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Abstract 

Organic electronic materials can be used to make low cost, lightweight, and flexible 

electronic devices that are not possible with traditional inorganic semiconductors. New 

semiconductors with improved properties will be required to commercialize these devices. This 

thesis describes the synthesis of new conjugated polymers using the bisisoindigo structure coupled 

with electron-deficient thiophene dioxide or benzothiadiazole comonomers. These materials 

combine a core-expanded isoindigo structure with a polymer design that uses all electron-deficient 

comonomers. The synthesis of thiophene dioxide-containing polymers was attempted through both 

the synthesis of thiophene dioxide monomers and through post-polymerization modification. 

Bisisoindigo polymers with a benzothiadiazole comonomer were synthesized using the Stille 

reaction. The optoelectronic and physical properties of these polymers were characterised, and the 

materials were applied in organic field effect transistors (OFETs). Ambipolar device performance 

was observed in OFETs with hole and electron mobilities up to 4.0 x 10-3 cm2 V-1 s-1 and 1.4 x 10-

3 cm2 V-1 s-1 respectively. Additionally, proper selection of OFET source and drain electrodes 

produced devices with improved threshold voltages by improving energy alignment between the 

polymer frontier molecular orbital energies and the contact metal.  
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Chapter 1 – Introduction  

1.1 Organic Semiconductors 

The significance of conjugated polymers is highlighted by the awarding of the 2000 Nobel 

prize to Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa for their discovery of conductivity 

in doped poly(acetylene) films.1 This observation led to polymers being viewed not just as 

insulators with favorable mechanical properties, but as materials that could be used in a variety of 

novel applications in organic electronics. Interest in conjugated polymers is driven by the potential 

to combine the electronic properties of inorganic semiconductors with the mechanical flexibility 

and processability of organic polymers, leading to inexpensive and lightweight electronic devices. 

Conjugated polymers have garnered interest in organic photovoltaics due to the growing need to 

develop renewable and carbon-neutral energy sources,2,3 in organic light emitting diodes to develop 

new electronic displays, and in organic field effect transistors as circuit switching elements in 

consumer electronics and chemical sensors.4,5 Additionally, the recent development of the internet 

of things has led to the desire for electronic devices in many everyday items which can be made 

possible by the versatility of organic electronic devices.6  

1.1.1 Band Theory and Electronic Conduction in Organic Semiconductors 

 Due to the localized nature of electrons in the σ-bonds that make up most of organic 

molecules, these materials tend to be insulating. Additionally, the energy difference between the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 

in these materials is quite high. This difference in energy, termed the electronic bandgap (Eg) for a 

molecule or material, is lower in materials containing π-bonds. In molecules with extensive 

conjugation of alternating single and double bonds, this leads to a further reduction in the HOMO 

– LUMO energy, which eventually leads to a bandgap typical of a semiconductor, and significant 

delocalization of the π electrons. Poly(acetylene) represents a useful model for this as it is the 

structurally simplest conjugated polymer. The decrease in bandgap with increasing conjugation 

can be seen in a comparison of the molecular orbital diagram of poly(acetylene) to smaller 

conjugated structural analogues, shown in Figure 1.1. 
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Figure 1.1 Molecular orbital energy level diagrams of conjugated oligomers extending towards 

poly(acetylene) and its band structure. 

 For each π bond that is added to the conjugation length another pair of π (bonding) and π* 

(anti-bonding) orbitals are added to the system. As the number of these bonds increase the energy 

spacing between the π orbitals decreases, eventually leading to a continuum of states in a polymer 

of infinite length, resulting in an electronic structure similar to an inorganic valence band. 

Similarly, at an infinite chain length the π* orbitals can be thought to combine into a conduction 

band. This allows the electronic structure of conjugated polymers to theoretically mimic that of 

inorganic semiconductors resulting in semiconducting conjugated polymers. There are however 

some important differences between organic and inorganic semiconductors and their electrical 

properties. In inorganic materials, holes and electrons can move freely within the valence and 

conduction bands, respectively, due to the repeating three-dimensional structure of the 

semiconductor. Organic materials have frontier molecular orbitals that are more localized, limiting 

the freedom of charge carriers. Additionally, polymeric semiconductors in practice have an 

effective conjugation length that is less than its total conjugated chain length due to twisting of the 

polymer along its backbone or defects in solid state molecular packing. This disrupts the 

coplanarity of π orbitals and further localizes the polymer’s electronic states. As a result, the degree 

of intermolecular order between polymer chains strongly affects charge transport properties in 
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conjugated polymers,7 as the localized orbitals on different polymer chains must overlap to allow 

charge hopping. Structural disorder in conjugated polymers results in a range of film morphologies 

from polycrystalline to amorphous. In these disordered systems electronic states become 

increasingly localized in more disordered arrangements, resulting in significant deviation from 

band transport as observed in inorganic semiconductors.8 Instead charge transport in conjugated 

polymers is either through hopping transport or the multiple trapping and release model depending 

on the degree of localization of the electronic states.9 Significant localization requires charges to 

move by hopping between localized states along and between polymer chains with the rate of 

hopping depending on the spatial and energetic distance between the states.8 In systems with some 

localized and some extended electronic states charge carriers are mostly trapped in localized states 

until becoming promoted into a higher energy extended state where they can move more freely 

until falling into another localized trap state.8 

 1.2 Chemistry of Conjugated Polymers 

1.2.1 Synthesis of Conjugated Polymers 

The methods available for the synthesis of conjugated polymers have developed 

significantly over time. Some methodologies that have historical significance include the Ziegler‐

Natta reaction to produce trans poly(acetylene) (the first conductive polymer),10 ring-opening 

metathesis polymerization to produce soluble polyacetylenes (which allowed solution 

processing),11 and the Grignard metathesis reaction for producing regioregular poly(3-

hexylthiophene) (P3HT),12 (a benchmark hole conducting polymer in organic electronics). 

Currently, researchers typically use a palladium or nickel catalysed cross coupling reaction to 

synthesize conjugated polymers by reacting an aromatic dihalide with another difunctionalized 

aromatic unit to form new carbon-carbon bonds and create alternating copolymers. While there are 

several different cross-coupling reactions available including the Kumada, Heck, Sonogashira, and 

Negishi reactions,13 the Stille and Suzuki reactions are used most commonly for their reliability in 

making high molecular weight polymers and their broad functional group tolerance. General 

schemes for the Stille and Suzuki reactions are shown below (Scheme 1.1).  
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Scheme 1.1 General schemes of the Stille and Suzuki reaction for the synthesis of conjugated 

alternating copolymers. Pd0Lx represents a palladium(0) catalyst with an appropriate number of L-

type ligands, which are generally triaryl phosphines. 

 Both reactions couple an aryl bromide or iodide electrophile with a nucleophile in the 

presence of a palladium(0) catalyst. The Stille reaction uses either a trimethyl or tributyl tin 

substituted aryl group as the nucleophile, while the Suzuki reaction uses either a boronic acid or a 

boronic ester functionalized aryl group. Mechanistically these two reactions are quite similar in 

that they follow an oxidative addition, transmetallation, reductive elimination catalytic sequence 

common to many palladium catalyzed reactions. Due to the difference in reactivity of the required 

nucleophile, the transmetallation in the Suzuki reaction requires the addition of a base or other 

additive in an activating step, while the Stille reaction does not. The catalytic cycles for each 

reaction are shown below in Scheme 1.2 with monosubstituted substrates for simplicity.  

 

Scheme 1.2 a) Catalytic cycle mechanism for the Stille reaction.14 b) Catalytic cycle mechanism 

for the Suzuki reaction.15,16 

 The Stille reaction can be thought of as starting from palladium(0) with two L-type ligands, 

typically phosphines.14 From there oxidative addition of the aryl halide at the C-Br bond leads to a 
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square planar palladium(II) intermediate. Transmetallation then abstracts the coordinated halide 

from the palladium complex and replaces it with the second aryl group. Finally, reductive 

elimination back to the original palladium(0) species completes the catalytic cycle and produces 

the desired carbon-carbon bond between the two aryl groups. In the Suzuki reaction these steps 

work in the same way, however there is one additional step prior to transmetallation. The role of 

the added base has been studied extensively and while a universal consensus has not yet been 

reached, the most commonly used explanation is shown above;16 the base displaces the halide 

ligand creating a second palladium(II) intermediate. The hydroxide ligand can then act as a Lewis 

base towards the Lewis acidic boron reagent allowing association of the boron reagent with the 

palladium complex. From there transmetallation can occur followed by reductive elimination to 

produce the coupling product.      

While these reactions are reliable for the synthesis of conjugated polymers, they do have 

some drawbacks. In the case of the Suzuki reaction the requirement of base limits its potential 

scope of coupling partners to those that can tolerate basic reaction conditions. While there are some 

examples of alternative strategies that do not require an added base,17,18 these may not be 

universally viable. Both the Stille and Suzuki reactions also produce a byproduct through 

transmetallation in a stoichiometric amount. In the case of the Stille reaction, this production of 

trialkyltin halides is very problematic due to its high toxicity. This necessitates careful removal  of 

organotin byproducts and greatly limits the potential for scale up of these reactions to being 

industrially relevant.14 Recently the development of direct-heteroarylation polymerization (DHAP) 

has allowed for polymers to be synthesized without these byproducts by using C-H bond activation 

of the nucleophilic coupling partner, removing the need for boron or tin reagents entirely.19–22 

While this methodology represents a significant step forward in terms of green chemistry and atom-

economy, it also leads to complications due to regioselectivity issues towards the desired C-H bond, 

leading to defects and branching within the polymers.23 Also the requirement of base in DHAP 

limits its substrate scope similar to the Suzuki reaction. Another undesirable characteristic of the 

Stille, Suzuki, and DHAP reactions are the requirement of an expensive palladium catalyst. 

Recently the aldol condensation reaction has been used to synthesize polymers without the use of 

palladium or other transition metal catalysts, with water produced as the main by-product.24–26 This 

also helps to make polymers that are free of any transition metal impurities which are known to 

create trap states in polymer films used in electronic devices. While this is a much greener 
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alternative to other methods, the functional group requirements for the aldol condensation reaction 

likely prevents it from being a universal strategy for synthesis of conjugated polymers.  

 The above methods are all examples of step-growth polymerizations, rather than chain-

growth polymerization.13 In step-growth reactions monomers can react with a growing polymer 

chain, or with other monomers to build oligomers. This means that the reaction mechanism 

throughout the polymerization stays the same. Alternatively, chain-growth polymerizations require 

an initiation mechanism to activate some of the monomers, a propagation step to build the polymer 

by reacting the monomers with the growing chain and may or may not include a termination step 

to stop the polymerization reaction. For alternating copolymers that are synthesized using a step-

growth polymerization these distinctions become important in trying to make polymers of high 

molecular weight.   

1.2.2 Defining Polymer Molecular Weights 

 As a polymer sample will have chains of different lengths and therefore different molecular 

weights, the way in which polymer molecular weights are thought about and discussed must be 

different than small molecules. The simplest measure for polymer molecular weight is the number 

average molecular weight (𝑀̅n) given below.13 

𝑀̅n =  

∑ 𝑛i

∞

𝑖=1

𝑀i

∑ 𝑛i

∞

𝑖=1

Equation 1. 1  

In this equation ni represents the number of polymer chains of a certain length and Mi is the 

corresponding molecular weight. The number average molecular weight can be thought of as the 

unweighted average molecular weight of a polymer sample, as it is determined by dividing the total 

mass of polymer in the sample by the number of polymer chains. To describe the spread of different 

molecular weights within a sample the weight fraction (wi) of each size of oligomer must first be 

defined. 

𝑤i =  

𝑛i𝑀i

∑ 𝑛i𝑀i

∞

𝑖=1

Equation 1. 2 
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Using this concept, we can then define the weight average molecular weight (𝑀̅w). 

 

𝑀̅w =  ∑ 𝑤i𝑀i

∞

𝑖=1

Equation 1. 3 

Equation 1.2 and Equation 1.3 can then be combined to give a second definition for the weight 

average molecular weight (𝑀̅w). 

𝑀̅w =  

∑ 𝑛i

∞

𝑖=1

𝑀i
2

∑ 𝑛i𝑀i

∞

𝑖=1

Equation 1. 4 

This relation shows that the weight average molecular weight becomes more strongly weighted 

towards the larger molecular weight polymers due to the Mi 
2 term in the numerator. As a result, 

the weight average molecular weight of a sample is always larger that the number average 

molecular weight. The most common measure for the spread of molecular weights within a sample 

is given by the dispersity (Ð), which is the ratio of these two measures. 

Ð =
𝑀̅w

𝑀̅n

 Equation 1. 5 

The dispersity of a polymer made using a step-growth method will typically range between 1 and 

2, and depends on the extent of the reaction, which is displayed below as a function of time.  

𝑝(𝑡) =  
𝑛0 −  𝑛t

𝑛0
Equation 1. 6 

Here p(t) is the extent of the reaction as a function of time, n0 is the number of unreacted monomers 

at the start of the reaction and nt is the number of unreacted monomers at a time after the reaction 

has started. The extent of the reaction will start at zero and increase towards one as the reaction 

progresses. The dispersity of a polymer sample for a polycondensation step-growth polymer is 

related to the extent of the reaction by Equation 1.7 below. 

Ð = 1 + 𝑝 Equation 1. 7 
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This means that most step-growth polymers should theoretically have a dispersity near two. 

Polymers with a dispersity below 1.2 are termed uniform (or monodisperse in older literature) while 

polymers with a dispersity greater than 1.5 are termed non-uniform (or polydisperse). Reaction 

mechanisms competing with the polymerization (homo-coupling, debromination, destannylation, 

etc.) can lead to premature termination of the polymerization reaction and produce materials with 

dispersities greater than 2.  

As the extent of the reaction increases, so will the degree of polymerization, which is 

expressed as a function of time as Xn(t). 

𝑋n(𝑡) =  
𝑛0

𝑛t
Equation 1. 8  

Combining Equation 1.6 and Equation 1.7 produces Carothers’ equation which relates the degree 

of polymerization to the extent of the reaction. 

𝑋n(𝑡) =  
1

1 − 𝑝(𝑡)
Equation 1. 9 

 

To achieve a high degree of polymerization as required for high molecular weight polymers, 

Carothers’ equation shows that the extent of reaction p(t) needs to be as close to one as possible. 

This means that equimolar amounts of each monomer are required to prevent any unreacted 

monomer from remaining in the reaction mixture, limiting the degree of polymerization. This also 

means that each monomer must be prepared as pure as possible such that the monomer ratio can 

be accurately calculated and properly weighed out in performing a polymerization reaction. 

1.3 Organic Field Effect Transistors 

Organic field effect transistors (OFETs) are a more recently developed version of the metal-

insulator-semiconductor field effect transistor (MISFET), a key component of computer processors 

and memory devices, communication chips, backplanes for electronic displays and many other 

electronic devices.27 These transistors are used in circuits to either amplify an electrical signal or 

to turn a current on or off. In an OFET, the semiconductor is an organic material rather than the 

typical single-crystalline silicon in most MISFETs. Changing the semiconductor to organic 

materials can allow for a significant decrease in the manufacturing costs of these devices, as the 

single-crystalline silicon wafers used are produced by forming large single crystals from molten 
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silicon in a very energy intensive and costly process.27,28 In contrast, organic semiconductors can 

be processed from solution, greatly simplifying production. The flexibility of organic thin films 

also creates the potential for flexible electronic devices such as bendable displays,29 medical 

sensing devices attached to the skin or textiles,6 or electronics printed on paper.30  

1.3.1 Architecture and Operation of OFETs 

Organic field effect transistor devices are made using a layered architecture including a gate 

electrode, a resistive dielectric layer, the organic semiconducting layer, and the source and drain 

electrodes to supply and collect charge carriers.4,27,31 The gate electrode is capacitively coupled to 

the semiconducting layer and controls when charge carriers are present in the channel. In the four 

typical geometries for OFETs the gate electrode and the semiconducting layer are separated by the 

dielectric, but the positions of the source and drain electrodes within the organic layer and the 

layering of the semiconductor, dielectric, and gate can vary, as shown in Figure 1.2.  

 

Figure 1.2 Layered device architectures for a) bottom-gate bottom-contact (BGBC) b) bottom-gate 

top-contact (BGTC) c) top-gate bottom-contact (TGBC) and d) top-gate top-contact (TGTC) 

organic field effect transistors, where the device substrate is on the bottom in each case.  

 To understand some of the important differences between these architectures it is useful to 

understand the operation of the devices. All these architectures can operate for the conduction of 

holes (p-channel) or electrons (n-channel) by controlling the sign of the applied voltages. As the 

operating principles are the same only n-channel electron conducting operation will be described. 

Source Drain

a) b)

Gate

Dielectric

SemiconductorSource Drain

c)

Source Drain

Gate

Dielectric

Semiconductor

Semiconductor

Gate

Dielectric

d)

Source Semiconductor Drain
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The application of a positive potential to the gate electrode relative to the source electrode (gate 

potential, VG) greater than the threshold voltage (VT, detailed discussion to follow) causes electrons 

to be injected into the semiconducting layer and then accumulate at the interface of the 

semiconductor and the dielectric, forming the conductive channel.27,31 The source electrode is held 

at constant potential throughout operation while a second positive potential is applied to the drain 

electrode (drain potential, VD). This potential gradient along the conductive channel causes the 

electrons in the channel to move from the source electrode to the drain electrode generating current 

flow.  

 Injection of charge carriers because of the applied gate potential relies on changing the 

energy of the charge carriers relative to the HOMO and LUMO levels of the semiconductor. This 

principle is displayed below in Figure 1.3 for the operation of an n-channel device.  Important 

parameters for this process are the metal work function and electrochemical potential, as well as 

the ionization potential and electron affinity of the semiconductor layer. The electrochemical 

potential (𝜇̅) of a metal is the energy required to remove an electron to a reference level, a distance 

far enough from the metal surface that the energy of an electron is zero. The electrochemical 

potential is the sum of the work function (Φ, energy to remove electron to position just outside the 

metal) and the Galvani potential (φ, the work required to move an electron to the reference level 

against the electric field produced by the surface dipoles and charge). The energy to remove an 

electron from its ground state to the reference level is given by its ionization potential (IP), while 

the energy to add an electron from reference level to a ground state molecule is given as the electron 

affinity (EA). 

 

Figure 1.3 Energy level diagrams showing operation of n-channel OFETs. a) Energy levels of the 

gate electrode and the semiconductor separated by the gate dielectric with no applied gate potential 

(VG = 0). b) Application of a positive gate potential (VG > 0) resulting in a lowering of the HOMO 

and LUMO energy levels near the gate dielectric. c) Sufficient lowering of the LUMO energy level 
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because of applied VG allows electron injection into the LUMO and a positive drain potential (VD 

> 0) causes charges to move along the channel to be collected as the drain current.  

 In the absence of any applied potentials the energy level diagram will exist as in Figure 1.3 

a). Application of the positive gate potential lowers the Fermi energy of the gate electrode relative 

to the rest of the system by increasing the Galvani potential. While the position of the gate Fermi 

energy relative to the frontier molecular orbitals does not impact charge injection, the accumulated 

positive charge with a positive gate potential results in a lowering of the energies of the HOMO 

and LUMO near the semiconductor-dielectric interface (Figure 1.3 b). With large enough applied 

gate potential, the LUMO of the semiconductor is lowered to the point where electrons can be 

injected from the source electrode into the semiconductor (Figure 1.3 c). The gate potential required 

for this charge injection to occur is referred to as the threshold voltage (VT). As the semiconductor 

LUMO energy has been lowered in the region near the dielectric due to the gate potential, injected 

electrons accumulate at this interface forming a capacitive layer to oppose the charge in the gate 

electrode.  It is typical that both the source and drain electrodes are the same material, and therefore 

have the same Fermi energy. This means that there is no inherent bias towards the direction of 

charge flow until a drain potential is applied, shown in Figure 1.3 c), leading to the collection of 

the source-drain current.  

 One difference between the different types of OFET device architectures is the distance 

between the source/drain electrodes and the dielectric layer. The bottom-gate bottom-contact and 

top-gate top-contact architectures (Figure 1.2 a, d) have direct contact between the source and drain 

electrodes with the gate dielectric. As a result, charge injection occurs predominantly from the 

vertical face of the source electrode and these charges have a small distance to travel before 

reaching the accumulation region in the semiconductor channel.32 In the case of bottom-gate top-

contact and top-gate bottom-contact architectures (Figure 1.2 b, c) the semiconductor separates the 

source from the dielectric. This allows charges to be injected more easily from both the vertical 

and horizontal faces of the source, potentially leading to increased currents.32 Another important 

consideration in selecting a device architecture is the position of the gate electrode and dielectric. 

Having these two layers on the bottom as in BGBC and BGTC (Figure 1.2 a, b) makes device 

manufacturing much simpler.27 The typical materials used for these layers are a heavily doped 

silicon substrate used for the gate electrode followed by a thermally grown layer of SiO2 for the 

dielectric layer,33 however other materials such as polymeric dielectrics and plastic substrates can 
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be used to make flexible OFETs.34–36 While having the gate and dielectric deposited after the 

organic semiconductor is more challenging to manufacture it can give increased performance, 

particularly in electron conducting materials that are not stable to air and moisture. In these devices 

the gate and dielectric act as encapsulation layers and can help to prevent the degradation of the 

semiconducting layer due to atmospheric conditions.4 The ordering of the deposition of the source 

and drain electrodes relative to the semiconductor can also have an effect on device performance. 

The most commonly used metals for source and drain contacts are gold and aluminium.33 The 

TGBC architecture (Figure 1.2 c) requires the semiconducting layer to be deposited before the 

source and drain electrodes are applied by thermal evaporation. This gives good contact between 

the semiconductor and electrodes resulting in lower contact resistances but can damage the 

semiconductor during the electrode deposition. Also using shadow masks to control the deposition 

of the electrodes during thermal evaporation gives limited control over the channel length, an 

important variable in developing OFETs which can operate at high frequencies.37,38 In BGBC 

devices (Figure 1.2 a) the source and drain electrodes are deposited first using photolithography 

techniques, resulting in consistent and small channel lengths.33 The organic semiconductor layer is 

then deposited from solution, giving higher contact resistance between the electrodes and the 

semiconductor, but overall easier device manufacturing. With all these factors needing to be 

considered, selecting the ideal device architecture is challenging; however, the BGBC architecture 

is often chosen for prototype testing of new semiconductor materials. This is because the devices 

can be easily manufactured as the organic semiconductor layer is the last to be deposited. As a 

drawback these devices typically show poorer performance relative to other architectures.   

1.3.2 Figures of Merit for OFET Devices 

 To this point in the discussion of organic field effect transistors there have been frequent 

references to the performance of the devices, but how device performance has been measured and 

defined was not mentioned. This section will cover the various figures of merit used to compare 

different OFET materials and devices, along with their theoretical basis and how they are 

determined experimentally. 

 The most common figure of merit used for benchmarking organic semiconductors as OFET 

materials is the charge carrier mobility (µ), which is the charge carrier average drift velocity per 

unit applied electric field. The charge carrier mobility is thought of as an intrinsic property of a 
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material but can be determined in OFETs in two ways, which may give different results. Variations 

in processing conditions, material purity and film quality can also lead to different extracted charge 

carrier mobilities. The current flowing through the OFET channel can be in either the linear or the 

saturation regime based on the magnitudes of VG, VD and VT. These two current regimes have 

different equations relating the drain current to the charge carrier mobility and the charge carrier 

mobilities are designated as µsat (saturation regime) or µlin (linear regime).31 The linear current 

regime occurs when the difference between the gate and threshold voltages is greater than the drain 

voltage (VG – VT > VD), while the saturation regime is when the drain potential is greater than the 

difference in gate and threshold voltages (VG – VT < VD). The threshold voltage is a separate figure 

of merit for OFETs which will be discussed later, but for now can be thought of as the required 

turn-on gate voltage to induce charge carriers into the semiconducting channel. The relations 

between the charge carrier mobilities and the drain current in the linear and saturation regimes are 

displayed below in Equation 1.10 and Equation 1.11 respectively. 

𝐼D =
𝑊

𝐿
𝜇lin𝐶 [(𝑉G − 𝑉T)𝑉D − 

𝑉D
2

2
] Equation 1. 10 

 

𝐼D =
𝑊

2𝐿
𝜇sat𝐶(𝑉G − 𝑉T)2 Equation 1. 11 

In these equations L and W represent the length and width of the semiconductor channel as labeled 

in Figure 1.4, C is the capacitance of the dielectric layer, and ID is the measured drain current. 
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Figure 1.4 BGBC OFET with labeled channel length and width. Positive potentials applied to the 

gate and drain electrodes relative to the grounded source electrode as required for n-channel 

device operation are also shown. 

To arrive at the relationships for the charge carrier mobilities in the linear and saturation regimes, 

it is useful to consider the charge carrier concentration profile along the channel length as a function 

of VG and VD, shown in Figure 1.5.  

 

Figure 1.5 BGBC OFET with region of significant charge carrier concentration highlighted with 

white stripes throughout device operation. Carrier concentrations displayed a) with VG > VT and 

VD = 0 b) VG – VT ≅ VD (near the change from the linear to the saturation regime) and c) VG – VT < 

VD (the saturation regime). 

In the case of an applied gate potential greater than the threshold potential as in Figure 1.5 a), 

charges are injected into the semiconductor channel and form a capacitive layer at the 

semiconductor-dielectric interface, resulting in a constant charge carrier concentration along the 

channel. As a positive potential is applied to the drain electrode (in an n-channel device) electrons 

are extracted by the electrode, depleting the charge carrier concentration near the drain electrode. 

This results in a linear gradient of charge carriers as in Figure 1.5 b) going from high concentration 

near the source to low concentration near the drain. The linear regime exists between the conditions 

shown in Figure 1.5 a) and b) where there is a linear gradient of charge carrier concentration 
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spanning the channel length. The amount of charge at a position along the channel q(x) in terms of 

areal density (C/cm2) is given by Equation 1.12 and depends on the voltage difference between the 

gate and that position x along the channel. 

𝑞(𝑥)  = 𝑛(𝑥)𝑒𝑡 = 𝐶(𝑉G − 𝑉(𝑥)) Equation 1. 12 

 

Here n(x) is the number density of charge carriers within the channel at a particular position along 

the channel, e is the fundamental charge of an electron, t is the channel thickness and C is the 

capacitance of the dielectric in F/cm2. To account for the non-zero turn on voltages in OFETs the 

threshold voltage is subtracted from the applied gate potential to more accurately represent the 

charge along the channel. 

𝑞(𝑥) = 𝑛(𝑥)𝑒𝑡 = 𝐶(𝑉G − 𝑉T − 𝑉(𝑥)) Equation 1. 13 

This relation gives a constant amount of charge along the channel, as shown in Figure 1.5 a). In the 

case of an applied drain voltage as in Figure 1.5 b) we can use this as a starting point for determining 

the average amount of charge at any point along the channel while in the linear regime, given in 

Equation 1.14  

𝑞(𝑥)avg = 𝐶 (𝑉G − 𝑉T −  
𝑉D

2
) Equation 1. 14 

This will give the amount of charge at the halfway point along the channel length. Combining this 

equation with Ohm’s law allows for the derivation of a relation between the drain current and the 

charge carrier mobility. Ohm’s law can be written in terms of current density (J) and electric field 

(E), given below in Equation 1.15, and then rewritten in terms of the drain current, drain potential 

and geometry of the channel in Equation 1.16. 

𝐽 =  𝜎𝐸 Equation 1. 15 

𝐼D

𝑡𝑊
=  

𝜎𝑉D

𝐿
Equation 1. 16 

Using the definition of conductivity, we can substitute σ for n(x)eµ, and then rearranging this arrive 

at Equation 1.17. 

𝐼D =  
𝑊

𝐿
𝜇(𝑛(𝑥)𝑒𝑡)𝑉D Equation 1. 17 
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Equation 1.17 can be combined with Equation 1.14 to give Equation 1.18, which is then rearranged 

to give the current law for the linear regime as given above in Equation 1.10. 

𝐼D =  
𝑊

𝐿
𝜇lin𝐶(𝑉G − 𝑉T −

𝑉D

2
)𝑉D Equation 1. 18 

 

𝐼D =
𝑊

𝐿
𝜇lin𝐶 [(𝑉G − 𝑉T)𝑉D − 

𝑉D
2

2
] Equation 1.10 

This relation for the linear regime will apply given that VG – VT > VD, however as the drain potential 

is increased, more and more charge carriers will be swept out of the channel and collected as the 

drain current. When the drain potential becomes approximately equal to VG – VT the area nearest to 

the drain electrode will be completely depleted of charge carriers, as depicted in Figure 1.5 b). This 

is referred to where the channel becomes pinched and represents the transition between the linear 

regime and the saturation regime. If the drain potential is increased further, a larger area near the 

drain electrode will be depleted of charge, pushing the pinch point along the channel towards the 

source, depicted in Figure 1.5 c). This changes the behaviour of charge carriers in the channel; 

carriers are injected at the source electrode and travel towards the drain until reaching the pinch 

point, where they are injected into a space-charge region before collection at the drain electrode.39 

As a result, there is no increase in the drain current as the drain potential is increased. Because the 

drain current is constant for all VD ≥ VG – VT we can substitute VG – VT in place of VD in Equation 

1.10 to reach the current law for the saturation regime, previously given as Equation 1.11. 

𝐼D =
𝑊

2𝐿
𝜇sat𝐶(𝑉G − 𝑉T)2 Equation 1.11 

 The performance of OFET devices is usually measured by monitoring the drain current as 

a function of the gate or drain potential while the other is held constant. This data is plotted either 

as an output curve (ID vs. VD with constant VG) or a transfer curve (ID vs. VG with constant VD). 

Examples of each is shown below in Figure 1.6.40  
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Figure 1.6 a) Output curves with varying gate potentials showing the linear (red dots) and 

saturation (blue dots) regimes. The intersection between the two regimes gives the pinch point in 

dashed black lines. b) Transfer curve (black line) for the saturation regime current plotted on a 

logarithmic scale. The square root of the current as a function of VG is shown as a blue line on a 

linear scale, whose slope (in red) is usually used to determine µsat. The slope of the orange line is 

used to determine the sub-threshold swing, a measure of how quickly and easily the device turns 

from off to on. Adapted from Lamport, Z. A.; Haneef, H. F.; Anand, S.; Waldrip, M.; Jurchescu, 

O. D. Tutorial: Organic Field-Effect Transistors: Materials, Structure and Operation. J. Appl. Phys. 

2018, 124, 071101. with the permission of AIP Publishing.  

In the output curve the drain current increases as a function of the drain potential in the linear 

regime until the pinch point, where the current remains constant throughout the saturation regime 

even with increasing drain potential. Typically, a range of gate potentials are measured and plotted, 

with increasing gate potentials giving rise to increased drain currents. Transfer curves showing the 

drain current as a function of gate potential with constant drain potential are plotted on a 

logarithmic scale and are often used to measure charge carrier mobility. To determine the charge 

carrier mobility in the saturation regime first the square root of both sides of Equation 1.11 are 

taken, then the resulting equation is differentiated with respect to the gate voltage. This equation is 

then squared on both sides and rearranged to isolate for the charge carrier mobility µsat. 

𝜇sat =  
2𝐿

𝐶𝑊
 (

𝜕√𝐼D

𝜕𝑉G
)

2

Equation 1.19 

A similar relation could be determined for the charge carrier mobility in the linear regime as well, 

however µsat and µlin should theoretically give the same result. Experimentally it is found that the 

𝜕√𝐼𝐷

𝜕𝑉𝐺
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charge carrier mobility in the saturation regime is often larger, so only µsat is reported. This 

difference in measured mobility results from contact resistance between the source/drain electrodes 

and the semiconductor. Contact resistance at the electrodes will reduce the effective drain potential, 

which becomes problematic in the linear regime where the drain potential is already small relative 

to the saturation regime.40 Measurement of the charge carrier mobility in the saturation regime 

mitigates the risk for underestimation. Another consideration relating to charge carrier mobility 

and contact resistance in OFETs is that in cases where devices have very large contact resistances 

as a result of mismatched electrode work functions and semiconductor orbital energies, the 

obtained square root of the transfer curve (the blue line in Figure 1.6 b) may become kinked, giving 

two different slope values that can be used.29 Extracting the charge carrier mobility from the larger 

of the two slopes can lead to overestimation of the charge carrier mobility, as has become somewhat 

problematic in the OFET literature.29  

Despite the charge carrier mobility being thought of as an intrinsic property for organic 

materials, the way that it is determined experimentally can impact the measured charge carrier 

mobility. It is well known that many organic conjugated polymers form ordered thin films when 

deposited onto a substrate and these films can have preferential orientation relative to the substrate. 

An example of this is P3HT, which exhibits either predominantly edge-on or face-on orientation 

relative to the substrate depending on the conditions of deposition.41   

 

Figure 1.7 Ordering of P3HT in thin films in a) edge-on or b) face-on molecular packing 

arrangements. Figure adapted with permission from Gargi, D.; Kline, R. J.; DeLongchamp, D. M.; 

Fischer, D. A.; Toney, M. F.; O’Connor, B. T. J. Phys. Chem. C 2013, 117, 17421–17428. 

Copyright 2013 American Chemical Society. 
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It is known that the degree and direction of π-stacking in organic semiconductors impacts the 

resulting charge carrier mobility.42 Thin films of organic semiconductors that are preferentially 

ordered either face-on or edge-on should then have different mobilities for charges carried in the 

same direction as the π-stacking direction compared to currents in the perpendicular direction. For 

OFETs, the source and drain electrodes are in the same plane and charges must move parallel to 

the substrate for collection as the drain current. This type of transport is favored by the edge-on 

orientation which has π-stacking parallel to the substrate plane. Another common way to determine 

charge carrier mobilities in organics is the space-charge limited current (SCLC) method. This 

method uses a layered device structure with the organic material in between two electrodes, where 

charges must be carried perpendicular to the substrate surface. The orientation of these devices 

results in better charge transport with organic materials that exhibit face-on orientation relative to 

the substrate. This means that organic semiconductors that create preferentially oriented thin films 

can have different charge carrier mobilities in different directions based on the orientation of the 

repeating structure relative to the substrate, resulting in different mobility values as determined 

using OFETs or SCLC devices. Additionally, this indicates the importance of determining the 

relative orientation of polymer films when measuring charge carrier mobilities by any method.  

 The threshold voltage in an OFET is another figure of merit and is thought of as the required 

gate voltage for passing current through the semiconducting layer. The concept of a threshold 

voltage was developed for MISFETs, where it was defined as the minimum gate voltage required 

to induce strong inversion of the charge carrier concentration in the channel.27 Inversion in 

MISFETs is achieved by applying a potential to a doped semiconductor to first deplete the 

semiconductor of charge carriers, then increasing the magnitude of the potential to eventually 

induce charge carriers of the opposite polarity to enter the channel.39 As OFETs do not operate in 

inversion mode this definition does not apply, however the threshold voltage is still a useful metric 

for performance of OFETs as it gives the gate potential required for the device to function. The 

first factor that contributes to VT in n-channel OFETs is a mismatch between the work function of 

the source electrode and the semiconductor LUMO energy. This energy mismatch contributes to 

the threshold voltage as it must be compensated for before charges can be injected into the channel. 

Additionally, deep trap states within the channel will need to be filled before the channel will 

conduct charge increasing the threshold voltage, while any doping of the channel with charge 

carriers can reduce the threshold voltage.31 Experimentally the threshold voltage can be determined 
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by the intercept of the square-root drain current with ID = 0 (see intersection of curve with flat line 

in blue trace in Figure 1.6 b). Devices with low threshold voltages are desirable as they allow for 

lower power consumption during operation.43,44 One strategy to lower the threshold voltage is to 

produce devices with dielectric layers with larger capacitance, as these will more easily induce 

charges into the channel. Based on the equation for capacitance given in Equation 1.20 where ε0 is 

the permittivity of a vacuum, capacitance (C) can be increased either by using materials with a high 

dielectric constant (k), or by minimizing the thickness of the dielectric layer (d). 

𝐶 =  
𝑘𝜀0

𝑑
Equation 1.20 

    

Some literature examples of low threshold OFETs involved reducing the number of defects at the 

dielectric-semiconductor interface to minimize trap states,45 using polymer dielectric materials,34 

or by using electrolytes as the gate to greatly reduce the effective thickness of the capacitor.46 For 

the mass production of electronics based on OFETs and their consistent performance it is also 

critical for there to be low variation in the threshold voltage between devices, as this can cause 

differences in pixel brightness in OFET driven displays or limit the number of transistors that can 

be combined in an integrated circuit.47 

 The on/off current ratio (Ion/off) is important for OFETs both in applications where they act 

as switches or for signal amplification. These values are determined from the maximum drain 

current in the saturation regime (on-state) and the minimum drain current with no applied gate 

potential (off-state) and are reported as 10x, where values between 102 and 108 are typical. The 

on/off current ratio can be optimized by maximizing the Ion by using a semiconductor with a high 

charge carrier mobility and by minimizing Ioff by eliminating unwanted dopants and impurities 

which could generate current. 

 The subthreshold swing (S) is determined from the inverse slope of the transfer curve 

(orange line in Figure 1.6 b) at the point where the device turns from off to on. The subthreshold 

swing is defined by Equation 1.21. 

𝑆 =  
𝑑𝑉G

𝑑(log 𝐼D)
Equation 1.21 
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This is usually reported in either V per decade or mV per decade and is a measure of how quickly 

a device switches from its off state to its on state. A low value of S is more desirable and indicates 

a lower concentration of interfacial trap states. 

1.4 Material Design of Organic Semiconductors for n-Channel OFETs 

The development of electron conducting organic semiconductors has been driven by their 

potential in a variety of applications. As the field of organic photovoltaics moves increasingly 

towards using non-fullerene electron acceptors, more and more electron conducting materials are 

being developed.48 In organic field effect transistors n-channel devices can be combined with p-

channel devices to create logic circuits or light emitting field effect transistors.4,49 Despite the drive 

for production of these electron conducting materials their performance is still trailing that of their 

hole conducting counterparts. Part of the challenge in developing new electron conducting 

materials is their instability towards moisture and oxygen. It has been shown both theoretically and 

empirically that for these materials to be stable while conducting electrons they require a LUMO 

energy level of approximately -4.0 eV relative to vacuum.50–52 During n-channel device operation 

the semiconductor exists as an organic anion as a result of electron injection from the source 

electrode and a low LUMO energy helps to stabilize this anion and prevent oxidation by 

atmospheric water or oxygen.31 As a synthetic strategy, electron withdrawing groups are installed 

onto organic semiconductors to lower the LUMO energy level helping to stabilize these materials 

towards ambient conditions. This leads to the second challenge in developing electron conducting 

materials; there are relatively few conjugated building blocks that are electron-deficient enough 

and these structures tend to be difficult to synthesize. While the LUMO energy is most important 

for stability of electron conducting materials, the HOMO energy level also helps determine whether 

the material is unipolar (conducts either electrons or holes exclusively) or is ambipolar (conducts 

holes or electrons). A low HOMO energy level will create a large hole injection barrier from the 

device electrodes ensuring unipolar electron transport rather than ambipolar performance. 

Ambipolar materials are not as desirable in OFETs as they tend to have higher off currents and 

therefore lower Ion/off ratios. 
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1.4.1 Donor-Acceptor Design Strategy in Organic Semiconductors 

While some early conjugated polymers were homo-polymers with one type of conjugated 

unit within the polymer repeat unit, like P3HT for example, the donor-acceptor structure for 

alternating copolymers has become the most common design strategy. Donor-acceptor copolymers 

feature two different conjugated units, one of which is relatively electron rich (the donor) and one 

is relatively electron poor (the acceptor). The donor-acceptor design helps to localize frontier 

molecular orbitals in different regions along the polymer backbone helping charge transport, 

reducing the polymer’s bandgap, and makes it easier to tune orbital energy levels by modifying 

either of the conjugated units.53 The combination of molecular orbitals resulting from linking the 

donor and acceptor leads to the reduced bandgap as shown in Figure 1.8. 

 

Figure 1.8 Frontier molecular orbital energy levels of an electron rich donor and electron poor 

acceptor, and their combination to create a donor-acceptor system. 

In the donor-acceptor structure the newly formed frontier molecular orbitals retain some of the 

localization from the separated donor and acceptor. As the newly formed HOMO in the donor-

acceptor is similar in energy to the HOMO of the donor it is typically localized mainly to the donor 

structure in the alternating copolymer. Similarly the donor-acceptor LUMO is close in energy to 

the acceptor LUMO and is typically localized to the acceptor unit.53 Additionally, this localization 

makes tuning the frontier molecular orbital energies somewhat straightforward; modification of the 

donor leads to changes in the HOMO energy level while the LUMO is relatively unchanged, and 

modification of the acceptor changes the LUMO while the HOMO remains approximately the 

same.  
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 To produce materials with a wide range of frontier molecular orbital energies chemists have 

developed many donors and acceptors to build into donor-acceptor conjugated polymer. Many of 

the donor building blocks involve thiophene either as polythiophenes or as ring fused oligomers. 

Acceptor building blocks usually have more electron withdrawing functional groups and 

heteroatoms, mainly featuring oxygen and nitrogen atoms in amides, imides or other groups. A 

selection of common donor and acceptor units for polymers is shown below in Chart 1.1. 

 

Chart 1.1 Sampling of common electron-rich donors (top row) and electron-deficient acceptors 

(bottom row) used in donor-acceptor conjugated polymers. 

While there are a variety of different electron-deficient acceptor groups available that have been 

studied in many different systems, the current project of this thesis focuses mainly on isoindigo 

and benzothiadiazole acceptors and so the others will not be discussed in depth. 

1.4.2 Isoindigo – From Dyes to Semiconductors 

 Indigo is one of the oldest known dyes, as it has been used in the textile industry for 

hundreds of years and is still used today to dye denim in blue jeans.54 When indigo is extracted 

from plants it exists as a mixture of isomers with a range of colors, causing pure synthetic indigo 

to have a different appearance than natural indigo.55 Isoindigo is one of these isomers that can be 

extracted along with indigo from the leaves of Isatis tinctorial.55  
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Chart 1.2 Structures of indigo and isoindigo as obtained from Isatis tinctorial. 

Isoindigo tends to be insoluble in most organic solvents due to strong π stacking and intermolecular 

hydrogen bonding of the lactam hydrogens. The installation of alkyl chains on the amide nitrogen 

atoms does not disrupt the coplanarity of the conjugated structure, but helps solubilize the isoindigo 

by breaking up π stacking and preventing hydrogen bonding.56 Synthesis of isoindigo involves an 

acid-catalysed aldol condensation between an isatin and an oxindole which can be performed in 

very high yields. This reaction produces mainly one isomer at the exocyclic carbon-carbon double 

bond, as the other isomer would lead to unfavorable steric clash between the C-H bonds of the aryl 

rings that would be put into close proximity to each other. This selectivity is one of the advantages 

of using isoindigo compared to indigo and its other natural isomers, which can each exist in either 

a cis or trans geometry.55  

 

Scheme 1.3 Synthesis of isoindigo via acid catalyzed aldol condensation between isatin and 

oxindole. 

For the synthesis of organic semiconductors isoindigo is usually brominated to provide a synthetic 

handle for further functionalization through metal catalyzed cross coupling reactions. Bromination 

of isoindigo in the 6,6ʹ positions ensures effective conjugation between the isoindigo unit and the 

subsequent aryl groups installed using cross-coupling reactions. This substitution position allows 

for a quinoidal resonance form through the isoindigo structure giving increased electron 

delocalization and allowing easier charge transport.57  
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Figure 1.9 a) Isoindigo arylated in the 6,6ʹ positions shown with its quinoidal resonance structure. 

b) Isoindigo arylated in the 5,5ʹ positions, where a quinoidal resonance structure spanning the 

isoindigo unit is not present.   

The first isoindigo based semiconductors for organic electronics was reported in 2010 by 

Mei et al.58 who synthesized small molecules with donor-acceptor-donor and acceptor-donor-

acceptor structures using isoindigo as the electron-deficient acceptor and a bithiophene donor unit. 

These materials were measured to have low LUMO energies between -3.8 and -3.9 eV in the solid 

state and bandgaps between 1.67 and 1.76 eV and were used to make organic solar cells. The 

electronic properties of these materials quickly inspired more work on isoindigo based 

semiconductors, including isoindigo containing polymers. The use of polymeric semiconductors 

rather than small molecules brings advantages of more consistent, high quality films as well as 

improved charge transport through polymer chains. In 2011 the first isoindigo donor-acceptor 

polymers were synthesized by Lei et al.59 using thiophene and bithiophene as the donor unit. These 

polymers had similar frontier molecular orbital energies to those reported by Mei et al.58 and 

produced p-channel OFETs with hole mobilities as high as 0.79 cm2 V-1 s-1
 after thermal annealing. 

Despite both polymers (structures given in Chart 1.3) having the same 2-octyldodecyl side chains 

attached to the isoindigo unit the bithiophene containing polymer (P2) gave much higher molecular 

weights than the thiophene containing polymer (P1). This higher molecular weight was then linked 

to more ordered edge-on oriented films observed by grazing incidence X-ray diffraction, which 

was presumed to be the reason for increased hole mobility. 

As a continuation of this work, Lei et al.60 produced a series of eight additional isoindigo 

donor-acceptor polymers with varied thiophene-based electron rich donor units, as shown in Chart 

1.3. The donor units were classified as either centrosymmetric (P2 – P7) or axisymmetric (P1, P8 
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– P10) and it was shown that the axisymmetric units led to deviations from linearity along the 

polymer backbone and disrupted molecular packing in thin films. For these reasons they observed 

increased hole mobility in the polymers with centrosymmetric donors, with a high of 1.06 cm2 V-1 

s-1
 in P2. Across their series of polymers, they found the LUMO energy level to remain relatively 

constant while the HOMO energy level varied with the different donor units. Additionally, higher 

HOMO energies tended to give lower threshold voltages in OFETs as a result of the decreased hole 

injection barrier from the gold source electrode. All polymers studied also were found to give 

unipolar p-channel OFETs, as the LUMO energies were not low enough to allow electron injection 

or transport. Further study of isoindigo-bithiophene polymers with different solubilizing alkyl 

chains showed that moving the alkyl branching position farther from the isoindigo core reduced 

the sterics of the alkyl group. This led to smaller π-π stacking distances and improved hole 

mobilities up to 3.62 cm2V-1s-1.61  
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Chart 1.3 Survey of isoindigo donor-acceptor polymers for p-channel OFETs reported by Lei et 

al. 59–61  
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Table 1.1 Frontier molecular orbital energies and OFET device performance for p-type isoindigo 

donor-acceptor polymers.  

Polymer EHOMO
a 

(eV) 

ELUMO
a 

(eV) 

OFET 

Structured 

µh
b
 

(cm2V-1s-1) 

µe
b  

(cm2V-1s-1) 

VT
 b

 

(V) 

Ref. 

P1 -5.80 c -3.81 c BGTC(Au) 0.019 - -20 59,60 

P2 -5.65 c -3.78 c BGTC(Au) 1.06 - -18 59,60 

P3 -5.56 c -3.79 c BGTC(Au) 0.66 - -10 60 

P4 -5.84 c -3.77 c BGTC(Au) 0.48 - -28 60 

P5 -5.90 c -3.75 c BGTC(Au) 0.32 - -30 60 

P6 -5.70 c -3.73 c BGTC(Au) 0.34 - -6 60 

P7 -5.54 c -3.78 c BGTC(Au) 0.11 - -5 60 

P8 -5.48 c -3.70 c BGTC(Au) 0.016 - -4 60 

P9 -5.44 c -3.72 c BGTC(Au) 1.03x10-3 - -4 60 

P10 -5.55 c -3.70 c BGTC(Au) 1.35x10-4 - -16 60 

P11 -5.52 c -3.74 c BGTC(Au) 3.62 - -2 61 

aHOMO and LUMO energies estimated from the onset of the first oxidation or reduction event in 

voltammetry, referenced against Fc/Fc+, typically assumed to be at an energy of -5.1 eV vs. 

vacuum. bDevice figures of merit recorded as best values. cFc/Fc+ assumed at -4.8 eV. dOFET 

architecture designated by abbreviations given in Figure 1.3.1, with metal used as the source and 

drain contacts given in brackets. 

While there have been many additional polymers produced based on isoindigo for p-

channel OFETs using a variety of donor units, these materials have similar LUMO energy levels 

due to the localization of the LUMO to the isoindigo unit. Two strategies have been used to produce 

isoindigo based materials with lowered LUMO energy levels; coupling isoindigo to another 

electron poor unit to create an acceptor-acceptor polymer delocalizes the LUMO and changes its 

energy, while modifications of the isoindigo core structure to make it more electron-deficient also 

changes the LUMO energy of donor-acceptor polymers. These strategies allow for isoindigo based 

systems to be used in ambipolar and n-channel OFETs rather than only p-channel devices and will 

be covered in the next two sections. 
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1.4.3 Acceptor-Acceptor Isoindigo Polymers 

One of the first examples of an all-acceptor polymer was the poly(isoindigo) homopolymer, 

shown as P12 in Chart 1.4. This was synthesized along with poly(isoindigo-benzothiadiazole) 

(P13) using Suzuki coupling reactions.62 Poly(isoindigo) had relatively low frontier molecular 

orbital energies and was used primarily as electron acceptor materials for organic solar cells paired 

with the electron donor P3HT. In addition, the electron mobility for poly(isoindigo) was measured 

as 3.7x10-7 cm2 V-1 s-1 using the SCLC method. This example showed that the all-acceptor design 

strategy could be used to produce electron conducting materials. A polymer with the same 

conjugated backbone was synthesized by Ganguly et al.26 and the material was measured in OFETs 

to give unipolar n-channel devices with an electron mobility of 1.0x10-4 cm2 V-1 s-1. While the study 

of poly(isoindigo-benzothiadiazole) by Stalder et al.62 did not include a measurement of its charge 

carrier mobility, this polymer had a low LUMO energy of -3.90 eV. The same polymer structure 

was made using longer alkyl chains in 2014 along with an isoindigo-thienopyrroledione copolymer 

(P14, P15) as a set of acceptor-acceptor polymers for OFETs.63 Based on electrochemical and 

spectroscopic measurements the thienopyrroledione was determined to be a stronger acceptor unit 

compared to the benzothiadiazole. Interestingly they also observed that the HOMO and LUMO 

were delocalized along the entire conjugated backbone when visualised using density functional 

theory (DFT) calculations. This is different than what is usually observed in donor-acceptor 

systems where the HOMO is localized to the donor and the LUMO is localized to the acceptor. 

When tested in OFETs both polymers showed unipolar n-channel performance, with the 

benzothiadiazole polymer producing the higher electron mobility measured at 0.22 cm2 V-1 s-1. The 

difference in performance between the polymers was attributed to their packing in thin films, where 

the benzothiadiazole containing polymer produced more intense edge-on diffraction peaks in X-

ray diffraction experiments. This example showed both that the isoindigo based materials could be 

used as high-performance electron conducting materials and that the acceptor-acceptor design 

strategy was a viable route to these materials. 

In 2013 Grenier et al.64 produced a series of isoindigo acceptor-acceptor polymers based on 

thienopyrroledione and diketopyrrolopyrrole using either Suzuki reactions or direct 

(hetero)arylation polymerization, with structures shown as P16-P18. The thienopyrroledione 

containing polymers (P16, P17) made by Suzuki reactions led to either no conversion to the desired 
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polymer due to decomposition of the brominated monomers, or polymers of low molecular weights 

in low yields. As an alternative to the unsuccessful Suzuki coupling the polymers were synthesized 

using direct-(hetero)arylation polymerization which gave the desired products in improved yields 

and molecular weights. Through optimization of the polymerization reactions with a variety of 

phosphine ligands and bases, polymers of a range of molecular weights were produced. When these 

polymers were measured using UV/Vis spectroscopy it was observed that the absorption onset was 

red shifted with increasing molecular weight, indicating a smaller bandgap in the large molecular 

weight polymers. Charge carrier mobility measurements in OFETs showed that the 

thienopyrroledione containing polymers performed better than those with the diketopyrrolopyrrole, 

with P17 giving the highest electron mobility of 3.5x10-3 cm2 V-1 s-1. Similar to the previous 

observations of Lei et al. 59,60 the polymer containing the centrosymmetric unit produced better 

device performance compared to its axisymmetric analogue.              

 

Chart 1.4 Survey of isoindigo-based acceptor-acceptor polymers used as electron conducting 

materials in organic electronics. 



31 

 

Table 1.2 Frontier molecular orbital energies and OFET device performance for isoindigo 

acceptor-acceptor polymers. 

Polymer EHOMO
a 

(eV) 

ELUMO
a 

(eV) 

OFET 

Structured 

µh
b
 

(cm2V-1s-1) 

µe
b
 

(cm2V-1s-1) 

VT
 b

 

(V) 

Ref. 

P12 -5.54 -3.84 - - 3.7x10-7 d - 62 

P12 -6.22 -3.79 BGBC(Au) - 2.8x10-4 48 26 

P13 -5.67 -3.90 - - - - 62 

P14 -5.68 c -3.54 c BGTC(Au) - 0.22 42 63 

P15 -5.70 c -3.66 c BGTC(Au) - 0.01 8 63 

P16 -6.0 f -4.1f  BGBC(Au) - 3.0x10-4 47 64 

P17 -6.1 f -4.1f  BGBC(Au) - 3.5x10-3 17 64 

P18 -5.3 f -4.0 f  BGBC(Au) - 2.7x10-4 30 64 

aHOMO and LUMO energies estimated from the onset of the first oxidation or reduction event in 

voltammetry, referenced against Fc/Fc+, typically assumed to be at an energy of -5.1 eV vs. 

vacuum. bDevice figures of merit recorded as best values. cFc/Fc+ assumed at -4.8 eV. dOFET 

architecture designated by abbreviations given in Figure 1.3.1, with metal used as the source and 

drain contacts given in brackets. eCharge carrier mobility determined using the SCLC method. 
fElectrochemistry referenced against SCE, assumed to be at -4.71 eV vs. vacuum. 

 While these examples show that the acceptor-acceptor design strategy can be used to 

produce high quality isoindigo-based materials for n-channel OFETs, it has still been relatively 

unexplored. This is likely due to the small number of acceptor units that can be easily coupled, and 

traditional cross coupling reactions sometimes are not well suited for some pairs of electron-

deficient units, as shown by Grenier et al.64 An alternative strategy is to structurally modify the 

isoindigo structure to optimize its electronics and geometry, which has been much more commonly 

used in the literature and will be discussed in the next section. 

1.4.4 Structural Modifications of Isoindigo  

 There have been several different ways that isoindigo has been structurally modified to 

make it more well suited for organic electronics. These structural modifications are made to change 

the frontier molecular orbital energies, increase the planarity of the conjugated unit, or to increase 

the conjugation length of the unit. These modified isoindigo analogues can be classified as 

halogenated, heterocycle substituted, peripherally expanded, or core expanded, as shown in Figure 

1.10.65  
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Figure 1.10 Classification of structural variants on isoindigo. Figure adapted with permission from 

Randell, N. M.; Kelly, T. L. Recent Advances in Isoindigo‐Inspired Organic Semiconductors. 

Chem. Rec. 2019, 18, 1–17. Copyright 2019 John Wiley & Sons, Inc. 

Halogenation of isoindigo is used to lower the frontier molecular orbital energy levels and can also 

play a role in solid state packing depending on either the size of the halogen or if there is any 

potential for planarizing non-covalent interactions. Heterocycle substituted isoindigo variants also 

give altered HOMO and LUMO energies and help to planarize the isoindigo core. In isoindigo 

there is a steric clash between the amide oxygen and hydrogen atoms in the C-H bonds at the 4,4ʹ 

positions. This interaction is removed in thienoisoindigo, where the two terminal benzene rings in 

isoindigo are replaced with thiophenes, giving a more planar structure.66 Similarly, the replacement 

of isoindigo C-H bonds at the 7,7ʹ positions with a nitrogen atom to give azaisoindigo removes the 

potential for steric clash between this hydrogen and substituents installed in the 6,6ʹ positions in 

conjugated polymers. In peripherally and core expanded isoindigo structures, extended conjugation 

results in materials with lower bandgaps and large regions with planar geometries to help give 

ordered packing in the solid state. The present work focuses on core expanded isoindigo structures 
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and so the other classes will not be reviewed, however other reviews on the topic of structural 

modifications to isoindigo have been published.4,56,57,65–67  

1.4.5 Core Expanded Isoindigo and Bisisoindigo Polymers 

 Structural variants on isoindigo using an expanded core insert an additional conjugated unit 

in the place of the exocyclic carbon-carbon double bond of isoindigo. This alteration, while useful 

in extending conjugation, can also be used to increase the coplanarity of the isoindigo unit to 

increase π-π stacking and tune the density of alkyl chains along the polymer backbone. Many core-

expanded isoindigo derivatives have been reported because of the potential insertion of many 

different conjugated units, giving different materials properties. The first was reported by Yan et 

al.68 who used a benzodifurandione unit to extend the conjugation of isoindigo to create two donor-

acceptor polymers (P19 and P20, Chart 1.5). The benzodifurandione unit gave a planar geometry 

allowing for strong π-π stacking. It was found that the bithiophene containing polymer (P20) was 

insoluble despite its long and branched alkyl chains, however the thiophene containing polymer 

(P19) was soluble and fully characterized. OFET devices were made both with and without a 

poly(methyl methacrylate) encapsulation layer using a bottom-gate bottom-contact architecture. 

The encapsulated devices gave unipolar n-channel performance with electron mobilities up to 

5.4x10-3 cm2 V-1 s-1, while the unencapsulated devices were ambipolar with balanced mobilities of 

9.0x10-3 cm2 V-1 s-1 and 4.9x10-3 cm2 V-1 s-1 for electrons and holes respectively. This change from 

n-channel to ambipolar was unexpected and hypothesized to be a result of atmospheric water or air 

altering the polymer frontier orbital energies or the work function of the gold electrodes to change 

the charge injection barriers, however this was not explored experimentally. 

Another example of this structure was reported by Lei et al.69 where a benzodifurandione 

unit was incorporated to give a polymer backbone resembling poly(p-phenylene vinylene) in a 

locked geometry (P21). Poly(p-phenylene vinylene) based polymers had previously performed 

rather poorly as hole carrying materials due to their cis-trans isomerization under UV light and 

orientational disorder due to poor intermolecular interactions. The benzodifurandione polymers 

prevented the unwanted isomerization while also giving a very low LUMO energy of -4.10 eV due 

to the electron withdrawing groups within the polymer backbone. The alkyl chains were also 

modified relative to those used by Yan et al.68 to be much longer to help solubilize the polymers, 

and the branching position was moved farther away from the polymer backbone. These 
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improvements in morphology and electronics led to an impressive electron mobility of 1.1 cm2 V-

1 s-1 in top-gate bottom-contact OFET devices. These devices were also stable up to 30 days as a 

result of the low LUMO energy and the device geometry, as the top-gate architecture gives some 

encapsulation.  

 Based on the success of this benzodifurandione containing polymer, more donor-acceptor 

polymers were synthesized using this core or modifications on it.  Lei et al.70 produced a polymer 

(P22) with the same core structure as the bithiophene polymer by Yan et al.68 (P20) but with the 

longer alkyl chains that were more successful in the benzodifurandione work by Lei et al.69 When 

tested in OFET devices while under an inert atmosphere in a glove box this polymer produced n-

channel devices with an electron mobility up to 1.74 cm2 V-1 s-1. When tested under ambient 

conditions they found the devices were ambipolar with carrier mobilities of 1.45 cm2 V-1 s-1 and 

0.47 cm2 V-1 s-1 for electrons and holes respectively. This change from n-channel to ambipolar was 

similar to that observed by Yan et al.68  To further investigate this, Lei et al.70 performed DFT 

calculations to model the interaction between oxygen and polymer P22 which suggested a stable 

complex between molecular oxygen and the polymer. Further, the oxygen complex was calculated 

to have a slightly lower LUMO energy and slightly higher HOMO energy. A higher HOMO energy 

should result in a lower hole injection barrier which could explain the ambipolar character of the 

polymer in the presence of oxygen as due to oxygen doping. This is an interesting finding as 

electron conducting polymers and ambipolar polymers are typically thought to be unstable towards 

oxygen.  

 A fluorinated analogue of the benzodifurandione containing core expanded isoindigo was 

reported by Zheng et al.71 and was incorporated into polymers with bithiophene and biselenophene 

donor units (P23 and P24). Fluorination was used to lower the polymer LUMO energy but due to 

the similar van der Waals radii of hydrogen and fluorine it was not predicted to negatively impact 

the polymer planarity. Calculations using DFT predicted hydrogen bonding between the hydrogen 

in the thiophene 3 position and one of the fluorine atoms, while the other fluorine was predicted to 

be in a non-covalent interaction with the chalcogen of the thiophene or selenophene. The rotational 

barrier of the bond between the fluorinated unit and the thiophene in P23 was found to be 3.8 kcal 

mol-1, indicating the presence of a non-covalent conformational lock preserving coplanarity in the 

polymer. Substitution of the thiophenes for selenophenes gave little change to the frontier 
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molecular orbital energies and packing in the solid state as measured by grazing incident X-ray 

diffraction. Performance of these polymers in OFETs gave unipolar n-channel devices, however 

the square root transfer curves were observed to be significantly kinked. Typically, this is observed 

as a result of large contact resistance, however it was shown that in this case the frequency of the 

kinked transfer curve could be linked to the polymer casting conditions where higher spin coating 

spin speeds decreased the percentage of non-ideal transfer curves. It was also shown that faster 

spin speeds led to more disordered films, suggesting morphology could play a role in the non-ideal 

transfer curves. Another hypothesis for the kinked transfer curves was electron trapping at the 

interface of the SiO2 dielectric layer, however when devices were made using a different dielectric, 

the non-ideality was still present. As it was unclear whether the kinked transfer curves were 

resulting in overestimation of the charge carrier mobility, mobilities were reported at both low and 

high gate voltages before and after the kink. The thiophene containing polymer P23 had mobilities 

up to 14.9 cm2 V-1 s-1 and 1.24 cm2 V-1 s-1
 with low and high gate voltages respectively, while the 

selenophene polymer P24 had mobilities up to 6.14 cm2 V-1 s-1 and 0.64 cm2 V-1 s-1
 with low and 

high gate voltages respectively. Despite the confusion resulting from the non-ideal transfer curves, 

these materials were some of the highest mobility electron conducting polymers reported. 

Dai et al.72 modified the benzodifurandione structure by performing an aza-substitution on 

the isatin units to replace the benzene ring with a pyridine. This was designed to lower the LUMO 

energy due to the more electronegative sp2 nitrogen atom, while also helping to increase the 

planarity, as the nitrogen atom is less sterically demanding than the C-H unit it is replacing. Based 

on DFT calculations the pyridine nitrogen and the sulfur of the neighboring thiophene are on the 

same side of the polymer backbone with a calculated S-N distance significantly smaller than the 

sum of their van der Waals radii. This suggested the presence of a non-covalent electronic 

interaction between the sulfur and nitrogen atoms and led to a decrease in the DFT calculated 

dihedral angle between the pyridine and thiophene units to give a more planar polymer backbone. 

The planar geometry and low LUMO energy were both beneficial for device performance and P25 

gave n-channel OFETs with a charge carrier mobility up to 3.22 cm2 V-1 s-1.  

A series of core expanded isoindigo polymers were reported by Deng et al.73–75 containing 

two quinoidal thiophene dioxide units, with the highest performing material P26 displayed. The 

quinoidal structure was used to ensure a planar geometry and to help with charge transfer along the 
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polymer backbone, as it was thought that the quinoidal thiophenes were more conductive than their 

aromatic form.73 The modified isoindigo unit was prepared using the indophenine reaction which 

is well known to produce a mixture of inseparable isomers,76 however after oxidation of the 

thiophenes the materials could be thermally isomerized to the most thermodynamically stable 

isomer. Stille reactions were then used to prepare donor-acceptor polymers.73 Despite having 

relatively disordered packing in thin films as observed by X-ray diffraction these polymers worked 

quite well in OFET devices and resulted in charge carrier mobilities up to 0.18 cm2 V-1 s-1 with low 

threshold voltages and high Ion/off ratios.  

An extension on the benzodifurandione unit was reported by Deng et al.77 where its central 

benzene ring was replaced with a naphthalene unit in P27. This modification was predicted to 

reduce the electron-deficient nature of the structure leading to ambipolar device performance. The 

larger aromatic system was also used to increase the potential for π-π interactions allowing for 

stronger intermolecular interactions and better film morphologies. It was found that this structural 

change led to higher frontier molecular orbital energies in polymers when compared to the original 

benzodifurandione unit report by Lei et al.70 in P22. This polymer was ambipolar in OFET devices 

with well balanced electron and hole mobilities of 0.51 cm2 V-1 s-1 and 0.50 cm2 V-1 s-1 respectively. 

It was proposed that the HOMO and LUMO energy levels were favourably positioned relative to 

the work function of the gold source/drain electrodes resulting in similar injection barriers to 

account for the similar electron and hole transport. Additionally, they observed the polymer to take 

an edge-on orientation relative to the substrate and crystallize with thermal annealing, helping to 

produce improved OFET results.  
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Chart 1.5 Structures of core expanded isoindigo units in donor-acceptor polymers. 

 Randell et al.78 developed the bisisoindigo acceptor, another structural analogue of the 

naphthodifurandione structure in P27 where the ester oxygens are replaced with alkylated nitrogen 

atoms. This structure can also be viewed as a dimer of isoindigo where two isoindigo units are ring 

fused together in a naphthalene core. The structure of bisisoindigo is displayed in Chart 1.6 along 
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with polymers incorporating this structure. Like other structural variations on isoindigo, 

bisisoindigo provided extended conjugation and a relatively low LUMO energy due to its electron 

withdrawing lactam rings. Additionally, the two additional nitrogen atoms relative to the 

benzodifurandione based materials meant that there was potential for more alkyl chains along the 

polymer, reducing the need for such large alkyl chains to provide solubility. Soon after the initial 

report of the bisisoindigo structure it was used in donor-acceptor polymers by Jiang et al.79 with a 

series of thiophene based acceptors, P28-P30. These polymers showed limited solubility as they 

could only be dissolved in hot chlorinated solvents, and there was little change in the solution and 

thin film UV/Vis spectra suggesting some preaggregation in solution. It was also observed by DFT 

calculations that both the HOMO and LUMO were predominantly localized to the bisisoindigo unit 

and that the HOMO energy level did not increase as the conjugation length of the donor was 

increased. When testing these materials in BGTC OFETs they showed ambipolar charge transport 

with kinked transfer curves in the hole transport region attributed to interface related traps near the 

dielectric layer. Electron transport was observed to degrade quickly when devices were tested in 

air as a result of the relatively high LUMO energies for these polymers. Further testing was done 

using the TGBC architecture while switching the dielectric from SiO2 to poly(methyl methacrylate) 

(PMMA) which circumvented the issues of air stability and non-linear transfer curves. This 

supports the idea that the non-linearity in the square root transfer curves was a result of defects at 

the dielectric semiconductor interface and showed that encapsulation by the dielectric PMMA layer 

can be used to stabilize the electron transport in these polymers.  

 Two more bisisoindigo donor-acceptor polymers were reported by Randell et al.80 

containing thiophene and terthiophene donor units. These materials were compared to isoindigo-

thiophene copolymers and showed that altering the number of acceptor units or their conjugation 

length can be used to alter the LUMO energy and charge transport properties. This report mainly 

focused on organic photovoltaic (OPV) applications, but the polymers were also tested in OFETs 

giving ambipolar performance. Film morphology was studied using grazing incidence wide angle 

X-ray scattering (GIWAXS) which showed that the polymers displayed a preferential face-on 

orientation relative to the substrate and relatively amorphous packing. The high LUMO energy 

relative to other polymers discussed so far was likely the cause of the low electron mobilities in 

these polymers, but this example showed that by increasing the number or strength of the acceptor 

units the LUMO energy could be lowered and the electron mobility could be improved.  
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 Some other examples of bisisoindigo based polymers have been reported that do not use 

the donor-acceptor design strategy. A recent example by Ganguly et al.26 synthesized a bisisoindigo 

homo-polymer using a metal free aldol synthesis. This synthetic strategy is beneficial for producing 

conjugated polymers as it circumvents the use of expensive transition metal catalysts, is atom-

economical, and prevents the production of stoichiometric toxic by-products as in Stille coupling 

reactions. In this case the aldol polymerisation also allowed for synthesis of the bisisoindigo homo-

polymer which could not be performed using Stille or Suzuki methods because of difficulties in 

preparing the required synthetic precursors. Molecular weights of the aldol produced polymer were 

also similar to those obtained by traditional cross-coupling reactions. In OFET devices this polymer 

gave unipolar n-channel performance, where the other bisisoindigo polymers were ambipolar. The 

relatively low electron mobility of poly(bisisoindigo) of 9.2x10−5 cm2 V−1 s−1
 was attributed to poor 

interchain transport, potentially caused by disordered solid-state packing. 

 Another way to create a homo-polymer based on the bisisoindigo structure is to create a 

polymer which links the bisisoindigo units through ring fusion rather that a single C-C bond. This 

idea was explored by Jiang et al.81 who created a series oligomers with two, three, four or six 

isoindigo units (one to three bisisoindigo units) ring fused together. It was observed that the 

increasing conjugation lowered the both the HOMO and LUMO energies and decreased the optical 

bandgap significantly. The bandgap also varied linearly with the number of isoindigo repeat units 

suggesting that the effective conjugation length followed the oligomer chain length and that further 

extensions could further reduce the bandgap. This also indicated that the structures were very 

planar along the polymer length, which was supported by DFT calculations of optimized structures. 

Only the oligomer with four isoindigo repeat units was tested in OFETs which gave ambipolar 

performance and charge carrier mobilities of 8.4x10-4 cm2 V-1 s-1 and 1.1x10-5 cm2 V-1 s-1 for 

electrons and holes respectively. The modest performance was attributed to weak intermolecular 

interactions giving poor film morphologies due to the bulky 2-butyloctyl chains used. This design 

strategy was extended to polymers by Onwubiko et al.24 who used a metal free aldol polymerisation 

to create materials with a continuous locked geometry all along the polymer backbone. It was 

shown that by controlling the identity of the alkyl chains as well as the concentrations of monomers 

and acid catalyst the molecular weights of the resulting polymers could be controlled to some 

extent. DFT calculations showed that despite the locked geometry there was a dihedral angle of 

approximately 18 degrees across the exocyclic C-C double bonds resulting from steric hindrance 
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between the amide carbonyl and C-H bonds on the neighboring aromatic unit. The best performing 

material in OFETs achieved an electron mobility of 0.03 cm2 V-1 s-1 and showed extended stability 

in air up to 300 hours due to the polymers low LUMO energy level. 

 These examples show that core-expanded isoindigo structures can be used to produce 

electron conducting materials for OFETs, often with high performance and device stability. This 

makes the core-expanded isoindigo structure a useful design principle for the synthesis of the next 

generation of high performance isoindigo-based OFET materials. 
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Chart 1.6 Structures of bisisoindigo and bisisoindigo containing polymers. 
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Table 1.3 Frontier molecular orbital energies and OFET device performance for donor-acceptor 

polymers using core-expanded isoindigo derivatives. 

Polymer EHOMO
a 

(eV) 

ELUMO
a 

(eV) 

OFET 

Structure j 

µh
b
 

(cm2V-1s-1) 

µe
b
 

(cm2V-1s-1) 

VT
 b

 

(V) 

Ref. 

P20 -5.79 c -4.11 c BGBC(Au)d - 5.4x10-3 10 e 68 

P20 -5.79 c -4.11 c BGBC(Au) 4.9x10-3 9.0x10-3 -30 / 20 e 68 

P21 -6.21 c  -4.10 c TGBC(Au) - 1.1 5 69 

P22 -5.72 c -4.15 c TGBC(Au) - 1.74 40 70 

P22 -5.72 c -4.15 c TGBC(Au)f 0.47 1.45 -57 / 55 70 

P23 -5.96 c -4.32 c TGBC(Au) - 1.24 (14.9) g -17 71 

P24 -5.91 c -4.34 c TGBC(Au) - 0.64 (1.64) g 3 71 

P25 -5.80 c -4.37 c TGBC(Au) - 3.22 40 72 

P26 -5.99 c -4.18 c BGBC(Au) - 0.18 2.3 75 

P27 -5.65 c -3.84 c BGBC(Au) 0.50 0.51 -40 / 10 e 
77 

P28 -5.16 c -3.66 c BGTC(Au) 3.2x10-3 - 10 79 

P28 -5.16 c -3.66 c TGBC(Au) 1.1x10-3 6.2x10-3 1 / 9 79 

P29 -5.16 c -3.58 c BGTC(Au) 1.55 0.021 2 / 38 79 

P29 -5.16 c -3.58 c TGBC(Au) 0.41 0.18 -13 / 40 79 

P30 -5.24 c -3.58 c BGTC(Au) 1.79 0.087 -6 / 40 79 

P30 -5.24 c -3.58 c TGBC(Au) 0.45 0.16 -13 / 36  79 

P31 -5.73 -4.09 BGBC(Au) 1.5x10-3 h 1.7x10-3 h -30 / 30 e 80 

P32 -5.64 -4.02 BGBC(Au) 2.6x10-3 h 6.0x10-4 h -20 / 50 e 80 

P33 -6.03 -3.94 BGBC(Au) - 9.3x10-5 51 26 

P34 -5.30 i -4.20 i BGTC(Au) - 0.03 30 e 24 

aHOMO and LUMO energies estimated from the onset of the first oxidation or reduction event in 

voltammetry, referenced against Fc/Fc+, typically assumed to be at an energy of -5.1 eV vs. 

vacuum. bDevice figures of merit recorded as best values. For ambipolar OFETs the threshold 

voltage for p-channel is reported first. cFc/Fc+ assumed at -4.8 eV. dOFET devices encapsulated 

using a PMMA layer. eThreshold voltages not reported in reference, estimated by eye using onset 

of Ion in transfer curves. fDevices were manufactured under ambient conditions. gCharge carrier 

mobilities extracted from kinked transfer curves. Measurement at high VG listed first, measurement 

at low VG listed in brackets. hAverage values reported. iHOMO determined by photoelectron 

spectroscopy, LUMO estimated as HOMO-Eg,opt. 
jOFET architecture designated by abbreviations 

given in Figure 1.3.1, with metal used as the source and drain contacts given in brackets. 
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1.5 Thesis Objectives 

 In the preceding literature review it was shown that both all-acceptor polymers and core 

expanded isoindigo donor-acceptor polymers can be used as high-performance ambipolar and 

electron conducting materials for OFETs and other organic electronics. It was hypothesized that a 

combination of these two strategies can also be used to produce conjugated polymers with 

improved figures of merit in OFET applications. This hypothesis was explored in two ways, 

outlined below: 

1. Acceptor-acceptor polymers based on bisisoindigo, a core expanded isoindigo developed 

by Randell et al.78, in combination with benzothiadiazole-based acceptors are synthesized 

and applied in OFET devices. The optical and electronic properties of these materials are 

characterised, and their figures of merit discussed and compared to similar literature 

examples. This topic will be discussed in Chapter 2. 

2. Synthetic methods towards thiophene dioxide containing acceptor units are investigated 

towards the goal of producing all-acceptor copolymers with bisisoindigo. The installation 

of electron withdrawing thiophene dioxide units is studied using both pre-polymerisation 

and post-polymerisation methods. This topic will be discussed in Chapter 3.  
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Chapter 2 – Bisisoindigo Acceptor-Acceptor Polymers 

2.1 Motivation for Electron-Deficient Bisisoindigo Polymers 

 In the previous chapter it was shown that the synthesis of electron conducting materials 

based on isoindigo could be achieved through either the pairing of two electron-deficient units in 

an acceptor-acceptor polymer, or by synthesizing core-expanded isoindigo derivatives in donor-

acceptor polymers. In a study by Randell et al.80 it was shown that increasing the number of 

electron-deficient units in isoindigo and bisisoindigo polymers led to improved electron mobilities 

in ambipolar OFETs. In work by Ganguly et al.26 it was shown that a bisisoindigo homopolymer 

displayed unipolar n-channel OFET performance, albeit with a lower electron mobility. Pairing 

bisisoindigo with more electron-deficient units compared to the thiophene donors used in work by 

Randell et al.80 allows for the study of relatively underexplored electron-deficient polymers and 

potentially lead to improved OFET device performance.  

 In this chapter I combine the above two synthetic strategies by producing bisisoindigo and 

benzothiadiazole containing polymers and study their optoelectronic properties and OFET 

performance. Structures of each synthesized polymer is given in Chart 2.1. The electron-deficient 

benzothiadiazole unit in P1(H) is installed to increase the acceptor strength in these polymers 

relative to previously reported thiophene and alkene based bisisoindigo polymers. Fluorination of 

the benzothiadiazole unit in P2(F) is used to further reduce the LUMO energy of the resulting 

polymer, while helping to planarize the polymer backbone. Polymer P3(B) is synthesized without 

thiophene units to compare the effect of these electron rich units in the otherwise electron-deficient 

polymers. In all three materials, the acceptor-rich polymer design helped to delocalize the frontier 

molecular orbitals and lower their energy levels. The shape of the polymer backbone was observed 

to depend on the orientation of the benzothiadiazole units, impacting the physical and 

optoelectronic properties of these materials in comparison to previously reported bisisoindigo 

polymers. Ambipolar OFET performance was achieved for polymers P1(H) and P2(F) due to their 

small bandgap, with balanced hole and electron mobilities in bottom-gate bottom-contact (BGBC) 

OFETs. In addition, bottom-gate top-contact (BGTC) devices with LiF/Al electrodes are used to 

produce n-channel OFETs with significantly reduced threshold voltages due to improved alignment 

of the polymer LUMO energy level and the metal Fermi energy. This report shows that two 

common synthetic strategies to conjugated polymers can be combined to modify frontier molecular 
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orbital energies and produce high performance materials for OFETs and other areas of organic 

electronics.  

 

Chart 2.1 Structures of polymers synthesized and studied throughout Chapter 2. 

2.2 Results and Discussion 

2.2.1 Polymer Synthesis 

 Synthesis of dibromobisisoindigo was performed as previously reported by Randell et al.80 

The bisisoindigo polymers containing the dithienyl-benzothiadiazole units P1(H) and P2(F) were 

synthesized using Stille reactions, and the synthesis of the distannylated monomer units were 

prepared as shown in Scheme 2.1. Both Stille reagents required the use of 2-trimethylstannyl 

thiophene (1), which was synthesized by the sequential reaction of thiophene with n-BuLi and 

trimethyltin chloride.82 To produce the Stille reagent required for the synthesis of polymer P1(H), 

2-trimethylstannyl thiophene (1) was reacted with the commercially available 4,7-dibromo-2,1,3-

benzothiadiazole using a palladium catalyzed Stille reaction to produce dithienyl-benzothiadiazole 

(4).83–85 To synthesize 4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-2,1,3-benzothiadiazole (5), 

dithienyl-benzothiadiazole (4) was deprotonated by reaction with lithium diisopropylamide 

followed by reaction with trimethyltin chloride.86 The synthesis of the Stille reagent required for 

synthesis of P2(F) followed a similar route, however started from 1,2-difluoro-4,5-

diaminobenzene. This was reacted with thionyl chloride in the presence of triethylamine as a base 

to produce 5,6-difluoro-2,1,3-benzothiadiazole (2).87 This was subsequently brominated using N-

bromosuccinimide,87 coupled with 2-trimethylstannyl thiophene to give the fluorinated dithienyl-

benzothiadiazole (6),88,89 and lithiated and stannylated as in the synthesis of 5 to produce 7.88,89  
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Scheme 2.1 Synthetic routes towards the Stille reagents used in polymerization reactions with 

dibromobisisoindigo. Detailed synthetic procedures and characterization data are given in Chapter 

5. 

Polymers P1(H) and P2(F) were synthesized using Stille reactions with Pd2(dba)3 and P(o-

tolyl)3 as the catalyst system, as shown in Scheme 2.2. Synthetic routes towards the synthesis of a 

Stille reagent for preparation of P3(B) were unsuccessful, so a commercially available boronic ester 

functionalized benzothiadiazole was used instead to produce P3(B) using the Suzuki reaction. 

Typically, Suzuki reactions require the use of a base to activate the boronic ester, however it was 

found that this led to decomposition of the dibromobisisoindigo starting material, presumably 

through a base-catalysed retro-aldol reaction of the exocyclic double bonds within bisisoindigo. As 

an alternative, cesium fluoride was used to activate the boronic esters, as this has been previously 

reported as a method for performing base free Suzuki coupling reactions.15,17,90,91 After Soxhlet 

purification polymers P1(H) and P2(F) were blue-black solids with reasonable solubility in 

chlorinated organic solvents, while P3(B) was slightly more purple in color and displayed lower 

solubility. 
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Scheme 2.2 Synthesis of bisisoindigo polymers P1(H), P2(F), and P3(B). 

2.2.2 Molecular Weights and Thermal Properties 

Molecular weights and dispersities of the polymers were determined relative to either 

polyethylene or polystyrene standards using high temperature gel permeation chromatography, 

with results displayed in Table 2.1. The polymers synthesized by Stille reactions (P1(H) and P2(F)) 

both had similar molecular weights, with weight average molecular weights of 57.8 kDa and 51.8 

kDa respectively relative to polystyrene standards. The Suzuki synthesized polymer P3(B) had a 

significantly lower weight average molecular weight of 3.9 kDa relative to polyethylene standards. 

The lower molecular weight could be a result of the solubility of the polymer limiting the degree 

of polymerization, as this material was observed to be less soluble than the other two polymers. 

Additionally, the rate of fluoride-mediated Suzuki coupling reactions has been shown to be strongly 

dependent on the concentration of fluoride ion in the reaction mixture, so increased fluoride 

concentrations may have resulted in higher molecular weight materials,15 however this was not 

explored further.   
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Table 2.1 Molecular weight data and decomposition temperatures of synthesized polymers. 

Polymer Mw (kDa) a Ð a Mw (kDa) b Ð b TDecomp (˚ C) c 

P1(H) 19.4 3.40 57.8 3.83 358 

P2(F) 18.5 3.24 51.8 3.01 345 

P3(B) 3.9 1.68 - - 277 

a
 Molecular weights and dispersities determined by GPC with retention times calibrated relative to 

polyethylene standards. b Molecular weights and dispersities determined by GPC with retention 

times calibrated relative to polystyrene standards. All GPC measurements were performed using 

solutions of polymers dissolved in 1,2,4-trichlorobenzene at 130 ˚C. c Decomposition temperatures 

reported as the 5% weight loss temperature from thermal gravimetric analysis. 

 Thermal gravimetric analysis showed that both Stille synthesized polymers (P1(H) and 

P2(F)) have high thermal stability with decomposition temperatures near 350 ˚C, while P3(B) 

decomposed at a much lower temperature as a result of its lower molecular weight (Table 2.1, 

Figure 2.1 a). Differential scanning calorimetry for the three materials showed no phase changes 

or glass transitions under a heat-cool-heat cycle from room temperature up to 250 – 300 ̊ C, staying 

below the decomposition temperature for each material (Figure 2.1 b). 

 

Figure 2.1 a) Thermal gravimetric analysis used to determine the polymer decomposition 

temperatures. The dashed grey line indicates a weight loss of 5%. b) Differential scanning 

calorimetry of the three polymer samples through a heating-cooling-heating cycle. Heating cycles 

were performed at 20 ˚C/minute.   
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2.2.3 DFT Optimized Polymer Structures 

Density functional theory calculations were performed at the ωB97XD/6-31+g(d,p) level 

of theory and were used to obtain optimized structures of oligomers with alkyl chains truncated to 

methyl groups to simplify the calculations. Optimized oligomer structures are shown in Figure 2.2 

and show that the bisisoindigo structure is not completely coplanar. The exocyclic carbon-carbon 

double bond in bisisoindigo is twisted due to steric repulsion between the amide oxygen and the 

neighboring hydrogen atom. This results in a twist at this bond, giving an average dihedral angle 

of 17° in both polymers. This finding agrees well with results from Onwubiko et al.24 who observed 

an 18° angle at the same position in related polymers based on an extended ring fused isoindigo 

system. Fluorination in P2(F) was observed to decrease the average thiophene-benzothiadiazole 

dihedral angle from 19° to 5°, suggesting the presence of a non-covalent interaction between the 

thiophene sulfur and benzothiadiazole fluorine atom, as previously observed in other dithienyl-

benzothiadiazole containing polymers.92  

The optimized structures for P1(H) and P2(F) (Figure 2.2 a, b) both resulted in the dithienyl-

benzothiadiazole unit being axisymmetric rather than having the thiophenes oriented 

centrosymmetrically. Previously reported crystal structures for dithienyl-benzothiadiazoles have 

shown examples where the flanking thiophenes are either oriented in the same or opposite 

directions.93,94 These conformations lead to different conjugated backbone shapes to give either a 

pseudo-linear or curved polymer structure (Figure 2.2 d).93,95 As both of these materials are 

modelled to exist predominantly in the axisymmetric conformation, a curved polymer backbone is 

predicted, as seen in Figure 2.2 a) and b). In contrast to these materials, P3(B) can have only one 

possible orientation due to the para substitution of the benzothiadiazole, leading to a more linear 

polymer backbone shape. The combination of the twisted bisisoindigo core and the curved 

backbone from the dithienyl-benzothiadiazole units in P1(H) and P2(F) are predicted to give 

helical-type structures in these polymers, which could impact their packing in thin films relative to 

the more linear P3(B). The non-planar and curved polymer geometries predicted here help explain 

the lack of distinct thermal events in differential scanning calorimetry, as more disordered polymer 

packing would make phase changes more difficult to observe.  
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Figure 2.2 Structures of DFT optimized oligomers representing a) P1(H) b) P2(F) c) P3(B). 

Indicated bond angles represent average dihedral angles for the same position in each repeat unit. 

d) Potential orientations of the dithienyl-benzothiadiazoles in P1(H) and P2(F). 
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2.2.4 Polymer Optoelectronic Properties 

The optical properties of the three polymers were characterized using UV/Vis spectroscopy 

both in chloroform solution and on spin-coated thin films (Figure 2.3 a). All materials show broad 

absorption bands that extend out to 1000 nm as a result of the extended conjugation of bisisoindigo. 

In comparing the solution spectra to the thin films, there is a slight redshift in the absorption onset 

indicating some J-aggregation in the solid state. Thermal annealing of the polymer thin films was 

observed to not have a significant effect on the UV/Vis absorption profiles. The solution-to-film 

redshift is in contrast to work by Jiang et al.79 who observed slight blueshifts for similar 

bisisoindigo polymers when comparing o-dichlorobenzene solution and thin film UV/Vis. The 

polymers in the work by Jiang et al.79 had longer alkyl chains and an alkene spacer in the place of 

the benzothiadiazoles in P1(H) and P2(F). This suggests that the benzothiadiazole unit may be 

impacting the packing of these polymers in thin films. Supporting this is the fact that the thiophene-

alkene-thiophene unit in the reported polymers displayed a centrosymmetric geometry leading to 

more linear polymer chains based on DFT calculations, as opposed to the more bent structures 

predicted in the DFT calculations for the polymers in this project.79 

Due to the structural and spectral similarities of P1(H) and P2(F), time-dependent density 

functional theory (TD-DFT) calculations were performed to model the optical transitions of both 

polymers. TD-DFT calculations were performed at the B97XD/6-31G+(d,p) level of theory to 

model the UV/Vis absorption spectra based on oligomers of each polymer with two repeat units 

(Figure 2.3 b). Qualitatively, the calculated and experimental spectra match quite well in that they 

have four regions of strong absorption transitions, and the calculated transitions produce a similarly 

shaped spectra when fit with Gaussian peak shapes. Notably, the calculated energies of each 

transition are higher than observed experimentally for each region of strong absorption, as seen in 

the lower calculated absorption onset. This is not entirely unexpected for the B97XD functional, 

as its calculated energy levels scale relatively accurately with the number of polymer repeat units.96 

As only oligomers of two repeat units could be modelled with TD-DFT at this level of theory, 

polymers of increased lengths would be expected to have longer conjugation and smaller bandgaps. 

This is supported by TD-DFT calculations on longer oligomers run using B3LYP functional. These 

calculations produced spectra with absorption onsets at lower energies, matching more closely with 

the energies observed experimentally (Figure 5.5).  
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Figure 2.3 a) UV/Vis absorption spectra for the three synthesized polymers in CHCl3 solution and 

as spin coated thin-films. b) TD-DFT simulated UV/Vis spectra for polymers P1(H) and P2(F). 

Extinction coefficients for the simulated spectra are shown on the left axis (in black) and oscillator 

strengths of the main contributing excitations are displayed as bars and correspond to the right axis 

(in purple). c) Differential pulse voltammetry scans of the three polymers. d) Cyclic voltammetry 

for the three studied polymers using a scan rate of 100mV/s.  

Examination of the molecular orbital isosurfaces involved in each transition determined by 

TD-DFT can indicate which structural features are involved in each transition in the simulated 

UV/Vis spectra. The low energy transitions near 575 nm in the TD-DFT spectra predominantly 

represent HOMO to LUMO π→π* transitions involving orbitals localized to the bisisoindigo 

structure (Figure 5.6). In the fluorinated P2(F), there is also a slight contribution corresponding to 

a charge transfer to bisisoindigo from the electron-deficient benzothiadiazole and region around 

the bisisoindigo exocyclic carbon-carbon double bond. In the region around 475 nm in the 

calculated spectra there are many peaks closely spaced which correspond to a variety of transitions 

of different origins. The peaks appearing near 375 nm correspond to two different transitions, 

mainly corresponding to transitions localized to the bisisoindigo structure. There is also increased 
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contribution from a charge transfer from the electron rich thiophene and naphthalene structure 

towards the benzothiadiazole in P2(F). Comparing these observations to the experimental spectra, 

the interpreted TD-DFT data suggests that the fluorinated benzothiadiazole in P2(F) leads to 

decreased absorption in the spectral shoulder near 800 nm caused by decreased charge transfer 

from this electron poor region. Similarly, the electron withdrawing fluorine atoms aid in charge 

transfer towards the benzothiadiazole, slightly increasing the absorption intensity in the peak 

shoulder near 500 nm. 

Frontier molecular orbital energies for the polymers were estimated using a combination of 

UV/Vis spectroscopy differential pulse voltammetry (DPV) (Figure 2.3 c, Table 2.2). The first 

reduction peaks in DPV were used to estimate the polymer LUMO energy levels. As no oxidation 

peaks were observed within the solvent window, the HOMO energy was estimated by subtracting 

the thin film UV/Vis bandgap from the LUMO energy. Notably, all polymers have LUMO energy 

levels around −4.0 eV, indicating they should allow for stable electron transport. Similar LUMO 

energies were estimated by cyclic voltammetry (Figure 2.3 d), however the first reduction peaks 

are quasi-reversible and quite broad, making accurate analysis challenging. It appears that in P1(H) 

the first reduction event when moving to more negative potentials is followed by two oxidation 

events in the positive sweep, which suggests that the first reduction may be a two-electron process. 

As in the DPV data, oxidation peaks at positive potentials corresponding to removal of an electron 

from the HOMO were not observed in cyclic voltammetry when scanning to positive potentials. 

Table 2.2 Optoelectronic properties obtained from UV/Vis spectroscopy and electrochemistry. 

Polymer Eg,opt (eV) a ELUMO (eV) b EHOMO (eV) c 

P1(H) 1.29 -3.95 -5.24 

P2(F) 1.29 -4.04 -5.33 

P3(B) 1.23 -3.97 -5.23 

a Determined from absorption onset in the thin film UV/Vis spectra. b Estimated from the 

first reduction peak in the differential pulse voltammogram; voltammograms were 

referenced to the Fc/Fc+ redox couple, which was assumed to be −5.1 eV relative to vacuum. 
c EHOMO estimated as ELUMO – Eg,opt.   

The obtained HOMO and LUMO energies are lower than what has been previously 

observed in bisisoindigo donor-acceptor polymers as a result of the more acceptor rich design.79,80 

The comparison between P1(H) and P3(B) shows that the thiophene rings do not significantly affect 
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the HOMO and LUMO energy levels in these polymers. Fluorination in P2(F) lowers the LUMO 

energy relative P1(H); however, because the LUMO is only slightly delocalized onto the 

benzothiadiazole containing units (Figure 5.6), the reduction is less significant than what is 

observed in donor-acceptor polymers. For example,  fluorination of benzothiadiazoles can lower 

the measured LUMO energy by 0.2-0.3 eV,97,98 while the difference in LUMO energies is estimated 

at about 0.1 eV in these polymers. This suggests that the bisisoindigo and dithienyl-

benzothiadiazole units have comparable acceptor strengths, which is unsurprising as isoindigo and 

benzothiadiazole are considered to have similar acceptor strengths.99 Interestingly, in the calculated 

orbital isosurfaces (Figure 5.4), P1(H) and P2(F) feature large HOMO and LUMO isosurfaces 

predominantly localized to the bisisoindigo unit, while the benzothiadiazoles contribute to other 

molecular orbitals. This contrasts with donor-acceptor polymers which typically have the HOMO 

localized to the donor unit and the LUMO localized to the acceptor unit. 

2.2.5 Polymer Thin Film Morphologies 

Grazing incidence wide angle X-ray scattering (GIWAXS) was used to study polymer thin 

film morphologies. Polymer films were spin-coated from chloroform onto single crystal Si wafers 

and scattering patterns collected for both as-cast films and films after 20 minutes of thermal 

annealing at 200 °C (Figure 2.4). All thin films gave relatively weak scattering patterns as a result 

of fairly disordered solid-state packing, similar to what has been observed previously for other 

bisisoindigo polymers.79,80 A weak scattering ring is observed at q ~ 0.30 Å−1 in the as-cast films 

corresponding to the (100) lamellar spacing of the polymer chains (assuming orthorhombic 

packing). In the thermally annealed samples this feature becomes more prominent near the qz and 

qr axes due to reorganization of the films. After annealing, the q values of 0.30 Å−1 and 0.31 Å−1 

for P1(H) and P2(F) correspond to d-spacings of 21 Å and 20 Å respectively. These lamellar d-

spacings correspond well to what is seen in the literature for bisisoindigo polymers with the same 

length alkyl chains,80 while longer alkyl chains in other studies gave larger lamellar d-spacing 

values.79 The scattering pattern for P3(B) after thermal annealing is noticeably different, with q = 

0.39 Å−1 for the lamellar peak, corresponding to a d-spacing of 16 Å, significantly smaller than the 

spacing observed for P1(H) and P2(F). Tabulated q values and d-spacings are given in Table 2.3.  
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Figure 2.4 GIWAXS patterns of spin-coated polymer thin films for a) as-cast P1(H), b) as-cast 

P2(F), c) as-cast P3(B), d) thermally annealed P1(H), e) thermally annealed P2(F), and f) 

thermally annealed P3(B). 

Table 2.3 Tabulated q values and d-spacings for lamellar peaks in the polymer GIWAXS patterns. 

Polymer q (Å−1) a Lamellar d-spacing (Å) Polymer Shape b 

P1(H) 0.30 21 Curved 

P2(F) 0.31 20 Curved 

P3(B) 0.39 16 Linear 

a q values obtained from scattering rings in the thermally annealed GIWAXS patterns (Figure 2.4 

d – f). b Polymer shapes determined through DFT structural optimizations in Section 2.2.3. 

 The difference in d-spacing between the different polymers can be correlated with the 

polymer backbone shapes discussed earlier in Section 2.2.3. Both P1(H) and P2(F) show similar 

d-spacings for the lamellar stacking and were modelled to give curved polymer backbones based 

on the axisymmetric orientation of the dithienyl-benzothiadiazoles. In contrast P3(B) displayed 

smaller d-spacing distances and a more linear polymer backbone shape. This suggests that the 

benzothiadiazole containing units are affecting the packing of these polymers in a similar way to 

the isoindigo donor-acceptor polymers reported by Lei et al.60 where axisymmetric donor units led 
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to curved polymer backbones and more disordered packing in thin films. The curved polymer 

backbone shape results in the polymers alkyl chains branching off at irregular angles and 

preventing polymer chains from ordering as strongly, resulting in the larger observed d-spacing 

values. Scattering peaks due to π-π stacking were not clearly identified due to the large amount of 

diffuse scattering at q ~ 1.6 Å−1, where they are predicted to appear based on previous literature.79,80 

The lack of a resolved π-π stacking feature could also be related to the non-linear and twisted 

polymer structures, which limits the ordering of the polymer stacking. This observation is also 

consistent with the differential scanning calorimetry data as well as the DFT optimized structures. 

 Texture analysis of the lamellar scattering peaks was used to determine orientation of the 

polymers relative to the substrate (Figure 2.5). In the as-cast films, all polymers showed little 

variation in scattering intensity as a function of the azimuthal angle χ, indicating little to no 

preferred orientation. With thermal annealing of P1(H) and P2(F) an increase in scattering intensity 

is observed at both high and low χ angles, indicating a mixture of edge-on and face-on orientation 

of the polymer packing relative to the substrate. In contrast, P3(B) showed increased scattering 

after annealing, however there was no significant orientation of this sample relative to the substrate, 

likely due to its low molecular weight. It qualitatively appears that there is stronger scattering 

intensity for the thermal annealed P1(H) films compared to P2(F), particularly at the lamellar 

scattering ring, suggesting slightly increased crystallinity in this polymer (Figure 2.4, 2.6 a).  

 

Figure 2.5 Texture analysis of the lamellar stacking feature (q = 0.30 - 0.39 Å-1) in GIWAXS 

patterns before and after thermal annealing for polymers a) P1(H), b) P2(F) and c) P3(B). Analysis 

performed for azimuthal angles from -85˚ to 85˚. 
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Figure 2.6 Line cuts of GIWAXS scattering patterns for thermally annealed polymer films of 

P1(H) and P2(F) taken along a) the qr or b) the qz axis. 

2.2.6 OFET Device Performance 

All polymers were used as the semiconducting layer in OFETs using the bottom-gate 

bottom-contact (BGBC) geometry. Devices were fabricated using a silicon wafer as the gate 

electrode, a thermally grown SiO2 dielectric layer and a pair of Au contacts as the source and drain 

electrodes. Polymers were spin-coated from chloroform solutions and thermally annealed at 

different temperatures prior to testing. Devices with P1(H) and P2(F) showed ambipolar 

performance with balanced hole and electron mobilities (Table 2.4). Devices manufactured with 

P3(B) as the semiconductor layer were found to be non-functional. This is possibly the result of 

poor film morphology or a film that is too thin as a result of the lower solubility of this polymer, 

as solutions were syringe filtered prior to spin coating. Alternatively, the low molecular weight and 

dispersity of the polymer sample could have hampered charge injection into the organic material. 

Representative output and transfer curves for P1(H) and P2(B) are shown in Figure 2.7. 

Thermal annealing results in improved charge carrier mobilities for both p-channel and n-

channel device operation, likely resulting from more ordered film morphologies as observed in the 

GIWAXS patterns (Figure 2.4). Optimal annealing temperatures were found to be 100 °C for P1(H) 

and 200 °C for P2(F) as these produced the highest average charge carrier mobilities. Both 

polymers in BGBC devices had better hole mobilities than electron mobilities. The best hole 

mobility was achieved by P1(H) (4.0×10−3 cm2 V−1 s−1) while the best electron mobility (5.0×10−4 
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cm2 V−1 s−1) was achieved in P2(F). This suggests that the more electron withdrawing fluorinated 

benzothiadiazole unit may be aiding in electron transport. The degree of order in the polymer thin 

film likely also impacts the measured charge carrier mobility values. In a study of a series of 

isoindigo donor-acceptor polymers Lei et al.60 found that using axisymmetric donors led to curved 

polymer backbones, which resulted in more disordered packing and reduced charge carrier 

mobilities relative to linear polymers. As the polymers reported here had curved back-bones 

resulting from axisymmetric dithienyl-benzothiadiazole units, this suggests that more 

centrosymmetric electron-deficient units paired with bisisoindigo could lead to OFET materials 

with improved charge carrier mobilities in the future.  

 

Figure 2.7 Transfer and output curves for BGBC, Au source/drain OFET devices. a) P1(H) p-

channel transfer curves with VD ranging from −80 to −100 V. b) P1(H) n-channel transfer curves 

with VD ranging from 80 to 100 V. c) P1(H) output curves. d) P2(F) p-channel transfer curves with 

VD ranging from −80 to −100 V. e) P2(F) n-channel transfer curves with VD ranging from 80 to 

100 V. f) P2(F) output curves. 
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Table 2.4 OFET device performance of P1(H) and P2(F) polymers using BGBC architecture and 

Au source and drain electrodes. 

Polymer T 

(°C) a 

N b µh
 

(cm2 V−1 s−1) c 

µe 

(cm2 V−1 s−1) c 

VT 

(p-/n-channel)d 

Ion/off 

(p-/n-channel)d 

P1(H) 

 

N/A 5 (1.6 ± 0.4) ×10−3 (1.5 ± 0.3) ×10−4 −25±2 68±2 104 102 

Best 2.1×10−3 1.8×10−4 

 50 5 (1.9 ± 0.6) ×10−3 (1.7 ± 0.5) ×10−4 −20±3 69±1 104 102 

Best 2.7×10−3 2.6×10−4 

 100 5 (3 ± 1) ×10−3 (2.2 ± 0.9) ×10−4 −18±3 66±3 103 102 

Best 4.0×10−3 3.5×10−4 

 150 5 (1.9 ± 0.4) ×10−3 (1.8 ± 0.3) ×10−4 −24±3 65±3 104 102 

Best 2.4×10−3 2.1×10−4 

 200 5 (2.8 ± 0.7) ×10−3 (2.2 ± 0.6) ×10−4 −33±3 62±3 103 102 

Best 3.6×10−3 2.9×10−4 

P2(F) N/A 5 (5.2 ± 0.8) ×10−4 (7 ± 1) ×10−5 −41±1 66±1 104 102 

Best 6.4×10−4 8.4×10−5 

 50 5 (8.5 ± 0.3) ×10−4 (1.3 ± 0.1) ×10−4 −27±1 62±2 104 103 

Best 1.0×10−3 1.5×10−4 

 100 5 (7.8 ± 0.2) ×10−4 (2.5 ± 0.4) ×10−4 −29±4 64±3 104 102 

Best 9.7×10−4 3.0×10−4 

 150 5 (7.0 ± 0.1) ×10−4 (2.5 ± 0.6) ×10−4 −35±5 63±3 105 103 

Best 8.0×10−4 3.1×10−4 

 200 5 (1.0 ± 0.3) ×10−3 (3.5 ± 0.1) ×10−4 −40±3 60±3 104 103 

Best 1.5×10−3 5.0×10−4 

a Devices thermally annealed for 20 minutes at specified temperature in inert atmosphere glovebox.  
b Number of devices used to determine average mobilities along with best performing device. 
c Mobilities determined from saturation region. d Average results displayed for threshold voltage 

and on/off current ratios.  

 It was noted that the observed threshold voltages for BGBC devices were quite high, 

ranging from −20 to −40 V for p-channel operation and 60 to 70 V for n-channel operation. This 

is problematic for the production of OFET devices with low power consumption, as is desirable 

for lightweight or wearable electronics.100 Threshold voltages can be impacted by the morphology 

of the polymer film, impurities and trap states within the film, as well as the energy level alignment 
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between the Fermi level of the source and drain electrodes and the frontier molecular orbitals of 

the polymer. To improve the threshold voltages for n-channel operation, OFETs with the bottom-

gate top-contact (BGTC) architecture with LiF/Al source and drain contacts were fabricated.  As 

electrons are injected into the polymer LUMO for n-channel operation, it was hypothesized that 

the similar LUMO energies of the polymers (−3.95 or −4.04 eV) and contact Fermi energy (−4.2 

eV)101 would result in improved threshold voltages in these OFETs. The device performance 

metrics for these OFETs are displayed in Table 2.5 and representative output and transfer curves 

in Figure 2.8. 

Table 2.5 OFET device performance of P1(H) and P2(F) polymers using BGTC architecture and 

LiF/Al source and drain electrodes. 

Polymer T 

(°C) a 

N b µh
 

(cm2 V−1 s−1) c 

µe 

(cm2 V−1 s−1) c 

VT 

(p-/n-channel)d 

Ion/off 

(p-/n-channel)d 

P1(H) 

 

100 5 N/A (8 ± 4) ×10−4 N/A 5±2 N/A 10 

Best N/A 1.4×10−3 

P2(F) 100 5 N/A (2.7 ± 0.4) ×10−4 N/A 15±6 N/A 102 

Best N/A 3.3×10−4 

a Devices thermally annealed for 20 minutes at specified temperature in inert atmosphere glovebox.  
b Number of devices used to determine average mobilities along with best performing device.  
c Mobilities determined from saturation region. d Average results displayed for threshold voltage 

and on/off current ratios.  
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Figure 2.8 Transfer and output curves for BGTC, LiF/Al source/drain OFET devices. a) P1(H) n-

channel transfer curves with VD of 100 V. b) P1(H) output curves. c) P2(F) n-channel transfer 

curves with VD of 100 V. d) P2(F) output curves.  

 The change in OFET architecture and source/drain contacts to the BGTC (LiF/Al) devices 

results in a significantly lower threshold voltage for both polymers. This suggests that the large 

threshold voltage in the Au source/drain devices was a result of poor matching between the polymer 

LUMO and metal Fermi energy, rather than the other potential causes discussed above. The 

improved energy level alignment results in threshold voltages of 5 ± 2 V for P1(H) and 15 ± 6 V 

for P2(F). These threshold voltages are significantly lower than what has been previously observed 

in bisisoindigo polymers,79,80,102 core-expanded isoindigo D-A polymers,69–71 or isoindigo A-A 

polymers.62–64 The larger threshold voltage in the fluorinated polymer P2(F) is surprising when 

considering it has a lower LUMO energy than P1(H). This difference could be a result of poorer 

morphology of these films, as they appeared to be qualitatively less ordered in thin-film GIWAXS 
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patterns. Additionally it has been shown that fluorinated polymers may be unstable when in close 

proximity to Al electrodes,103 which could further impact the polymer frontier molecular orbital 

energies, thin film morphology, or lead to the creation of additional trap states. Electron mobilities 

between the two architectures were similar for P2(F), while P1(H) showed an increased electron 

mobility with the LiF/Al electrodes, reaching up to 1.4×10−3 cm2 V−1 s−1. Hole mobilities could 

not be measured as the devices were not operational as p-channel devices. Both polymers had a 

smaller Ion/off ratio with the LiF/Al contacts, presumably due to lower currents from the addition of 

the resistive LiF layer. This suggests that using LiF/Al lowers Ion/off ratios and possibly reduces 

device stability due to the more reactive Al electrodes, but allows for significant improvement in 

threshold voltage for n-channel OFETs. Additionally, this highlights the importance of proper 

selection of source and drain electrodes for the testing of new OFET materials. 

2.3 Conclusions 

In this chapter, two conjugated polymer design strategies were combined to produce new 

OFET materials. Pairing bisisoindigo, a core-expanded isoindigo derivative, with benzothiadiazole 

containing units gave acceptor-acceptor polymers that showed ambipolar OFET performance. In 

comparison to other bisisoindigo containing polymers, these materials had lower LUMO energies 

and more delocalized frontier molecular orbital isosurfaces as a result of the acceptor-rich structure. 

The low LUMO energies allowed for electron transport and resulted in ambipolar OFET 

performance with hole and electron mobilities up to 4.0×10−3 cm2 V−1 s−1 and 1.4×10−3 cm2 V−1 

s−1 respectively. The orientation of the dithienyl-benzothiadiazole units was shown to impact the 

polymer backbone shape, in turn impacting the physical and optoelectronic properties of these 

polymers relative to previous bisisoindigo polymers.  Additionally, this potentially affects the 

packing order in polymer thin films and the charge carrier mobilities measured in OFETs. This 

suggested that careful control of the symmetry of acceptor units could lead to improved charge 

carrier mobilities in future generations of isoindigo-based acceptor-rich polymers. Changing the 

OFET source and drain contacts from Au to LiF/Al resulted in a significant decrease in threshold 

voltage to 5 ± 2 V, which is the result of improved energy alignment between the polymer LUMO 

and the metal Fermi energy. This reduced threshold voltage is lower than what is observed in most 

isoindigo based polymers and highlights the importance of source and drain contacts in testing new 

materials for OFETs.  
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Chapter 3 – Synthesis of Thiophene Dioxide Acceptors 

Due to the limited number of electron-deficient acceptor units commonly used in organic 

semiconductors there is increasing interest in developing new acceptors to improve material 

properties and device performance. Additionally, acceptor units that are relatively easy to 

synthesize are advantageous, as this helps to shorten material development time and reduces 

manufacturing costs for organic electronics. This chapter is focused on the development of 

thiophene dioxide acceptor units for conjugated polymers. These methods use thiophene, 

ubiquitous in conjugated polymers and small molecules, as a starting material to simplify synthesis. 

Thiophene dioxides are strongly electron withdrawing and stabilize a quinoidal conjugated 

pathway through the resulting polymers,104,105 which may allow for improved electron transport 

through these materials. 

 3.1 Motivation for Thiophene Dioxides 

 Thiophene dioxides are interesting electron acceptor units because of their strongly electron 

withdrawing character. Previous examples in OPV and OFET materials have shown that the  

installation of a thiophene dioxide significantly decreases the LUMO energy level relative to the 

corresponding thiophene containing material.106–108 This makes thiophene dioxides well suited for 

building stable materials for n-channel OFETs. Additionally, oxidation of the thiophene sulfur 

atom disrupts the aromaticity of the thiophene ring, therefore removing the energetic barrier 

between the quinoidal and formerly aromatic resonance forms.109 Stabilization of the quinoidal 

resonance form can help to lower the bandgap of the semiconductor and improve charge transport 

along a polymer chain. Despite the promise of this heterocycle, it has not yet been used extensively 

in conjugated polymers as it is challenging to functionalize properly for use in standard Stille and 

Suzuki coupling methods. Part of the reason for this synthetic challenge is the high reactivity of 

the thiophene dioxide; with the loss of aromaticity in the thiophene ring, the thiophene dioxide has 

increased reactivity towards Diels-Alder type cycloaddition chemistry, which leads irreversibly 

towards unwanted dimers.110 

 Much of the early work on the production of thiophene dioxides was performed by 

Barbarella et al.109,111–113 who showed that thiophene units could be converted to the corresponding 

thiophene dioxide using m-chloroperoxybenzoic acid (m-CPBA). This changes the electron-rich 
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thiophene unit to an electron-deficient structure. In the case of polythiophene oligomers it was 

shown that terminal thiophenes were oxidized preferentially over internal thiophenes. Importantly, 

all the thiophenes and polythiophenes studied needed to be functionalized in the 2 and 5ʹ positions 

of the terminal thiophenes to prevent unwanted self reactivity of the oxidized product. Pappenfus 

et al.114 later reported that by installing butyl chains in the 3ʹ,4ʹ positions of a the central thiophene 

in a terthiophene unit, the selectivity observed by Barbarella et al.109,111–113 was reversed and the 

internal thiophene dioxide was now predominantly formed. In this example the terthiophene units 

were also end capped to prevent unwanted dimerization upon oxidation as reported by Miller et 

al.115 Rozen’s reagent (HOF•CH3CN) is an alternative oxidant to m-CPBA and contains an 

electrophilic oxygen atom.116 This is a very potent oxidizing agent and can be used to convert all 

thiophenes within a polythiophene to the corresponding thiophene dioxide, rather than the selective 

oxidations achieved with m-CPBA. The main issue with using Rozen’s reagent is that it is produced 

by bubbling a corrosive F2/N2 gas mixture through a cooled mixture of acetonitrile and water, then 

titrated before use.117 The high toxicity of fluorine gas in this method significantly limits its broad 

application. Another method to produce a strong oxidizing agent for making thiophene dioxides 

involves the reaction of trifluoroacetic anhydride with 98-99% H2O2, which has also not seen wide 

usage due to safety concerns associated with concentrated peroxides.118,119 With these examples in 

mind, a mild and safe route to thiophene dioxides that can be functionalized for Stille or Suzuki 

coupling methods is desirable. This chapter explores synthetic routes towards these intermediates, 

with the eventual goal of producing additional bisisoindigo containing polymers that can be 

compared to those produced in Chapter 2.  

3.2 Results and Discussion 

3.2.1 Small Molecule Synthesis 

 The initial synthetic target for this project was a terthiophene containing a central thiophene 

dioxide, as this would allow the synthesis of structurally similar polymers to P1(H) and P2(F) in 

Chapter 2. As the benzothiadiazole unit would be replaced by a thiophene dioxide the relative 

strength of these acceptors could be compared. Towards this goal, terthiophene-Sʹ,Sʹ-dioxide was 

synthesized as shown in Scheme 3.1. The procedures for synthesis of 2,5-dibromo-S,S-thiophene 

dioxide (from thiophene through to product 10) were followed from Coombs et al.120  
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Scheme 3.1 Synthesis of terthiophene-Sʹ,Sʹ-dioxide. 

Thiophene was first functionalized with trimethylsilyl groups in the 2,5 positions, which allowed 

oxidation by m-CPBA to the thiophene dioxide (9) without self reactivity of the product. Silver 

tetrafluoroborate was used to help deprotect the thiophene ring to allow for bromination. This 

intermediate (10) was then subjected to a Stille coupling to produce the desired terthiophene 

dioxide. The low yield in the reaction to produce the terthiophene dioxide (11) is consistent with 

the yield observed in similar catalytic systems,121 and so was not optimized further, but could be a 

result of coordination of the sulfone oxygen atoms to the palladium catalyst, slowing the catalytic 

cycle. 

To convert the terthiophene dioxide (11) to a Stille reagent for polymerization, reactions 

with strong bases such as n-butyllithium (n-BuLi) and lithium diisopropylamide (LDA) were used 

to deprotonate the terthiophene in the 5,5ʹʹ positions. Subsequent reactions with trimethyltin 

chloride (SnMe3Cl) were used to make the desired product, similar to reactions to make Stille 

reagents 5 and 7 in Chapter 2. Unfortunately, this strategy always resulted in a mixture of products 

that could not be sufficiently separated and purified to allow further use. It was hypothesized that 

the distribution of products was a result of low selectivity for the desired deprotonation, as 

hydrogens in the 3ʹ,4ʹ positions of the central thiophene could also be deprotonated.  Work 

performed by Leclerc et al.108 had previously shown that deprotonation and stannylation could be 

performed at the 5,5ʹʹ positions if there were alkyl chains on the central thiophene in the 3ʹ,4ʹ 

positions. Based on this a new synthetic route was used to produce a terthiophene dioxide with 

these butyl chains to prevent the unwanted deprotonations, as shown in Scheme 3.2. 
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Scheme 3.2 Synthesis of alkylated terthiophene dioxide. 

A Kumada coupling between 3,4-dibromothiophene and butylmagnesium bromide allowed for the 

installation of butyl chains onto thiophene. A bromination reaction followed by a second Kumada 

coupling with 2-thienylmagnesium bromide produced the alkylated terthiophene (14). This could 

be directly oxidized using m-CPBA to give the alkylated terthiophene dioxide (15) as in work by 

Pappenfus.114 Previously it was shown that terthiophene units were susceptible to dimerizing when 

oxidized to radical anions,115 and previous m-CPBA oxidations of polythiophenes had used end 

capping to prevent this type of coupling. As no dimerization was observed in the case of the 

oxidation of this terthiophene to the product (15), it can be presumed that this reaction does not 

proceed predominantly through a radical anion, and so end capping to prevent dimerization was 

unnecessary.  

 The same strategy was used to attempt to produce a Stille reagent by deprotonation of (15) 

and subsequent reaction with SnMe3Cl to produce a Stille reagent for polymerization. Initial 

attempts followed the same procedure used by Leclerc et al.108 reacting the terthiophene with LDA 

as the base at low temperatures, which led to no stannylated product. Increasing the reaction 

temperature led to some stannylated products, however not in sufficient quantity or purity. 

Switching from LDA to the more reactive, less bulky n-BuLi gave similar results. To try and 

improve product formation, N,N,Nʹ,Nʹ-tetramethylethylenediamine (TMEDA) was used as an 

additive along with n-BuLi, as this has been shown to change the aggregation state of n-BuLi in 

solution to allow for faster reactions.122,123 Despite these efforts, none of the desired product was 

isolated. 
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 With the lack of success in developing thiophene dioxide containing Stille reagents to be 

used in polymerizations, an alternate strategy was pursued using a post-polymerization oxidation 

reaction to produce thiophene dioxide polymers from previously reported thiophene containing 

polymers. This strategy can be used to install a desirable functionality that is difficult or impossible 

to install otherwise. Wei et al.124 have used post-polymerization functionalization to modify 

thiophene containing polymers using Rozen’s reagent. It was shown that the optical and electronic 

properties of the resulting polymers can be carefully tuned depending on the extent of the 

functionalization reaction by controlling the stoichiometry of the oxidant. Notably, this method 

uses the HOF•CH3CN mixture that must be generated using fluorine gas, which limits its 

applications due to safety precautions, especially at large scales. As an alternative the safer, milder 

m-CPBA was used as the oxidizing agent to modify previously reported bisisoindigo polymers.  

3.2.2 Post-Polymerization Functionalization 

 Post-polymerization modification was performed on a bisisoindigo-terthiophene (BII-3T) 

donor-acceptor polymer that had been previously studied in OPVs and OFETs.80 It was predicted 

that oxidation using m-CPBA would lead to incomplete conversion to the oxidized product as seen 

previously.111 Based on the selectivity observed by Barbarella et al.109,111–113 the two outer 

thiophenes would likely react while the central thiophene would most likely remain unreacted. 

Scheme 3.3 shows the predicted reactivity of this polymer with m-CPBA. 

 

Scheme 3.3 Predicted reactivity for post-polymerization modification of bisisoindigo-terthiophene 

with m-CPBA. 
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It was predicted that successful oxidation to the thiophene dioxide product would lead to a decrease 

in the polymer bandgap, as is typical for comparison between a polythiophene and the 

corresponding thiophene dioxide.106,125 With this in mind the reaction of the polymer with m-CPBA 

was monitored over time using UV/Vis spectroscopy, with results shown below in Figure 3.1. 
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Figure 3.1 UV/Vis spectra of bisisoindigo-terthiophene reacting with m-CPBA as a function of 

time.  

The bisisoindigo-terthiophene polymer was dissolved in dry chloroform under an inert argon 

atmosphere before addition of small amounts of an m-CPBA solution (in dry chloroform). No 

significant changes were observed in the UV/Vis spectra with increasing amounts of the peroxide 

until the addition of 6 equivalents of m-CPBA, at which point no more oxidant was added and 

spectra were collected periodically. Throughout the experiment the solution volume was kept 

constant to ensure comparable UV/Vis spectra.  Throughout the experiment there was no increase 

in the absorption onset wavelength that was predicted with the introduction of the thiophene 

dioxides. Additionally, there was a significant decrease in the absorption between 600 and 900 nm 
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corresponding mainly to the HOMO to LUMO transition localized to bisisoindigo. This indicates 

that there could be reactivity between the bisisoindigo structure and the m-CPBA, resulting in a 

disruption of conjugation along the polymer chain. At approximately 600 nm there is an isosbestic 

point where the absorption remains constant, which usually indicates a conversion to one product 

with constant reaction stoichiometry. This suggests that despite there being a disruption of the 

conjugated pathway, there is not necessarily a fragmentation of the polymer itself. 

 To further study the transformation occurring upon reaction of the polymer with m-CPBA, 

infrared absorption spectra were taken of the polymer samples from both before and after the 

reaction, shown below in Figure 3.2. 
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Figure 3.2 IR spectra of bisisoindigo-terthiophene copolymer before and after reaction with m-

CPBA. 

After the reaction there are three new stretching frequencies that appear quite prominently at 1260, 

1017 and 795 cm-1. These do not match with what is usually observed for sulfones (1315 and 1142 

cm-1)124 or sulfoxides that could be present from incomplete oxidation (1074 cm-1).126 This suggests 
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that the major product from the reaction is not resulting from oxidation of the thiophene sulfur 

atoms to sulfones or sulfoxides. An alternative explanation for the new infrared stretching bands is 

the presence of epoxides within the polymer. Epoxidation of alkenes by m-CPBA is a well-known 

reaction in organic chemistry and could explain the new IR peaks. Epoxides have three 

characteristic stretching modes of ring breathing, symmetric ring deformation, and antisymmetric 

ring deformation.127 The frequencies of these vibrations vary depending on the substituents 

attached to the carbon atoms making them not entirely reliable for conclusive identification, but 

fall into the ranges of 1248-1271 cm-1 for ring breathing, 883-985 cm-1 for antisymmetric 

deformation and 830-877 cm-1 for symmetric ring deformation. While these ranges do not match 

exactly with the observed IR stretches for the oxidized polymer, the reference data relates only to 

small molecule epoxides, while the epoxides within the polymer could have slightly different IR 

stretches due to the large difference in substituents on the epoxides. Additionally, epoxidation of 

the exocyclic carbon-carbon double bond in bisisoindigo would lead to a break in the conjugation 

along the polymer chain which is consistent with the observed decrease in the absorption band near 

750 nm in UV/Vis spectroscopy.  

 As an additional method to probe the oxidation reaction, X-ray photoelectron spectroscopy 

(XPS) was used to study the polymer both before and after the reaction with m-CPBA. Polymer 

samples were measured using an Al K-α (1486.6 eV) source for both survey spectra and sulfur 2p 

spectra. Fitted peaks from the sulfur 2p experiment are displayed below in Figure 3.3.  
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Figure 3.3 Fitted XPS spectra of the S 2p region for a) bisisoindigo-terthiophene polymer before 

and b) after reaction with m-CPBA. 

Splitting peaks corresponding to the sulfur 2p3/2 and 2p1/2 are observed in both spectra at binding 

energies of approximately 164 and 165 eV. These binding energies match closely to those observed 

in other polythiophenes such as P3HT.128 The spectra prior to oxidation (Figure 3.3 a) shows the 

expected 2:1 intensity ratio for the 2p3/2 and 2p1/2 fitted peaks. After the oxidation two new peaks 

are observed with binding energies of 167.87 and 169.09 eV. This matches well with binding 

energies observed for a variety of small molecule sulfones near 168 eV.129 The installation of the 

electron withdrawing oxygen atoms in the sulfone leads to less shielding of the nuclear charge 

experienced by the sulfur core 2p electrons. This results in the higher binding energy relative to the 

sulfur atoms in the polymer prior to the reaction. The XPS data indicates that the reaction between 

the bisisoindigo-terthiophene polymer and m-CPBA likely produced a small amount of the desired 

sulfone product. Based on the peak areas in Figure 3.3 b) it can be roughly estimated that the 

oxidation reaction occurred on approximately 30% of the sulfur atoms within the polymer. 

 The appearance of a new XPS peak corresponding to the sulfone suggests that thiophene 

dioxides were formed to some extent in the reaction of the bisisoindigo-terthiophene polymer with 

m-CPBA. Other experiments using UV/Vis and infrared spectroscopy suggest that the main result 

of the reaction of the polymer with m-CPBA was the formation of epoxides, potentially at the 

exocyclic double bond within the bisisoindigo structure, rather than the desired thiophene 
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oxidation. Based on this information, a proposed polymer structure after oxidation that is consistent 

with all the experimental observations is shown below in Figure 3.4.  

 

Figure 3.4 Representation of the bisisoindigo-terthiophene polymer after reaction with m-CPBA 

featuring segments of the polymer chain with unreacted bisisoindigo (w), oxidized terthiophene 

units (x), epoxide functionalized bisisoindigo units (y), and unreacted terthiophene units (z).  

Experimental data suggests that the formation of thiophene dioxides (in segment x) is quite low 

while formation of the epoxide functionalized bisisoindigo (in segment y) is relatively high. As the 

disruption of conjugation along the polymer would likely have significant detrimental effects on 

the performance of this material in organic electronic devices, the post-polymerization 

functionalization approach was not pursued any further.  

3.3 Conclusions    

     In this chapter a variety of synthetic routes towards thiophene dioxide containing polymers 

were explored. The strongly electron-deficient thiophene dioxides are a promising structure for 

electron conducting conjugated polymers due to their low LUMO energy level and stable quinoidal 

structure. The synthesis of a thiophene dioxide containing terthiophene unit was completed; 

however, it could not be functionalized appropriately to allow for polymerization with bisisoindigo, 

presumably due to the poor selectivity of the strong bases used. An alkylated variant of this 

structure was instead targeted to prevent the issue of regioselectivity; however, this terthiophene 

could not be incorporated into polymers. Synthesis of the alkylated terthiophene dioxide showed 

that end-capping of terthiophene units during m-CPBA oxidation to prevent dimerization was 

unnecessary, in contrast to the literature. As traditional monomer-based synthesis of thiophene 

dioxide polymers was unsuccessful, a post-polymerization modification method was applied to a 

bisisoindigo-terthiophene polymer by reaction with m-CPBA, a relatively mild and safe oxidizing 

agent. UV/Vis and infrared spectroscopy suggested this resulted in epoxide formation within the 

bisisoindigo structure, disrupting conjugation within the polymer. X-ray photoelectron 

spectroscopy indicated that thiophene dioxides were formed in small amounts. While epoxidation 
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was the main reaction occurring, this shows that m-CPBA can be used to functionalize polymers 

to some extent post-polymerization. The use of this strategy on conjugated polymers without 

reactive alkenes may allow for more successful post-polymerization modification using m-CPBA 

in the future.       
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Chapter 4 – Conclusions and Outlook 

4.1 Summary and Conclusions 

The primary goal of this thesis was to explore the effect of increasing the proportion of 

electron acceptor units within bisisoindigo copolymers, as this has been previously shown to lower 

frontier molecular orbital energies and improve electron mobilities in OFETs.80 This structural 

modification was achieved by synthesizing bisisoindigo and benzothiadiazole containing 

conjugated polymers. The benzothiadiazole units were more electron withdrawing than previously 

used thiophene and alkene donors, and fluorination of the benzothiadiazole was used to further 

increase the electron withdrawing character. These polymers performed well as ambipolar 

semiconductors in bottom-gate bottom-contact OFETs with Au electrodes. The OFET threshold 

voltages were significantly improved by changing the source and drain electrodes to LiF/Al 

contacts which allowed for improved energy alignment of the polymer LUMO with the electrode 

Fermi energy. Disordered packing of polymer thin films and a nonlinear polymer backbone were 

identified as potential limiting factors towards high charge carrier mobilities. Additionally, the 

electron rich thiophene units were assumed to give sufficient donor character to the polymers to 

prevent unipolar electron transport as observed in all-acceptor polymers.  

Thiophene dioxides were also explored as an alternative to benzothiadiazole acceptor units. 

Several synthetic routes were used to make thiophene dioxides and terthiophene dioxides; however, 

these materials could not be properly functionalized to be used in traditional cross-coupling 

reactions. As an alternative, post-polymerization functionalization was used to produce similar 

polymers containing thiophene dioxides using m-CPBA, a relatively safe oxidant that can be used 

under mild reaction conditions. Characterization of the m-CPBA modified polymer was performed 

using UV/Vis and IR absorption spectroscopy along with XPS. The post-polymerization 

modification worked to some degree, leading to a small amount of produced thiophene dioxide and 

a large disruption of the conjugation along the polymer backbone, likely the result of epoxidation.  

4.2 Discussion and Limitations 

 The work in Chapter 2 on bisisoindigo and benzothiadiazole containing polymers produced 

materials with increased acceptor proportion relative to previous bisisoindigo polymers but did not 

produce unipolar n-channel OFETS like other acceptor-acceptor polymers. This suggests that 
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neither the bisisoindigo unit or the dithienyl benzothiadiazole unit are as strong acceptors as other 

common acceptor units like diketopyrrolopyrrole or naphthalene diimide. Despite having lower 

frontier molecular orbital energies than previous bisisoindigo polymers, there was no significant 

change in the charge carrier mobilities of these new materials. This indicates that the molecular 

geometry and film morphology of these polymers is likely more important than frontier molecular 

orbital energies in determining charge carrier mobilities in these materials. The selection of less 

sterically demanding alkyl chains and more planar conjugated units that also allow for more linear 

polymer geometries could allow for improved charge carrier mobilities in future materials. 

Previous work by Lei et al.59–61 on isoindigo donor-acceptor polymers suggested the importance of 

centrosymmetric units which allowed for more linear polymer chains and higher crystallinity in 

polymer thin films. The dithienyl-benzothiadiazole units used in Chapter 2 were predicted in DFT 

calculations to be axisymmetric rather than centrosymmetric, leading to non-linear polymer chains. 

This likely contributed to the disordered packing observed by GIWAXS and lowered the observed 

charge carrier mobilities in OFETs. The observation of a significantly reduced threshold voltage 

with a selection of LiF/Al electrodes highlights the importance of the contact metals, particularly 

for ambipolar and n-channel OFETs. These electrodes however also resulted in decreased currents 

and Al electrodes tend to be relatively unstable, so better electrode materials are still desirable.  

The post-polymerization functionalization of conjugated polymers in Chapter 3 led to 

significant problems of low conversion and selectivity for the desired thiophene dioxides. This is 

somewhat unsurprising given that similar reactions required the use of very reactive oxidizing 

agents. This could suggest that the installation of thiophene dioxides is not the best target for post-

polymerization functionalization of conjugated polymers, or that the polymer starting materials 

need to be particularly well suited to this type of reaction.   

4.3 Future Work 

 Based on the above discussion of limitations of the present work, there are many potential 

directions for future study. Modification of the bisisoindigo structure towards a more planar 

geometry could result in better packing in thin films and improved charge transport. It has been 

shown that replacement of the benzene rings in isoindigo with thiophenes to create thienoisoindigo 

led to a more planar structure by the removal of the steric interactions of the carbonyl oxygen with 

the nearby hydrogen atoms.130,131 Applying this same strategy to bisisoindigo could produce a more 
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planar structure that would allow for better π stacking in thin films. Including the more electron 

rich thiophene units may however reduce the acceptor strength of this bisisoindigo analogue. The 

use of less sterically demanding alkyl chains like those used in work by Lei et al. 69–71 could also 

allow increased π stacking in thin films and allow for better charge transport. The proposed 

thienobisisoindigo structure for use in making conjugated polymers is shown below in Figure 4.1. 

The dibrominated thienobisisoindigo could be used in traditional metal catalyzed cross coupling 

reactions to produce conjugated polymers. 

 

Figure 4.1 Thienobisisoindigo, a proposed structural analogue of bisisoindigo predicted to give a 

more planar structure. 

 In selecting a comonomer coupling partner for thienobisisoindigo there are several 

directions to improve on the benzothiadiazole based acceptor units used in Chapter 2. One 

limitation that was identified was that the thiophene units in the dithienyl-benzothiadiazoles were 

likely too electron rich to be used in unipolar electron conducting acceptor-acceptor polymers. It 

has been shown that thiazoles can be used in place of thiophenes to make all-acceptor conjugated 

polymers.132,133 Combining thiazoles with benzothiadiazoles could replace the dithienyl-

benzothiadiazoles used in Chapter 2 and allow a direct comparison between the thiazoles and 

thiophenes when incorporated into conjugated polymers as shown in Figure 4.2.   

 

Figure 4.2 Comparison of dithienyl-benzothiadiazole used in Chapter 2 with proposed dithiazole-

benzothiadiazole which could be paired with bisisoindigo or thienobisisoindigo to make acceptor-

acceptor polymers. 
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These new acceptors are still predicted to give axisymmetric rather than centrosymmetric 

structures, which has been associated with non-linear polymer backbones, poorer film 

morphologies, and lower charge carrier mobilities. Adding an additional benzothiadiazole unit can 

be used to create centrosymmetric acceptors and potentially increase ordering in thin films and 

charge carrier mobilities. Proposed structures based on previously synthesized benzothiadiazoles 

are shown below in Figure 4.3.134,135 

 

Figure 4.3 Structures for centrosymmetric benzothiadiazole acceptor units flanked by thiophene 

or thiazole units. 

 Combining some or all of these structural modifications would allow for a series of 

structural analogues of the polymers synthesized in Chapter 2 to be made. Comparison of the 

optoelectronic properties of these materials as well as their thin film morphology and OFET 

performance would allow for evaluation of the different structural modifications and identify which 

factors are most important in developing high performance OFET materials.   

 In Chapter 3 the thiophene dioxide containing units were unable to be functionalized for 

use in Stille or Suzuki cross-coupling reactions to yield conjugated polymers. As an alternative 

method, direct-heteroarylation polymerization (DHAP) could be used to produce conjugated 

polymers. Brominated isoindigo units have been successfully coupled with various thiophenes 

using DHAP and could be used to make new acceptor-acceptor materials.64,136,137 A proposed route 

is shown below in Scheme 4.1. This polymer could then be compared against poly(isoindigo-

terthiophene) and poly(isoindigo-dithienyl-benzothiadiazole) polymers to determine the acceptor 

strength of the terthiophene dioxide unit relative to these more well studied systems.  
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Scheme 4.1 DHAP synthesis of isoindigo-terthiophene dioxide copolymer. Synthetic conditions 

are general, as taken from DHAP reviews by Leclerc and coworkers.19–22 

The post-polymerization functionalization of a bisisoindigo-terthiophene copolymer with 

m-CPBA was shown to produce terthiophene dioxides and epoxides. To adopt this 

functionalization more successfully it could be applied to polymers that do not have alkenes 

susceptible to epoxidation as in bisisoindigo. One candidate for this would be diketopyrrolopyrrole 

(DPP) based polymer. DPP units are usually synthesized with thiophene units flanking the acceptor 

unit, creating a weaker overall acceptor than the DPP unit alone.4 Oxidation of a DPP containing 

polymer by m-CPBA could strengthen this acceptor unit to make it better suited for n-channel 

OFET materials. This could be studied on a previously reported high performing DPP-

benzothiadiazole polymer by Sonar et al.138 which showed hole and electron mobilities of 0.35 

cm2V-1s-1
 and 0.40 cm2V-1s-1

 respectively. Conversion of the thiophene units to thiophene dioxides, 

shown in Scheme 4.2, could allow for decreased HOMO and LUMO energies potentially resulting 

in unipolar n-channel OFET performance. 

 

Scheme 4.2 Preparation of an electron conducting polymer by post-polymerization 

functionalization of ambipolar dithienyldiketopyrrolopyrrolo-benzothiadiazole copolymer using 

m-CPBA. 
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Chapter 5 – Experimental 

5.1 Materials and Methods 

Solvents used in all reactions were obtained from an MBraun solvent purification system 

and were dried over 3Å molecular sieves before use. Pd2(dba)3, Pd(PPh3)4 and P(o-tolyl)3 were 

purchased from Strem Chemicals and stored in an inert atmosphere nitrogen glovebox when not in 

use. Dibromobisisoindigo was prepared as previously reported.80 2,1,3-Benzothiadiazole-4,7-

bis(boronic acid pinacol ester) was purchased from Millipore Sigma dried via high vacuum before 

use. Solutions of n-BuLi were titrated in THF against 2,6-di-tert-butyl-4-methyl-phenol (BHT) 

with fluorene as an indicator. All other reagents were purchased from either Millipore-Sigma, 

Fisher Scientific, or Matrix Scientific and used as received. 

NMR spectra were obtained using a Bruker Avance 500 MHz spectrometer. UV/Vis 

measurements reported in Chapter 2 were performed using a Cary 6000i UV/vis spectrophotometer 

in dual beam mode with baseline and zero corrections, or for experiments in Chapter 3 using a 

Varian Cary 50 with baseline and zero corrections. Solution UV/Vis spectra were collected with 

polymers dissolved in chloroform. Thin films for UV/Vis were prepared on cut glass slides that 

were sonicated for 15 minutes each in 2% Extran in water, deionized water, acetone and 

isopropanol, dried by heating at 200 °C for 15 minutes, ozone cleaned, and then polymer films 

were spin cast from ~10 mg/mL solutions at 1000 rpm. Voltammetry was carried out in 0.05 

mol·L−1 tetrabutylammonium hexafluorophosphate dissolved in dry, degassed acetonitrile. The 

working electrode was glassy carbon, the counter electrode was a Pt wire, and the reference 

electrode was a Ag wire. Polymer films were drop cast from chloroform solution onto the working 

electrode and allowed to dry in air before use. Differential pulse voltammetry was performed using 

15 mV steps with a 0.5 s interval time, swept from negative to positive potentials. Voltammograms 

were referenced to a Fc/Fc+ standard, estimated to be 5.1 V vs. vacuum. Cyclic voltammetry was 

collected at a scan rate of 100 mV/s. Mass spectra were acquired on a JEOL AccuToF 4G GCv 

mass spectrometer with an EiFi field desorption ionization source. 
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5.2 Gel Permeation Chromatography 

GPC experiments were performed by Poly-Analytik using a Tosoh HLC8321 GPC/HT 

system with a refractive index detector. The columns were 2 x TSKgel GMHHR (S) HT2, particle 

size of 13 μm, with a column size of 7.8 mm ID × 30 cm. Calibration of the GPC was performed 

using a either a polyethylene or polystyrene calibration kit. The polymer samples were prepared in 

1,2,4-trichlorobenzene at concentrations of ~3.0 mg/mL. Samples were heated for minimum 1 h at 

140 °C and injected into the GPC instrument.  

 

Figure 5.1 GPC calibration curve based on polyethylene standards. 

Table 5.1 Calibration data from the RI detector for polyethylene conventional calibration kit. The 

correlation coefficient for this curve was 0.994. 

Elution Time (min) Molecular Mass ( Da) Error (%) 

15.168 843,039 -2.61 
15.405 718,026 2.51 
15.640 593,501 3.69 
16.027 381,763 -8.70 
17.115 196,119 8.85 
18.760 49,236 -2.10 
19.313 30,221 -3.93 
20.027 15,351 -4.73 
20.938 6,111 2.53 
21.922 1,880 13.83 
22.330 773 -12.23 
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Figure 5.2 GPC traces for P1(H) (top), P2(F) (middle), and P3(B) (bottom) collected using 

polyethylene standards. 
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Figure 5.3 GPC calibration curve based on polystyrene standards. 

Table 5.2 Calibration data from the RI detector for polystyrene conventional calibration kit. The 

correlation coefficient for this curve was 0.997. 

Elution Time (min) Molecular Mass (Da) Error (%) 

15.567 238,986 6.67 
17.308 46,082 -28.34 
18.513 24,260 13.23 
19.358 10,829 10.19 
20.743 2,468 -2.79 
22.170 635 7.81 
22.767 254 -22.25 
24.020 86 7.52 
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Figure 5.4 GPC traces for P1(H) (top) and P2(F) (bottom) collected using polystyrene standards. 
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5.3 Thermal Analysis 

Thermal gravimetric analysis was run using a TA Instruments TGA Q5000IR. For each 

measurement ~5 mg of polymer was heated under a nitrogen atmosphere at a rate of 10 °C/min. 

from room temperature to 500 °C. Differential scanning calorimetry (DSC) was carried out on a 

TA Q20 DSC with ~2 mg of polymer which was heated from room temperature to 250 °C or 300 

°C depending on the polymer decomposition temperature, then cooled to 50 °C and reheated to 250 

°C or 300 °C. DSC scans were performed at a rate of 20 °C/min. 

5.4 Computational Details 

Density functional theory (DFT) calculations were performed using the Gaussian16 and 

Gaussview suites of software.139 All calculations were performed at the ωB97XD/6-31+G(d,p) 

level of theory, unless otherwise noted. Geometry optimizations were performed on all structures, 

then frequency analyses were performed to ensure that the optimizations had successfully 

converged to a potential energy minimum. Single point energy and time-dependent calculations 

were performed using a solvent continuum model with a dielectric constant equal to that of 

chloroform. Time dependent DFT (TD-DFT) calculations were used to determine the vertical 

excited state transitions and their corresponding oscillator strengths. 
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Figure 5.5 TD-DFT calculated UV-Vis spectra for 2.5 repeat unit oligomers (ex. dTBT-BII-dTBT-

BII-dTBT) using B3LYP/6-31G(d,p). The lower level of theory relative to B97XD allowed for 

modelling of longer oligomers and resulted in smaller calculated bandgaps more similar to 

experimental data, but gives poorer reproduction of experimental UV/Vis spectra. 
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Figure 5.6 Orbital isosurfaces for two-repeat-unit oligomers of a) P1(H) (BII-dTBT-BII-dTBT) 

and b) P2(F) (BII-FdTBT-BII-FdTBT). Isosurfaces generated using B97XD/6-31+G(d,p) using 

a dielectric constant equal to that of chloroform. 
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5.5 OFET Manufacturing and Testing 

Bottom-gate bottom-contact OFETs were manufactured using a p-doped silicon wafer as 

the gate electrode and a thermally grown SiO2 dielectric layer (300nm). Au source and drain 

electrodes were patterned onto the SiO2 layer using conventional photolithography. Polymers were 

spin-coated from chloroform solution (5 mg/mL) at 2000 rpm. The channel lengths and widths 

were 30 and 1000 µm respectively. Thermal annealing was sequentially performed in 20-minute 

intervals at the indicated temperatures in an inert atmosphere glovebox.  

Bottom-gate top-contact OFET devices were manufactured using a n-doped silicon wafer 

as the gate electrode and a thermally grown SiO2 dielectric layer (300 nm). The surface of the 

Si/SiO2 substrate was modified by dodecyltrichlorosilane solution (10 mM in toluene) by 

submerging the substrate in the solution for 20 minutes. Polymers were spin-coated from 

chloroform solution (5 mg/mL) at 2000 rpm. Thermal annealing was performed for 20 minutes at 

100 °C. Source and drain contacts were added by thermally evaporating LiF (1 nm) and Al (100 

nm). The channel lengths and widths were 100 and 3000 µm respectively.  

Charge carrier mobilities were extracted from the saturation regime using the slope of the 

(ID)1/2 plotted against the gate potential using equation 1.19. 

𝜇sat =  
2𝐿

𝐶𝑊
 (

𝜕√𝐼D

𝜕𝑉G
)

2

Equation 1.19 

5.6 GIWAXS Measurements 

GIWAXS experiments were performed at the Hard X-ray Microanalysis (HXMA) 

beamline at the Canadian Light Source (CLS). A photon energy of 12.688 keV was used as selected 

by a Si(111) monochromator. GIWAXS patterns were collected using a MAR165 detector. The 

sample to detector distance was 224 mm as determined by a silver behenate thin film reference 

standard. A lead beam stop was used to block the direct beam path. Polymer thin films were spin-

coated at 1000 rpm from chloroform solutions (5 mg/mL) onto single crystal Si wafers cut into 

1.5×1.5 cm2 pieces. Thermal annealing after deposition of polymer thin films was performed for 

20 minutes at 200 °C, with scattering patterns measured for samples with and without thermal 

annealing. All scattering patterns were collected while the samples were within a helium filled 
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sample chamber. Data processing was performed using both Datasqueeze and the Matlab plugin 

GIXSGUI. 

5.7 Post-polymerization Functionalization 

5.7.1 Titration of m-CPBA 

 Prior to use in post-polymerization functionalization, m-CPBA was titrated to determine its 

purity by weight percent, as it was received at a purity of ≤ 77% by mass to limit its shock 

sensitivity. The m-CPBA was first reacted with NaI to produce a red I2 solution, which was then 

titrated to a colorless endpoint by reaction with Na2S2O3. Solutions prepared with approximately 

1.5 g NaI and 0.1 g m-CPBA (weighed accurately), 50 mL distilled water, 5 mL glacial acetic acid 

and 5 mL chloroform. A 0.100 M solution of Na2S2O3 was prepared in distilled water, then was 

slowly added to the above solution by burette with vigorous mixing until a completely clear 

colorless solution was achieved. This procedure was repeated in triplicate and the m-CPBA was 

determined to be 74 ± 1% pure by mass.  

5.7.2 Functionalization of BII-3T with m-CPBA 

 Two dry argon filled Schlenk flasks were prepared. To one was added BII-3T (0.0293, 

0.0162 mmol of repeat unit) and 10 mL dry chloroform. To the other was added m-CPBA (74% 

pure by mass, 0.2266 g, 0.9717 mmol) and 6 mL dry chloroform. Each solution was stirred to 

dissolve the solids. The UV/Vis spectrum before start of reaction was measured using 0.1 mL of 

BII-3T solution and dissolving it with 10 mL (10.1 mL total volume). After this, 0.1 mL of m-

CPBA solution (1 eq) was transferred to the polymer solution, allowed to stir for 15 minutes. Then 

0.1 mL of reaction mixture removed, diluted with 10 mL of chloroform and measured using 

UV/Vis. This process was repeated every 15 minutes until 6 equivalents of m-CPBA was added 

and changes in the UV/Vis spectra began to be observed. The mixture was then left to continue 

stirring and UV/Vis measurements were performed at 4, 18, 20, 22, and 24 hours from initial 

addition of oxidant. No more changes were observed after 22h, so the solution was poured over 

water, washed three times with NaHCO3, then washed with brine and dried over Na2SO4 and 

concentrated, yielding 0.0321 g as a green/black solid. IR measurements performed on solid 

polymer samples from before and after the reaction using a Bruker Alpha II Compact FTIR 

Spectrometer in reflection mode.  



88 

 

5.8 X-ray Photoelectron Spectroscopy 

All X-ray Photoelectron Spectroscopy (XPS) measurements were collected using a Kratos 

(Manchester, UK) AXIS Supra system at the Saskatchewan Structural Sciences Centre (SSSC). 

This system is equipped with a 500 mm Rowland circle monochromated Al K-α (1486.6 eV) source 

and combined hemi-spherical analyzer (HSA) and spherical mirror analyzer (SMA). A spot size of 

hybrid slot  (300x700) microns was used. All survey scan spectra were collected in the -5-1200 eV 

binding energy range in  1 eV steps with a pass energy of 160 eV. High resolution scans of 2 

regions were also conducted using 0.05 eV steps with a pass energy of 20 eV. An accelerating 

voltage of 15 keV and an emission current of 15 mA was used for the analysis.  

Polymer samples were measured as solids adhered on carbon tape. Binding energies were 

calibrated to the adventitious carbon peaks at 284.8 eV. Peak fitting of the S 2p peaks was 

performed using a combination of Gaussian and Lorentzian peak shapes using the CasaXPS 

software package with a Tougaard type background.  

5.9 Detailed Synthetic Procedures 

5.9.1 Synthesis of 2-trimethylstannyl thiophene (1) 

 

To a dry argon filled flask was added 1.50 mL thiophene (18.8 mmol) and 35 mL dry THF before 

cooling to -84 °C. While stirring, n-BuLi was added dropwise (7.50 mL, 2.5 M solution in hexanes, 

18.8 mmol) and reaction left to stir at -84 °C for one hour, giving color change to red solution. To 

this was added SnMe3Cl (20.0 mL, 1.0 M in hexanes, 20 mmol) at -84 °C, then reaction allowed 

to warm to room temperature and stirred overnight. Reaction was quenched with 50 ml saturated 

NH4Cl(aq) solution, extracted with ethyl acetate. Organic layer was washed with water, dried over 

MgSO4 and concentrated, giving the product as an orange liquid (4.450 g, 96.0%). 1H NMR (500 

MHz, CDCl3) δ: 7.83 (m, 1H), 7.46 (m, 2H), 0.61 (s, 9H).  
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5.9.2 Synthesis of 5,6-difluoro-2,1,3-benzothiadiazole (2)  

 

To a dry argon filled flask was added 4.017 g 1,2-diamino-4,5-difluorobenzene (27.9 mmol), 16.0 

mL NEt3 (114.8 mmol), and 80 mL of dry CHCl3 before being set to stir at 0 °C. To a second flask 

was added 20 mL dry CHCl3 and 4.8 mL SOCl2 (65.8 mmol), then cooled in ice bath to 0 °C. Upon 

cooling, the SOCl2 solution was slowly transferred into the flask with the diamine solution at 0 °C. 

After complete addition the ice bath was removed and the reaction was refluxed overnight. 

Reaction mixture was brought to room temperature, poured over water (Caution, produces HCl and 

SO2) and extracted with CH2Cl2, organic layer was washed with water, dried over Na2SO4, then 

concentrated. Product redissolved in CH2Cl2, passed through silica plug and concentrated to give 

a brown crystalline solid. (3.585 g, 75% yield). 1H NMR (500 MHz, CDCl3) δ: 7.74 (t, 3J = 8.7 Hz, 

2H). 19F NMR (470 MHz, CDCl3) δ: -128.93 (t, 3J = 8.7 Hz).   

5.9.3 Synthesis of 4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole (3) 

 

To a dry argon filled flask was added 1.019 g 5,6-difluoro-2,1,3-benzothiadiazole (5.92 mmol) and 

50 mL conc. H2SO4. Mixture stirred to dissolve, covered with foil, then added 4.674 g N-

bromosuccinimide (26.26 mmol) and heated to 50 °C for 4 hours. Mixture cooled to room 

temperature, poured over ice (Caution, exothermic) and filtered. Solid washed with water to give 

an off-white solid (1.404 g, 72% yield). No peaks observed in the 1H NMR. 19F NMR (470 MHz, 

CDCl3) δ: -119.54 (s). 
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5.9.4 Synthesis of 4,7-dithieno-2,1,3-benzothiadiazole (4) 

 

To a dry argon filled flask was added 4,7-dibromo-2,1,3-benzothiadiazole (1.165 g, 3.96 mmol), 

tris(dibenzylideneacetone)dipalladium (0.185 g, 0.020 mmol), tri(o-tolyl) phosphine (0.203 g, 0.67 

mmol) and 2-trimethylstannylthiophene (2.502 g, 10.13 mmol) were dissolved in 75 mL dry 

toluene. Reaction mixture brought to reflux and stirred overnight. Reaction mixture cooled to room 

temperature, poured over sat. NH4Cl(aq) and extracted with ethyl acetate. The organic layer was 

washed with water, dried over Na2SO4, filtered through a silica plug, concentrated, then 

recrystallized from methanol giving a dark red solid (1.169 g, 98% yield). 1H NMR (500 MHz, 

CDCl3) δ: 8.12 (dd, 3J = 3.7 Hz, 4J = 1.1 Hz, 2H), 7.88 (s, 2H), 7.46 (dd, 3J = 5.1 Hz, 4J = 1.0 Hz, 

2H), 7.22 (dd, 3J = 5.1 Hz, 3J = 3.7 Hz, 2H).  

5.9.5 Synthesis of 4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-2,1,3-benzothiadiazole (5) 

 

To a dry argon filled flask was added 0.235 g 4,7-dithieno-2,1,3-benzothiadiazole (0.78 mmol) and 

10 mL dry THF. To a second dry argon filled Schlenk flask was added 0.78 mL diisopropylamine 

(5.57 mmol), and 5 mL dry THF. Each flask was degassed with bubbling argon for 30 minutes. 

Diisopropylamine solution was cooled to 0 °C before dropwise addition of n-BuLi (0.78 mL, 2.5 

M solution in hexanes, 1.95 mmol). This solution was stirred for 45 minutes to generate lithium 

diisopropyl amide. The other solution was cooled in -84 °C bath before dropwise addition of the 

LDA solution and stirred for 2 hours, giving color changes from orange to dark red, to green, to 

blue, and finally to dark purple. At -84 °C SnMe3Cl solution was added (1.50 mL, 1.0 M solution 

in hexanes, 1.50 mmol) turning solution to a dark brown color. Reaction then allowed to warm to 

room temperature and stirred overnight. Reaction mixture was poured over water, extracted with 

CH2Cl2, dried over Na2SO4, concentrated, then crude solid was recrystallized by with layered 

CH2Cl2 and methanol to give black needle crystals (0.373 g, 77% yield). 1H NMR (500 MHz, 

CDCl3) δ: 8.18 (d, 3J = 3.5 Hz, 2H), 7.88 (s, 2H), 7.30 (d, 3J = 3.5 Hz), 0.43 (s, 18H). 
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5.9.6 Synthesis of 5,6-difluoro-4,7-dithieno-2,1,3-benzothiadiazole (6) 

 

To a dry argon filled flask was added 4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole (1.157 g, 

3.51 mmol), tris(dibenzylideneacetone)dipalladium (0.177 g, 0.019 mmol), tri(o-tolyl) phosphine 

(0.175 g, 0.57 mmol) and 2-trimethylstannylthiophene (2.550 g, 10.33 mmol) were dissolved in 75 

mL dry toluene. Reaction mixture brought to reflux and stirred overnight. Reaction mixture cooled 

to room temperature, poured over water and extracted with ethyl acetate. The organic layer was 

washed with aqueous saturated sodium chloride, dried over Na2SO4 and concentrated. Column 

chromatography was performed using 20:80 dichloromethane: hexanes as the mobile phase. 

Product isolated as an orange solid (0.715 g, 61% yield). 1H NMR (500 MHz, CDCl3) δ: 8.30 (d, 

3J = 3.7 Hz, 2H), 7.63 (d, 3J = 5.1 Hz, 2H), 7.28 (t, 3J = 4.5 Hz, 2H). 19F NMR (470 MHz, CDCl3) 

δ: -128.99 (s). 

5.9.7 Synthesis of 5,6-Difluoro-4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-2,1,3-

benzothiadiazole (7) 

 

To a dry argon filled flask was added 0.285 g 5,6-difluoro-4,7-dithieno-2,1,3-benzothiadiazole 

(0.85 mmol) and 40 mL dry THF. To a second dry argon filled Schlenk flask was added 0.30 mL 

diisopropylamine (2.14 mmol), and 5 mL dry THF. Each flask was degassed with bubbling argon 

for 30 minutes. Diisopropylamine solution was cooled to 0 °C before dropwise addition of n-BuLi 

(0.80 mL, 2.5 M solution in hexanes, 2.00 mmol). This solution was stirred for 1 hour to generate 

lithium diisopropyl amide. The other solution was cooled in -84 °C bath before dropwise addition 

of the LDA solution and stirred for 2 hours, giving color changes from orange to dark red, to dark 

purple. At -84 °C SnMe3Cl solution was added (1.69 mL, 1.0 M solution in hexanes, 1.69 mmol). 

Reaction then allowed to warm to room temperature and stirred overnight. Reaction mixture was 

poured over water, extracted with Et2O, washed with brine, dried over Na2SO4, concentrated, then 

crude solid was recrystallized by with layered CH2Cl2 and methanol to give black needle crystals 
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(0.389 g, 69% yield). 1H NMR (500 MHz, CDCl3) δ: 8.33 (d, 3J = 3.6 Hz, 2H), 7.35 (d, 3J = 3.6 

Hz, 2H), 0.44 (s, 18H). 19F NMR (470 MHz, CDCl3) δ: -129.04 (s). 

5.9.8 Synthesis of Poly(bisisoindigo-dithienylbenzothiadiazole) P1(H) 

 

To a dry argon filled flask was added 4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-2,1,3-

benzothiadiazole (0.066 g, 0.106 mmol), dibromobisisoindigo (0.165 g, 0.106 mmol) and 60 mL 

dry toluene. This mixture was stirred and degassed for 1 h before addition of Pd2(dba)3 (0.011 g, 

0.012 mmol) and P(o-tolyl)3 (0.013 g, 0.041 mmol). The mixture was then stirred and brought to 

reflux for 48 h. The reaction was then cooled to room temperature and a spatula of 

diethyldithiocarbamic acid diethylammonium salt was added, then stirred additional 1 h. Reaction 

mixture was then slowly poured over methanol to precipitate crude product. The crude solid was 

filtered to isolate, then purified by Soxhlet extraction using methanol (24 h), acetone (24 h), 

hexanes (24 h), and chloroform (48 h). The chloroform was the concentrated to a minimal volume, 

poured over methanol to precipitate product, and the polymer was filtered to isolate, then dried 

under high vacuum to give the product as a blue-black solid (0.139 g, 77% yield). 1H NMR (500 

MHz, CDCl3) δ: 8.99 (br), 7.91 (br), 7.57 (br), 7.09 (br), 6.67 (br), 4.31 (br), 3.70 (br), 1.55 (br), 

1.25 (br), 0.83 (br). Elemental anal. Calculated for C110H154N6O4S3: C, 76.79; H, 9.02; N, 4.88; S, 

5.59; Found: C, 75.22; H, 7.94; N, 4.84; S, 5.70.  
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5.9.9 Synthesis of Poly(bisisoindigo-difluoro-dithienyl-benzothiadiazole) P2(F) 

 

To a dry argon filled flask was added 5,6-difluoro-4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-

2,1,3-benzothiadiazole (0.108 g, 0.164 mmol), dibromobisisoindigo (0.253 g, 0.164 mmol) and 20 

mL dry toluene. This mixture was stirred and degassed for 1 h before addition of Pd2(dba)3 (0.017 

g, 0.019 mmol) and P(o-tolyl)3 (0.017 g, 0.055 mmol). The mixture was then stirred and brought 

to reflux for 48 h. The reaction was then cooled to room temperature and a spatula of 

diethyldithiocarbamic acid diethylammonium salt was added, then stirred additional 1 h. The 

reaction mixture was then slowly poured over methanol to precipitate crude product. The crude 

solid was filtered to isolate, then purified by Soxhlet extraction using methanol (24 h), acetone (24 

h), hexanes (24 h), and chloroform (48 h). The chloroform was then concentrated to a minimal 

volume, poured over methanol to precipitate and the polymer was filtered to isolate, then dried 

under high vacuum to give the product as a blue-black solid (0.126 g, 45% yield). 1H NMR (500 

MHz, CDCl3) δ: 9.02 (br), 8.92 (br), 8.34 (br), 7.63 (br), 7.42 (br), 7.16 (br), 6.70 (br), 4.10 (br), 

3.77 (br), 1.25 (br), 0.84 (br). 19F NMR (470 MHz, CDCl3) δ: -127.31 (br). Elemental anal. 

Calculated for C116H164F2N6O4S3: C, 75.69; H, 8.98; N, 4.57; Found: C, 74.93; H, 9.11, N, 4.97. 
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5.9.10 Synthesis of Poly(bisisoindigo-benzothiadiazole) P3(B) 

 

To a dry argon filled flask was added 4,7-bis (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,1,3-

benzothiadiazole (0.038 g, 0.097 mmol), dibromobisisoindigo (0.150 g, 0.097 mmol), CsF (0.059 

g, 0.039 mmol) and 8 mL dry toluene. Reaction mixture was then stirred and degassed for 30 

minutes before addition of Pd(PPh3)4 (0.013 g, 0.011 mmol), then brought to reflux and stirred for 

48 h. Mixture then cooled to room temperature and a spatula of diethyldithiocarbamic acid 

diethylammonium salt was added, then stirred additional 1 h. Reaction mixture was then slowly 

poured over methanol to precipitate crude product. The crude solid was filtered to isolate, then 

purified by Soxhlet extraction using methanol (24 h), acetone (24 h), hexanes (24 h), and 

chloroform (48 h). The chloroform fraction was then concentrated, and any residual solvent was 

removed by high vacuum, yielding desired product as a black-blue solid (0.065 g, 44% yield). 1H 

NMR (500 MHz, CDCl3) δ: 9.20 (br), 9.08 (br), 7.92 (br), 7.71 (br), 7.58 (br), 4.20 (br), 3.73 (br), 

1.23 (br), 0.83 (br). No signals were observed in 19F NMR.  

5.9.11 Synthesis of 2,5-Trimethylsilylthiophene (8) 

 

To a dry argon filled flask was added thiophene (2.00 mL, 24.98 mmol) and 100 mL dry THF 

before mixture was degassed with bubbling argon for 20 minutes. The flask was then cooled in a -

84 °C bath before dropwise addition of n-BuLi (31.00 mL, 2.31 M solution in hexanes, 71.5 mmol), 

giving color change from colorless to a yellow solution. Mixture was stirred for 1 hour at -84 °C 

before slow addition of trimethylsilyl chloride (9.5 mL, 74.9 mmol). Reaction mixture was allowed 

to warm to room temperature and stirred overnight. Reaction mixture washed with water, then 

brine, then the organic layer was dried over Na2SO4 and concentrated. Crude material dried on high 

vacuum line to remove residual solvent and any monosilylated product, and product was isolated 
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as a light yellow oil (4.740 g, 83% yield). 1H NMR (500 MHz, CDCl3) δ: 7.33 (s, 2H), 0.33 (s, 

18H).  

5.9.12 Synthesis of 2,5-Trimethylsilylthiophene-S,S-dioxide (9) 

 

To a dry argon filled Schlenk flask was added 2,5-trimethylsilylthiophene (2.292 g, 10.03 mmol) 

and 40 mL dry CH2Cl2. To a second dry argon filled flask was added m-CPBA (9.362 g, 74% pure 

by mass, 41.30 mmol) and 80 mL dry CH2Cl2. Both were stirred to dissolve solids, then the 

thiophene containing flask was cooled in a 0 °C bath before slow transfer of m-CPBA solution into 

the cooled thiophene solution. Upon complete addition the mixture was allowed to warm to room 

temperature and stirred overnight. Reaction mixture was then filtered to remove insoluble material, 

then filtrate was washed three times with saturated K2CO3 to remove remaining 3-chlorobenzoic 

acid. Organic layer was then washed with water, dried over Na2SO4 and concentrated to give a 

white solid (2.332 g, 89%). 1H NMR (500 MHz, CDCl3) δ: 6.74 (s, 2H), 0.34 (s, 18H).   

5.9.13 Synthesis of 2,5-Dibromothiophene-S,S-dioxide (10) 

 

To a dry argon filled flask was added 2,5-trimethylsilylthiophene-S,S-dioxide (0.514 g, 1.973 

mmol) and 100 mL dry CH2Cl2 delivered by cannula. This mixture was stirred and degassed for 

40 minutes. Reaction flask was covered with aluminum foil and cooled in an ice bath before 

addition of AgBF4 (1.168 g, 6.000 mmol) and liquid bromine (0.20 mL, 3.90 mmol). Reaction 

allowed to stir for one hour at 0 °C, then was diluted by cautious addition of 80 mL CH2Cl2 before 

filtration through silica plug. Filtrate was concentrated and product was isolated as an off-white 

solid (0.531 g, 98%). 1H NMR (500 MHz, CDCl3) δ: 6.87 (s, 2H).  
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5.9.14 Synthesis of 2,5-Thienylthiophene-S,S-dioxide (11) 

 

To a dry argon filled flask was added 2,5-dibromothiophene-S,S-dioxide (0.249 g, 0.908 mmol), 

2-trimethylstannylthiophene (0.623 g, 2.52 mmol) and 20 mL of dry toluene. Reaction mixture was 

stirred and degassed for 1 hour before addition of Pd2(dba)3 (0.051 g, 0.055 mmol) and P(o-tolyl)3 

(0.049 g, 0.162 mmol). Reaction mixture brought to reflux and stirred overnight. The reaction was 

cooled to room temperature then quenched by pouring over water, then extracted with CH2Cl2, 

organic layers washed with water, dried over Na2SO4 and concentrated. Crude material was 

purified by column chromatography using 80:20 CH2Cl2: hexanes as the mobile phase. Product 

was isolated as a red solid (0.064 g, 25%). 1H NMR (500 MHz, CDCl3) δ: 7.65 (dd, 3J = 3.8 Hz, 4J 

= 0.9 Hz, 2H), 7.45 (dd, 3J = 5.1 Hz, 4J = 0.9 Hz, 2H), 7.15 (dd, 3J = 5.1 Hz, 3J = 3.8 Hz, 2H), 6.78 

(s, 2H). 13C NMR (125 MHz, CDCl3) δ: 136.2, 129.9, 128.9, 128.4, 128.1, 118.7. HRMS (m/z): 

(M•+) Cal. (C12H8O2S3): 279.9686 found: 279.9683.  

5.9.15 Synthesis of 3,4-Dibutylthiophene (12) 

 

To a dry argon filled flask was added magnesium turnings (3.168 g, 130.3 mmol) before flame 

drying and refilling with argon two additional times. To this flask was added 50 mL dry Et2O 

before degassing for 10 minutes with bubbling argon. To the magnesium containing flask was 

added a spatula tip of iodine, then stirred for 15 minutes at room temperature to give color change 

from brown to light cloudy grey. This mixture was then cooled to 0 °C before slow addition of 1-

bromobutane (10.50 mL, 97.8 mmol), resulting in vigorous boiling as the Grignard reagent is 

formed. This mixture was heated to 35 °C and stirred for 1.5 hours. To a second dry argon filled 

flask was added NiCl2(dppp) (0.526 g, 0.971 mmol), 3,4-dibromothiophene (3.60 mL, 32.6 mmol), 

and 50 mL dry Et2O before degassing for 10 minutes. Both mixtures were cooled to 0 °C and the 

Grignard solution was slowly transferred to the other flask before reaction was stirred overnight at 

room temperature. The reaction was carefully quenched by slow addition of 20 mL 4 M HCl, then 
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mixture was poured over water, extracted with Et2O, organic layer washed with brine, dried over 

Na2SO4, filtered through silica and concentrated to give orange cloudy oil. This crude material was 

distilled under high vacuum at 150 °C to give the product as a clear colorless liquid (5.187 g, 81 

%). 1H NMR (500 MHz, CDCl3) δ: 6.90 (s, 2H), 2.52 (m, 4H), 1.61 (m, 4H) 1.41 (m, 4H), 0.96 (t,  

3J = 7.4 Hz, 6H).  

5.9.16 Synthesis of 2,5-Dibromo-3,4-dibutylthiophene (13) 

 

To a flame dried argon filled flask was added 3,4-dibutylthiophene (5.007 g, 25.50 mmol), 40 mL 

glacial acetic acid and 20 mL dry CHCl3. The reaction flask was covered with aluminum foil, then 

the mixture was stirred and degassed with bubbling argon for 10 minutes before cooling in a 0 °C 

bath. To the cold flask was added liquid bromine (3.40 mL 66.4 mmol) and the reaction was 

allowed to warm to room temperature and stirred overnight. The reaction mixture was then poured 

over water, organic layer extracted with CHCl3, washed three times with water, washed with 

Na2S2O3 (aq), washed with brine, dried over MgSO4 and concentrated to give the product as a yellow 

oil (8.904 g, 98 %).  1H NMR (500 MHz, CDCl3) δ: 2.51 (m, 4H), 1.42 (m, 8H), 0.94 (t, 3J = 7.2 

Hz, 6H).  

5.9.17 Synthesis of 3ʹ4ʹ-Dibutylterthiophene (14) 

 

To a dry argon filled flask was added magnesium turnings (0.338 g, 13.9 mmol) before flame 

drying and refilling with argon two additional times. To this flask was added 10.0 mL dry Et2O 

before degassing for 10 minutes with bubbling argon. To the magnesium containing flask was 

added a spatula tip of iodine, then stirred for 15 minutes at room temperature to give color change 

from brown to light cloudy grey. This mixture was then cooled to 0 °C before slow addition of 2-

bromothiophene (1.518 g mL, 9.31 mmol), resulting in vigorous boiling as the Grignard reagent is 

formed. This mixture was heated to 35 °C and stirred for one hour. To a second dry argon filled 
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flask was added NiCl2(dppp) (0.085 g, 0.056 mmol), 2,5-dibromo-3,4-dibutylthiophene (0.961 g, 

2.71 mmol), and 10.0 mL dry Et2O before degassing for 10 minutes. Both mixtures were cooled to 

0 °C and the Grignard solution was slowly transferred to the other flask before reaction was stirred 

overnight at room temperature. Reaction was carefully quenched by slow addition of 10% HCl(aq), 

then mixture was poured over water, extracted with CH2Cl2, organic layer washed with brine, dried 

over Na2SO4, filtered through celite and silica, then concentrated to give brown oil. This crude 

material was purified by column chromatography using hexanes as the mobile phase to give the 

product as a yellow oil. (0.599 g, 61 %). 1H NMR (500 MHz, CDCl3) δ: 7.30 (dd, 3J = 5.2 Hz, 4J 

= 1.1 Hz, 2H), 7.13 (dd, 3J = 3.6 Hz, 4J = 1.1 Hz, 2H), 7.06 (dd, 3J = 5.2 Hz, 4J = 3.6 Hz, 2H),  2.70 

(m, 4H), 1.55 (m, 4H) 1.43 (m, 4H), 0.95 (t,  3J = 7.4 Hz, 6H). 

5.9.18 Synthesis of 3ʹ4ʹ-Dibutylterthiophene-Sʹ,Sʹ-dioxide (15) 

 

To a dry argon filled Schlenk flask was added 3ʹ4ʹ-dibutylterthiophene (0.767 g, 2.13 mmol) and 

40 mL dry CHCl3. The mixture was stirred to dissolve and degassed for 15 minutes then covered 

with foil before the addition of m-CPBA (1.496 g, 6.42 mmol). Reaction was stirred overnight at 

room temperature. The mixture was then poured over water, washed with 5% NaHCO3 and 

concentrated. Crude material was purified by column chromatography using a gradient mobile 

phase from 50:50 CH2Cl2: hexanes to pure CH2Cl2 to give product as a green solid (0.437 g, 52%).  

1H NMR (500 MHz, CDCl3) δ: 7.74 (dd, 3J = 3.8 Hz, 4J = 0.9 Hz, 2H), 7.50 (dd, 3J = 5.1 Hz, 4J = 

0.9 Hz, 2H), 7.19 (dd, 3J = 5.1 Hz, 4J = 3.8 Hz, 2H),  2.68 (m, 4H), 1.57 (m, 8H) 0.99 (t,  3J = 7.2 

Hz, 6H). 13C NMR (125 MHz, CDCl3) δ: 137.5, 130.4, 128.9, 128.6, 128.2, 128.1, 30.7, 26.9, 23.2, 

13.9. HRMS (m/z): (M•+) Cal. (C20H24O2S3): 392.0938 found: 392.0947.  

  



99 

 

5.10 NMR Spectra 

 

Figure 5.7 2-trimethylstannyl thiophene (1) 1H NMR. 

 

Figure 5.8 5,6-Difluoro-2,1,3-benzothiadiazole (2) 1H NMR. 
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Figure 5.9 5,6-Difluoro-2,1,3-benzothiadiazole (2) 19F NMR. 

 

Figure 5.10 4,7-Dibromo-5,6-difluoro-2,1,3-benzothiadiazole (3) 19F NMR. 
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Figure 5.11 4,7-Dithieno-2,1,3-benzothiadiazole (4) 1H NMR. 

 

Figure 5.12 4,7-Bis(5-(trimethylstannyl)thiophene-2-yl)-2,1,3-benzothiadiazole (5) 1H NMR. 
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Figure 5.13 5,6-Difluoro-4,7-dithieno-2,1,3-benzothiadiazole (6) 1H NMR. 

 

Figure 5.14 5,6-Difluoro-4,7-dithieno-2,1,3-benzothiadiazole (6) 19F NMR. 
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Figure 5.15 5,6-Difluoro-4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-2,1,3-benzothiadiazole (7) 
1H NMR. 

 

Figure 5.16 5,6-Difluoro-4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-2,1,3-benzothiadiazole (7) 
19F NMR. 
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Figure 5.17 Poly(bisisoindigo-dithienylbenzothiadiazole) P1(H) 1H NMR. 

 

Figure 5.18  Poly(bisisoindigo-difluoro,dithienylbenzothiadiazole) P2(F) 1H NMR 
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Figure 5.19 Poly(bisisoindigo-difluoro,dithienylbenzothiadiazole) P2(F) 19F NMR. 

 

Figure 5.20 Poly(bisisoindigo-benzothiadiazole) P3(B) 1H NMR. 
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Figure 5.21 2,5-Trimethylsilylthiophene (8) 1H NMR. 

 

Figure 5.22 2,5-Trimethylsilylthiophene-S,S-dioxide (9) 1H NMR. 
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Figure 5.23 2,5-Dibromothiophene-S,S-dioxide (10) 1H NMR. 

 

Figure 5.24 2,5-Thienylthiophene-S,S-dioxide (11) 1H NMR. 
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Figure 5.25 2,5-Thienylthiophene-S,S-dioxide (11) 13C NMR. 

 

Figure 5.26 3,4-Dibutylthiophene (12) 1H NMR. 
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Figure 5.27 2,5-Dibromo-3,4-dibutylthiophene (13) 1H NMR. 

 

Figure 5.28 3ʹ4ʹ-Dibutylterthiophene (14) 1H NMR. 
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Figure 5.29 3ʹ4ʹ-Dibutylterthiophene-Sʹ,Sʹ-dioxide (15) 1H NMR. 

 

Figure 5.30 3ʹ4ʹ-Dibutylterthiophene-Sʹ,Sʹ-dioxide (15) 13C NMR. 
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