yielded the dark-purple polymer. Polymer 

2.2ar was made by adding 0.5 equiv of each monomer (2.4a and 2.4r) to the reaction. Polymers 

2.2a, 2.2p, 2.2r, and 2.2ar were produced in good yields (65–79%). Additionally, it was found 

that these polymerizations were reproducible. Polymer 2.2q was produced in relatively low 

yields (33%), which is likely due to polymer 2.2q being a gel, making purification difficult. 

Another factor that could cause the low yield of polymer 2.2q could be due to the bulky side 

chains inhibiting polymerization.  

Molecular weight data was obtained using gel permeation chromatography (GPC) with 

1,2,4-trichlorobenzene at 100 °C and compared to polystyrene standards. Molecular weight data 

can be found in Table 2.2. Polymer 2.2a had a higher molecular weight than previously 

reported,13 potentially due to different GPC analysis conditions. Polymer 2.2r exhibited a lower 

molecular weight than was expected based on the concentrations of monomer and 

initiator/catalyst used. However, polymer 2.2r was found to be completely soluble in the reaction 

vessel and chloroform, suggesting that the low molecular weight of this polymer is not due to 

low solubility. Polymer 2.2q had a relatively low average degree of polymerization, potentially 

due to the large side chains inhibiting polymerization. Polymers 2.2q and 2.2r exhibited 

complete solubility in chloroform, whereas the other polymers only had partial solubility. The 
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improved solubility of 2.2q and 2.2r may be attributed to the larger branch located near the 

conjugated backbone.  

 

Figure 2.11. Synthesis of branched PTPs via GRIM polymerization. 

In their 2008 report, Rasmussen and coworkers investigated the preparation of polymer 

2.2a by GRIM polymerization.13 They conducted the reaction at both reflux and room 

temperature and found that more insoluble material was produced at room temperature. This 

insoluble material likely had a higher molecular weight than the soluble material. Based on this 

finding, it was hypothesized that using room temperature conditions to prepare polymer 2.2r 

would result in a soluble fraction with a higher molecular weight as polymer 2.2r exhibits better 

solubility than polymer 2.2a. However, it was found that polymerization of 2.4r at room 

temperature resulted in a significant amount of insoluble material, and a low soluble fraction 

yield of 13%. In addition, the soluble material from the room temperature reaction was of lower 

molecular weight than the material produced by the reflux reaction (Table 2.2).  

Previous work has shown that introducing LiCl during GRIM polymerizations can reduce 

polydispersity.50 It is thought that LiCl breaks up the Grignard aggregates, thereby increasing 

their reactivity.51,52 It was found that adding 1.0 equivalent of LiCl to the polymerization of 2.4r 

resulted in 2.2r in a similar yield (67%). Additionally, the resulting polymer was still completely 
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soluble in chloroform. However, the addition of LiCl resulted in a lower Mn and a higher 

polydispersity index (PDI).  

Table 2.2. Reaction yield and molecular weight data for PTPs. 

 

2.2.2. Absorption Spectroscopy  

 To understand the impact that branched side chains have on the optical and electronic 

properties of monomeric TPs, photophysical characterization was carried out on 2.1p and 2.2r. 

The photophysical for the branched TPs 2.1p and 2.2r are shown in Table 2.3 along with the TPs 

functionalized with linear alkyl side chains for comparison. The UV-vis absorption spectra for 

the branched TPs 2.1p and 2.2r are shown in Figure 2.12. The branched TPs have similar 

absorption spectra to the TPs with linear side chains. The spectra consist of several bands, two of 

high intensity between 304 and 319 nm along with a high energy shoulder between 292 and 297 

nm. As pointed out by Rasmussen and coworkers, these lower energy bands likely stem from the 

same electronic transition, and the different bands are likely due to the vibronic progression of 

that electronic transition.53 However, the lower energy band at ~350 nm is of relatively weak 

intensity, and is thought to be a charge transfer band.15 As can be seen the branched TPs exhibit a 

Material Yield (%)
c

Insoluble Material Mn
d PDI

d
n (average)

2.2a 66 Yes 6700 1.56 22

2.2p 79 Yes 10900 1.44 26

2.2q 33 No 6600 1.19 9

2.2r 68 No 7400 1.39 21

2.2r
a

13 Yes 5900 1.20 16

2.2r
b

70 No 6800 1.46 19

2.2ar 65 Yes 7000 1.68 21
a

 Polymer made at room temperature. 
b
 Polymer made with the addition of LiCl. 

c
 Yield 

was determined from the theoretical yield of the polymer repeat unit. 
d

 Gel permeation 

chromatography with polystyrene standards was used to determine Mn and PDI.
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slight red shift relative to the TPs functionalized with linear side chains, which is likely due to 

their spectra being measured in chloroform. This was previously reported by Rasmussen and 

coworkers to cause a slight red shift in the spectra due to halogen bonding between the solvent 

and the pyrazine nitrogens.53  

Table 2.3. Photophysical data for 2,3-functionalized TPs. 

 

Shown in Table 2.4 and Figures 2.13 and 2.14 are the solution and solid-state UV-vis-

NIR absorption data for the branched PTPs (2.2p, 2.2q, 2.2r, and 2.2ar) and 2.2a. The 

absorption spectra of all the polymers exhibit the two absorption bands typically observed in 

R λmax (nm) ε (M
-1

 cm
-1

)

hexyl
a,b

292 (sh) 9800

305 11200

314 11000

349 1900

octyl
a,b

292 (sh) 9700

304 11600

315 10200

350 1900

decyl
a,b

292 (sh) 7700

305 11600

314 11200

350 2100

3,7-dimethyloctyl
c

295 (sh) 7500

309 12600

318 12700

350 2600

2-ethylhexyl
c

297 (sh) 6800

310 10400

319 10300

350 2000

a
 Ref. 53. 

b
 Data obtained from CH3CN solutions. 

c
 Data obtained from CHCl3 solutions.
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donor-acceptor systems.54 The high energy band corresponds to the π-π* transition, while the 

low energy band corresponds to the intramolecular charge transfer from the backbone to the 

pendant pyrazine rings.14,15,55 Going from solution to solid state, the low energy band is 

redshifted in all polymers due to the planarization of the polymer backbone and improved 

interchain interactions.  

 

Figure 2.12. UV-vis absorption spectra of branched TPs in CHCl3. 

Table 2.4. UV-vis-NIR data for PTPs. 

 

Material λmax (nm, CHCl3)
b

λmax (nm, film)
b,d

Eg (eV)

2.2a 862, (940) 886, (990) 1.07

2.2p (900), 1011 (925), 1041 1.07

2.2q 838, (910) 867, (975) 1.10

2.2r (910), 1040 (940, 1040), 1076 1.07

2.2r
a

(910), 1031 929, (1040), 1062 1.07

2.2r
b

(910), 994 910, (1004) 1.08

2.2ar (900), 1012 (940), 1038 1.06
a
 Polymer made at room temperature. 

b
 Polymer made with the addition of LiCl. 

c
 Values in 

parentheses denote prominent shoulders. 
d
 Unannealed films.
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Polymers 2.2p, 2.2r, and 2.2ar exhibit a narrower spectral profile than polymers 2.2a and 

2.2q. Polymers 2.2p, 2.2r, and 2.2ar also exhibit a red-shifted λmax and a steeper absorption 

onset than polymers 2.2a and 2.2q. Polymer 2.2r exhibits the most red-shifted λmax in solution 

and solid state. All polymers have similar bandgaps ranging from 1.06 to 1.10 eV. The blue-

shifted absorption spectra of 2.2q is likely due to low molecular weight and steric effects caused 

by the bulky branched side chains, which twists the polymer backbone. 

 

Figure 2.13. UV-vis-NIR spectra of PTPs in CHCl3. 

As the spectral profiles of polymers 2.2a and 2.2r were different, there was uncertainty 

about whether the low energy peak of both polymers was of similar intensity. To clarify this, a 

thin film of a 1:1 blend of polymers 2.2a and 2.2r was prepared, and the spectra of the blend was 

compared to those of the pristine polymers (Figure 2.15). The results showed that both polymers 

contributed almost equally to the polymer blend spectrum. Therefore, even though polymer 2.2r 

has a red-shifted absorption spectrum compared to polymer 2.2a, it doesn’t exhibit a significant 

decrease in absorption intensity. 
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Figure 2.14. UV-vis-NIR spectra of PTP films. 

 

Figure 2.15. Solid-state UV-vis-NIR spectra of pristine 2.2a, pristine 2.2r, and a 1:1 blend of 

both polymers.  

Figure 2.17 shows the UV-vis-NIR spectra of polymer 2.2r prepared at room temperature 

and at reflux. The polymer synthesized at room temperature exhibits a broader spectral profile 

than the polymer synthesized at reflux. Furthermore, the solution and solid state low energy λmax 
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values are slightly blue shifted for the polymer made at room temperature. However, the 

absorption onsets for both polymer samples are the same in the solid state. As a result, both 

samples exhibit the same bandgap of 1.07 eV. 

 

Figure 2.16. Solution and solid-state absorption spectra of 2.2r made at reflux and room 

temperature. 

 

Figure 2.17. Solution and solid-state absorption spectra of 2.2r made with and without LiCl.  
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Miyakoshi et al. found that the addition of LiCl to GRIM polymerizations can result in a 

decrease in PDI.50 However, it was found that the addition of LiCl to the polymerization of 2.4r 

resulted in higher PDI. The UV-vis-NIR spectra of polymer 2.2r made with the addition of LiCl 

can be found in Figure 2.17. The material exhibited a blue-shifted λmax and a less steep 

absorption onset compared to when LiCl was not used in the polymerization. The LiCl made 

polymer had a slightly larger bandgap of 1.08 eV and a wider spectral profile, which may be 

attributed to the higher PDI of the polymer.  

2.2.2. Polymer Film Annealing and Glass Transition Temperatures 

In 2008, Rasmussen and coworkers annealed 2.2a films under air and nitrogen at 100 

°C.13 Films were annealed at 100 °C because the glass transition temperature of the polymer is 

96–97 °C. Annealing under air caused a blue shift in absorption onset and a decrease in 

absorption intensity, which they suggest is due to oxidative damage of the film. Conversely, 

annealing under nitrogen caused a red shift in the absorption onset and, thus, a decrease in 

bandgap.  

 

Figure 2.18. DSC curve of 2.2p recorded at a rate of 10 °C/min. 
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Differential scanning calorimetry (DSC) was used to determine glass transition 

temperatures (Tg) for polymers 2.2p and 2.2r (Figures 2.18 and 2.19). The Tg of polymer 2.2p 

was determined to be ca. 130 °C. The increase in Tg compared to polymer 2.2a is likely a result 

of the longer side chains. Determining the Tg of polymer 2.2r proved difficult, which is possibly 

a result of the bulkier side chains.  

 

Figure 2.19. DSC curve of 2.2r recorded at a rate of 10 °C/min. 

As the Tg of polymer 2.2p was determined to be 130 °C, it was hypothesized that 

annealing the polymer film slightly above this temperature would result in a red shift in the films 

absorption onset. Thus, thin films of polymer 2.2p were annealed for 30 minutes under N2 

atmosphere at 150 °C. Figure 2.20 displays the UV-vis-NIR spectra of both unannealed and 

annealed films. Annealing resulted in a decrease in the intensity of the low-energy peak and a 

slight blue-shift in the λmax value. However, the intensity of the high-energy shoulder increased. 

This change is potentially due to the branched side chains inhibiting ordering of the film packing. 
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2.2.3. Electrochemistry  

Electrochemical data for branched TPs 2.1p and 2.1r can be found in Table 2.5, and the 

corresponding cyclic voltammograms can be found in Figure 2.21. As was previously observed 

for other TP analogs, branched TPs 2.1p and 2.1r exhibit an irreversible oxidation around 1.3 V. 

The irreversibility of this oxidation is likely a result of the production of thiophene-based radical 

cations and subsequent coupling of these species.16,56,57 A quasireversible reduction is also 

observed at ca. -2.0 V, which has been shown to correspond to the reduction of the pyrazine 

ring.16,58  

 

Figure 2.20. UV-vis-NIR spectra of 2.2p thin film unannealed and annealed under N2 for 30 

minutes at 150 °C. 

Cyclic voltammetry was used to estimate the frontier molecular orbital energy levels of 

polymers 2.2a, 2.2p, 2.2r, and 2.2ar. Electrochemical data can be found in Table 2.6, and cyclic 

voltammograms are shown in Figure 2.22. All polymers have similar oxidation onsets and thus 

similar HOMO energy levels. All polymers also have similar LUMO energy levels, with the 

lowest for polymer 2.2p, which may be attributed to the higher molecular weight of this polymer. 

All polymers exhibit electrochemical bandgaps of 1.5 to 1.6 eV. The difference in energy 
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between the electrochemical bandgaps and the optical bandgaps is due to the exciton binding 

energy.59 Collection of electrochemical data for thin films of 2.2q proved difficult due to the 

polymers partial solubility in acetonitrile.  

Table 2.5. Electrochemical data for 2,3-functionalized TPs.a 

 

 

 

Figure 2.21. Branched TP monomer cyclic voltammograms. 

 

 

oxidation

E pa (V) E 1/2 (V) ΔE  (mV)

hexyl
b

1.35 -2.01 150

octyl
b

1.35 -1.99 130

decyl
b

1.33 -1.99 140

3,7-dimethyloctyl 1.26 -2.06 150

2-ethylhexyl 1.35 -2.09 240

R
reduction

a
 All potentials are reported versus Ag/Ag

+
. Measurements 

were made in CH3CN with 0.10 M TBAPF6. 
b
 Ref. 16.
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Table 2.6. PTP electrochemical data. 

 

2.2.4. OPV and NIR Photodetector Device Data 

 Bulk heterojunction (BHJ) photonic devices were fabricated with 2.2r as the donor 

material and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the acceptor material. 

Absorption spectra of thin films of 2.2r, PCBM, and blends of 2.2r:PCBM (1:1 and 1:2 ratios) 

are shown in Figure 2.23. PCBM contributes to the high energy absorption of the blend, while 

2.2r contributes to both the high and low energy absorption, with the most significant 

contribution being in the low energy portion of the spectrum. 

 

Figure 2.22. Cyclic voltammograms of PTPs made by GRIM polymerization.  

Material EHOMO (eV)
a

ELUMO (eV)
b

Eg
elec

 (eV)

2.2a -5.2 -3.6 1.6

2.2p -5.2 -3.7 1.5

2.2r -5.2 -3.6 1.6

2.2ar -5.2 -3.6 1.6
a
 EHOMO = − (E[onset,ox vs. Fc+/Fc] + 5.1)(eV). 

b
 ELUMO = − (E[onset,red vs. Fc+/Fc] + 5.1)(eV).
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In 2013, Rasmussen and coworkers fabricated BHJ OPV devices with a 2.2a:PCBM 

active layer.60 They optimized the device performance by adjusting 2.2a:PCBM ratios, using 

different solvents to spin the active layer, and varying annealing times. They observed the 

highest photoconversion efficiency (PCE) of 0.13% from a device with a 1:2 ratio of 2.2a to 

PCBM, spun from chlorobenzene, and annealed for 15 minutes. This device exhibited an open 

circuit voltage (VOC) of 0.26 V, a short circuit current density (JSC) of 1.30 mA cm-1, and a fill 

factor of 0.37. 

 

Figure 2.23. Thin film absorption spectra of pristine 2.2r, pristine PCBM, and blends of 

2.2r:PCBM.  

 BHJ OPV devices were fabricated with a 2.2r:PCBM active layer, and the results can be 

found in Table 2.7 and Figure 2.24. Devices were optimized by adjusting 2.2r:PCBM ratios, 

using different solvents to spin the active layer, and varying annealing times. The device with the 

highest PCE of 0.229% was made with a 1:1 ratio of 2.2r to PCBM, spun from chlorobenzene, 

and left unannealed. This device exhibited a VOC of 0.25 V, a JSC of 1.82 mA cm-1, and a fill 

factor of 0.51. More recently, our collaborator, Tomas Marsh, at the Centre for Organic 
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Electronics, University of Newcastle made a device with a PCE of ~0.27% from a device with a 

1:2 ratio of 2.2r to PCBM, spun from dichlorobenzene, and left unannealed. 

Table 2.7. OPV data for 2.2r:PCBM devices. 

 

 

Figure 2.24. J-V curve of the highest performing 2.2r:PCBM device (1:1 ratio of 2.2r to PCBM, 

spun from chlorobenzene, and unannealed). 

VOC is thought to be dependent upon the energy difference between the HOMO of the 

donor material and the LUMO of the acceptor material.61 OPVs were also fabricated from 

poly(3-hexylthiophene) (P3HT), which exhibited VOC values around 0.52 V, which is interesting 

as the HOMO energy level of P3HT and 2.2r is about equal (Figure 2.25), thus these devices 

2.2r:PCBM ratio Annealed Solvent Voc (V) Jsc (mA cm
-1

) FF Eff (%) 

1:1 5 min CF 0.26 0.68 0.47 0.082

1:1 unannealed CB 0.25 1.82 0.51 0.229

1:1 5 min CB 0.24 1.03 0.53 0.131

1:1 15 min CB 0.23 0.95 0.53 0.116

1:2 5 min CB 0.24 1.12 0.53 0.144

1:2 15 min CB 0.24 1.09 0.54 0.140

1:1 unannealed DCB 0.24 1.34 0.48 0.152

1:1 5 min DCB 0.24 1.58 0.49 0.185

CF = chloroform, CB = chlorobenzene, and DCB = 1,2-dichlorobenzene.
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should have similar VOC values. This was also observed for devices made from polymers 2.2a.62 

It has been suggested that 2.2a:PCBM devices exhibit relatively low VOC values because the 

LUMO energy levels of 2.2a and PCBM are similar, which does not create a large enough 

driving force for good charge separation to occur, resulting in recombination.62 This could 

explain the low VOC values for 2.2r:PCBM devices, as 2.2r also has a low-lying LUMO. 

Furthermore, 2.2r:PCBM devices exhibited a larger JSC and fill factor than 2.2a:PCBM devices, 

which could be attributed to the enhanced processability of 2.2r. This leads to improved 

interfaces between the donor and acceptor material, and the active layer and the hole and electron 

transport layers. 

 

Figure 2.25. Energy level diagram of 2.2r, P3HT, and PCBM.63,64 

Rasmussen and coworkers showed that PCEs could be increased by annealing 

2.2a:PCBM devices when the active layer was spun from chlorobenzene.60 However, PCEs 

decreased upon annealing 2.2r:PCBM devices with an active layer spun from chlorobenzene. 

The decrease in PCE aligns with the change in UV-vis-NIR spectra of 2.2r:PCBM films spun 

from chlorobenzene (Figure 2.26), where the intensity of the low energy peak decreases with 

increasing annealing time. 
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Figure 2.26. Absorption spectra of unannealed and annealed 2.2r:PCBM 1:1 films spun from 

chlorobenzene. 

 

Figure 2.27. External quantum efficiency spectrum of the highest performing 2.2r:PCBM device 

(1:1 ratio of 2.2r to PCBM, spun from chlorobenzene, and unannealed). 

An external quantum efficiency (EQE) spectrum was obtained for the top performing 

2.2r:PCBM device (Figure 2.27). EQE data was collected and processed by Nic Nicolaidis at the 

Centre for Organic Electronics, University of Newcastle. EQE is the ratio of the collected 
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photogenerated charge carriers to the number of photons that strike the device and is wavelength 

dependent.11,61,65,66 The 2.2r:PCBM device had a maximum response at 330 and 1110 nm, with 

EQEs of 16.8% and 3.78%, respectively. The 2.2r:PCBM device exhibited a maximum EQE at a 

longer wavelength than the 2.2a:PCBM device (1110 nm vs. 925 nm), and a larger EQE at that 

wavelength.13 Furthermore, the 2.2r:PCBM device exhibits a response out to ~1300 nm, which is 

significant given that only about 20 polymers exhibit photoresponse past 1000 nm.9 Additionally, 

2.2r is one of the least synthetically complex polymers among those that exhibit photoresponse 

below 1000 nm, making it a more practical option. 

 A specific detectivity (D*(λ)) spectrum was collected for the highest performing 

2.2r:PCBM BHJ device. Specific detectivity data was collected and processed by Nic Nicolaidis 

at the Centre for Organic Electronics, University of Newcastle. Specific detectivity is an 

important parameter that is used to assess the performance of photodetectors.9,11,66–69 However, 

to explain specific detectivity, two other figures of merit must first be discussed. The first is 

responsivity, which is the ratio of photocurrent generated in the photodetector to the incident 

optical power at a specific wavelength and is generally given in units of A W-1.11,66–69 

Responsivity is determined from the following equation: 

𝑅 =
𝐼𝑝ℎ

𝑃𝑙𝑖𝑔ℎ𝑡
                                                    (Equation 2.1) 

where the Iph is the photocurrent and Plight is the incident light power. The second figure of merit 

is the noise equivalent power (NEP).9,11,66,69 NEP is the incident optical power used to overcome 

the noise and observe a signal. NEP describes the sensitivity of the device and is determined 

from the following equation: 

𝑁𝐸𝑃 =

𝐼𝑛
√∆𝑓

⁄

𝑅
                                             (Equation 2.2) 
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where In is the noise current measured in the dark and describes the combined impact of thermal 

noise, shot noise, and flicker noise and Δ𝑓 is the electrical bandwidth of the noise measurement. 

Specific detectivity considers the NEP and device area and is determined from the following 

equation: 

𝐷∗ =
√𝐴

𝑁𝐸𝑃
                                                  (Equation 2.3) 

where A is the device area. Specific detectivity is wavelength dependent. 

D* values are usually reported in units of cm Hz1/2 W-1 (also referred to as Jones) with a 

D* value of >1011 Jones targeted.9 It is important to note that D* values reported in the literature 

are often overestimated because dark current is used instead of the total noise. Dark current does 

not take thermal noise into account, which is thought to be significant in organic NIR 

photodetectors.11,66,67,69  

The D* spectrum for the top performing 2.2r:PCBM device is shown in Figure 2.28. The 

devices exhibit a low energy maximum D* value at 1110 nm of 8.0 x 109 Jones. At first glance, 

this D* value may seem low as current polymer NIR photodetectors have achieved D* values 

>1013.70 However, as mentioned above, most D* values reported in the literature are 

overestimated by over an order of magnitude, as dark current is used instead of the total noise. 

Thus, D* values were determined using the dark current to determine how much this method 

overestimates the D* value and to better compare the 2.2r:PCBM device results with values 

reported in the literature. Using dark current the top performing 2.2r:PCBM device exhibited a 

D* value of 2.98 x 1012 Jones at 1110 nm. Further efforts by Tomas Marsh and Nic Nicolaidis at 

the Centre for Organic Electronics, University of Newcastle fabricated and tested devices with a 

higher dark current D* value of 3.07 x 1012 Jones at 1075 nm from a device with a 1:2 ratio of 

2.2r to PCBM, spun from dichlorobenzene, and annealed for 5 minutes. Shown in Figure 2.29 is 
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a comparison of polymer 2.2r with some of the top performing polymers used in NIR 

photodetectors. As can be seen polymer 2.2r exhibits a competitive D* value and is less complex 

than other polymers used in NIR photodetectors.9 

 

Figure 2.28. Specific detectivity spectrum of the highest performing 2.2r:PCBM device (1:1 

ratio of 2.2r to PCBM, spun from chlorobenzene, and unannealed). 

2.2.5. Synthetic Complexity 

The synthetic complexity of 2.2r was compared to some of the top performing polymers 

used in NIR photodetectors. Synthetic complexity has been used to compare some of the state-

of-the-art donor polymers used in OPVs.71 The equation is as follows: 

𝑆𝐶 =
35𝑁𝑆𝑆

𝑁𝑆𝑆𝑚𝑎𝑥
+

25𝑙𝑜𝑔𝑅𝑌

𝑙𝑜𝑔𝑅𝑌𝑚𝑎𝑥
+

15𝑁𝑈𝑂

𝑁𝑈𝑂𝑚𝑎𝑥
+

15𝑁𝐶𝐶

𝑁𝐶𝐶𝑚𝑎𝑥
+

10𝑁𝐻𝐶

𝑁𝐻𝐶𝑚𝑎𝑥
              (Equation 2.4) 

where NSS is the number of synthetic steps used to make the monomers plus one (to account for 

the polymerization step), RY is the reciprocal yield of the monomers, NUO is the number of unit 

operations to isolate and purify the monomers, NCC is the number of column chromatography 

steps, and NHC is the number of hazardous chemicals used to make the monomers (the NHC of 
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a given hazardous chemical equals the number H statements in its safety data sheet, with the H 

statements considered listed in ref. 71). Number of unit operations includes 

quenching/neutralization, extraction, column chromatography, recrystallization, and 

distillation/sublimation. The number of column chromatography steps is counted twice in the 

synthetic complexity calculation, as it is not ideal for large scale synthesis. Additionally, the 

terms are weighted differently, with the number of synthetic steps carrying the most weight. The 

synthetic complexity is relative, and changes based on the polymers used for comparison. The 

max values correspond to the highest value for the group of compared polymers. However, one 

short sight of this equation is that the polymerization step is not considered for in the RY, NUO, 

NCC, or NHC values, thus a polymer that is made with a very inefficient polymerization method 

could still have a good synthetic complexity value.  

 Nonetheless, this is a useful equation used to gauge the complexity of conjugated 

polymers. The synthetic complexity of 2.2r was compared to some of the top performing 

polymers used in NIR photodetectors (polymers 2.10–2.13, Figure 2.29). In addition, all values 

used for the variables in Equation 2.4 for polymers 2.2r and 2.10–2.13 and an example 

calculation can be found in the experimental section (section 2.4.7). 

2.3. Conclusion 

 Branched alkyl side chain functionalized PTPs (2.2p, 2.2q, 2.2r, and 2.2ar) were 

synthesized by GRIM polymerization. Branched side chains were employed to increase the 

solubility of the polymer to avoid low solubility-induced precipitation during synthesis, resulting 

in higher molecular weight polymers. However, polymer 2.2r exhibited a lower molecular 

weight than was expected, but was completely soluble in the reaction vessel and chloroform, 

suggesting that the low molecular weight of this polymer is not due to low solubility. 
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Interestingly, polymer 2.2p, functionalized with 3,7-dimethyloctyl side chains, was of the highest 

molecular weight but did not exhibit a significant decrease in bandgap. It was found that 

polymers 2.2q and 2.2r, functionalized with 2-octyldodecyl and 2-ethylhexyl side chains, 

respectively, were completely soluble in chloroform and exhibited enhanced processability 

relative to polymer 2.2a, functionalized with hexyl side chains.  

It was found that polymers 2.2p, 2.2r, and 2.2ar exhibited red-shifted absorption λmax 

values in both solution and solid state compared to the hexyl functionalized analog (2.2a). 

However, polymer 2.2q exhibited the most blue-shifted absorption λmax values in both solution 

and solid state. The blue-shifted absorption spectra of 2.2q is likely due to low molecular weight 

and steric effects caused by the bulky branched side chains, which twists the polymer backbone. 

All polymers analyzed in this chapter exhibited a similar bandgap of 1.06 to 1.10 eV. 

 BHJ photonic devices were fabricated with 2.2r:PCBM active layers. The optimized 

2.2r:PCBM device exhibited a PCE of 0.229%, which was a significant increase compared to the 

previously reported 2.2a:PCBM devices. The improved PCE is largely attributed to the improved 

processability of 2.2r, potentially resulting in better interfaces between the donor and acceptor 

material and between the active layer and transport layers. EQE and D* spectra were collected 

for the optimized 2.2r:PCBM device. It was found that the device exhibited a low energy 

maximum response at 1110 nm, with EQE and D* values at 1110 nm of 3.78% and 8.0 x 109 

Jones, respectively. However, when using the dark current to determine D* it was found that the 

devices exhibited D* values at 1075 nm of 3.07 x 1012 Jones. Furthermore, the optimized 

2.2r:PCBM device exhibits photoresponse out to ca. 1300 nm, making 2.2r one of only about 20 

polymers that show photoresponse below 1000 nm, and of these polymers 2.2r is one of the least 

structurally complex. 
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Figure 2.29. Several top performing polymers used for NIR photodetectors. 

2.4. Experimental 

2.4.1. General 

All materials were reagent grade and used without further purification unless noted. DMF 

was dried by mixing with MgSO4 and flushing through a silica gel plug. DCM was dried by 
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flushing through a silica gel plug. THF was dried by distillation over sodium/benzophenone. All 

dry solvents were transferred via standard syringe techniques. All reactions were carried out 

under a dry nitrogen stream. Reaction glassware was oven dried before use. 1H and 13C NMR 

were collected using a 400 MHz spectrometer using CDCl3 as the solvent. NMR peak 

multiplicity is reported as follows: s = singlet, d = doublet, t = triplet, sept = septet, and m = 

multiplet. A digital thermal couple with a 0.1 °C resolution was used to determine melting 

points. Previously reported procedures were followed to synthesize 3,4-diaminothiophene,16 2,3-

bis(2-ethylhexyl)thieno[3,4-b]pyrazine,47 5,7-dibromo-2,3-dihexylthieno[3,4-b]pyrazine,13 and 

poly(2,3-dihexylthieno[3,4-b]pyrazine).13 

1-Bromo-3,7-dimethyloctane (2.7). Compound 2.7 was prepared via a modification of a 

previously reported procedure.48 To a 1000 mL three neck round bottom flask was added, dry 

dichloromethane (600 mL), 3,7-dimethyl-1-octanol (25.6 g, 168 mmol), and triphenylphosphine 

(48.3 g, 184 mmol). NBS (32.8 g, 184 mmol) was added slowly to maintain the reaction 

temperature below 30 °C. The reaction was let stir overnight. Solvent was removed via rotary 

evaporation. Purification by column chromatography using hexanes gave the product as a clear 

oil (26.8 g, 72%). 1H NMR (CDCl3, 400 MHz): δ 3.48–3.40 (m, 2H), 1.95–1.85 (m, 1H), 1.74–

1.63 (m, 2H), 1.58–1.50 (m, 1H), 1.35–1.26 (m, 4H), 1.20–1.13 (m, 2H), 0.91 (d, J = 6.5 Hz, 

3H), 0.90 (d, J = 6.5 Hz, 6H). 13C NMR (CDCl3, 400 MHz): δ 40.1, 39.2, 36.7, 32.1, 31.7, 27.9, 

24.6, 22.7, 22.6, 19.0. 

2,6,13,17-Tetramethyloctadecane-9,10-dione (2.9). Compound 2.9 was prepared by the 

modification of a previously reported procedure.16 To a 250 mL three neck round bottom flask 

equipped with an addition funnel was added, magnesium (3.04 g, 125 mmol), iodine (1 grain), 

and dry THF (75 mL). 2.7 (25.6 g, 115.7 mmol) was added dropwise keeping the temperature 
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below 50 °C. After completion of the addition the reaction was stirred for 30 min. The reaction 

was heated to 50 °C and stirred for 2 h. The reaction was let cool to room temperature. To a 

separate 500 mL three neck round bottom equipped with an addition funnel and mechanical 

stirrer was added, CuBr (16.1 g, 112 mmol) and dry THF (85 mL). To a separate 250 mL single 

neck round bottom flask was added, LiBr (19.4 g, 223 mmol) and dry THF (85 mL). The LiBr 

solution was transferred to the flask containing CuBr, and this mixture was cooled to -100 °C 

using an ethanol/liquid nitrogen bath. The Grignard reagent was added dropwise to the 

LiBr/CuBr mixture maintaining the temperature between -100 and -90 °C. Oxalyl chloride (5.92 

g, 46.6 mmol) was added dropwise maintaining the temperature between -100 and -85 °C. The 

reaction was stirred for 60 min maintaining the temperature between -100 and -90 °C. The 

reaction was warmed to room temperature, quenched with saturated aqueous NH4Cl. The 

mixture was extracted with ethyl acetate, dried with Na2SO4, filtered, and concentrated. Column 

chromatography with 95:5 hexanes:ethyl acetate gave a yellow oil that was used without further 

purification (7.18 g, 46%). 1H NMR (CDCl3, 400 MHz): δ 2.78–2.73 (m, 4H), 1.58–1.07 (m, 

20H), 0.89 (d, J = 6.5 Hz, 12H), 0.86 (d, J = 6.5 Hz, 6H). 

2,3-Bis(3,7-dimethyloctyl)thieno[3,4-b]pyrazine (2.1p). Compound 2.1p was prepared 

by the modification of a previously reported procedure.47 To a 500 mL single neck round bottom 

flask was added, 3,4-diaminothiophene (1.94 g, 17.0 mmol), 2.9 (5.75 g, 17.0 mmol), and 

absolute ethanol (325 mL). The reaction was stirred at room temperature for 3 h. Water (~400 

mL) was added. The mixture was extracted with DCM, dried with Na2SO4, filtered and 

concentrated. The crude product was purified by column chromatography with 95:5 

hexanes:ethyl acetate to give the product as a yellow-brown oil that turned to a tan solid (1.48 g, 

21%) upon pumping. Mp 27.8–28.8 °C; 1H NMR (CDCl3, 400 MHz): δ 7.82 (s, 2H), 3.00–2.84 
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(m, 4H), 1.85–1.79 (m, 2H), 1.67–1.51 (m, 6H), 1.45–1.16 (m, 12H), 1.02 (d, J = 6.3 Hz, 6H), 

0.89 (d, J = 6.6 Hz, 12H). 13C NMR (CDCl3, 400 MHz): δ 156.7, 141.7, 115.8, 39.3, 37.1, 35.7, 

33.5, 33.2, 28.0, 24.8, 22.7, 22.6, 19.7. 

5,7-Dibromo-2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine (2.4r). Compound 2.4r was 

prepared by the modification of a previously reported procedure.13 2.1r (1.57 g, 4.35 mmol) was 

added to a 500 mL three-neck round-bottom flask equipped with an addition funnel. Dry DMF 

(130 mL) was added and the solution was cooled to -78 °C in an acetone/dry ice bath. In a 

separate flask, NBS (1.94 g, 10.9 mmol) was dissolved in dry DMF (45 mL) and put under dry 

N2. The NBS solution was added dropwise to the 2.1r solution (ca. 30 min addition). The 

mixture was then warmed to -20 °C in a brine/dry ice bath and stirred for 3.5 h. The mixture was 

poured onto ice and stirred until the ice melted. Brine was then added, and the mixture was 

extracted with ethyl acetate. The organic fractions were combined, washed with water, dried with 

Na2SO4, filtered, and concentrated to give a brown oil. The crude product was purified with a 

short silica gel plug (80:20 hexanes:DCM) to give a yellow-orange oil (1.51 g, 67%). 1H NMR 

(CDCl3, 400 MHz): δ 2.82 (d, J = 7.0 Hz, 4H), 2.02 (sept, J = 6.1 Hz, 2H), 1.45–1.23 (m, 16H), 

0.90 (t, J = 7.4 Hz, 6H), 0.87 (t, J = 7.2 Hz, 6H). 13C NMR (CDCl3, 400 MHz): δ 158.0, 139.2, 

103.2, 39.6, 38.0, 32.8, 28.9, 26.1, 23.1, 14.2, 11.0. NMR data agree well with previously 

reported values.72 

5,7-Dibromo-2,3-bis(3,7-dimethyloctyl)thieno[3,4-b]pyrazine (2.4p). Compound 2.4p 

was prepared in a similar fashion to compound 2.4r by exchanging 2.1p for 2.1r. The product 

was collected as a yellow-brown oil (45%). 1H NMR (CDCl3, 400 MHz): δ 3.01–2.86 (m, 4H), 

1.87–1.80 (m, 2H), 1.67–1.51 (m, 6H), 1.45–1.16 (m, 12H), 1.01 (d, J = 6.3 Hz, 6H), 0.90 (d, J = 
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6.6 Hz, 12H). 13C NMR (CDCl3, 400 MHz): δ 158.5, 139.4, 103.1, 39.3, 37.2, 35.2, 33.1, 33.0, 

28.0, 24.8, 22.7, 22.6, 19.6. 

5,7-Dibromo-2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine (2.4q). Compound 2.4q 

was prepared in a similar fashion to compound 2.4r by exchanging 2.1q for 2.1r. The crude 

product was purified with a short silica gel plug (50:50 hexanes:DCM) to give a yellow-brown 

oil (2.69 g, 82%). 1H NMR (CDCl3, 400 MHz): δ 2.84 (d, J = 6.9 Hz, 4H), 2.11–2.06 (m, 2H), 

1.36–1.26 (m, 64H), 0.92–0.88 (m, 12H). 13C NMR (CDCl3, 400 MHz): δ 157.9, 139.1, 103.1, 

39.9, 36.6, 33.7, 31.9, 30.0, 29.7, 29.7, 29.6, 29.4, 29.4, 26.7, 26.6, 22.7, 14.1. 

Poly(2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine) (2.2r). Polymer 2.2r was prepared by 

the modification of a previously reported procedure.13 To a 50 mL three neck round bottom flask 

equipped with a condenser was added, 2.4r (1.04 g, 2.0 mmol) and dry THF (10 mL). 

Methylmagnesium bromide (0.7 mL, 3.0 M solution in diethyl ether) was added via syringe 

dropwise. The reaction was heated at reflux for 1 h. Ni(dppp)Cl2 (0.0054 g, 0.010 mmol) was 

added and the reaction was heated at reflux for another 1 h. The reaction was let cool to room 

temperature and precipitated by adding dropwise via Pasteur pipette to MeOH (~100 mL) at 0 

°C. The mixture was stirred at 0 °C for 2 h. The precipitate was loaded onto a glass frit and 

washed with methanol via Soxhlet apparatus for 24 h. The soluble fraction was extracted with 

CHCl3 and concentrated to give a purple-black solid. The solid was pumped for 4 h to yield the 

desired product (0.49 g, 68%). 1H NMR (CDCl3, 400 MHz): δ 3.14, 2.03, 1.47, 1.24, 0.95, 0.83. 

GPC: Mw = 10300, Mn = 7400, PDI = 1.39. 

Poly(2,3-bis(3,7-dimethyloctyl)thieno[3,4-b]pyrazine) (2.2p). Polymer 2.2p was 

prepared in a similar fashion to polymer 2.2r by exchanging 2.4p for 2.4r. The product was 
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collected as a purple-black solid (79%). 1H NMR (CDCl3, 400 MHz): δ 3.25, 2.12, 1.85, 1.58, 

1.28, 1.11, 1.07, 0.91, 0.79. GPC: Mw = 15800, Mn = 10900, PDI = 1.44. 

 Poly(2,3-dihexylthieno[3,4-b]pyrazine-ran-2,3-bis(2-ethylhexyl)thieno[3,4-

b]pyrazine) (2.2ar). Polymer 2.2ar was prepared in a similar fashion to polymer 2.2r by adding 

0.5 equiv. of 2.4a and 0.5 equiv of 2.4r instead of 1 equiv. of 2.4r. The product was collected as 

a purple-black solid (65%). 1H NMR (CDCl3, 400 MHz): δ 3.23, 2.08, 1.62, 1.52, 1.38, 1.28, 

0.99, 0.89. GPC: Mw = 11700, Mn = 7000, PDI = 1.68. 

Poly(2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine) (2.2q). Polymer 2.2q was prepared 

by the modification of a previously reported procedure.13 To a 50 mL three neck round bottom 

flask equipped with a condenser was added, 2.4q (1.71 g, 2.00 mmol) and dry THF (10 mL). 

Methylmagnesium bromide (0.7 mL, 3.0 M solution in diethyl ether) was added via syringe 

dropwise. The reaction was heated at reflux for 2 h. Ni(dppp)Cl2 (0.0054 g, 0.010 mmol) was 

added and the reaction was heated at reflux for another 1 h. The reaction was let cool to room 

temperature and concentrated via rotary evaporation. The crude product was dissolved in CHCl3, 

washed with water, dried with Na2SO4, filtered, and concentrated. The resulting black gel was 

washed several times with MeOH, then with acetone until the washes were colorless. The black 

gel was pumped for 3 h to yield the desired product (0.46 g, 33%). 1H NMR (CDCl3, 400 MHz): 

δ 3.19, 2.82, 2.10, 2.02, 1.68, 1.49, 1.27, 0.90, 0.78. GPC: Mw = 7800, Mn = 6600, PDI = 1.19. 

Poly(2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine) (2.2r) – room temperature 

conditions. The room temperature polymerization was carried out by the modification of a 

previously reported procedure.13 To a 100 mL three neck round bottom flask was added, 2.4r 

(1.04 g, 2.0 mmol) and dry THF (10 mL). Methylmagnesium bromide (0.7 mL, 3.0 M solution in 

diethyl ether) was added via syringe dropwise. The reaction was stirred for 5 min. Another 50 



 

76 

mL of dry THF was added. Then Ni(dppp)Cl2 (0.0054 g, 0.010 mmol) was added, and the 

reaction was let stir for another 15 min. The reaction was poured over MeOH (~100 mL) at 0 °C. 

The mixture was stirred at 0 °C for 2 h. The precipitate was loaded onto a glass frit and washed 

with methanol via Soxhlet apparatus for 24 h. The soluble fraction was extracted with CHCl3 and 

concentrated to give a purple-black solid. The solid was pumped for 4 h to yield the desired 

product (0.09 g, 13%). GPC: Mw = 7100, Mn = 5900, PDI = 1.20. 

Poly(2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine) (2.2r) – with LiCl. To a 25 mL three 

neck round bottom flask equipped with a condenser was added, 2.4r (0.49 g, 0.95 mmol), LiCl 

(0.044 g, 1.04 mmol) and dry THF (5 mL). Methylmagnesium bromide (0.35 mL, 3.0 M solution 

in diethyl ether) was added via syringe dropwise. The reaction was heated at reflux for 1 h. 

Ni(dppp)Cl2 (0.0026 g, 0.0048 mmol) was added and the reaction was heated at reflux for 

another 1 h. The reaction was let cool to room temperature and precipitated by adding dropwise 

via Pasteur pipette to MeOH (~100 mL) at 0 °C. The mixture was stirred at 0 °C for 2 h. The 

precipitate was loaded onto a glass frit and washed with methanol via Soxhlet apparatus for 24 h. 

The soluble fraction was extracted with CHCl3 and concentrated to give a purple-black solid. 

The solid was pumped for 4 h to yield the desired polymer (0.24 g, 70%). GPC: Mw = 10000, 

Mn = 6800, PDI = 1.46. 

2.4.2. Electrochemistry 

Electrochemical analysis was performed using a three-electrode cell with a platinum disc 

working electrode and a platinum wire auxiliary electrode. The Ag/Ag+ reference electrode was 

prepared with a 0.01 M AgNO3 and 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 

solution in dry MeCN. MeCN used for electrochemistry was dried by distillation over CaH2 

under dry N2. Polymer films were prepared by drop casting a polymer solution in CHCl3 onto the 
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working electrode. Electrochemical cells were oven dried. Solutions of 0.10 M TBAPF6 in dry 

MeCN were deoxygenated by sparging with argon before each scan and blanked with argon 

during the scan. Measurements were taken with a sweep rate of 100 mV s-1. EHOMO and ELUMO 

values were estimated by taking the onsets of first oxidation and reduction and referencing to 

ferrocene (5.1 V vs. vacuum).73  

2.4.3. Absorption Spectroscopy 

Absorption spectroscopy measurements were collected using a Carry 500 dual-beam UV-

vis-NIR spectrophotometer. Solution-state spectra were collected with the analyte dissolved in 

CHCl3. Spin coated polymer films on glass plates were used for solid-state analysis. Optical 

bandgaps were determined from the solid-state spectra by extending the steepest part of the low 

energy absorption onset to the baseline. 

2.4.4. Differential Scanning Calorimetry 

DSC analysis was carried out using a TA Instrument model DSC 2500. The scans were 

from 25°C to 200°C. The heating rate was 10 °C/min. The sample sizes were 2–3 mg. 

2.4.5. Photonic Device Fabrication 

Patterned ITO glass slides were cleaned via sonication in detergent, acetone, and 

isopropyl alcohol. The slides were then cured with ozone treatment. PEDOT:PSS layers were 

spin coated onto the ITO slide and annealed at 140 °C for 30 minutes. Solutions of 2.2r:PCBM 

in chloroform, chlorobenzene, or 1,2-dichlorobenzene were prepared and spin coated under 

nitrogen atmosphere (active layer with a thickness was 85–140 nm). If annealed the active layer 

was annealed under nitrogen atmosphere at 140 °C. A layer of ZnO was spin coated and 

annealed at 90 °C for 5 minutes under nitrogen atmosphere. The aluminum cathode was 

thermally deposited in a vacuum deposition chamber to give a thickness of ~100 nm. 
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2.4.6. Device Characterization 

External quantum efficiency (EQE) measurements were made using a chopped halogen 

lamp source coupled through an Oriel Cornerstone scanning monochromator. The output light (2 

nm bandwidth monochromatic light) was then coupled via a quartz fiber bundle into a glovebox 

where it was focused to illuminate the cell area with no overfilling. Order sorting filters were 

used at higher wavelengths to remove lower wavelengths from the broadband input light. The 

illuminated device output electrodes were connected to a Stanford Research Systems SR830 

lock-in amplifier. Source intensity fluctuations were monitored using a reference diode that 

measured a reflection off a glass wedge. The monitor data was acquired by a separate Stanford 

Research Systems SR830 lock-in amplifier that allows absolute spectral corrections via a look-up 

table, which was generated from a reference scan performed prior to the measurement of the 

EQE. Output signals from both phase-locked loop measurements were recorded on a PC as is the 

illumination wavelength. 

 The noise floor measurements were performed using a B1500A Semiconductor Device 

Analyser with a medium power source measure unit (SMU) B1511B. The dark current obtained 

was fast Fourier transformed via Matlab.  

2.4.7. Synthetic Complexity 

 Synthetic complexity was calculated following the guidelines in reference 71. Values 

used for the calculation are given in Table 2.8 and an example calculation for polymer 2.2r is 

given in Figure 2.30. 
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Table 2.8. Values used for synthetic complexity calculations for polymers used for NIR 

photodetectors with the values in red used as the max values. 

 

 

Figure 2.30. Example synthetic complexity calculation for 2.2r with unit operations represented 

by the blue numbers and hazardous chemicals in red. The polymerization step is not included in 

this calculation. 
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2.2r 7 1.96 1 5 2 1 1 32 33.9 16, this work
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CHAPTER 3. ACENAPHTHO[1,2-b]THIENO[3,4-e]PYRAZINE-BASED SOLUTION 

PROCESSABLE CONJUGATED POLYMERS WITH BANDGAPS BELOW 0.7 eV  

3.1. Introduction 

 Researchers in the field of conjugated polymers have aimed to create polymers with a 

zero bandgap or very low bandgap.1 This is because a lower bandgap requires less thermal 

energy to populate the conduction band, theoretically resulting in better conductivity.1–3 

Additionally, reducing the bandgap of the polymer causes its absorption to shift towards the 

near-infrared (NIR) portion of the spectrum, which creates the possibility for a colorless 

transparent conducting material.1 Moreover, by pushing the polymer absorption into the NIR part 

of the spectrum, these materials can be used for NIR photodetection4 and bioimaging.5–7 Finally, 

as low bandgap polymers usually have a high HOMO and a low LUMO, it is possible to make 

ambipolar (i.e., hole and electron transporting) organic field-effect transistors (OFETs) from 

these materials.8 

Very low bandgaps are commonly achieved by destabilizing the HOMO energy level and 

stabilizing the LUMO energy level. However, when the HOMO level is significantly 

destabilized, the resulting material generally exhibits low ambient stability. As a result, many of 

the very low bandgap polymers that have been created are oxidatively unstable and cannot be 

used under ambient conditions.1 Furthermore, low bandgap polymers typically consist of rigid 

fused-ring units, which often leads to low solubility and makes processing difficult. As a 

consequence, this limits the application of such polymers to devices.9 

3.1.1. Low Bandgap Conjugated Polymer History 

After the discovery of organic semiconducting materials, researchers became interested 

in producing low bandgap polymers. As previously introduced in chapter 3, Wudl and coworkers 
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synthesized the first low bandgap polymer, polyisothianaphthene (3.1), by electrochemical 

polymerization in 1984, which had a bandgap of 1.0 eV.10–13 Since 3.1, other benzothiophene 

analogs have been made to produce low bandgap materials.14 However, as discussed in chapter 

2, benzothiophene-based polymers have a limitation due to the steric interaction between the 

neighboring H on the benzene ring and the S of the thiophene ring. This causes a deviation from 

planarity, which results in a decreased electron delocalization.15  

Researchers then shifted their focus from benzothiophene-based polymers to polymers 

containing units like thieno[3,4-b]pyrazine (TP) and thieno[3,4-c][1,2,5]thiadiazole, as these 

polymers exhibit enhanced planarity since they do not have the steric H···S interaction. In 1992, 

Pomerantz and coworkers produced poly(2,3-dihexylthieno[3,4-b]pyrazine) (3.2) by chemical 

oxidative polymerization. This polymer had a bandgap of 0.95 eV, which was one of the lowest 

bandgaps reported at the time.16,17 

In 1992, reports started emerging about bithiophene-based copolymers that contained 

fused-ring units such as isothianaphthene (ITN) and TP.1,18 These copolymers were often 

synthesized through oxidative polymerization of the corresponding terthienyls. One such 

example is poly(naphtho[2,3-c]thiophene-alt-bithiophene) (3.3), which was reported in 1993 and 

exhibited an optical bandgap of 0.65 eV.19 Another report in 1995 by Karikomi et al. discussed a 

benzobisthiadiazole-bithiophene alternating copolymer (3.4) with an optical bandgap less than 

0.5 eV.20,21 However, accurate measurement of the bandgap was not possible due to overlap with 

the absorption of the indium tin oxide (ITO) electrode.  

In 1995, Tanaka and Yamashita reported [1,2,5]thiadiazolo[3,4-b]thieno[3,4-e]pyrazine-

based polymer 3.5, which they made by electropolymerization of thiophene-flanked 

[1,2,5]thiadiazolo[3,4-b]thieno[3,4-e]pyrazine.22 Due to the lack of solubilizing side chains this 
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polymer was insoluble. However, they were above to determine that the polymer exhibited an 

electrochemical bandgap of 0.3 eV, which agreed well with optical data that showed that the 

dedoped polymer film exhibited an absorption onset below 0.5 eV, but accurate measurement of 

the optical bandgap was not possible due to overlap with the absorption of the indium tin oxide 

(ITO) electrode. Later in 1997, Tanaka and Yamashita reported the pyrrole analog of polymer 

3.5 (polymer 3.6) again by electropolymerization of the corresponding terthienyl.23 The 

polymer’s cyclic voltammogram suggested that the polymer had an electrochemical bandgap of 

~0 eV. However, cyclic voltammetry is not an ideal method to determine the bandgap of a very 

low bandgap polymer. The bandgap should have been determined by an additional method to 

confirm their findings. Nevertheless, as is the case with all the polymers discussed thus far (with 

the exception of 3.2) they do not have solubilizing side chains and thus are impractical for use in 

devices. 

 

Figure 3.1. Record low bandgap polymers reported before the year 2000.  

3.1.2. Record Low Bandgap Processable Conjugated Polymers 

 Low bandgap polymers have gained interest in applications such as OFETs and NIR 

photodetectors, where the polymer active layer needs to be processed from solution. Thus, low 
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bandgap polymers that exhibit good solubility in common organic solvents are desirable. 

Generally, at least 10 mg of the polymer should be soluble in 1.0 mL of solvent to be useful.24  

In 2009, Steckler et al. prepared the low bandgap solution-processable polymer, poly(4,8-

dithien-2-yl-2λ4δ2-benzo[1,2-c;4,5c’]bis[1,2,5]thiadiazole-alt-N-(3,4,5-tris(dodecyloxy)phenyl)-

dithieno[3,2-b:2’,3’-d]pyrrole) (3.7a).25 Polymer 3.7a had a bandgap of 0.54 eV, which at the 

time was the lowest bandgap reported for a solution-processable conjugated polymer. The 

polymer was made up of the strong acceptor unit, benzo[1,2-c;4,5-c′]bis[1,2,5]thiadiazole and a 

strong donor unit dithieno[3,2-b:2′,3′-d]pyrrole (DTP), which was functionalized with a 

trialkoxyphenyl group. The alkoxy substituents were used to give the polymer good solubility, 

and to enhance the electron-rich nature of the DTP unit. They found that the polymer exhibited 

electrochromism, with four different colored states that could be accessed by changing the 

potential. They also made OFETs from the polymer and found that it exhibited ambipolar 

character with a hole and electron mobility of 1.2 x 10–3 and 5.8 x 10–4 cm2 V–1 s–1, respectively. 

 In 2016, Hasegawa et al. made two low bandgap polymers based on the thiophene-based 

analogue of isoindigo (TII).26 Polymer 3.8a was functionalized with 2-butyloctyl side chains 

while polymer 3.8b was functionalized with siloxane-terminated undecyl groups. The TII has 

been used to make low bandgap polymers due to its quinoid nature. Additionally, the authors 

suggest that the TII homopolymer should have some D–A character due to the electron-rich 

nature of thiophene and the electron-poor nature of the carbonyl group. Polymers 3.8a and 3.8b 

exhibited a solid-state λmax of 1369 and 1302 nm, respectively, and an optical bandgap of 0.59 

and 0.57 eV, respectively. One possible reason why 3.8b exhibits a lower bandgap is because the 

branching point of the side chain is further away from the polymer backbone, resulting in better 
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π-stacking. They also made OFETs from the polymers, which exhibited hole mobilities of 10−3 to 

10−2 cm2 V–1 s–1. 

 In 2018, Wudl and coworkers synthesized and analyzed polymer 3.7b, a hexyl-

functionalized analog of polymer 3.7a.27 Polymer 3.7b exhibited an optical bandgap of 0.50 eV, 

which is one of the lowest bandgaps for a solution-processable polymer. They used this material 

in NIR photodetectors, pairing it with tri-PC61BM as the acceptor material. The resulting devices 

had a wide spectral response region from 350 to 2500 nm, which is one of the widest for a 

polymer-based NIR photodetector.4 They also determined specific detectivity values at 800 and 

1500 nm, which were 1.4 x 1011 and 2.2 x 1011 Jones, respectively. However, it is important to 

note that these detectivity values were determined using only the dark current, which does not 

account for thermal noise and can overestimate detectivity.28–31 

 In 2019, Hasegawa et al. synthesized and characterized a low bandgap polymer that was 

made up of the thiadiazoloquinoxalinimide (TzQI) and thiophene-flanked diketopyrrolopyrrole 

(TDPP) units (3.9).32 The electron-poor character of TzQI and DPP led polymer 3.9 to exhibit a 

low-lying LUMO energy level of –4.17 eV. In addition, polymer 3.9 had an optical bandgap of 

0.60 eV. They also made OFETs from 3.9 and found that the resulting devices exhibited 

ambipolar character with a maximum hole and electron mobility while under vacuum of 2.5 x 

10−2 and 8.7 x 10−2 cm2 V–1 s–1, respectively. Moreover, the devices exhibited good stability in 

air with a hole and electron mobility of 9.8 x 10−3 and 5.8 x 10−3 cm2 V–1 s–1, respectively, after 

the device was stored under air for 30 days. The authors suggest that the good ambient stability 

of these devices is due to the low-lying LUMO of 3.9.  

 In 2020, Tam et al. synthesized a polymer composed of the units benzo[1,2-c;4,5-

c′]bisthiadiazole and thiophene-flanked thieno[3,2-b]thiophene (3.10).33 They found that 
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polymer 3.10 exhibited an optical bandgap of 0.52 eV. They also investigated whether polymer 

3.10 could be used in thermoelectrics and found that it was one of the highest performing 

solution-phase doped conjugated polymers for this purpose. 

 

Figure 3.2. Record low bandgap solution-processable conjugated polymers. 

3.1.3. Extended Thieno[3,4-b]pyrazines 

As mentioned in chapter 1 and 2, TP has been successful in producing low bandgap 

materials. Researchers have explored extending the conjugation of TP in an attempt to produce 

useful materials for various applications.22,23,34–62 Examples of extended TP-based conjugated 

compounds are displayed in Figure 3.3. Additionally, the majority of extended TPs are 

synthesized from a 3,4-diaminothiophene analog and a cyclic α-dione through a double 

condensation reaction (Figure 3.4). 
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Figure 3.3. Examples of extended thieno[3,4-b]pyrazine-based compounds. 

 

Figure 3.4. Double condensation reaction commonly used to synthesize extended thieno[3,4-

b]pyrazines. 
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 In 1974, Haddadin et al. prepared and isolated one of the first extended TPs, namely 1,3-

diphenylthieno[3,4-b]quinozaline (3.11). Extended TP 3.11 was prepared by reacting 2,3-

dibenzoylquinoxaline with phosphorus pentasulfide in pyridine.34 They provided data on the 

melting point, IR spectrum, and elemental analysis for TP 3.11. 

In 1977, Roland and Anderson attempted to synthesize and purify thieno[3,4-

b]quinoxaline (3.12a). However, they were unsuccessful due to its poor stability.35 Despite that, 

they were able to show the existence of 3.12a through trapping experiments. To achieve this, 

they heated 1,3-dihydrothieno[3,4-b]quinoxaline 2-oxide in acetic anhydride and trapped it with 

N-phenylmaleimide or dimethyl acetylenedicarboxylate. 

In 1995, Pohmer et al. became the first to successfully synthesize and isolate an extended 

TP monomer.36 They made thieno[3,4-b]quinoxalines 3.12a and 3.12b through base-catalyzed 

Pummerer dehydration, which involved treating the corresponding 1,3-dihydrothieno[3,4-

b]quinoxaline 2-oxide with KOH in benzene. The resulting products were collected as an orange 

crystalline material, which were stable for at least several days when protected from light and 

oxygen.  

As mentioned in section 3.1.1, Tanaka and Yamashita reported polymer 3.5 in 1995, 

which was one of the first extended TP-based polymers.22 Additionally, in their report, they 

compared the extended TP trimer 3.13 with the non-extended TP trimer 3.27, which they 

synthesized from diamine 3.26 (Figure 3.5). They found that the extended TP exhibited a 

significant redshift in absorption (990 vs 529 nm). Moreover, electrochemical results showed 

that the extended TP a small decrease in the oxidation potential, but there was a significant 

increase in the reduction potential, possibly due to the electron poor character of the thiadiazole 

ring. 
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Figure 3.5. Preparation of TP trimers 3.27 and 3.13 by Tanaka and Yamashita. 

Following these initial reports, more extended TP-based polymers were reported.37,38 

However, these polymers were copolymers that contained thiophene units between the extended 

TP units. This limited the extent to which the bandgap could be lowered. Ideally, an extended TP 

homopolymer would exhibit a very low bandgap. In 2002, a computational study determined the 

calculated bandgaps for poly([1,2,5]thiadiazolo[3,4-b]thieno[3,4-e]pyrazine) (3.14) and 

poly(dithieno[3,4-b:3′,4′-e]pyrazine) (3.15) to be 0.10 and 0.14 eV, respectively.39 However, 

these homopolymers are not practical as they lack solubilizing side chains. Moreover, most of 

the extended TPs that have been reported are relatively large, and only a few are small enough to 

allow for homopolymerization.  

 In 2008, Rasmussen and coworkers made poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine) 

(3.17a), the first reported extended TP homopolymer.40 They achieved this through the 

electropolymerization of acenaphto[1,2-b]thieno[3,4-e]pyrazine (3.16a), with this also the first 

report of monomer 3.16a. They found that compared to other poly(thieno[3,4-b]pyrazine)s 

(PTPs), conjugation extension with the acenaphtho functionality resulted in LUMO stabilization 

with limited impact on the HOMO. This resulted in a low bandgap polymer that exhibited good 
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stability. They determined the bandgap to be ~0.50 eV. Additionally, 3.17a exhibited a solid-

state λmax at ~910 nm with the film absorbing out past 2700 nm. However, 3.17a was insoluble in 

common organic solvents, which limits its application to devices. 

 In 2009, Rasmussen and coworkers attempted to enhance to solubility of polymer 3.17a 

by functionalizing it with an alkyl side chain.41 They synthesized poly(3-octylacenaphtho[1,2-

b]thieno[3,4-e]pyrazine) (3.17b) by electropolymerization of 3.16b. However, polymer 3.17b 

displayed almost no solubility in common organic solvents.42 Moreover, 3.17b exhibited an 

increased electrochemical bandgap (0.65 eV) compared to 3.17a. They attributed the large 

increase in bandgap to the regiorandom nature of the polymer, which led to disorder in the 

polymer film.  

 In 2011, Rasmussen and coworkers synthesized and characterized several extended TP 

monomers.43 The compounds synthesized included acenaphtho[1,2-b]thieno[3,4-e]pyrazine 

(3.16a), 3,4-dibromoacenaphtho[1,2-b]thieno[3,4-e]pyrazine (3.16c), 3-octylacenaphtho[1,2-

b]thieno[3,4-e]pyrazine (3.16b), dibenzo[f, h]thieno[3,4-b]quinoxaline (3.18), and 

thieno[3’,4’:5,6]pyrazino[2,3-f][1,10]phenanthroline (3.19). All the extended TPs were prepared 

by double condensation reaction between 3,4-diaminothiophene and the corresponding cyclic α-

dione (Figure 3.4). However, 3.16c was of very low solubility, limiting its applications. 3.16b 

was slightly more soluble than 3.16a, but they mentioned that more soluble analogs of 3.16a are 

still needed. They found that all the extended TPs, except 3.16c and 3.19, exhibited a higher 

HOMO than 2,3-dimethylthieno[3,4-b]pyrazine due to the increased π-electron delocalization. 

Extended TP 3.16c exhibits a stabilized HOMO due to the electron-withdrawing character of the 

bromo functionalities, while extended TP 3.19 exhibits a stabilized HOMO due to the electron-

withdrawing character of the sp2 N atoms. In addition, extended TPs 3.16c and 3.19 exhibit the 
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lowest LUMO levels due to the electron-withdrawing nature of the bromine functionalities and 

sp2 N atoms. Moreover, they analyzed extended TPs 3.16a, 3.18, and 3.19 by absorption 

spectroscopy. They found that extended TP 3.18 exhibited the most redshifted low energy 

solution-state λmax value (426 nm). In addition, extended TPs 3.16a, 3.18, and 3.19 exhibit a 

redshifted absorption onset compared to 2,3-diphenylthieno[3,4-b]pyrazine. 

 In 2016, Rasmussen and coworkers synthesized terthienyls 3.20, 3.21, and 3.22, and their 

corresponding polymers (3.23, 3.24, and 3.25).44 The terthienyls were made using a double 

condensation reaction between 3’,4’-diamino-2,2’:5’,2”-terthiophene and the corresponding 

cyclic α-dione. Polymers 3.23, 3.24, and 3.25 were produced through electropolymerization of 

3.20, 3.21, and 3.22, respectively. The resulting materials displayed low optical bandgaps 

ranging from 0.82 to 0.99 eV, with the lowest bandgap observed for polymer 3.25. 

3.1.4. Motivation for This Work 

 Extended TPs have been used to create a variety of low bandgap materials. However, two 

issues arise when using extended TPs. The first is the low solubility of the extended TP 

monomers and polymers, which limits their practical use. The second issue is the large size of 

the monomeric units limit the number of polymers that can be produced. For example, the large 

size of extended TPs 3.18 and 3.19 makes homopolymerization difficult due to steric issues. 

Thus, TPs 3.18 and 3.19 needs to be copolymerized with a “spacer” unit like thiophene (which 

increases bandgap).  

 Considering the shortcomings of extended TPs a copolymer made up of the extended TP 

3.16a and a very soluble TP analog, 2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine (3.28) was 

targeted. The long and branched side chains of 3.28 result in enhanced solubility, making it a 

suitable pair for the very insoluble 3.16a unit. A random and alternating copolymer using TPs 
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3.16a and 3.28 was targeted. A random copolymer is a copolymer where the monomeric units 

are distributed randomly along the polymer backbone (Figure 3.6). Random copolymers offer a 

straightforward way to adjust polymer properties by changing the ratio of the comonomers.63–65 

An alternating copolymer is a copolymer where the monomeric units alternate along the polymer 

backbone (Figure 3.6). 

 

Figure 3.6. Random and alternating copolymer of two components. 

Conjugated random copolymers are often made by cross-coupling polymerizations 

(Stille, Suzuki, Kumada, etc.).63–66 Through this route, random copolymers are made by 

functionalizing each monomeric unit with a halide function and an organometallic function, 

combining them in one pot, and adding a metal precatalyst (Figure 3.7).67,68 GRIM 

polymerization is an especially straightforward way to make random copolymers as the 

halogenated monomers can be activated in the same reaction pot.69,70 

 

Figure 3.7. Common one-pot synthesis of conjugated random copolymers by cross coupling. 

 Conjugated alternating copolymers are often made by cross-coupling polymerizations 

(Stille, Suzki, Kumada, etc.).71–73 Through this route, one monomeric unit is difunctionalized 

with halide functions and the other monomeric unit is difunctionalized with organometallic 

functions. The functionalized monomers are then combined in one pot, and a metal precatalyst is 
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added resulting in polymerization (Figure 3.8). However, the traditional cross-coupling 

polymerizations listed above have several drawbacks including the need for the organometallic 

functions and in the case of Stille coupling the formation of toxic byproducts.71 An alternative 

polymerization method has been developed in recent years, namely direct arylation 

polymerization (DArP), in which coupling occurs between a monomeric unit difunctionalized 

with halide functions and an unfunctionalized arene (Figure 3.8).74,75 This avoids preparation of 

the organometallic functionalized monomer, reducing the number of synthetic steps and 

increasing atom economy. The Rasmussen group has previously made several TP-based 

alternating copolymers using DArP76,77 allowing their conditions to be applied to produce an 

alternating copolymer of TPs 3.16a and 3.28. 

 

Figure 3.8. Comparison of traditional cross-coupling polymerizations and DArP. 

3.2. Results and Discussion 

3.2.1. Design and Synthesis 

 First, the random copolymer composed of TPs 3.16a and 3.28 was produced using GRIM 

polymerization. The work reported in chapter 2 demonstrats the effectiveness of GRIM 

polymerization for producing TP random copolymers. The synthesis of polymer 3.22 began by 
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making monomeric units 3.16a and 3.28. Monomer 3.16a was prepared by previous methods 

reported by Rasmussen and coworkers.40 The preparation of monomer 3.28 was discussed in 

chapter 2. 

 Bromination of 3.16a had previously been reported by Bao and coworkers.45 However, 

their procedure required a 2-day reaction time to yield 8,10-dibromoacenaphtho[1,2-

b]thieno[3,4-e]pyrazine (3.29) in a 69.3% yield. Based on previous work done by Rasmussen 

and coworkers,78,79 the reaction time was reduced to 3.5 hours to yield 3.29 in 84% (Figure 3.9).  

 

Figure 3.9. Bromination of acenaphtho[1,2-b]thieno[3,4-e]pyrazine. 

A similar procedure was used to brominate 3.28. Due to the low solubility of TP 3.29 the 

reaction was worked up by pouring over ice and filtering. However, pouring the reaction of 5,7-

dibromo-2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine (3.30) over ice did not result in product 

precipitation, likely due to the branched side chains on 3.30. As a result, the reaction was worked 

up by extraction with ethyl acetate followed by purification with a short silica plug to give 3.30 

in 82% yield (Figure 3.10). 

 

Figure 3.10. Bromination of 2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine. 
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 GRIM polymerization was used to copolymerize 3.29 and 3.30. First, 0.5 equivalents of 

both brominated monomers were added to the reaction pot and dissolved in THF. Then, 1.05 

equivalents of MeMgBr was added, and the reaction was heated at reflux for 1 h, resulting in 

Grignard metathesis. Next, the precatalyst,                                                                                 

[1,3-bis(diphenylphosphino)propane]dichloronickel(II) was added, followed by reflux for 

another 1 h, causing polymerization by Kumada coupling. The reaction was heated at reflux 

because previous work has found that this gives a higher soluble-fraction yield for polymer 3.2.78 

Finally, the polymer was precipitated in methanol, purified using a Soxhlet apparatus, extracted 

in chloroform, and concentrated to give the black solid polymer, poly(acenaphtho[1,2-

b]thieno[3,4-e]pyrazine-ran-2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine) (3.31) in 52% yield 

(Figure 3.11). This polymerization was found to be repeatable.  

 

Figure 3.11. GRIM polymerization of poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-ran-2,3-

bis(2-octyldodecyl)thieno[3,4-b]pyrazine). 

Using gel permeation chromatography with 1,2,4-trichlorobenzene at 100 °C and 

comparing to polystyrene standards, number and weight average molecular weights (Mn and Mw) 

of 5700, and 7000 were determined, respectively. This gave a low polydispersity index (PDI) of 

1.23. If it is assumed that polymer 3.31 is composed of a completely 1-to-1 ratio of monomers 

3.16a and 3.28, the polymer chains would consist of about 12 repeat units, which is well below 

the effective conjugation length of polythiophene.80,81 Initially it was thought that the low 
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molecular weight of this polymer was due to its low solubility. However, further experiments 

determined that the polymer exhibited good solubility in chloroform (32.5 ± 2.5 mg/mL). A 

possible explanation for the low molecular weight is the poor compatibility of brominated 

monomers 3.29 and 3.30 with the GRIM mechanism leading to termination processes.82–84 

 The alternating copolymer, poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-alt-2,3-bis(2-

octyldodecyl)thieno[3,4-b]pyrazine) (3.32), was prepared using direct arylation polymerization 

(DArP) (Figure 3.12). The Rasmussen group has developed a procedure for the production of 

alternating copolymers using the TP unit.76,77 Dibromide 3.29 and TP 3.28 were chosen as the 

starting materials for this polymerization. TP 3.28 was used as the unfunctionalized aromatic unit 

as previous work by the Rasmussen group shows that the C-H of the TP unit is viable for DArP. 

However, they have not attempted DArP with the extended TP, 3.16a. The polymerization was 

carried out by adding the monomers, Pd(OAc)2, tris(2-methoxyphenyl)phosphine (TOMPP), 

K2CO3, pivalic acid, and THF to a microwave vial, sealing the vial under N2 atmosphere, and 

heating the reaction to 120 °C for 24 h. Finally, the polymer was precipitated in methanol, 

purified using a Soxhlet apparatus, extracted in chloroform, and concentrated to give polymer 

3.32 as a black solid in 60% yield. Polymer 3.32 exhibited good solubility in chloroform (22.5 ± 

2.5 mg/mL). 

 

Figure 3.12. DArP polymerization of poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-alt-2,3-bis(2-

octyldodecyl)thieno[3,4-b]pyrazine). 
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 Using gel permeation chromatography with the same methods discussed above the Mn, 

Mw, and PDI for polymer 3.32 were determined to be 3400, 4900, and 1.43, respectively. A Mn 

of 3400 corresponds to about seven repeat units, which is relatively low. The low molecular 

weight of this polymer could be due to the polymer’s incompatibility with the DArP conditions 

used.  

3.2.2. UV-vis-NIR Absorption Spectroscopy 

Shown in Table 3.1 are the solution and solid-state UV-vis-NIR absorption data for 

polymers 3.31 and 3.32 along with polymer 3.2 made by GRIM polymerization and 3.17a made 

by electropolymerization for comparison. Shown in Figure 3.13 are the solution and solid-state 

UV-vis-NIR absorption spectra of polymers 3.31 and 3.32. The absorption spectra of polymers 

3.31 and 3.32 exhibit the characteristic two band structure, which is commonly observed in 

donor-acceptor systems.85 The low energy band stems from intramolecular charge transfer and 

the high energy band stems from the π-π* transition.85 The solid-state spectra for both polymers 

redshifted and broader than the corresponding solution-state spectrum, which is due to 

intermolecular interactions in the solid state.2,24 

Table 3.1 Visible-NIR absorbance data for PTPs. 

 

Material λmax (nm, CHCl3)
a

λmax (nm, film)
a,b Eg (eV)

3.2 862, (940) 886, (990) 1.07

3.31 1184 1250 0.64

3.32 1190 1259 0.67

3.17a
c

- ~910 ~0.55
a
 Values in parentheses denote prominent shoulders. 

b
 Unannealed films. 

c
 Ref. 40.
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Figure 3.13. Solution- and solid-state UV-vis-NIR spectra of poly(acenaphtho[1,2-b]thieno[3,4-

e]pyrazine-ran-2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine) and poly(acenaphtho[1,2-

b]thieno[3,4-e]pyrazine-alt-2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine). 

Polymers 3.31 and 3.32 exhibit a solution-state λmax value of 1184 and 1190 nm, 

respectively, which are significantly redshifted compared to polymer 3.2 (970 nm). However, 

comparison to solution data of polymer 3.17a is not possible due to the insolubility of the 

polymer. Polymers 3.31 and 3.32 exhibit a solid-state λmax value of 1250 and 1259 nm, 

respectively, which is significantly redshifted compared to both polymers 3.2 (890 nm) and 

3.17a (~910 nm). Furthermore, polymers 3.31 and 3.32 exhibit an optical bandgap of 0.64 and 

0.67 eV, which are some of the lowest bandgaps reported for solution-processable polymers. The 

larger bandgap of polymer 3.2 is likely due to the smaller size of the conjugated portion of the 

monomeric unit, 2,3-dihexylthieno[3,4-b]pyrazine, which limits electron delocalization. In 

addition, polymer 3.2 is functionalized with side chains on every monomeric unit, which disrupts 

π-stacking resulting in an increase in bandgap. The smaller bandgap of 3.17a is likely a result of 

the extended conjugation of the monomeric units and the lack of side chains, leading to better π-

stacking in the solid state and enhanced electron delocalization. Comparing the solution and 
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solid-state UV vis spectra of polymer 3.31 and 3.32 the random copolymer exhibits a wider 

spectral profile with a lower energy onset of absorption giving a slightly lower bandgap, which is 

potentially due to the higher molecular weight of the random copolymer. 

3.2.3. Electrochemistry 

Cyclic voltammetry was used to estimate the frontier molecular orbital energy levels of 

polymers 3.31 and 3.32. Shown in Table 3.2 is the electrochemical data for polymers 3.31 and 

3.32 along with polymer 3.2 made by GRIM polymerization and polymer 3.17a made by 

electropolymerization for comparison. The cyclic voltammogram for polymers 3.31 and 3.32 are 

shown in Figure 3.14. Polymers 3.31 and 3.32 exhibit a HOMO in between that of polymers 3.2 

and 3.17a, which is potentially because the extended TP content of 3.31 and 3.32 is in between 

that of polymers 3.2 and 3.17a, and extending the conjugation path generally raises the 

HOMO.2,24 The LUMO of polymers 3.31 and 3.32 is higher than polymer 3.17a and about the 

same as polymer 3.2. The HOMO and LUMO level of 3.31 and 3.32 suggest that these polymers 

could function in a photonic device with common acceptors such as PCBM, Y6, and IT-4F. The 

electrochemical bandgap of polymers 3.31 and 3.32 was determined to be 0.9 eV. The difference 

in energy between the electrochemical bandgap and the optical bandgap is due to the exciton 

binding energy.86  

Table 3.2. PTP electrochemical data. 

 

Material EHOMO (eV)
a

ELUMO (eV)
b

Eg
elec

 (eV)

3.2 -5.2 -3.6 1.6

3.31 -4.8 -3.9 0.9

3.32 -4.8 -3.9 0.9

3.17a
c

-4.7 -4.2 0.5
a
 EHOMO = − (E[onset,ox vs. Fc+/Fc] + 5.1)(eV). 

b
 ELUMO = − (E[onset,red vs. Fc+/Fc] + 5.1)(eV). 

c 

Ref. 40.
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Figure 3.14. Cyclic voltammogram of poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-ran-2,3-

bis(2-octyldodecyl)thieno[3,4-b]pyrazine) and poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-alt-

2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine).  

3.2.4. Synthetic Complexity 

 The synthetic complexity of polymer 3.31 was compared with some of the top 

performing solution processible low bandgap conjugated polymers (Figure 3.15). The values 

used to calculate synthetic complexity can be found in Table 3.3. An example calculation for 

polymer 3.31 can be found in Figure 3.16. Of the six polymers shown, polymer 3.31 has a 

relatively low synthetic complexity with only polymer 3.8a having a lower value. However, the 

synthetic complexity of polymer 3.31 could be lowered significantly by improving the yield of 

the double condensation reaction used to make the 2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine 

discussed in chapter 2.  
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Figure 3.15. Bandgap and relative synthetic complexity of some of the top-performing solution 

processable low bandgap conjugated polymers. 

3.3. Conclusion 

 TPs 3.16a and 3.28 were brominated in good yield (80-85%) using NBS at low 

temperature. A random copolymer (3.31) composed of monomeric units 3.16a and 3.28 was 

prepared by GRIM polymerization in moderate yield (52%). However, polymer 3.31 was of 

relatively low molecular weight (Mn = 5700). If the polymer was a true 1:1 copolymer, the 

number of monomeric units in the polymer would be about 12, which is well below the effective 

conjugation length of polythiophene.80,81 Thus, increasing the molecular weight of this polymer 

should be targeted as it could result in a further decrease in bandgap. A possible explanation for 

the low molecular weight is the poor compatibility of brominated monomers 3.29 and 3.30 with 

the GRIM mechanism leading to termination processes.82–84 
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An alternating copolymer (3.32) composed of monomeric units 3.16a and 3.28 was 

prepared by DArP in moderate yield (60%). However, polymer 3.32 was of relatively low 

number average molecular weight of 3400, which corresponds to about seven repeat units, which 

is well below the effective conjugation length of polythiophene.80,81 The low molecular weight of 

this polymer could be due to the polymer’s incompatibility with the DArP conditions used.  

 Polymers 3.31 and 3.32 exhibited red-shifted solution and solid state λmax values 

compared to polymer 3.2 prepared by GRIM polymerization and polymer 3.17a prepared by 

electropolymerization. The optical bandgap of polymers 3.31 and 3.32 was determined to be 0.64 

and 0.67 eV, which are some of the lowest bandgaps for a solution-processible conjugated 

polymer. The lower bandgap of polymer 3.31 is potentially due to the higher molecular weight of 

this polymer. In addition, polymer 3.31 is of low synthetically complexity compared to some of 

the top-performing solution processable low bandgap polymers. Future work consists of 

fabricating NIR photodetectors from polymers 3.31 and 3.32. 

3.4. Experimental  

3.4.1. General 

All materials were reagent grade and used without further purification unless noted. DMF 

was dried by mixing with MgSO4 and flushing through a silica gel plug. THF was dried by 

distillation over sodium/benzophenone. All dry solvents were transferred via standard syringe 

techniques. All reactions were carried out under a dry nitrogen stream. Reaction glassware was 

oven dried before use. 1H and 13C NMR were collected using a 400 MHz spectrometer using 

CDCl3 as the solvent. NMR peak multiplicity is reported as follows: d = doublet and m = 

multiplet. A digital thermal couple with a 0.1 °C resolution was used to determine melting 

points. Acenaphtho[1,2-b]thieno[3,4-e]pyrazine was prepared following a previously reported 
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procedure.40 The preparation of 2,3-bis(2-octyldodecyl)thieno[3,4-b]pyrazine was discussed in 

chapter 2. 

8,10-Dibromoacenaphtho[1,2-b]thieno[3,4-e]pyrazine (3.29). Compound 3.29 was 

prepared by the modification of a previously reported procedure.78 3.16a (0.92 g, 3.53 mmol) 

was added to a 250 mL three-neck round-bottom flask equipped with an addition funnel. Dry 

DMF (105 mL) was added and the solution was cooled to -78 °C in an acetone/dry ice bath. In a 

separate flask, NBS (1.57 g, 8.82 mmol) was dissolved in dry DMF (35 mL) and put under dry 

N2. The NBS solution was added dropwise to the 3.16a solution (ca. 1 h addition). The mixture 

was then warmed to -20 °C in a brine/dry ice bath and stirred for 3.5 h. The mixture was poured 

onto ice and stirred until the ice melted. The yellow precipitate was filtered, washed with water, 

and dried in vacuo (1.24 g, 84%). Mp ~190 °C (dec); 1H NMR (CDCl3, 400 MHz): δ 8.45 (d, J = 

7.1 Hz, 2H), 8.15 (d, J = 8.2 Hz, 2H), 7.86 (dd, J = 8.2, 7.1 Hz, 2H). NMR data agree well with 

previously reported values.45 

Poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-ran-2,3-bis(2-octyldodecyl)thieno[3,4-

b]pyrazine) (3.32). Polymer 3.32 was prepared by the modification of a previously reported 

procedure.78 To a 50 mL three neck round bottom flask equipped with a condenser was added, 

3.29 (0.418 g, 1.0 mmol), 3.30 (0.855 g, 1.0 mmol), and dry THF (10 mL). Methylmagnesium 

bromide (0.7 mL, 3.0 M solution in diethyl ether) was added via syringe dropwise. The reaction 

was heated at reflux for 1 h. Ni(dppp)Cl2 (0.0054 g, 0.010 mmol) was added and the reaction 

was heated at reflux for another 1 h. The reaction was let cool to room temperature and 

precipitated by adding dropwise via Pasteur pipette to MeOH (~100 mL) at 0 °C. The mixture 

was stirred at 0 °C for 2 h. The precipitate was loaded onto a glass frit and washed with methanol 

via Soxhlet apparatus for 48 h. The soluble fraction was extracted with CHCl3 and concentrated 
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to give a black solid. The solid was pumped for 4 h to yield the desired product (0.50 g, 52%). 1H 

NMR (CDCl3, 400 MHz): δ 8.44, 8.14, 7.87, 2.84, 2.03, 1.26, 0.89. GPC: Mw = 7000, Mn = 

5700, PDI = 1.23. 

Poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-alt-2,3-bis(2-octyldodecyl)thieno[3,4-

b]pyrazine) (3.32). Polymer 3.32 was prepared by the modification of a previously reported 

procedure.76 To a microwave vial was added, 3.29 (0.153 g, 0.367 mmol), palladium(II) acetate 

(0.016 g, 0.0717 mmol), potassium carbonate (0.149 g, 1.08 mmol), pivalic acid (0.041 g, 0.397 

mmol), and tris(o-methoxyphenyl)phosphine (0.025 g, 0.071 mmol). The vial was transferred to 

a glovebox where 3.28 (0.267 g, 0.383 mmol) and dry THF (7 mL) were added. A cap was 

crimped on the vial and the vial was removed from the glovebox. The reaction was heated at 120 

°C for 24 hours. The reaction was let cool to room temperature and precipitated by adding 

dropwise via Pasteur pipette to MeOH (~200 mL) at 0 °C. The mixture was stirred at 0 °C for 2 

h. The precipitate was loaded onto a glass frit and washed with methanol and acetone via Soxhlet 

apparatus. The soluble fraction was extracted with CHCl3 and concentrated to give a black solid. 

The solid was pumped for 4 h to yield the desired product (0.219 g, 60%). 1H NMR (CDCl3, 400 

MHz): δ 3.31, 1.28, 1.19, 0.91, 0.78. GPC: Mw = 4900, Mn = 3400, PDI = 1.43. 

3.4.2. Electrochemistry 

Electrochemical analysis was performed using a three-electrode cell with a platinum disc 

working electrode and a platinum wire auxiliary electrode. The Ag/Ag+ reference electrode was 

prepared with a 0.01 M AgNO3 and 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 

solution in dry MeCN. MeCN used for electrochemistry was dried by distillation over CaH2 

under dry N2. Polymer films were prepared by drop casting a polymer solution in CHCl3 onto the 

working electrode. Electrochemical cells were oven dried. Solutions of 0.10 M TBAPF6 in dry 
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MeCN were deoxygenated by sparging with argon before each scan and blanked with argon 

during the scan. Measurements were taken with a sweep rate of 100 mV s-1. EHOMO and ELUMO 

values were estimated by taking the onsets of first oxidation and reduction and referencing to 

ferrocene (5.1 V vs. vacuum).87 

3.4.3. Absorption Spectroscopy 

Absorption spectroscopy measurements were collected using a Carry 500 dual-beam UV-

vis-NIR spectrophotometer. Solution-state spectra were collected with the analyte dissolved in 

CHCl3. Spin coated polymer films on glass plates were used for solid-state analysis. Optical 

bandgaps were determined from the solid-state spectra by extending the steepest part of the low 

energy absorption onset to the baseline. 

3.4.4. Synthetic Complexity 

 

Figure 3.16. Example synthetic complexity calculation for polymer 3.31 with unit operations 

represented by the blue numbers and hazardous chemicals in red. 

Synthetic complexity was calculated following the guidelines discussed in chapter 2. 

Values used for the calculation are given in Table 3.3 and an example calculation for polymer 

3.31 is given in Figure 3.16. 



 

112 

Table 3.3. Values used for synthetic complexity calculations for solution processable low 

bandgap polymers with the values in red used as the max values. 
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CHAPTER 4. DESIGN AND SYNTHESIS OF SMALL MOLECULE NEAR-INFRARED 

EMITTERS 

4.1. Introduction 

Fluorescence bioimaging has gained interest over traditional imaging methods such as 

positron emission tomography (PET) and magnetic resonance imaging (MRI) due to its 

affordability, high sensitivity, and fast feedback.1–3 Light wavelengths of 700–900 nm and 1000–

1700 nm are ideal for bioimaging due to the reduced absorption, autofluorescence, and scattering 

in these regions.1 This is depicted in Figure 4.1, in which the biological tissue penetration depth 

of light increases as wavelength increases.1,4 These regions have been termed the first near-

infrared (NIR-I) window (700–900 nm) and second near-infrared (NIR-II) window (1000–1700 

nm). The region is broken into two windows due to absorption by water and lipids around 950 

nm.4–6 However, this nomenclature is somewhat misleading as almost half of the NIR-I window 

is outside of the NIR region. 

 

Figure 4.1. Biological tissue penetration depths for various wavelengths of light.4 

In bioimaging, inorganic nanomaterials such as quantum dots,7,8 single-walled carbon 

nanotubes,9,10 and rare-earth-doped nanoparticles,11,12 have drawbacks such as toxicity, poor 
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water solubility,4 and slow excretion times.1,13 Organic fluorophores, particularly small molecule 

fluorophores, have gained much interest due to their low toxicity, fast excretion rates, tunability 

through molecular design, and good biocompatibility.1,4,14 Small molecule fluorophores also 

have faster excretion rates than conjugated polymers.4  

In 1959, the U.S. Food and Drug Administration (FDA) approved the small molecule 

NIR fluorophore indocyanine green (ICG, Figure 4.3) for clinical applications,1,4 which exhibits 

a peak emission at 830 nm. Methylene blue (MB, Figure 4.3) is another approved small molecule 

fluorophore that exhibits peak emission at 686 nm.4 However, ICG and MB exhibit peak 

emission in the NIR-I and visible regions, which limits their application due to the lower 

penetration depth of these regions of light. This led to a push towards organic small molecule 

fluorophores that emit in the NIR-II region. 

 

Figure 4.2. S-D-A-D-S structure and examples of common acceptors, donors, and shielding 

units. 
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Figure 4.3. Small molecule fluorophores with corresponding emission wavelength and quantum 

yield in aqueous solution. 

A common design for small molecule fluorophores that emit in the NIR-II region is the 

donor-acceptor-donor (D-A-D) framework.1 A common central acceptor unit used in these D-A-

D frameworks is benzo[1,2-c:4,5-c’]bis[1,2,5]thiadiazole (BBTD). The first example of a small 

molecule NIR-II emitter with a BBTD core was reported by Dai and coworkers in 2016 when 
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they made CH1055, which exhibits peak emission at 1055 nm.1,15 D-A-D fluorophores exhibit 

relatively long wavelength absorption and emission due to the donor-acceptor interactions, 

resulting in a low HOMO-LUMO gap.16–18 Furthermore, “shielding” units have been attached to 

the end of D-A-D fluorophores (S-D-A-D-S, Figure 4.2) to reduce aggregation between 

molecules and increase the quantum yield.1  

 In 2016, Dai and coworkers functionalized CH1055 with polyethylene glycol (PEG) 

chains, improving its aqueous solubility.15 This differed from common methods of improving 

aqueous solubility, which typically involved hydrophilic encapsulation. As a result, CH1055-

PEG (Figure 4.3) exhibited a fast excretion rate of ca. 90% in 24 h. Furthermore, CH1055-PEG 

was used to obtain high quality images of brain tumors in mice. However, the shortcomings of 

CH1055-PEG were the very low quantum yield (0.3%) and poor penetration depth (4 mm). 

 To enhance quantum yields, Dai and coworkers added a shielding unit to the D-A-D 

framework, preventing aggregation of the conjugated backbone.19 Their S-D-A-D-S compound 

used BBTD as the core acceptor, 3,4-ethylenedioxythiophene (EDOT) as the donor, and fluorene 

as the shielding unit (IR-FEP, Figure 4.3). The large side chains on the fluorene unit helped 

break up aggregates. In water, the compound exhibited a maximum emission at 1047 nm, and a 

quantum yield of 2.0%.  

 In 2018, Dai and coworkers modified their original S-D-A-D-S design to create a new S-

D’-D-A-D-D’-S compound with BBTD as the acceptor, 3-octylthiophene as the first donor (D), 

thiophene as the second donor (D’), and fluorene as the shielding unit (IR-FTAP, Figure 4.3).20 

The resulting NIR emitter showed a maximum emission at 1048 nm. They suggested that the 

large octyl side chains on the thiophene unit causes distortion of the conjugated backbone and 

limited interactions with water molecules. IR-FTAP exhibited a quantum yield of 5.3% in 
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aqueous solution, which was one of the highest for a small molecule NIR-II fluorophore at that 

time. 

4.1.1. Tricyclic-Fused Bithiophenes 

A family of compounds known as tricyclic-fused bithiophenes have gained interest for 

their ability to produce fluorescent materials.21,22 These compounds are utilized as monomeric 

units in oligomers and polymers,21–24 and are made up of 2,2’-bithiophene with a bridging unit 

attached to the 3- and 3’-positions of the thiophene rings (Figure 4.4). Examples of such 

compounds include dithieno[3,2-b:2’,3’-d]pyrrole (DTP), dithieno[3,2-b:2’,3’-d]thiophene 

(DTT), and 4H-cyclopenta[2,1-b:3,4-b’]dithiophene (CPDT). Due to their added rigidity relative 

to 2,2’-bithiophene, these units generally exhibit enhanced electron delocalization and a reduced 

bandgap.21–23,25 In addition, they generally exhibit less vibrational relaxion from the excited state, 

resulting in enhanced emission.21,26 Finally, the side chains of these compounds are placed in the 

center of the unit, which reduces the likelihood of regioirregularity issues in the polymers and 

allows for the use of larger substituents due to the reduced likelihood of steric interactions.21,23,26 

4.1.2. Dithieno[3,2-b:2’,3’-d]pyrrole 

The tricyclic-fused bithiophene, DTP, has been used to produce a variety of fluorescent 

materials.23,26 DTP was first reported in 1983 by Zanirato and coworkers.28 However, DTP did 

not have much interest until 2003, when Rasmussen and coworkers reintroduced these 

units.23,26,29 Since then many fluorescent DTP-based oligomers have been reported.26,30–32  

Most reported DTP-based materials use first-generation DTPs, which have alkyl and aryl 

groups attached to the pyrrole nitrogen.21,23,24 In 2010, Rasmussen and coworkers introduced 

second-generation DTPs,33 which are functionalized with acyl groups. Due to the electron-

withdrawing nature of acyl groups, second generation DTPs generally exhibit stabilized HOMO 
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and LUMO energy levels relative to first generation DTPs.23,33 They also found that second-

generation DTPs exhibited a red-shifted absorption onset.33 

 

Figure 4.4. Tricyclic-fused bithiophenes.21,27  

Figure 4.5 illustrates the production of first- and second-generation DTPs from 3-

bromothiophene (4.1). First, the lithiation of 4.1 is achieved by the addition of LDA. Then ZnCl2 

and CuCl2 are added to undergo transmetalation to the organocopper species. The organocopper 

species undergoes oxidative coupling, which is assisted by dry O2, to give 3,3’-dibromo-2,2’-

bithiophene (4.2) in high yield (85-90%).33 First-generation DTPs are then made by Buchwald-

Hartwig coupling between 4.2 and a primary amine to give DTP in high yield (up to 99%).34,35 

Second-generation DTPs are made by copper-catalyzed amidation of 4.2 to yield acyl-DTPs in a 

yield of ca. 20–40%.33  

In 2012, Rasmussen and coworkers synthesized first and second generation DTP-based 

oligomers (Figure 4.6).30 The first generation DTP-based oligomers were made by Stille 

coupling between the distannyl-DTP and 2-bromothiophene or bromobenzene to give oligomers 

4.5 and 4.6 in 41–81% yield. The second-generation distannyl-DTPs could not be made as the 
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acyl groups can undergo nucleophilic attack with BuLi. However, they were able to make the 

dibromides in good yield. Thus, allowing the synthesis of oligomers 4.7 and 4.8 by Stille and 

Suzuki coupling in 32–47% yield.  

 

Figure 4.5. Synthesis of first- and second-generation DTPs.  

 

Figure 4.6. DTP-based oligomers synthesized and analyzed by Rasmussen and coworkers. 

Table 4.1 shows photophysical data for the parent DTP monomer (4.3b) and the DTP 

oligomers synthesized by Rasmussen and coworkers in 2012 (4.5–4.8). The DTP monomer 

exhibits very weak fluorescence, but the DTP oligomers exhibit relatively strong fluorescence. 

DTP-based oligomers are some of the strongest emitting thiophene-based materials due to their 

fused-ring nature, which eliminates interannular torsional vibrations (a source of nonradiative 

deactivation), and their enhanced photochemical stability.23,26,36 Moreover, the DTP-based 

oligomers exhibit red-shifted absorption and emission due to the increased conjugation length. 

The phenyl-capped oligomers have blue-shifted spectra due to the steric interactions between the 
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phenyl group and DTP core. However, the phenyl-capped oligomers have increased quantum 

yields due to the reduced number of sulfur atoms, as sulfur atoms usually cause a decrease in 

quantum yield due to the heavy atom effect. Second-generation DTPs have been found to exhibit 

increased quantum efficiencies relative to their first-generation counterparts.30 It has also been 

found that oligothiophenes functionalized with carbonyl groups exhibit increased fluorescence 

quantum yields.26 

Table 4.1. Solution-state photophysical data of DTP and DTP-based oligomers.  

 

4.1.3. Indium-based Heterocycles 

 As shown in Figure 4.4 tricyclic-fused bithiophenes that contain group 13 elements have 

been the least explored with indolo[3,2-b:4,5-b’]dithiophene yet to be synthesized. However, the 

indium-based tricyclic-fused biphenyl has been made with the first report in 1995, when Decken 

et al. prepared indafluorene 4.10 (Figure 4.7).37 They synthesized 4.10 by lithiating 2,2’-

dibromobiphenyl (4.9), followed by a reaction with the corresponding arylindium(III) dibromide 

to give compound 4.10 in low yield (~13%). Not much characterization of 4.10 was reported 

beyond mass spectroscopy and 1H and 13C NMR data. 

Compound ΦF

4.3b
b

310 324 7.78 × 10
-4

4.5a
c

400 440,470, (506) 0.32

4.5b
c

396 444, (464) 0.70

4.6a
c

381 422, 442, (473) 0.53

4.6b
c

378 421, 440, (476) 0.87

4.7a
c

399 446, 468, (504) 0.68

4.7b
c

398 440, (467) 0.73

4.8a
c

380 424, 439, (466) 0.62

4.8b
c

380 424, (443) 0.92
a
 Values in parentheses denote prominent shoulders.

b
 Ref. 29. 

c
 Ref. 30.

 𝑚  
  𝑠 (nm)  𝑚  

𝑒𝑚 (nm)a
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Figure 4.7. Indafluorene synthesized by Decken et al. in 1995. 

In 2015, Matsumoto et al. synthesized indafluorene 4.12 via lithiation of 2,2’-

diiodobiphenyl (4.11) followed by reaction with dichloro[2,4-di-t-butyl-6-(N,N-

dimethylaminomethyl)phenyl]dichloroindigane, giving the product in ~27% yield (Figure 4.8).38 

Compound 4.12 was reported to be water sensitive and required purification under an argon 

atmosphere. Compound 4.12 exhibited an absorption maximum at 282 nm, as well as 

fluorescence and phosphorescence, with the fluorescence maxima at 309 and 330 nm and the 

phosphorescence maximum at 487 nm. However, the total quantum yield was low. 

4.1.4. Thiazolo[5,4-d]thiazole 

 In 2017, Woodward et al. reported a series of highly fluorescent thiazolo[5,4-d]thiazole 

(TTz) based oligomers (Figure 4.9).39 The oligomers were made by double condensation 

between 4-pyridinecarboxaldehyde and dithiooxamide, followed by dialkylation with methyl 

tosylate, 1-bromooctane, or benzyl bromide. TTz-based oligomers 4.13–4.15 exhibited 

absorption λmax values between 390–395 nm and peak emission wavelengths ranging from 452–

461 nm. They also exhibited high quantum yields ranging from 0.79 to 0.92. 

 

Figure 4.8. Indafluorene synthesized by Matsumoto et al. in 2015. 
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Figure 4.9. Thiazolo[5,4-d]thiazole-based oligomers made by Woodward et al.  

4.2. Results and Discussion 

4.2.1. NIR Emitter Design 

 Initially, the goal was to synthesize photoluminescent oligomers that emit in the NIR-II 

region with high quantum yields. The target oligomer had a traditional D-A-D scaffold, but 

instead of using a traditional acceptor, the ambipolar unit thieno[3,4-b]pyrazine (TP) was used as 

the central unit. The target oligomer had the strong donor unit DTP and was end capped with 

phenyl groups to protect the α-position of the thiophene ring to increase stability (Figure 4.10). 

The target compound is expected to exhibit a low-lying LUMO characteristic of TP and a high-

lying HOMO due to the strong donor character of DTP and TP. A small HOMO-LUMO gap 

would lead to a red-shifted absorption onset and emission (if applicable). In addition, the 

oligomer would exhibit high quantum yields because of the DTP units. Moreover, the oligomer 

would be functionalized with alkyl side chains, resulting in good solubility in common organic 

solvents.  

4.2.2. Synthesis of N-Alkyldithieno[3,2-b:2’,3’-d]pyrrole-based Oligomer 

 Stannyl-DTP 4.16 was synthesized by modifying a procedure previously reported by 

Rasmussen and coworkers to make the distannyl analog.30 This involved treating 4.3b with 

BuLi/tetramethylethylenediamine (TMEDA) followed by the addition of Me3SnCl, letting the 

reaction warm up to room temperature, and stirring overnight. This mixture was then run through 

a triethylamine treated silica gel plug to purify stannyl-DTP 4.16. It has been found that the 
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distannyl analog undergoes decomposition on silica gel.40 Therefore, Rasmussen and coworkers 

found that it could be purified by using a deactivated column followed by rotary evaporation and 

pumping overnight.41 Selective production of stannyl-DTP 4.16 was not possible, with some 

starting material left over along with some distannyl-DTP. Then, Stille coupling was performed 

with bromobenzene, by modifying a procedure previously reported by Rasmussen and coworkers 

used to make oligomer 4.6.30 This gave N-octyl-2-phenyldithieno[3,2-b:2’,3’-d]pyrrole (4.17) in 

64% yield over two steps.  

Stannyl-DTP 4.18 was synthesized by similar methods used to make stannyl-DTP 4.16. 

Attempted synthesis of oligomer 4.19 by Stille coupling with 5,7-dibromo-2,3-

dihexylthieno[3,4-b]pyrazine42 was unsuccessful (Figure 4.10). UV-vis analysis of the crude 

sample showed absorbance out to ~900 nm, suggesting that oligomer 4.19 was made. However, 

the desired product was not obtained upon column chromatography, likely due to its low stability 

caused by its high-lying HOMO. Alternatively, oligomer 4.19 could be sticking to the silica gel 

during column chromatography, and other purification methods should be used. 

 

Figure 4.10. Attempted synthesis of oligomer 4.19. 
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4.2.3. Synthesis of N-Acyldithieno[3,2-b:2’,3’-d]pyrrole-based Oligomer 

Due to difficulties in synthesizing oligomer 4.19, oligomer 4.25 was targeted, which 

employed N-acyl-DTP instead of N-alkyl-DTP. The rationale for this was based on previous 

research that found N-acyl-DTPs exhibited a stabilized HOMO and LUMO energy level relative 

to the N-alkyl-DTP, which could potentially help with stability. Additionally, Rasmussen and 

coworkers found that N-acyl-DTP-based oligomers exhibited higher quantum yields than N-

alkyl-DTP-based oligomers.30 

 

Figure 4.11. Synthesis of N-hexanoyl-2-bromo-6-phenyldithieno[3,2-b:2’,3’-d]pyrrole.  

N-hexanoyl-2-bromo-6-phenyldithieno[3,2-b:2’,3’-d]pyrrole (4.23) was synthesized from 

DTP 4.4a by two routes (Figure 4.11). The first route involved making N-hexanoyl-2,6-

dibromodithieno[3,2-b:2’,3’-d]pyrrole (4.22), following a procedure previously reported by 

Rasmussen and coworkers.30 This was followed by Suzuki coupling with 1.0 equivalent of 

phenyl boronic ester to give the monocoupled product in a 31% yield.30 Attempts were made to 

increase the yield of this reaction by changing the base and the reaction time, but no significant 

impact on the yield was observed. In the second route N-hexanoyl-2-bromodithieno[3,2-b:2’,3’-

d]pyrrole (4.20) was made using NBS in 22% yield.30 Suzuki coupling was carried out with 1.1 

equivalents of phenyl boronic ester to give N-hexanoyl-2-phenyldithieno[3,2-b:2’,3’-d]pyrrole 
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(4.21) in 57% yield. We deemed the first route to be more efficient for making compound 4.23 

due to the low yield of the monobromination step and the need for two separate bromination 

steps. 

 Once compound 4.23 was made we attempted to make oligomer 4.25 by two routes. The 

first route used direct arylation between compound 4.23 and 2,3-dihexylthieno[3,4-b]pyrazine 

(4.24)43 using conditions previously reported by Rasmussen and coworkers to make TP-based 

alternating copolymers (Figure 4.12).44,45 UV-vis analysis of the crude sample showed 

absorbance out to ~900 nm, suggesting that oligomer 4.25 was made. However, no product was 

isolated upon column chromatography, potentially due to its low stability or that the oligomer is 

sticking to the silica gel during column chromatography. 

 

Figure 4.12. Attempted synthesis of oligomer 4.25 by direct arylation. 

 

Figure 4.13. Attempted synthesis of oligomer 4.25 by Suzuki coupling. 

The second attempt utilized Suzuki coupling to synthesize oligomer 4.25. This required 

synthesis of TP boronic ester 4.27, which was made through cross-coupling between 4.26 and 

bis(pinacolato)diboron (Figure 4.13), which after purification yielded a mixture of 4.24 and a 
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second species which we suspected to be compound 4.27. The crude 4.27 sample was then used 

for Suzuki coupling with compound 4.23, which resulted in no product formation. 

4.2.4. Synthesis of Indolo[3,2-b:4,5-b’]dithiophene 

The synthesis of indium-based heterocycle 4.28 was attempted following a common route 

used to synthesize tricyclic-fused bithiophenes (Figure 4.14).21 Compound 4.2 was treated with 

2.1 equivalents of BuLi to cause metal-halogen exchange. This was followed by the addition of 

phenylindium(III) dichloride, which was prepared following previously reported procedures.46 

However, the desired product was not obtained, potentially due to its low stability as was 

observed for indafluorene 4.12.38 

 

Figure 4.14. Attempted synthesis of indolo[3,2-b:4,5-b’]dithiophene. 

4.2.5. Synthesis of Thiazolo[5,4-d]thiazole-based Oligomer 

Next, oligomer 4.30 was targeted as previous studies report high quantum yields for both 

DTP- and TTz-based oligomers (Figure 4.15).30,39 First, formylation of compound 4.17 was 

carried out by the addition of BuLi at -78 °C, followed by the addition of DMF, warming to 

room temperature and letting stir for 2 h to give aldehyde 4.29 in 80% yield. Oligomer 4.30 was 

then made by a double condensation between aldehyde 4.29 and dithiooxamide. It was found that 

after 5 h a very low yield (< 5%) was recovered. Increasing the reaction time to 12 h led to an 

increase in the yield to 25% and further increasing the reaction time to 24 h gave the desired 

oligomer in 65% yield.  
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Previous work has shown that the addition of an oxidant to make TTz-based compounds 

results in an increase in yield.47 More recently, it was found that air could be used in place of a 

chemical oxidant in some cases.39 However, conducting the reaction under air at reflux for 12 h 

gave oligomer 4.30 in very low yield (< 5%).39  

 

Figure 4.15. Synthesis of oligomer 4.30 from N-octyl-2-phenyldithieno[3,2-b:2’,3’-d]pyrrole. 

4.2.6. UV-vis Absorption Spectroscopy  

 Shown in Table 4.2 is the solution-state UV-vis data for the parent first- and second-

generation DTP monomers and the corresponding phenyl-capped oligomers. In addition, the 

solution-state UV-vis spectra of DTPs 4.17 and 4.21 are shown in Figure 4.17. The absorption 

λmax values of DTPs 4.17 and 4.21 are between that of DTP monomers 4.3b and 4.4a and DTP 

oligomers 4.6a and 4.8a, which is due to the increase in conjugation length. Moreover, there is a 

much larger red shift in the λmax value upon the addition of the first phenyl substituent (43 and 49 

nm) compared to the addition of the second phenyl substituent (28 and 26 nm). One difference 

between the UV-vis spectra for DTPs 4.17 and 4.21 is that DTP 4.21 exhibits a higher energy 

peak at ~300 nm, whereas DTP 4.17 does not. This trend is also observed for phenyl-capped 

DTPs 4.6a and 4.8a.30  

Shown in Table 4.3 is the solution-state photophysical data for several TTz- and DTP-

based oligomers. Shown in Figure 4.19 is the solution-state UV-vis spectrum for oligomer 4.30. 

Oligomer 4.30 exhibits two low energy peaks at 503 and 532 nm. Moreover, the λmax for 
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oligomer 4.30 is significantly redshifted compared to the λmax for oligomers 4.6a, 4.13, and 4.31. 

In CHCl3 oligomer 4.30 showed strong emission under 365 nm wavelength light (Figure 4.20). 

 

Figure 4.16. N-alkyl- and N-acyl-DTP monomer and oligomers. 

Table 4.2. Solution-state UV-vis data for N-alkyl- and N-acyl-DTP monomers and oligomers.  

 

4.3. Conclusion 

 The synthesis of oligomers 4.19 and 4.25 were attempted. However, efforts were 

unsuccessful possibly due to the low stability of the oligomers as a result of their high-lying 

HOMOs. Nevertheless, novel compounds which could be used to make other oligomers and 

polymers have been made. In addition, the impact of functionalizing the 2- and 6-positions of N-

alkyl- and N-acyl-DTP was analyzed by UV-vis spectroscopy. It was found that the addition of 

Compound λmax (nm)

4.3b
a

310

4.17
b

353

4.6a 381

4.4a 305

4.21
c

354

4.8a
c

380
a
 Ref. 29. 

b
 Ref. 33. 

c
 Ref. 30.
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the first phenyl substituent resulted in a much larger redshift in λmax than the addition of the 

second phenyl substituent.  

 

Figure 4.17. Solution-state UV-vis spectra of N-alkyl- and N-acyl-DTP oligomers. 

 

Figure 4.18. TTZ- and DTP-based oligomers. 

Oligomer 4.30 was prepared by a double condensation reaction between aldehyde 4.29 

and dithiooxamide. It was found that increasing the reaction time led to an increase in the yield 

giving oligomer 4.30 in 65% yield. Oligomer 4.30 exhibited an absorption λmax at 532 nm, which 

is significantly red shifted compared to DTP dimer 4.31, phenyl-capped DTP 4.6a, and TTz 4.13, 
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which is likely due to the extended conjugation of this oligomer. Moreover, oligomer 4.30 

exhibited strong emission under 365 nm light illumination. 

Table 4.3. TTZ- and DTP-based oligomer photophysical data.  

 

 

Figure 4.19. Solution-state UV-vis spectrum of oligomer 4.30. 

4.4. Experimental 

4.4.1. General  

All materials were reagent grade and used without further purification unless noted. DMF 

was dried by mixing with MgSO4 and flushing through a silica gel plug. CHCl3 was dried by 

flushing through a silica gel plug. THF, toluene, and hexanes were dried by distillation over 

sodium/benzophenone. MeCN was dried by distillation over CaH2 under dry N2. All dry solvents 

Compound ΦF

4.30 503, 532 - -

4.31
b

410 462, 488 0.37

4.6a
c

381 422, 442, (473) 0.53

4.13
d

390 ~455 0.92
a
 Values in parentheses denote prominent shoulders.

b
 Ref. 48. 

c
 Ref. 30. 

d
 Ref. 39.

 𝑚  
  𝑠 (nm)  𝑚  

𝑒𝑚 (nm)a
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were transferred via standard syringe techniques. All reactions were carried out under a dry 

nitrogen stream unless noted otherwise. Reaction glassware was oven dried before use. 1H and 

13C NMR were collected using a 400 MHz spectrometer using CDCl3 as the solvent. NMR peak 

multiplicity is reported as follows: s = singlet d = double, t = triplet, p = pentet, m = multiplet, 

and br = broad. A digital thermal couple with a 0.1 °C resolution was used to determine melting 

points. Previously reported procedures were followed to synthesize N-octyldithieno[3,2-b:2’,3’-

d]pyrrole34 and N-hexanoyldithieno[3,2-b:2',3'-d]pyrrole.33  

 

Figure 4.20. Oligomer 4.30 in CHCl3, without and with 365 nm light illumination. 

 N-Octyl-2-phenyldithieno[3,2-b:2’,3’-d]pyrrole (4.17). Compound 4.17 was prepared 

through a modification of a previously reported procedure.30 To a 50 mL single neck round 

bottom flask was added, 4.3b (0.317 g, 1.09 mmol) and dry hexanes (30 mL). The mixture was 

cooled to 0 °C in an ice bath. TMEDA (0.23 mL, 1.53 mmol) was added. BuLi (2.5 M in 

hexanes, 0.59 mL, 1.48 mmol) was added dropwise via syringe. The reaction was let stir at 0 °C 

for 2 h. Me3SnCl (1.0 M in THF, 1.4 mL, 1.4 mmol) was added dropwise via syringe. The 

reaction was let warm to room temperature and stirred overnight. The reaction was flushed 

through a Et3N-treated silica gel plug using hexanes, concentrated, and pumped overnight to give 
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a yellow oil (0.423 g). The crude yellow oil, bromobenzene (0.12 mL, 1.14 mmol), Pd2dba3 

(0.010 g, 0.011 mmol), P(o-tolyl)3 (0.013g, 0.043 mmol), and deoxygenated toluene (22 mL) 

were added to a 50 mL Schlenk tube and heated at 95 °C for 24 h. The reaction was cooled to 

room temperature. Water was added and the mixture was extracted with CHCl3 three times. The 

organic layers were combined, dried with Na2SO4, filtered and concentrated. The crude product 

was purified by column chromatography with 95:5 hexanes:DCM to give the product as a pale-

yellow oil (0.256 g, 64%). 1H NMR ((CD3)2CO, 400 MHz): δ 7.73 (d, J = 7.6 Hz, 2H), 7.69 (s, 

1H), 7.43 (t, J = 7.6 Hz, 2H), 7.32 (d, J = 5.4 Hz, 1H), 7.29 (t, J = 7.6 Hz, 1H), 7.24 (d, J = 5.4 

Hz, 1H), 4.39 (t, J = 7.0 Hz, 2H), 1.94 (p, J = 7.0 Hz, 2 H), 1.37–1.26 (m, 10H), 0.86 (t, J = 7.0 

Hz, 3H). 13C NMR (CDCl3, 400 MHz): δ 145.2, 144.7, 141.5, 135.7, 128.9, 127.1, 125.4, 123.2, 

115.0, 114.3, 110.9, 107.1, 47.4, 31.8, 30.4, 29.3, 29.2, 27.1, 22.7, 14.1. 

N-Hexanoyl-2,6-dibromodithieno[3,2-b:2’,3’-d]pyrrole (4.22). Compound 4.22 was 

prepared through a modification of a previously reported procedure.30 To a 50 mL three neck 

round bottom flask equipped with an addition funnel was added, 4.4a (0.300 g, 1.08 mmol) and 

dry CHCl3 (9 mL). The flask was wrapped in foil to limit light exposure. In a separate flask was 

added, NBS (0.421 g, 2.37 mmol) and dry MeCN (9 mL) and cooled to 0 °C in an ice bath. The 

NBS solution was added dropwise to the 4.4a solution. The reaction was let stir overnight. Water 

was added and the mixture was extracted with CHCl3 three times. The organic layers were 

combined, washed with brine, dried with Na2SO4, filtered, and concentrated to give a light-

yellow solid. The crude product was purified by column chromatography with 70:30 petroleum 

ether:DCM to give the product as a white solid (0.442 g, 77%). mp 100.8–102.6 °C; 1H NMR 

(CDCl3, 400 MHz): δ 7.55 (br, 2H), 2.96 (t, J = 7.3 Hz, 2H), 1.89 (p, J = 7.3 Hz, 2H), 1.53–1.39 
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(m, 4H), 0.98 (t, J = 7.3 Hz, 3H). 13C NMR (CDCl3, 400 MHz): δ 169.2, 138.5, 120.7, 119.4, 

111.6, 36.2, 31.3, 23.7, 22.5, 14.0. 

N-Hexanoyl-2-bromodithieno[3,2-b:2’,3’-d]pyrrole (4.20). Compound 4.20 was 

prepared through a modification of a previously reported procedure.30 To a 50 mL three neck 

round bottom flask equipped with an addition funnel was added, 4.4a (0.283 g, 1.02 mmol) and 

dry CHCl3 (9 mL). The flask was wrapped in foil to limit light exposure. In a separate flask was 

added, NBS (0.182 g, 1.02 mmol) and dry MeCN (9 mL) and cooled to 0 °C in an ice bath. The 

NBS solution was added dropwise to the 4.4b solution. The reaction was let stir overnight. Water 

was added and the mixture was extracted with CHCl3 three times. The organic layers were 

combined, dried with Na2SO4, filtered, and concentrated to give a yellow solid/oil. The crude 

product was purified by column chromatography with 65:35 hexanes:DCM to give the product 

as a white solid (0.0814 g, 22%). 1H NMR ((CD3)2CO, 400 MHz): δ 7.78 (s, 1H), 7.61 (d, J = 5.4 

Hz, 1H), 7.52 (d, J = 5.4 Hz, 1H), 3.19 (t, J = 7.3 Hz, 2H), 1.87 (p, J = 7.3 Hz, 2H), 1.56–1.40 

(m, 4H), 0.96 (t, J = 7.3 Hz, 3H). 13C NMR (CDCl3, 400 MHz): δ 169.4, 140.8, 124.8, 121.2, 

121.0, 119.8, 116.1, 111.3, 111.2, 36.3, 31.4, 23.8, 22.5, 14.0. 

N-Hexanoyl-2-phenyldithieno[3,2-b:2’,3’-d]pyrrole (4.21). Compound 4.21 was 

prepared through a modification of a previously reported procedure.30 To a 50 mL Schlenk tube 

was added, 4.20 (0.130 g, 0.365 mmol), phenyl boronic acid (0.049 g, 0.402 mmol), and 

Pd(PPh3)2Cl2 (0.0062 g, 0.0088 mmol). Degassed toluene (18 mL) and a degassed solution of 

K2CO3 in water (0.5 mL, 1.6 M) was added and the reaction was heated at 95 °C for 24 h. Water 

was added, and the mixture was extracted with CHCl3. The organic layers were combined, dried 

with Na2SO4, filtered, and concentrated. The crude product was purified by column 

chromatography with 60:40 hexanes:DCM to give the product as a yellow oil, which turned to a 
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solid after a few days in the freezer. (0.074 g, 57%). mp 84.0–87.0 °C; 1H NMR ((CD3)2CO, 400 

MHz): δ 8.00 (s, 1H), 7.77 (d, J = 7.6 Hz, 2H), 7.65 (d, J = 5.3 Hz, 1H), 7.52 (d, J = 5.3 Hz, 1H), 

7.47 (t, J = 7.6 Hz, 2H), 7.36 (t, J = 7.6 Hz, 1H), 3.26 (t, J = 7.1 Hz, 2H), 1.91 (p, J = 7.1 Hz, 

2H), 1.59–1.41 (m, 4H), 0.97 (t, J = 7.2 Hz, 3H). 13C NMR (CDCl3, 400 MHz): δ 169.6, 143.4, 

141.6, 134.9, 129.0, 127.7, 125.5, 124.5, 121.4, 120.2, 116.2, 112.6, 36.4, 31.5, 23.9, 22.6, 14.0. 

N-Hexanoyl-2-bromo-6-phenyldithieno[3,2-b:2’,3’-d]pyrrole (4.23). Compound 4.23 

was prepared through a modification of a previously reported procedure.30 To a 50 mL Schlenk 

tube was added, 4.22 (0.179 g, 0.411 mmol), phenyl boronic acid (0.050 g, 0.410 mmol), and 

Pd(PPh3)2Cl2 (0.0064 g, 0.0091 mmol). Degassed toluene (20 mL) and a degassed solution of 

K2CO3 in water (0.5 mL, 1.6 M) was added and the reaction was heated at 95 °C for 48 h. Water 

was added, and the mixture was extracted with CHCl3 three times. The organic layers were 

combined, dried with Na2SO4, filtered, and concentrated. The crude product was purified by 

column chromatography with 65:35 hexanes:DCM to give the product as a yellow solid (0.056 g, 

31%). 1H NMR (CDCl3, 400 MHz): δ 7.71 (br, 1H), 7.67 (d, J = 7.3 Hz, 2H), 7.58 (br, 1H), 7.44 

(t, J = 7.3 Hz, 2H), 7.34 (t, J = 7.3 Hz, 1H), 3.03 (t, J = 7.2 Hz, 2H), 1.92 (p, J = 7.2 Hz, 2H), 

1.54–1.41 (m, 4H), 0.99 (t, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 400 MHz): δ 169.4, 143.9, 139.0, 

134.6, 129.1, 127.8, 125.5, 121.3, 119.9, 119.5, 112.1, 111.3, 36.3, 31.4, 23.8, 22.6, 14.0. 

N-Octyl-6-phenyldithieno[3,2-b:2’,3’-d]pyrrole-2-carboxaldehyde (4.29). To a 50 mL 

single neck round bottom flask was added, 4.17 (0.336 g, 0.914 mmol). Dry THF (10 mL) was 

added and cooled to -78 °C in an acetone/dry ice bath. BuLi (2.5 M in hexanes, 0.44 mL, 1.10 

mmol) was added dropwise via syringe. The reaction was let stir at -78 °C for 2 h. Dry DMF 

(0.15 mL, 1.95 mmol) was added dropwise via syringe. The reaction was let warm to room 

temperature and stir (2 h total). The reaction was poured over water and the mixture was 
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extracted with DCM. The organic layers were combined, dried with Na2SO4, filtered, and 

concentrated. The crude product was purified by column chromatography with 70:30 

DCM:hexanes to give the product as a yellow solid (0.288 g, 80%). 1H NMR (CDCl3, 400 MHz): 

δ 9.90 (s, 1H), 7.69 (d, J = 7.4 Hz, 2H), 7.66 (s, 1 H), 7.45 (t, J = 7.4 Hz, 2H), 7.36 (t, J = 7.4 Hz, 

1H), 7.27 (s, 1H), 4.27 (t, J = 7.1 Hz, 2H), 1.94 (p, J = 7.1 Hz, 2H), 1.38–1.27 (m, 10H), 0.89 (t, 

J = 7.0 Hz, 3H). 

2,5-Bis(N-octyl-2-phenyldithieno[3,2-b:2’,3’-d]pyrrol-6-yl)thiazolo[5,4-d]thiazole 

(4.30). To a 25 mL single neck round bottom flask equipped with a condenser was added, 4.29 

(0.318 g, 0.804 mmol) and dithiooxamide (0.048 g, 0.399 mmol). Dry DMF (5 mL) was added 

and the reaction was heated at reflux for 24 h. Ice was added and stirred until melted. The 

precipitate was filtered, washed with water, and collected as a black solid. The crude product was 

purified by column chromatography with 50:50 DCM:hexanes to give the product as a red solid 

(0.227 g, 65%). 1H NMR (CDCl3, 400 MHz): δ 7.58 (d, J = 7.5 Hz, 4H), 7.38 (t, J = 7.5 Hz, 4H), 

7.29 (t, J = 7.5 Hz, 2H), 7.28 (s, 2H), 7.02 (s, 2H), 4.06 (t, J = 7.0 Hz, 4H), 1.83 (p, J = 7.0 Hz, 

4H), 1.33–1.27 (m, 20H), 0.88 (t, J = 7.0 Hz, 6H). 

4.4.2. Absorption Spectroscopy 

Absorption spectroscopy measurements were collected using a Carry 500 dual-beam UV-

vis-NIR spectrophotometer. Solution-state spectra were collected with the analyte dissolved in 

CHCl3. 
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CHAPTER 5. CONCLUSION AND FUTURE WORK 

5.1. Introduction 

 Conjugated organic materials have gained interest as they combine the optical and 

electrical properties of inorganic semiconductors with the mechanical properties of organic 

plastics, allowing them to be used in various applications such as organic photovoltaics (OPVs), 

near-infrared (NIR) photodetectors, and fluorescence bioimaging. For OPVs, due to the 

Shockley-Queisser limit, a material with a bandgap of 1.34 eV is ideal to maximize solar cell 

power conversion efficiency.1,2 For NIR photodetectors, low bandgap materials are required to 

generate photoresponse in the NIR region. For bioimaging, a material that absorbs and emits 

light of wavelengths of 700–900 nm and 1000–1700 nm are ideal due to reduced absorption, 

autofluorescence, and scattering in these regions.3 For all of these applications tuning of the 

bandgap or HOMO-LUMO gap is crucial. As mentioned in chapter 1 there are several factors 

that can impact the bandgap or HOMO-LUMO gap of or a conjugated organic material such as 

planarity, substituents, and intermolecular interactions. Moreover, two common design 

approaches used to make low bandgap conjugated materials are increasing quinoidal character of 

the compounds backbone and donor-acceptor frameworks.4 The fused-ring unit thieno[3,4-

b]pyrazine (TP) was targeted as it can be used to make materials with low bandgaps due to a 

combination of its proquinoidal and ambipolar nature. However, the fused-ring nature of the TP 

unit generally result in materials of low solubility, which is problematic as devices such as OPVs 

are commonly processed from solution. However, the solubility of conjugated organic materials 

can be tuned through molecular design with branched alkyl side chains used to improve 

solubility in common organic solvents and polar side chains (e.g., oligoether side chains) used to 

improve solubility in aqueous environment for applications such as bioimaging.5–7 
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5.2. Conclusion 

5.2.1. Grignard Metathesis Polymerization of Poly(2,3-dialkylthieno[3,4-b]pyrazine)s 

 Previously reported poly(thieno[3,4-b]pyrazine)s (PTPs) made by Grignard metathesis 

(GRIM) polymerization by Rasmussen and Koeckelberghs were of relatively low molecular 

weights.8–10 Both researchers had different explanations for the low molecular weights. 

Rasmussen proposed that the low solubility of PTPs resulted in low solubility induced 

precipitation of the growing polymer chain during synthesis. However, Koeckelberghs suggested 

that the low molecular weight is due to catalyst dissociation caused by the electron-deficient 

nature of the polymer, which leads to a weak association between the active catalyst and the 

growing polymer chain. However, this seems unlikely as the TP unit exhibits properties of both a 

strong donor and a strong acceptor with polymerization occurring at the electron rich portion of 

the TP unit. Thus, the low solubility was targeted.  

Several PTPs functionalized with branched alkyl side chains were synthesized by GRIM 

polymerization. Interestingly, the PTPs functionalized with branched side chains were of similar 

molecular weight to poly(2,3-dihexylthieno[3,4-b]pyrazine) (PHTP). Furthermore, the polymers 

functionalized with 2-ethylhexyl and 2-octyldodecyl side chains were completely soluble in 

CHCl3, whereas the synthesis of PHTP resulted in some insoluble material. These results suggest 

that the low molecular weight of these PTPs made by GRIM polymerization is not a result of 

their low solubility and due to some other factor.  

It was found that the UV-vis-NIR spectra of the PTPs could be tuned significantly by 

changing the branched side chain with 2-ethylhexyl side chains leading the most red-shifted 

absorption λmax value and the 2-octyldodecyl side chains leading to the most blue-shifted λmax 

value. One interesting finding was that both the hexyl functionalized polymer and 2-octyldodecyl 
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functionalized polymer exhibited a broad spectral profile, whereas the 2-ethylhexyl and 3,7-

dimethyloctyl functionalized polymers exhibited narrow spectral profiles. Moreover, all 

polymers exhibited similar bandgaps ranging from 1.06 to 1.10 eV. 

5.2.2. Photonic Devices Made from Poly(2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine) 

 Photonic devices were prepared from poly(2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine) 

(PEHTP) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). The highest power conversion 

efficiency (PCE) determined from these devices was ~0.27%, which was significantly higher 

than the previously reported maximum PCE for photonic devices prepared from PHTP of 

0.13%.11 The improvement in PCE is likely due to the improved processability of PEHTP 

compared to PHTP, which results in better interfaces in the active layer and better interfaces 

between the active layer and the transport layers. However, the open circuit voltage (VOC) of PTP 

devices are low, which is thought to be because the LUMO of PTPs and PCBM is similar, which 

does not create a large enough driving force for good charge separation to occur.12 Nonetheless, 

the PEHTP devices exhibited an external quantum efficiency (EQE) and specific detectivity (D*) 

of 3.78% and 8.0 x 109 Jones at 1110 nm, respectively. Determining the specific detectivity 

using only the dark current (as is commonly reported through the literature)13 gave a specific 

detectivity value of 2.98 x 1012 Jones. In addition, PEHTP is one of only about 20 polymers that 

show photoresponse below 1000 nm, and of these polymers PEHTP is one of the least 

synthetically complex.13  

5.2.3. Acenaphtho[1,2-b]thieno[3,4-e]pyrazine-based Solution Processable Conjugated 

Polymers with Bandgaps Below 0.7 eV 

Researchers have focused on making zero or very low bandgap polymers to make 

materials with enhanced electrical conduction, and as bandgap is decreased the absorption is 
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shifted to the NIR portion of the spectrum, potentially resulting in a colorless transparent 

conducting material.14 Extended TPs are popular monomeric units used to make low bandgap 

polymers.15 For example, in 2008 Rasmussen and coworkers synthesized poly(acenaphtho[1,2-

b]thieno[3,4-e]pyrazine) (PATP) via electropolymerization and although PATP exhibits one of 

the lowest bandgaps for a conjugated polymer (0.50 eV), the polymer was insoluble in common 

organic solvents, and thus was not useful for devices.16  

Thus, it was hypothesized that pairing the acenaphtho[1,2-b]thieno[3,4-e]pyrazine (ATP) 

unit with the very soluble TP analog, 2,3-bis(2-octyldodexyl)thieno[3,4-b]pyrazine, would result 

in a material with good solubility and a low bandgap. The low bandgap solution-processible 

polymers poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-ran-2,3-bis(2-octyldodecyl)thieno[3,4-

b]pyrazine) (ATP-ran-ODTP) and poly(acenaphtho[1,2-b]thieno[3,4-e]pyrazine-alt-2,3-bis(2-

octyldodecyl)thieno[3,4-b]pyrazine) (ATP-alt-ODTP) were prepared via GRIM polymerization 

and direct arylation polymerization (DArP), respectively, in moderate yields (52 and 60%, 

respectively). Both polymers exhibited bandgaps of less than 0.7 eV and good solubility in 

chloroform (> 20 mg/mL). In particular, ATP-ran-ODTP exhibited a bandgap of 0.64 eV, which 

is one of the lowest bandgaps reported for a solution-processable polymer.13,17–19 However, both 

polymers were of low molecular weight potentially due to the low solubility of this polymer or 

the poor compatibility of the monomers with GRIM polymerization and DArP. The average 

degree of polymerization for ATP-ran-ODTP was about 12 (if we assume a 1-to-1 ratio of 

monomeric units) and for ATP-alt-ODTP was about seven, which are far below the effective 

conjugation length of polythiophenes (ca. 20 to 30 thiophene rings).20,21 Thus, increasing the 

molecular weight of ATP-ran-ODTP and ATP-alt-ODTP may lead to a decrease in the bandgap. 
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5.2.4. Small Molecule Fluorophores 

 Fluorescence bioimaging has gained interest due to its affordability, high sensitivity, and 

fast feedback relative to other imaging methods.3,22,23 Light wavelengths of 700–900 nm and 

1000–1700 nm are ideal for bioimaging due to the reduced absorption, autofluorescence, and 

scattering in these regions.3 A common design of small molecule NIR emitters is the donor-

acceptor-donor (D-A-D) framework, which results in species with red-shifted absorption due to 

the donor-acceptor interactions that were discussed in chapter 1. Thus, we theorized that a D-A-

D small molecule where D = dithieno[3,2-b:2’,3’-d]pyrrole (DTP) and A = TP would exhibit 

absorption and emission in the wavelength regions ideal for bioimaging. Moreover, a previous 

report by Rasmussen and coworkers found that DTP-based oligomers exhibited high 

fluorescence quantum yields.24 The synthesis of two DTP and TP-based oligomers was 

attempted with little success possibly due to their low stability caused by their high-lying 

HOMO. Nonetheless, several novel compounds were synthesized that could be used to make 

other conjugated materials.  

 Work by Woodward et al. showed that that thiazolo[5,4-d]thiazole (TTz)-based 

oligomers exhibit high quantum yields.25 In addition, the synthesis of TTz-based oligomers is 

straightforward as they are made by a double condensation reaction between an aldehyde and 

dithiooxamide. Thus, it was hypothesized that the small molecule 2,5-bis(N-octyl-2-

phenyldithieno[3,2-b:2’,3’-d]pyrrol-6-yl)thiazolo[5,4-d]thiazole (DTP2-TTz) could be 

synthesized easily and the oligomer would exhibit high quantum yields. DTP2-TTz was 

synthesized in 65% yield as a red solid. The oligomer exhibited solution-state absorption in the 

visible portion of the spectrum with absorption maxima at 503 and 532 nm. These absorption 

values are red-shifted relative to the DTP trimer, which exhibits a maximum absorption at 464 
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nm.26 In addition, while irradiated with 365 nm light the oligomer exhibited bright orange 

emission. 

5.3. Future Work 

5.3.1. Grignard Metathesis Polymerization of Poly(2,3-dialkylthieno[3,4-b]pyrazine)s 

 Future work should investigate what is inhibiting the GRIM polymerization of PTPs. A 

catalyst transfer polymerization mechanism (CTP) should be targeted to make PTPs as CTP has 

been used to produce materials with controlled molecular weight and low polydispersity.27,28  

One potential issue with the GRIM polymerization of PTPs could be that the 

polymerization is inhibited by the interaction between the Ni catalyst and the TP unit N atoms. 

Interactions between transition metals and the TP unit N atoms have been previously proposed 

by Rasmussen and coworkers in the polymerization of TP using FeCl3.
29 Thus, future work 

should repeat the polymerization of PEHTP. However, at the end of the reaction more catalyst 

should be added, followed by reflux for another hour to see if further chain growth occurs. A 

Ni(0) source should be added instead of a Ni(II) source as the latter would need to undergo two 

transmetalation steps to be converted to the active catalyst. 

Another potential issue with the GRIM polymerization of PTPs could be that the 5-

bromo-7-bromomagnesio-2,3-dialkylthieno[3,4-b]pyrazines (5.2) are not selectively produced 

upon treating the 5,7-dibromo-2,3-dialkylthieno[3,4-b]pyrazines (5.1) with methylmagnesium 

bromide and instead some 5,7-dibromomagnesio-2,3-dialkylthieno[3,4-b]pyrazine (5.3) is 

produced. To test this hypothesis, H+ quenching experiments could be carried out (Figure 5.1).30 

This has previously been found to be an issue for Grignard metathesis of 4,7-dibromo-2-(2-

octyldodecyl)-2H-benzo[d][1,2,3]triazole (Br2BTz), and it was found that making the activated 
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monomer by treating Br2BTz with BuLi followed by MgBr2 led to selective production of 4-

bromo-7-chloromagnesio-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole.30  

 

Figure 5.1. Proposed H+ quenching experiment of the Grignard metathesis step. 

5.3.2. Photonic Devices Made from Poly(2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine) 

 As previously mentioned, the VOC of both PHTP and PEHTP devices are low, which is 

thought to be because the LUMO of the PTPs and PCBM is similar, which does not create a 

large enough driving force for good charge separation to occur.31 The low VOC of PTP devices 

could be targeted by pairing PEHTP with a different acceptor material that has a lower LUMO 

than PCBM, such as IT-4F or Y6 (Figure 5.2). Their low LUMOs could create enough of a 

driving force to allow for good charge separation in the resulting photonic device, leading to 

improved performance.  
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5.3.3. Low Bandgap Solution-Processable Polymers 

As both ATP-ran-ODTP and ATP-alt-ODTP exhibit very low bandgaps, NIR 

photodetector devices should be fabricated from these polymers as they could be used to make 

devices with one of the widest spectral regions of a conjugated polymer.13 As discussed in 

chapter 3 these polymers exhibit a LUMO energy level of -3.9 eV, which may be too low for 

pairing with PCBM, thus they may work well if paired with a different acceptor material like IT-

4F or Y6 (Figure 5.2). In addition, determining photodetector figures of merit such as EQE and 

D* would be useful to collect. 

This work has resulted in very low bandgap solution-processable conjugated polymers 

using the ATP unit. Thus, future studies should investigate other ways to solubilize the ATP unit 

while retaining a low bandgap. One possibility is PATPs functionalized with branched side 

chains (Figure 5.3). ATP analog 5.6 could be synthesized by modifying a previously reported 

procedure by Rasmussen and coworkers.33 GRIM polymerization would be an effective way to 

make polymer 5.7 as previous work by Rasmussen and coworkers has shown that PTPs made by 

GRIM polymerization exhibit enhanced solubility compared to PTPs produced by other 

methods.8 In addition, it would be interesting to see how this polymer would compare to ATP-

ran-ODTP and ATP-alt-ODTP in terms of bandgap, solubility, and synthetic complexity.  

Other potential future work is changing the ratio of monomers added to the reaction flask 

when making ATP-ran-ODTP by GRIM polymerization. By increasing the ratio of ATP-to-

ODTP the resulting material could potentially have a smaller bandgap than the 1-to-1 copolymer. 

In addition, it would be interesting to see how much ODTP is required to retain good solubility 

(~10 mg/mL) of the polymer. 
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Figure 5.2. Energy levels of PEHTP, ATP-ran-ODTP (RAN), ATP-alt-ODTP (ALT), and 

common acceptor materials.32  



 

157 

 

Figure 5.3. Synthesis of branched side chain functionalized PATPs by GRIM polymerization. 

5.3.4. Small Molecule Fluorophores 

Future work should first involve collecting an emission spectrum for the DTP2-TTz 

oligomer. If results are promising this creates the opportunity to synthesize a variety of other 

small molecule emitters that incorporate the TTz unit, such as oligomers 5.8 and 5.9 shown in 

Figure 5.4. The proposed oligomer 5.8 is end capped with fluorene instead of a phenyl ring. 

Fluorene-based oligomers and polymers have been found to exhibit high quantum yields.34,35 

Thus, this could cause the corresponding oligomer to also exhibit high quantum yields. In 

addition, the increase in conjugation length could potentially result in a redshift in both 

absorption and emission. Proposed oligomer 5.9 is end capped with quinoxaline units instead of 

phenyl rings. Due to the acceptor character of the quinoxaline unit this could introduce donor-

acceptor interactions, which could redshift absorption and emission. In addition, this oligomer 

has a longer conjugation length than the phenyl capped analog, which could further contribute to 

a redshift in absorption and emission.  

The successful synthesis of DTP2-TTz opens future possibility of making a dithieno[3,2-

b:2’,3’-d]pyrrole (DTP)-TTz alternating copolymer as shown in Figure 5.5. N-octyldithieno[3,2-

b:2’,3’-d]pyrrole-2,6-dicarboxaldehyde (5.10) can be made by modifying the formylation 

procedure detailed in chapter 4. Polymer 5.12 can then be made by a condensation reaction 
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between 5.10 and the dithiooxamide (5.11) (Figure 5.5). Polymer 5.12 is likely to exhibit strong 

emission.12,25,36  

 

Figure 5.4. Proposed TTz- and DTP-based oligomers. 

 

Figure 5.5. Proposed synthesis of a DTP-TTz alternating copolymer. 

 

Figure 5.6. Proposed synthesis of InDT functionalized with the Mamx ligand. 

As discussed in chapter 4, attempts at synthesizing the indolo[3,2-b:4,5-b’]dithiophene 

(InDT) were unsuccessful, potentially due to its low stability. Previous reports have shown that 

bulky aryl groups can be used to improve the stability of indafluorenes,37,38 with Matsumoto et 

al. using the 2,4-di-tert-butyl-6-[(dimethylamino)methyl]phenyl (Mamx) ligand. Future work 
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should include functionalizing InDT with the Mamx ligand as this could potentially increase the 

stability of the compound (Figure 5.6). 
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