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[bookmark: _Toc443745080]Abstract
The development of renewable energy is of paramount importance if scientists are to mitigate the enhanced greenhouse effect and dwindling supplies of fossil fuels. Solar energy is believed to be the largest carbon-neutral energy source available with the sun producing vast quantities of energy every second. Current inorganic photovoltaic systems that are available have numerous limitations and shortcomings associated with them. Thus, research into an alternate, cost-efficient photovoltaic device that efficiently harvest a large portion of the incident solar spectrum has resulted in scientists focussing on so-called third generation photovoltaics. Organic photovoltaic devices, which use semiconducting conjugated polymers and fullerene derivatives in the active layer, are an example of third generation devices. Organic photovoltaic devices possess numerous advantages over their inorganic counterparts including: reduced embodied energy, increased flexibility, abundant materials for fabrication and better operation at lower light intensity levels. However, currently they are not as efficient as inorganic devices.
The performance of organic photovoltaic devices is influenced by the chemical structure of the semiconducting conjugated polymer. Specifically, the optical band gap, frontier energy levels, charge carrier mobility and solubility are determined by the chemical structure. Copolymerising electron-donating monomers with electron-withdrawing substituents in a so called donor-acceptor (D-A) arrangement has proven to be an effective method in producing conjugated polymers that have high efficiencies when fabricated into organic photovoltaic devices.
Chapter II and Chapter III ascertained that attaching fluorine substituents to the benzothiadiazole moieties resulted in a decreased molecular weight. This phenomenon continued to occur when larger alkyl chains were attached to the conjugated backbone. Furthermore, fluorination of the benzothiadiazole unit yielded blue shifted absorption maxima. However, it did deepen the HOMO level of the polymer resulting in increased oxidative stability. Additionally, changing the fluorene donor for the planar, fully aromatic carbazole moiety was successful in lowering the optical band gap.
In chapter IV, the donor portion of the conjugated polymer was changed for a triisopropylsilylacetylene functionalised anthracene unit. Previous work within the Iraqi group has shown that the anthracene unit to be a weak donor. Incorporation of the anthracene units resulted in a narrower optical band gap despite the low molecular weights of the polymers. Furthermore, the weak donating properties of the anthracene donor unit yielded deep HOMO levels. 
In Chapter V, the benzothiadiazole moieties used as acceptor units in Chapter IV were substituted for a thieno[3,4-c]pyrrole-4,6-dione acceptor; an extremely planar compound with strong electron withdrawing properties. Various solubilising groups were attached to the thieno[3,4-c]pyrrole-4,6-dione acceptor to ascertain the impact solubilising chains has upon the physical properties of the polymer. However, it was discovered the steric clash between the bulky triisopropylsilylacetylene groups and the chains attached to the thieno[3,4-c]pyrrole-4,6-dione acceptor resulted in unfavourable backbone twisting. Thus, the polymers displayed wide optical and electrochemical band gaps despite having a high molecular weight. The amorphous nature of these polymers was confirmed with power X-ray diffraction. 
In chapter VI, the thieno[3,4-c]pyrrole-4,6-dione acceptor unit was changed for diketopyrrolopyrrole acceptor unit. It was hypothesised that the increased planarity of this molecular, relative to thieno[3,4-c]pyrrole-4,6-dione would minimse steric clash between alkyl chains and increase planarity. This hypothesis was proved correct when all polymers sysnthesised in this chapter displayed extremely narrow optical and electrochemical band gaps. Furthermore, powder X-ray diffraction showed the polymers adopted a semi-crystalline conformation, which should, in theory, improve charge transportation.
Finally, in Chapter VII the triisopropylsilylacetylene functionalised donor was polymerised with either a fluorinated or non-fluorinated quinoxaline acceptor unit. Relative to the non-fluorinated polymer, the fluorinated polymer displayed a blue-shifted absorption maximum and wider optical and electrochemical band gaps.    However, the fluorinated polymer adopted a more crystalline structure, a consequence of enhanced π-π stacking and intermolecular interactions brought about by the incorporation of fluorine.
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[bookmark: _Toc443745088]The Need for Renewable Energy 
[bookmark: [14,[423,[],"03D0C8C0-D33B-48BA-900C-0AF]The industrial revolution was the main perpetrator responsible for changing the energy system to its current form. Specifically, the introduction of the coal powered steam engine brought about the change as it was the first example of converting fossil energy into work. Further developments in industry, the introduction of electricity and the internal combustion engine, heightened our dependence upon fossil fuels.1 Unfortunately, fossil fuels are a finite energy resource. More importantly, the combustion of said fuels is thought to be responsible for a number of environmental issues including global warming and air pollution. The development of renewable energy resources is essential if scientists are to mitigate the enhanced greenhouse effect and the dwindling supply of fossil fuels.1,2
(a)
(b)





[bookmark: _Toc443745249]Figure 1.1. Representational diagram demonstrating the physical differences between; (a) all-plastic solar cells; and (b) inorganic solar cells. 

[bookmark: _Toc443745089]Solar Energy
Numerous energy resources are currently available, however, solar energy is believed to be the largest carbon-neutral energy source with the sun producing an estimated 3.86 x 1026 J of energy every second.3 
The operating principle of photovoltaic devices was discovered by A. E. Becquerel in 1839.4 He discovered that a photovoltage and photocurrent could be produced when platinum electrodes, coated in silver bromide or silver chloride, are submerged in an acidic solution and exposed to illumination.4 
	Photovoltaic Cell
	Advantages
	Disadvantages

	Crystalline Silicon
(c-Si)
	· High efficiencies (15 – 26%)
· Silicon feedstock is low cost and abundant
· Non-toxic
· Long lifetime
	· Low absorption coefficient
· Efficiencies decrease at elevated temperatures
· Fragile
· High cost fabrication
· Efficiency decreases at low light concentrations

	Thin Film 
(CdTe, α-Si)
	· Lightweight, flexible and robust
· High-volume, lost cost fabrication
· Can use different substrates (glass, metal or plastic)
· Efficiencies increase at elevated temperature.
· Improved operation at low light intensities, relative to c-Si
	· Low efficiencies
· Rare and toxic materials used in the active layer
· Not easily recycled
· Relative to c-Si, higher cost per watt
· Less stable and shorter lifetimes relative to c-Si

	Organic
	· Lightweight and flexible
· High absorption coefficients
· Can be fabricated using low cost roll-to-roll processing.
· Non-toxic
· Recyclable
· Abundant materials for fabrication
	· Poor efficiencies
· Short device lifetimes
· Flammable, therefore, requires fire-retardant encapsulation


 
[bookmark: _Toc443745236]Table 1.1. A comparison between the three major types of photovoltaic devices outlining the benefits and drawbacks of each.

The first commercial crystalline silicon p-n junction solar cell was produced by Bell laboratories in 1954. The device had an efficiency of 6%.5 A stark contrast to the modern era wafer-size single-junction crystalline silicon solar cells that have efficiencies of 25%.6 The current inorganic photovoltaic devices available are highly efficient at harvesting solar energy. However, the high costs associated with these have prevented them from becoming economically viable and research into alternative sources has been initiated. Second generation photovoltaic devices, commonly known as thin film photovoltaic technology, has pursued research into the use of amorphous silicon, cadmium telluride, cadmium sulphide and copper indium diselenide.6 The absorption coefficients are higher and fabrication costs for these inorganic thin-film photovoltaic devices are lower when compared to first generation devices. Furthermore, efficiencies of 19% have been achieved under laboratory conditions.6 However, the high toxicity associated with materials used in these devices and inconsistencies during the manufacturing process have severely limited the commercial application of these devices.6
The need for a cost efficient photovoltaic device that can efficiently harvest solar energy has resulted in scientists focusing their efforts on third generation devices (organic photovoltaic devices). These have numerous advantages over their inorganic counterparts including: reduced production costs, increased flexibility, abundant materials for fabrication and better operation at lower light intensity.2,7 There are, however, sceptics within the solar community who have challenged the viability of organic photovoltaic devices. Notwithstanding, the commercialisation of organic light emitting diodes has provided scientists with the confidence that organic photovoltaic devices are a viable alternative to traditional inorganic photovoltaic devices.8,9

[bookmark: _Toc443745090]Operating Principle of Organic Photovoltaic Devices
Inorganic solar cells generate free charge carriers upon photoexcitation. With the aid of the internal electric field generated by the p-n junction, the individual electrons and holes move to their respective electrodes. Charge generation and charge separation occur sequentially in inorganic devices.10 Furthermore, both processes can occur throughout the entire active layer. 
Oragnic photovoltaic devices are unable to spontaneously generate free charge carriers upon photoexcitation.10 Photoexcitation of an organic semiconductor generates a coulomb-correlated electron-hole pair, more commonly known as an exciton. Free charge carriers are not generated because: (1) Carbon-based molecules have low dielectric constants (ε = 2 – 4) owing to valence electrons being tightly bound to the nucleus;11 and (2) charge carriers are localised, a result of weak intermolecular forces present in conjugated organic materials.12 Clearly, organic photovoltaic devices require an additional thermodynamic driving force to aid dissociation of excitons into free charge carriers.13 Currently, literature achieves this requirement by employing a technique referred to as a heterojunction. The active layer comprises two photoactive semiconducting-materials, with different electron affinities, that are blended together and sandwiched between two electrodes. These are generally a transparent anode, typically indium-tin oxide (ITO), and a metal cathode, commonly calcium or aluminium.14 Providing the exciton is able to migrate to the interface, the energy [image: ]level offset between two dissimilar semiconducting materials can provide a sufficient driving force for exciton dissociation. 
[bookmark: _Toc443745250]Figure 1.2. Schematic diagram depicting the operating mechanism of donor-acceptor heterojunction photovoltaic devices.
The operating principle of an organic photovoltaic device comprises multiple steps (Figure 1.2).15 Photoexcitation of the conjugated polymer (p-type material) generates a coulomb-correlated electron-hole pair (exciton). Either semiconductor can undergo this process. However, the conjugated polymer is the primary absorber. Fullerene and its derivatives (n-type materials) have lower absorption coefficients and poor solar harvesting owing to structural symmetry.16
The photogenerated exciton then migrates to a heterointerface where it dissociates into free charge carriers. Literature has revealed that excitons have a short lifetime and a diffusion length between 10 – 20 nm.17 Thus, exciton dissociation can be promoted by: (1) maximising the donor:acceptor interfacial area, thus maximising the number of free charge carriers; (2) optimise the device morphology to ensure nanometre phase separation.18,19 These prerequisites are fulfilled by employing a BHJ morphology. If an exciton is formed outside of the maximum diffusion length, it will either undergo radiative or nonradiative decay resulting in a loss of efficiency.20,21 
Once a photogenerated exciton has successfully migrated to the interface, electron transfer from the LUMO of the conjugated polymer (p-type material) to the LUMO of the fullerene (n-type material) generates the free charge carriers. The electron is localised on the n-type material, whilst the hole is localised on the p-type material. As previously mentioned, an additional thermodynamic driving force that is energetically more favourable that exciton binding, is required to facilitate efficient exciton dissociation.13 It is speculated that a 0.3 eV energy offset between the LUMO of the p-type and LUMO of the n-type material is enough to facilitate this dissociation.22
Once free charge carriers have been created at the interface, the holes and electrons must migrate to the electrodes to allow current extraction. Both holes and electrons move away from the heterojunction interface. The former migrates through the p-type materials (the conjugated polymer) towards the ITO anode whilst the latter diffuses through the n-type material towards the cathode. Two mechanisms exist for the transportation of charges throughout the active layer. Intramolecular charge transfer along the polymer backbone allows the charge to move through conjugated regions.23 Alternatively, the charge can undergo intermolecular transport where the charge ‘hops’ between localised states.23 Migration of free charges towards their respective electrodes is assisted by the energy level offset between the two semiconducting materials and the local concentration gradient of charges at the interface.15 

[bookmark: _Toc443745091]BHJ Devices
As previously mentioned, the most commonly employed architecture is the BHJ (Figure 1.3). The idea of a heterojunction architecture was first conceived by Tang, who sequentially staked an n-type material and a p-type material on top of each other; commonly known as a bilayer.24 The bilayer architecture afforded improved efficiencies relative to existing devices. However, it was not without fault. The small donor-acceptor interfacial area greatly limited the performance as excitons formed outside 10 – 20 nm of the heterojunction interface could not dissociate into free charge carriers.17,25[image: ]

[bookmark: _Toc443745251]Figure 1.3. Architecture of a BHJ photovoltaic device using indium tin oxide as the electrode and PEDOT:PSS as the hole conducting layer. 
To overcome difficulties associate with the bilayer device proposed by Tang, the donor and acceptor were blended together to form an interpenetrating network known as a BHJ.26 The architecture of the BHJ offers two advantages: (1) it maximises the donor:acceptor interfacial area ensuring exciton dissociation at the donor:acceptor interface, thus maximising the number of free charge carriers;19 (2) the transportation of electrons and holes in the acceptor and donor, respectively, facilitates the charge collection in the bicontinuous network; completing the conversion of photon energy into electrical energy.18 The BHJ requires a single active layer. Therefore, device fabrication is simplified by employing solution processing techniques, without having to deal with the interfacial erosion problems encountered in constructing the bilayer configuration.16
It is essential that the donor and acceptor phases form a nanoscale, bicontinuous interpenetrating network.19 Optimising the active layer morphology is essential if high efficiencies are to be obtained. This requires a judicious choice of casting solvent, spin-speed and additives. Furthermore, investigation into the optimum polymer:fullerene blend ratios are required. Finally, certain polymers display temperature dependant aggregation behaviour.27–29 Therefore, it is necessary to investigate the effects of thermal annealing and elevated temperature drop-casting deposition methods. Defects in the active layer morphology will impede free charge transportation and increase bimolecular recombination, which limit the efficiency of the final device.30
Recently, a material design principle was implemented which facilitates the formation of highly crystalline yet small polymer domains; a near-ideal polymer:fullerene morphology.27 The chemical structure of the conjugated polymer was optimised as to ensure that the morphology was organised though the temperature-dependant aggregation of the conjugated semiconductor. The result was high efficiency photovoltaic devices (> 10 %) that were insensitive to the choice of fullerene (n-type material).27 

[bookmark: _Toc443745092]Interdigitated Nanocolumns 
Whilst the BHJ architecture has yielded the most impressive results, it is not considered the architecture of choice.31,32 It has been proposed that the donor-acceptor interfacial area and charge transport pathway can be maximised though the formation of a well-ordered heterojunction that comprises interdigitated nanocolumns of donor and acceptor materials (Figure 1.4).31–33 However, attempts at replicating this supramolecular structure, with controlled domain orientations, have proved unsuccessful.33 
Although the nanocolumns are intimately mixed, they are separated from each other and can selectively contact the cathode and anode. Thus, the architecture naturally affords a bicontinuous indigitated network that allows transportation of electrons and holes to their respective electrodes. Furthermore, the nanocolumns should have a spacing no greater than 10 nm; ensuring excitons undergo charge separation instead of radiative decay. Thus, the amount of radiative and nonradiative decay should be minimal. 


[image: ]






[bookmark: _Toc443745252]Figure 1.4. Schematic illustration of the well-ordered heterojunction that comprises interdigitated nanocolumns of donor and acceptor materials.

[bookmark: _Toc443745093]Characterisation of Organic Photovoltaic Devices
Figure 1.5 depicts the current-voltage (J-V) characteristics of an illuminated organic photovoltaic device.  The open-circuit voltage (Voc), short-circuit current (Jsc) and fill-factor (FF) can be determined from the experimental J-V curve. 
Once these parameters have been identified, the power conversion efficiency (PCE) of the device can be calculated using the equation:

[bookmark: _Toc443745366]Equation 1.1. Equation used to determine the PCE of organic photovoltaics devices
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[bookmark: _Toc443745254]Figure 1.5. Current-voltage (J-V) curve of an organic photovoltaic device under AM 1.5 G solar irradiation. The Voc, Jsc, max power point (Pmax) and the absolute power point (Pabs) are all identified.

[bookmark: _Toc443745094]Open-Circuit Voltage (Voc)
Voc represents the maximum voltage available from a photovoltaic device without an external applied bias. The energy level difference between the highest occupied molecular orbital (HOMO) of the p-type material and the lowest unoccupied molecular orbital (LUMO) of the n-type material is strongly correlated to the Voc.34 Gadisa et al and Scharber et al demonstrated a linear relation between the HOMO level and the Voc.22,35 Using this relationship one should, in theory, expect the highest Voc to be observed from polymers with the lowest HOMO level. However, the HOMO level of the conjugated polymer cannot go too low as a minimum energy offset of 0.3 eV between the polymer LUMO and fullerene LUMO is required to facilitate exciton dissociation.16 
[bookmark: _Toc443745095]Short-Circuit Current (Jsc)
The Jsc represents the maximum current generated from a photovoltaic device when the voltage across the device is zero. The generation and collection of photogenerated charge carriers is responsible for the Jsc.34 Thus, in theory in any excitonic solar cell the Jsc is limited by the number of excitons created during solar illumination.34 The Jsc is highly sensitive to the nanoscale morphology of the photoactive layer in photovoltaic devices. Therefore, a judicious choice of casting solvent, spin-speed and additives is required to optimise the nanoscale morphology. Furthermore, the deposition/casting method can greatly influence the nanoscale morphology. 
[bookmark: _Toc443745096]Fill Factor (FF)
When used in conjunction with the Voc and Jsc, the FF is the maximum obtainable power from a photovoltaic device. The FF can be defined using the equation:

[bookmark: _Toc443745367]Equation 1.2. Equation used to calculate the FF of organic photovoltaic devices.
The FF is determined by the number of charge carriers reaching the electrodes. Again, the nanoscale morphology of the active layer needs to be optimised to encourage charge separation and charge transportation of photogenerated charge carriers. The lifetime and mobility of charge carriers can greatly influence the FF. 
[bookmark: _Toc443745097]Electronic Structure of Conjugated Polymers (p-type Materials)
The development of organic semiconductors, that facilitate the conversion of photons into electric current, is the focus of this dissertation. The chemical properties and optoelectronics of the conjugated polymer are dictated by the molecular structure. The energy levels, light harvest qualities, charge separation and oxidative stability can be significantly altered by synthetic modulation of the conjugated polymer. Furthermore, significant parameters such as the BHJ morphology, exciton diffusion length and charge transportation are influenced by the design of organic semiconductors. In order to understand how the optoelectronic properties of organic semiconductors are controlled, a basic understanding of molecular orbital (MO) theory is required.  
[bookmark: [14,[423,[],"59DABA43-52C1-4A99-8F8B-348]Bond formation between two atoms is envisaged as the progressive overlap of the atomic orbitals of the two participating atoms.36 The greater the possible overlap the stronger the bond formed. Organic molecules display a variety of covalent bonds, however, σ-bonds and π-bonds are the two-types most commonly seen in conjugated polymers. σ-bonds are formed when two atomic orbitals overlap along their major, inter-atom axis. The result is two molecular orbitals of different energy that are spread over both atoms. The molecular orbital of reduced energy is referred to as the bonding orbitals, which, if filled experiences a region of maximum electron density between the two nuclei. The molecular orbital of increased energy is called the anti-bonding orbital which when occupied experiences an internuclear space largely devoid of electron density. The energy required to promote an electron from the bonding molecular orbital (commonly referred to as the valence band) to the antibonding orbital (referred to as the conduction band) is called the energy gap or band gap. 
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[bookmark: _Toc443745255]Figure 1.6. Molecular orbital diagram showing the formation of σ-bonding and σ*-antibonding molecular orbitals arising from the overlap of two 1s orbitals. 
Typically, organic molecules that possess an extended network of σ-bonds display band gaps that exceed kt.37,38  For example, diamond displays a band gap of 5.5 eV.39 Such large band gaps mean that in ambient conditions the σ-molecular orbital is completely filled, with little or no electrons occupying the σ*-molecular orbital. Thus, no electrons or holes are available to move throughout the structure, explaining why organic materials composed solely of σ-bonds are classified as insulators.37 Inorganic semiconductors (monocrystalline silicon) have a much smaller band gap between the σ- and σ*-molecular orbitals, thus, electrons can be promoted at ambient conditions.37 This phenomenon has resulted in silicon being used as a semiconductor for a wide range of applications. 
π-bonds are formed by the overlap of p-atomic orbitals that are parallel each other but perpendicular to the inter-atom axis. The overlap yields a bonding molecular orbital that is spread over both carbon atoms and situated above and below the plane. The new π-bond has the effect of drawing carbon atoms closer together, thus π-bonds are ~0.20Å shorter than σ-bonds.36 When compared to the axial overlap that occurs in forming a σ-bond, the lateral overlap of p-atomic orbitals is less effective. Therefore, the resulting π-bond is weaker and the energy gap between the bonding and antibonding orbitals is narrower. 
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[bookmark: _Toc443745256]Figure 1.7. Molecular orbital diagram showing the formation of π-bonding and π*-antibonding molecular orbitals arising from the overlap of two 2p atomic orbitals. 
A molecule is said to exhibit conjugation if it has alternating σ and π-bonds i.e. alternating single and double bonds.36 Using butadiene as an example, the overlap of p-atomic orbitals on adjacent carbon atoms could lead to the formation of 2-localised π-bonds. However, a greater stability can be achieved if all 4 p-atomic orbitals overlap resulting in a bonding molecular orbital involving all 4 atoms. Such delocalisation can only occur if all of the p-orbitals are parallel. Thus, the extent of conjugation is greatly dependant on the planarity of the system.36 
The number of conjugated double bonds (the extent of delocalisation) is central in stabilising the excited states of polyenes (Figure 1.8). As the extent of conjugation increases, the organic material exhibits a decrease in the HOMO-LUMO band gap.36–38,40 In the case of hexatriene, the 6 atomic orbitals overlap to form 6 molecular orbitals each of which can accommodate 2 electrons. The three lowest energy (bonding) molecular orbitals are filled as hexatriene has 6 electrons in the π-system. Overall, the combined energy of the three bonding molecular orbitals for hexatriene is lower in energy than an ethene bonding orbital. Therefore, polyenes with extended conjugation are thermodynamically more stable than a system with the same number of isolated double bonds.36


[bookmark: _Toc443745257]Figure 1.8. Schematic molecular orbital diagram demonstrating the effect of increasing the number conjugated π-bonds on the molecular orbitals of a linear polyacetylene system. 
The HOMO-LUMO gap continues to decrease until a conjugation length is reached. Generally, most polymers exhibit a conjugation length of 10 repeat units.41 The conjugation length imposes a hybridisation limit. Thus, it is not possible for a conjugated-organic molecule to exhibit a metallic-band like structure where the valence band and conduction band overlap so that a fraction of the valence electrons can move through the material. Alternatively, organic macromolecules display a band gap between the HOMO and LUMO. This band gap determines the absorption profile of the organic semiconductor. Furthermore, it dictates that a photon can only be successfully absorbed when it has sufficient energy to promote an electron from the HOMO to the LUMO. The band gap is considered an energetic material property. However, the conformation and local environment of a molecule can influence its energy levels. It is common for the absorption profile of a conjugated material in solution to exhibit a bathochromic-shift upon film formation. This can be ascribed to stronger π-π stacking and a more coplanar structure in solid state.42–44
[bookmark: _Toc443745098] Band Gap Engineering
The incident solar spectrum has a maximum photon flux located at between 400 – 1100 nm, which corresponds to an energy between 3.1 - 1.13 eV.45 If conjugated polymers are to harvest and exploit the majority of the incident solar radiation, the band gap should be of sufficient size as to absorb the greater part of the terrestrial solar spectrum. For example, a band gap of 1.1 eV would allow 77 % of the incident solar radiation to be harvested.15 It should be noted that the pursuit for a diminutive band gap should not come at the expense of the absorption coefficient. Furthermore, the band gap of the conjugated polymer cannot go too low as an energy offset of 0.3 eV between the polymer LUMO and fullerene LUMO is required to facilitate exciton dissociation; a larger energy difference wastes potential photovoltage.22,46
There are two major methods that are employed, which improve electron delocalisation and decrease bond length alteration; thus, allowing the resulting conjugated polymer to harvest radiation located in the near-infrared region. 


[bookmark: _Toc443745258]Figure 1.9. D-A mechanism yields a decreased molecular band gap by copolymerising electron-rich donor units with electron-deficient acceptor moieties. 
The first approach entails copolymerising electron-dense donor-monomers with electron-poor acceptor-monomers in a so-called ‘donor-acceptor’ (D-A) or ‘push-pull’ mechanism.16 The π-electrons on the electron-rich moieties are pulled towards adjoining electron-deficient moieties, thus facilitating the formation of a quinoid mesomeric structure (D-A → D+=A-) and increasing electron delocalisation along the polymer backbone.16 It is argued that the reduced optical band gap can also be attributed to photoinduced intramolecular charge transfer (ICT) between the donor-HOMO and the acceptor-LUMO.16 MO theory can be used to rationalise the decreased band-gap brought about by this mechanism (Figure 1.9).  The LUMOs of the donor and acceptor moieties will interact to yield two new LUMOs for the D-A polymer. Similarly, the HOMOs of the donor and acceptor units will interact to yield two new HOMO levels.16 
The second design strategy, called the quinoidal effect, involves creating opposing resonance structures that have a significant effect on the general polymer backbone. It is similar to the mesomeric effect in the D-A mechanism.16,47,48 The two possible resonance structures are referred to as the aromatic form and the quinoidal form. Adopting the quinoidal form necessitates the destruction of the aromaticity and a loss in the stabilisation energy.47,48 Thus, the quinoidal form is energetically less stable resulting in a smaller band gap relative to the aromatic form (Figure 1.10a). Poly(isothianaphthene) (PITN) was designed to have substantial quinoidal character. The lower resonance energy of thiophene (1.26 eV) relative to benzene (1.56 eV) will result in the former dearomatising and adopting the quinoidal structure (Figure 1.10b).48 Conjugated polymers based on PITN have achieved band-gaps as low as 1.0 eV.49 


[bookmark: _Toc443745259]Figure 1.10. (a) Designing conjugated polymers with large degrees of quinoidal character necessitates the destruction of aromaticity yielding a smaller band gap; and (b) The aromatic and quinoidal resonance structure of PITN.
The introduction of side chains not only increase the molecular weight of the resulting polymer but are central in improving both the solubility and processability of the final conjugated polymer. Moreover, the introduction of side chains can modify the intermolecular interactions and allow optimisation of the active layer morphology. However, improper attachment of side chains has the undesirable effect of introducing steric hindrance resulting in distortion of the conjugated backbone.50,51 Consequently, the band gap will increase whilst both the charge carrier mobility and overall photovoltaic properties of the conjugated polymer will decrease. There is an increasing amount of evidence that suggests the photovoltaic properties of the conjugated polymer are directly influenced by the shape and length of the side chains.52 The introduction of insulating side chains can have the detrimental effect of diluting the chromophore density and disturbing the π-π stacking of polymer backbones, which could thwart the light absorption and charge transportation properties. 


Figure 1.11. Schematic representations of: (a) P1; and (b) PCDTBT.
The introduction of electron-withdrawing or electron-donating substituents can modify the molecular orbitals of the conjugated polymer through inductive or mesomeric effects. For example, P1 (Figure 11a) with direct incorporation of electron-donating octyloxy-chains, shows a large increase in the optical and electrochemical band gap when compared to its parent polymer, PCDTBT (Figure 11b).42 It was speculated that this was the result of both steric and electronic effects. Arguably, the most interesting substituent is fluorine, the smallest electron-withdrawing group with a Pauling electronegativity of 4.0.53,54 The addition of fluorine as a substituent causes the resulting organic molecule to exhibit a series of unique features, such as greater thermal and oxidative stability, elevated resistance to degradation and enhanced hydrophobicity.43,55,56 It is speculated that the introduction of fluorine results in improved molecular order; a direct result of interactions between fluorine atoms and components on adjacent aromatics which yield a more planar backbone and improved π-π stacking in solid state.43 
[bookmark: _Toc443745099]Synthesis of D-A Polymers
There are numerous synthetic routes that are used to prepare conjugated polymers. However, metal-catalysed cross coupling reactions have prospered as the main route used for the synthesis of D-A conjugated polymers. There are various metal-catalysed routes. However, the most frequently used are discussed below.
[bookmark: _Toc443745100]Suzuki Coupling
Suzuki coupling is the palladium-catalysed cross coupling between organoboronic acids or esters and halides. Whilst there are other coupling reactions available the advantages of Suzuki coupling has allowed it to prosper as an ideal polymerisation route: (1) Boronic acids and their derivatives are less toxic than organostannane and organozinc compounds. (2) Inorganic by-products can be easily removed from the reaction mixture. (3) The conditions required for Suzuki coupling are far milder than those required for Stille and Kumada coupling.57,58 (4) It has a large tolerance towards different functional groups.59,60


[bookmark: _Toc443745260]Figure 1.12. The proposed catalytic cycle for Suzuki coupling.
It is best to contemplate the catalytic cycle of the Suzuki reaction from the standpoint of the palladium catalyst (Figure 1.12). The initial step is the oxidative addition of the palladium to the halide to yield an organopalladium species (2).61 Generally, this is the rate determining step of the catalytic cycle.61 During this process the oxidation state of the palladium changes from Pd(0) to Pd(II). Prior to transmetallation the base reacts with the organopalladium species formed during the oxidative addition step to yield 3.62 During transmetallation, the ligands are transferred from the activated organoboron species to give the Pd(II) complex 4. The final step is reductive elimination. In this step the Pd(II) complex eliminates the product and the Pd(0) catalytic species (1) is regenerated.61
[bookmark: _Toc443745101]Stille Coupling
Stille coupling is the palladium-catalysed cross coupling between halides (and pseudohalides) and stannanes. Like Suzuki coupling, it is extremely versatile and it demonstrates a large tolerance to different functional groups.63 There is, however, one main drawback associated with this type of coupling reaction; trialkylstannanes are highly toxic.63 The proposed catalytic cycle of the Stille coupling is outlined in Figure 1.13. 


[bookmark: _Toc443745261]Figure 1.13. The proposed catalytic cycle for Stille cross-coupling.
The initial step is the oxidative addition of the halide to the palladium catalyst to yield a cis-intermediate (2).63 This undergoes cis/trans isomerisation to yield the more stable trans-intermediate.64 This is followed by transmetallation step in which the organotin reagent reacts with the trans-intermediate.63,64 Reductive elimination of 3 yields the desired product and the palladium catalyst is regenerated (1). 

[bookmark: _Toc443745102]Conjugated Polymers for Applications in Organic Photovoltaic Devices
A large portion of this introduction has focussed upon D-A polymers and their applications in organic photovoltaic devices. However, homopolymers such as poly(3-hexylthiophene) (P3HT) were used in organic photovoltaic devices before D-A polymers.65–67 Coupling 3-hexylthiophene through the 2,5-positons can yield head-tail, head-head or tail-tail dyads. These three dyads can be combined to form four distinct tripartites (Figure 1.14).68 Regioregular head-tail coupled P3HT exhibits a lower π-π* transition owing to the product adopting a planar structure leading to planarization between adjacent aromatic units.7 Consequently, this extends the effective conjugation length by allowing parallel p-orbital interactions which facilitates delocalisation and reduces the band gap. Increasing the regioregularity of P3HT improves the conductivity, charge carrier mobility and charge transportation in organic photovoltaic devices.69,70


[bookmark: _Toc443745262]Figure 1.14. Schematic representation of: (a) head-tail head-tail coupled polythiophene; (b) head-head tail-tail coupled polythiophene; (c) head-head tail-head; and (d) tail-tail head-tail coupled polythiophene.
The extensive research conducted on P3HT means it boasts the lowest optical band gap and PCE of all homopolymers with values of 1.9 eV and 5 %, respectively.65–67 Unfortunately, the band gap of P3HT is considered to be relatively large and restricts the light harvesting abilities of P3HT. Thus, research into alternative polymer backbones was initiated. 
The D-A or ‘push-pull’ was first proposed in 1993.71 The advantages of this push-pull approach have been discussed early on in the chapter. The push-pull approach is by far the most utilised configuration for organic solar cells. Poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT)  (Figure 1.15a) is one of the most well-studied push-pull polymers in literature.72 PCEs in excess of 7% and Voc higher than 0.9 V have been achieved when the polymer is blended with PC70BM in organic photovoltaic devices.73 PCDTBT displays excellent oxidative stability owing to its deep HOMO level.72 This coupled with ease of processability and thermal stability has made PCDTBT an attractive polymer for optoelectronic applications. 


[bookmark: _Toc443745263]Figure 1.15: Molecular structures of: (a) PCDTBT; and (b) PFDT2BT-8.
Poly[9,9-dioctylfluorene-4,7-alt-(5,6-bis(octyloxy)-4,7-di(2,2’-bithiophen-5-yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] (PFDT2BT-8) (Figure 1.15b) is another push-pull polymer that has demonstrated promise in organic photovoltaic devices.74 Despite having a moderate optical band gap (1.89 eV), PFDT2BT-8 demonstrated excellent hole mobilities and power conversion efficiencies of 6.2 % were achieved when blended with PC70BM in BHJ photovoltaic devices.74

Recently, Liu et al developed the push-pull polymer poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3’’’-di(2-octyldodecyl)-2,2’;5’,2’’;5’’,2’’’-quaterthiophen-5,5’’’-diyl) (PffBT4T-2OD) (Figure 1.16).27 The polymer is reported to have displayed efficiencies between 9.6-10.8% depending upon the type of fullerene acceptor it was blended with when fabricated into BHJ organic photovoltaic devices.27 The polymer displays excellent high temperature dependant aggregation behaviour; a consequence of the 2-octyldodecyl chains attached to the quaterthiophenes. It is this aggregation behaviour that facilitates crystallisation of the polymer as it cools from the elevated-temperature fabrication process.27 




[bookmark: _Toc443745264]Figure 1.16. Molecular structure of PffBT4T-2OD.
[bookmark: _Toc443745103]Ideal n-type Materials
Organic photovoltaic devices, like inorganic devices, exhibit improved performance when a p-n junction is employed. Fullerene derivatives are commonly employed as n-type, electron conducting materials in organic photovoltaic devices. When p-type and n-type materials are placed in contact with each other, a non-reversing behaviour arises from the different charge transport properties of the two materials. Specifically, current will flow readily in one direction but not in the reverse direction. Thus, a basic diode is created. 
Buckminsterfullerene (C60) (Figure 17a) has proven to be an ideal n-type material for organic photovoltaic devices. Sariciftci and co-workers are responsible for this breakthrough as they discovered the photoinduced electron transfer in conjugated polymer:fullerene composites.20 The various intrinsic properties of C60 have allowed it to prosper as the ideal n-type material: (1) it is thermodynamically favourable for C60 to accept electrons from an excited p-type material owing to the low lying LUMO energy levels;75 (2) the triply degenerate C60 LUMO enables it to be reduced by up to 6 electrons, thus, reflecting its unique ability to stabilise negative charges; (3) electron transfer from a conjugated polymer to a fullerene derivative can occur on a time-scale of 45 fs, which is several orders of magnitude faster than the radiative decay of photoexcitation or back electron-transfer.75,76 The photostability of conjugated polymers is drastically improved. The fast electron-transfer quenches the highly reactive excited state of p-type materials. Thus, any photooxidation is reduced.77,78 (4) C60 derivatives exhibit high electron mobility in field effect transistors.79 Obviously, these various intrinsic advantages benefit solar cell performance. However, C60 is not without its problems. C60 has a tendency to crystallise and has limited solubility in organic solvents. Consequently, inexpensive solution based process techniques cannot be utilised unless the bare C60 is decorated with solubilising moieties.79–81 The most ubiquitously used n-type material in bulk-heterojunction solar cells is the soluble C60 derivative, [6,6]-phenyl-C60-butyric acid methyl ester (PC60BM) (Figure 1.17b). This was originally synthesised by Wudl and Hemmelen in 1995.81 Whilst PC60BM does address the solubility issues, it is not without faults. The major drawback of PC60BM is the lack of absorption in the visible portion of the solar spectrum owing to its structural symmetry, which forbids low-energy transitions.16 Substituting PC60BM with the higher fullerene analogue PC70BM can improve the efficiency of devices further as it has a lower symmetry and stronger absorption in the visible portion of the spectrum. Thus, allowing more transitions.16,75,82 


[bookmark: _Toc443745265]Figure 1.17. Molecular structure of: (a) C60; and (b) the soluble fullerene derivative PC60BM.
[bookmark: _Toc443745104]Project Aims
Current inorganic monocrystalline photovoltaic devices are highly efficient at harvesting solar energy. However, they are fragile, have poor performance in low light intensities, their performance varies with temperature and are produced using energy intensive manufacturing techniques. Thus, scientists have focussed their attention on developing new photovoltaic devices that address the issues with those currently available. Organic photovoltaic devices, which use conjugated polymers as the active layer, have potential advantages over their inorganic counterparts. These advantages include: reduced embodied energy, increased flexibility, abundant materials for fabrication and better operations at lower light intensities.
A large amount of research has been conducted on previous polymers; notably P3HT and PCDTBT. BHJ organic photovoltaic devices fabricated from P3HT and PCDTBT have reached their limit in terms of PCE. Little gain could be achieved from further optimisation of device morphology, PCBM blending ratios, casting solvent and annealing temperatures. The main drawback of P3HT is its limited solar harvesting, which does not extend beyond 670 nm. The need to synthesise polymers that efficiently harvest a greater portion of terrestrial solar flux is of paramount importance for the fabrication of high performance organic photovoltaic devices. However, harvesting a larger portion of the solar spectrum is not the only prerequisite for the development of high performance organic photovoltaic devices. The polymer must display high charge carrier mobilities, high absorption coefficients and high molecular weights, which facilitate the bicontinuous phase formation with fullerene derivatives. Furthermore, the length and flexibility of the side chains attached to the conjugated polymer backbone are central in determining the solubility of the conjugated polymer. 
The work conducted within this thesis aims to develop high performance conjugated polymers for application in organic photovoltaic devices. The polymers will be synthesised using palladium catalysed Suzuki or Stille cross-coupling reactions. 
Chapter II will ascertain the effects of fluorine substitution on the ubiquitously-studied, moderate band gap polymer, poly(,7-fluorene-alt-dithienylbenzothiadiazole by substituting the hydrogen atoms at the 5,6-positions of benzothiadiazole with fluorine. A longer alkyl chain will be attached to the fluorene moiety in hope to high molecular weight polymers can be produced. Current literature is abundant on the impact of fluorine substitution on the optical, electrochemical and photovoltaic properties of the resulting polymer. Results are varied and seem to be system dependant. Thus far no attempt has been made to see the impact fluorination has upon benzothiadiazole-fluorene alternate copolymers. We aim to rectify this with a detailed analysis. 
Chapter III reports the synthesis of a series of fluorinated carbazole-alt-benzothiadiazole and the characterisation of their optical, electrochemical, thermal and molecular organisation in the solid state. The polymers will be fluorinated on either the benzothiadiazole unit, carbazole unit or both. Previous literature has shown that fluorination of the benzothiadiazole unit yields low molecular weight polymers that have poor solubility.43,83 Thus, the polymers will be designed to bear larger alkyl chains on the carbazole moiety in the hope that higher molecular weights can be obtained. Carbazole is structurally analogous to fluorene, which has also found widespread use in optoelectronic devices. However, the presence of an electron-donating nitrogen atom in its central fused pyrrole ring renders carbazole fully aromatic, unlike fluorene.1 Replacing the 9H-carbon with nitrogen in the fluorene skeleton bestows further desirable properties upon the resulting unit including increased oxidative stability and additional functionality. 
Chapter IV will evaluate the use of 9,10-triisopropylsilylacetylene functionalised anthracene as a donor unit in D-A polymers. Previous work in the Iraqi group has been conducted on D-A anthracene-alt-benzothiadiazole copolymers. However, these polymers were decorated with aryloxy substituents at the 9,10-positions of anthracene.84 Anthracene and the acene family in general, possess extended π-conjugated systems resulting in planar molecules with high crystallinities. Extended π-conjugated systems aid electron transfer along the polymer backbone resulting in high charge mobilities. It is hoped the polymers synthesised within this chapter possess these desirable characteristics. 2,6-Linked anthracene alternate copolymers haven’t received much attention for use in organic photovoltaic devices which is surprising considering that benzo[1,2-b:4,5-b’]dithiophene (BDT), which has an analogous molecular framework, has found widespread use in high performance PSC devices. However, the few investigations that have been conducted revealed these polymers show promise when fabricated into BHJ solar cells using PC70BM as the acceptor. 
Chapter V will cover the synthesis of three novel alternating copolymers comprising thieno[3,4-c]pyrrole-4,6-dione (TPD) and 9,10-triisopropylsilylacetylene functionalised anthracene. To the best of our knowledge, previous literature has not reported any alternating TPD-anthracene copolymers. It will be interesting to assess the suitability of anthracene as a donor-unit in these polymers. Furthermore, the TPD unit will be decorated with different solubilising substituents in order to ascertain the impact they have upon the optical, electrochemical and thermal properties of the resulting polymers. The highly planar and symmetrical structure of TPD repeat units along polymer chains should improve electron delocalisation thereby enhancing interchain interactions and increasing hole mobility.22,23 Furthermore, the nitrogen of the imide functionality can be substituted with solubilising groups, facilitating solution processing of the final polymer. Finally, the electron-withdrawing nature of the TPD moiety allows it, once polymerised with alternate electron donor units, to form the highly desirable D-A arrangement. Clearly, TPD units possess desirable properties and need further investigation to assess their suitability for application in organic photovoltaic devices. 
A series of diketopyrrolopyrrole (DPP) - acene alternate copolymers will be synthesised in Chapter VI. DPP-derivatives are useful building blocks in the design of polymers with extended π-conjugated systems. Furthermore, DPP-based compounds are planar, display strong π-π stacking and are highly crystalline. These parameters aid electron transfer along the polymer backbone resulting in high charge mobilities, a desirable property for BHJ photovoltaic devices. The effects of extending the π-conjugated acene system will be investigated.  This will be achieved by changing the naphthalene-donor moiety for anthracene. The DPP unit will then be polymerised with 9,10-triisopropylsilylacetylene functionalised anthracene. This will help understand the effects incorporating TIPS groups has upon the optical, thermal and electrochemical properties of the resulting polymers. A fourth polymer that has shorter alkyl chains attached to the DPP unit will be synthesised to help ascertain the effects shorter alkyl-chains have upon the structural organisation of polymers in solid state.  
Chapter VII will cover the synthesis and characterisation of thee novel alternate copolymers comprising anthracene and quinoxaline repeat units. The quinoxaline unit is an electron withdrawing unit; a consequence of the two symmetric, electronegative unsaturated nitrogen atoms. Consequently, quinoxaline-based conjugated polymers have found applications in both dye-sensitized solar cells and organic photovoltaic devices. The optical and electronic properties of the resulting polymer can be finely tuned by attaching different aryl and alkyl substituents to the quinoxaline moiety.  The effects of fluorination will be investigated as will the effects of incorporating triisopropylsilylacetylene groups. Similar work has been conducted in previous chapters. However, this will serve as a platform to see if the results achieved in previous D-A polymers are applicable to new D-A alternate copolymers. 
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Chapter II: Impact of Fluorine Substitution upon the Photovoltaic Properties of Benzothiadiazole-Fluorene Alternate Copolymers*
The effect of fluorine substitution on the ubiquitously-studied, moderate band gap polymer, poly(2,7-fluorene-alt-dithienylbenzothiadiazole) (PFO-DBT) has been investigated by substituting the hydrogen atoms at the 5,6-positions of benzothiadiazole to yield the polymer, PFO-DffBT. An analogous polymer, PFDo-DffBT, with longer chains on the 9H-positions of the fluorene moiety, was synthesised to rectify the low Mw of PFO-DffBT. In thin film, both fluorinated polymers display absorption bands with well-defined shoulders, giving optical band gaps of 1.91 and 1.89 eV, respectively. The optical band gap of PFDo-DBT is identical to that of PFDo-DffBT, despite the former having a significantly larger Mw. However, PFDo-DffBT displayed a blue-shifted λmax relative to its non-fluorinated counterpart. The HOMO levels of PFO-DffBT and PFDo-DffBT are lower than their non-fluorinated analogues, owing to the incorporation of electron withdrawing substituents on the benzothiadiazole moiety.
*Reproduced in part with permission from A. Iraqi, Y. Zhang, T. Wang and D. G. Lidzey. RSC Adv., 2015, 5, 46386 – 46394. All data presented herein are the result of experimental and analysis work undertaken by myself.   
[bookmark: _Toc443745107]2.1. Introduction
Numerous energy resources are currently available, however, solar energy is believed to be the largest carbon-neutral energy source with the sun producing an estimated 3.86 x 1026 J of energy every second.1
The first commercial crystalline silicon p-n junction solar cell was produced by Bell laboratories in 1954. The efficiency of such devices have improved remarkably, going from 6%, to modern era wafer-size single-junction crystalline silicon solar cells that have efficiencies of 25%.2,3 The current inorganic monocrystalline photovoltaic devices available are highly efficient at harvesting solar energy. However, they are fragile, have poor performance in low light intensities, their performance varies with temperature and they are produced using energy intensive manufacturing techniques. Thus, research into alternative, cost-efficient photovoltaic device that can efficiently harvest solar energy has resulted in research on so-called third generation PV devices (organic photovoltaic devices). These have potential advantages over their inorganic counterparts including reduced embodied energy, increased flexibility, abundant materials for fabrication and better operation at lower light intensity.3,4 Despite sceptics within the solar community who have challenged the viability of organic photovoltaic devices, the successful commercialization of organic light emitting diodes gives confidence that organic photovoltaics may complement traditional inorganic photovoltaic devices.5–13
The most commonly used architecture for the active layer of polymer solar cells is the bulk heterojunction (BHJ). A conjugated polymer (electron donor) and a fullerene derivative (electron acceptor) are blended together to form an interpenetrating network that forms the active layer of the BHJ cell. High efficiencies in polymer solar cells can be achieved by designing conjugated polymers with a low band gap, extended absorption in the visible and infrared region, high charger carrier mobilities, high absorption coefficients and high molecular weights. The length and flexibility of the side chains attached to the rigid polymer backbone are central in determining the solubility of the conjugated polymer.
Previous literature has shown that the easiest way to fulfil these criteria is to synthesise a conjugated polymer that comprises alternating D-A repeat units along polymer chains.7,14,15  The internal charge transfer between the donor and acceptor moieties enables control of the band gap of the polymer.16 The HOMO and LUMO levels of D-A polymers can be finely tuned using various approaches. For example, a small band gap can be obtained when a more electron rich donor monomer is copolymerised with a more electron deficient acceptor monomer.17 Further adjustment of the HOMO and LUMO levels can be achieved through the introduction of electron withdrawing or electron donating substituents and the attachment of solubilising side chains.15,18,19
A growing body of literature now addresses the incorporation of substituents and the effect they have on the resulting polymer system.11,18–22 Arguably, the most interesting substituent is fluorine; the smallest electron withdrawing group with a Pauling electronegativity of 4.0.15 Li et al was the first to design and synthesise a fluorine-functionalised benzothiadiazole-acceptor moiety that was polymerised with an electron rich benzodithiophene unit.20 An analogous, non-fluorinated polymer was also synthesized to help establish the effects of fluorine-substitution. The fluorinated polymer showed a dramatic increase in photovoltaic performance which was attributed to the lower optical band gap and deeper HOMO level. Other groups have reported the use of fluorinated-acceptors and have found a similar increase in performance.19,22–24 However, other groups have discovered that incorporation of the fluorinated benzothiadiazole unit does not always yield an improved photovoltaic performance.18,25
The objective of this chapter is to incorporate fluorine substituents into the commonly studied benzothiadiazole acceptor. This was then copolymerised with the electron rich 9,9-dioctylfluorene monomer flanked by two thienyl repeat units to afford a new copolymer poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)-5,6-difluorobenzo-2,1,3-thiadiazole] (PFO-DffBT, Scheme 2.1). In order to prepare high molecular weights materials, large solubilising chains were attached to the fluorene moiety to yield  poly[2,7-(9,9-didodecylfluorene)-alt-4,7-bis(thiophen-2-yl)-5,6-difluorobenzo-2,1,3-thiadiazole] (PFDo-DffBT). To ascertain the effects of fluorination, its non-fluorinated analogue, poly[2,7-(9,9-didodecylfluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole] (PFDo-DBT), was also synthesized. The optical, thermal and electrochemical properties of these polymers are investigated 


[bookmark: _Toc443745342]Scheme 2.1.Synthesis of PFO-DffBT, PFDo-DBT and PFDo-DffBT: (a) Pd(OAc)2, P(o-tolyl)3, NEt4OH and toluene.
. 

[bookmark: _Toc443745108]2.2. Results and Discussion
[bookmark: _Toc443745109]2.2.1. Monomer Synthesis
The synthetic steps involved in the preparation of 4,7-bis(5-bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (M1) are outlined in Scheme 2.2. Detailed synthetic procedures are reported in the experimental section. 


[bookmark: _Toc443745343]Scheme 2.2. Synthesis of M1: (a) SOCl2, Et3N, CHCl3; (b) H2SO4.(SO3)x (20% free SO3 basis), I2; (c) 2-(tributylstannyl)thiophene, Pd(PPh3)2Cl2, toluene; and (d) NBS, THF.
The initial step employed thionyl chloride and triethylamine to convert 4,5-difluoro-1,2-diamine (1) to 5,6-difluoro[c][1,2,5]thiadiazole (2). The reaction was rudimentary and heating was employed to minimize reaction time and maximize yield. The mechanism for this reaction is depicted in Scheme 2.3. 


[bookmark: _Toc443745344]Scheme 2.3. Proposed mechanism for the formation of 2.
2 was then iodinated at the 4,7-positions using fuming sulphuric acid (20% free SO3) and iodine to afford 5,6-difluoro-4,7-diiodo[c][1,2,5]thiadiazole (3). Initial attempts to directly brominate 2 proved unsuccessful with only small quantities of starting material being converted into the desired dibromo derivative. The success of iodination can be attributed to the formation of the highly electrophilic I2+ cation, which arises from the oxidation of iodine by SO3 (Equation 2.1). 


[bookmark: _Toc443745368]Equation 2.1. Formation of I2+ cation as a result of iodine being oxidized by SO3.
Stille coupling of 3 with 2-tributylstannylthiophene in the presence of the  catalyst Pd(PPh3)2Cl2 afford 5,6-difluoro-4,7-bis(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (4). 
Treatment of 4 with N-bromosuccinimide (NBS) in tetrahydrofuran (THF) afford the desired product, 4,7-bis(5-bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (M1). Concerns about the formation of tri- and tetra-bromo species were unfounded, even when a 2.2:1 ratio of NBS:4 was employed. A stark contrast to the synthesis of 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (M2) where the formation of tri- and tetra- brominated compounds is problematic. 1H NMR was used to characterize the material and confirm that the reaction had been successful (Figure 2.1). NMR revealed the aromatic region contained two doublet peaks at 8.06 and 7.24 ppm. The lack of a third proton signal in the aromatic region indicates the reaction was successful.A
B
A
B


[bookmark: _Toc443745266]Figure 2.1.  1H NMR of M1 between 7.30 ppm and 8.20 ppm showing the peaks arising due to aromatic hydrogen environments.

The synthetic steps involved in the preparation of M2 are outlined in Scheme 2.4. Detailed synthetic procedures are described in the experimental section. 


[bookmark: _Toc443745345]Scheme 2.4. Synthesis of 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole: (a) Br2, HBr (45%); (b) 2-(tributylstannyl)thiophene, Pd(PPh3)2Cl2, toluene; and (c) NBS, 1,2-dichlorobenzene.
The initial step employed the bromination of benzo[c][1,2,5]thiadiazole (5) to yield 4,7-dibromobenzo[c][1,2,5]thiadiazole (6). The reaction was high straight forward and high yielding. The crude material was washed thoroughly with water to remove any traces of bromine and recrystallised with chloroform to yield pure product as white needles. 
6 was reacted with 2-(tributylstannyl)thiophene in the presence of the catalyst Pd(PPh3)2Cl2 to yield 4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (7). This material was far more soluble than its fluorinated analogue, 4.A
B
C
A
B
C


[bookmark: _Toc443745267]Figure 2.2. 1H NMR of M2 between 6.90 ppm and 8.05 ppm showing the peaks arising due to aromatic hydrogen environments.
7 was reacted with NBS in 1,2-dichlorobenzene to afford the desired product, M2. A 2:1 ratio of NBS:7 yielded small quantities of tri- and tetra- brominated species. Unfortunately, repeated recrystallisations could not remove these impurities. Thus, the reaction was repeated with different ratios of NBS:7. It was found that when 7 was reacted with NBS in the ratio 1:1.6 no tri- or tetra-brominated species was formed. The use of less NBS than required had a negative impact upon the reaction yield. 1H NMR was used to characterize the material and confirm the reaction had been successful (Figure 2.2). The aromatic region displayed three peaks at 7.84, 7.82 and 7.19 ppm. The peaks at 7.84 and 7.19 are both doublets, indicating they correspond the protons positioned on the thiophene. 
[bookmark: _Toc443745110]2.2.2. Polymer Synthesis
PFO-DffBT was prepared via Suzuki coupling using Pd(OAc)2 and tri(ο-tolyl)phosphine as the catalyst and tetraethylammonium hydroxide as the base. The polymerisation proceeded rapidly, with large quantities of purple precipitate forming after 1 hour. Consequently, only a portion (20%) of the resulting polymer was soluble in common organic solvents and able to be processed into films for BHJ devices. The number-average molecular weight (Mn) and weight-average molecular weight (Mw) were estimated to be 6,800 and of 9,600 Da, respectively (Table 2.1). It is well documented that attaining a high Mw is imperative for photovoltaic performance as it facilitates the bicontinuous phase formation with fullerene derivatives and promotes efficient charge transportation.22 It was hypothesised that incorporating fluorine atoms on the benzothiadiazole moiety resulted in stronger π - π stacking and aggregation of polymer chains. Thus, the product precipitates out of solution quickly during the polymerisation, which limits the final molecular weight of the product. Attaching alkyl chains to the polymer backbones disrupts the π - π stacking. However, it was clear that larger alkyl chains needed to be attached to the donor-moieties in order to the overcome the aggregation that is brought about by incorporating fluorine onto the benzothiadiazole moiety.
Umeyama and co-workers demonstrated that the additional incorporation of solubilising 3-hexylthiophene repeat units yields higher molecular weight polymers. However, this negates the positive effects of fluorine substitution.18 Therefore, we have avoided this approach and consequently, redesigned the polymer to bear larger solubilising dodecyl chains on the fluorene moiety at the 9H position. Previous work by Inganäs and co-workers demonstrated that this approach was successful in attaining higher molecular weight polymers.26 Both PFDo-DffBT and PFDo-DBT were hence prepared in this work using a similar method to that outlined above. Both polymerisations were conducted until precipitation of the polymers was first observed, which occurred around 48 hours after the start of polymerisations. Only small amounts of polymer precipitated out of solution in these reactions; a finding in contrast to the polymerisation of PFO-DffBT. PFDo-DffBT and its non-fluorinated analogue PFDo-DBT displayed excellent solubility in common organic solvents, permitting the formation of films for photovoltaic devices. GPC analysis estimated the Mn and Mw of PFDo-DBT to be 20,500 and 35,700 Da, respectively. In contrast, the Mn and Mw of PFDo-DffBT were estimated to be 9,700 and 15,900 Da, respectively (Table 2.1). The fluorinated analogue clearly displays a lower molecular weight. This data supports our earlier hypothesis that incorporation of fluorine on the benzothiadiazole moiety results in stronger π - π stacking and aggregation of polymer backbones, which limits the final molecular weight. 
[bookmark: _Toc443745237]Table 2.1. A summary of the GPC and optical data for PFO-DffBT, PFDo-DBT and PFDo-DffBT.
	Polymer
	Mn (Da)a
	Mw (Da)a
	PDIb
	λmax Solution (nm)
	λmax Film (nm)
	Egopt (eV)c

	PFO-DffBT
	6,800
	9,600
	1.41
	383, 518
	394, 549
	1.91

	PFDo-DBT
	20,500
	35,700
	1.74
	392, 548
	397, 578
	1.89

	PFDo-DffBT
	9,700
	15,900
	1.64
	383, 527
	396, 556
	1.89


[bookmark: OLE_LINK2][bookmark: OLE_LINK4]aMeasurements conducted on the toluene fractions of polymers using a differential refractive index (DRI) detection method. bPDI = Polydispersity Index. cOptical energy gap determined from the onset of the absorption band in thin film. 
[bookmark: _Toc443745111]2.2.3. Optical Properties
The optical properties of all polymers were investigated by UV-vis absorption spectroscopy on dilute chloroform solutions and drop-cast films cast on quartz substrates (Figure 2.3). The optical properties of PFO-DffBT, PFDo-DffBT and PFDo-DBT are summarized in Table 2.1.
Dilute solutions of PFO-DffBT revealed absorption bands in the visible region at 383 and 518 nm. When cast into a thin-film, the absorption spectra of PFO-DffBT displays red-shifted absorption maxima at 394 and 549 nm, relative to that in solution. The bathochromic shift that is observed can be ascribed to stronger π - π interchain stacking and a more coplanar structure in the solid state. Furthermore, PFO-DffBT displays a peak at ~590 nm which we attribute to the purely electronic transition of the polymer; a result that indicates that inhomogeneous broadening within the molecular ensemble has been reduced as a result of improved molecular ordering in the solid state. We speculate that such enhanced molecular ordering is a direct result of interactions between fluorine atoms and components on adjacent aromatics. This yields a more planar polymer backbone which promotes π – π stacking in solid state. The optical band gap of PFO-DffBT was calculated to be 1.91 eV. The non-fluorinated analogue of this polymer, PFO-DBT, has previously been prepared by the Iraqi group and displays an absorption maximum at 549 nm in chloroform solution.27 When fabricated into a film, the absorption maximum was located at 592 nm; a wavelength red shifted relative to that of PFO-DffBT.27 This phenomenon has been reported by previous groups.18,19,22,25,28 However, PFO-DBT did not display any improved resolution in solid state indicating that the material has a higher degree of structural and electronic disorder.


[bookmark: _Toc443745268]Figure 2.3. Normalized absorption spectra of PFO-DffBT, PFDo-DBT and PFDo-DffBT in: (a) chloroform solutions; and (b) thin films.
PFDo-DBT, displayed an optical band gap of 1.89 eV and absorption maxima at 397 and 578 nm in films. Clearly, the introduction of longer alkyl chains on the fluorene moiety facilitates the formation of higher molecular weights, lowering the band gap and increasing the λmax of the resulting polymer when compared to PFO-DBT.27 The absorption maxima of PFDo-DffBT (at 556 nm), is red shifted relative to that of PFO-DffBT but blue shifted relative to that of PFO-DffBT. However, the absorption spectra of PFDo-DffBT, like PFO-DffBT, is broader and clearly displays a peak at 595 nm, which is again indicative of increased ordering in the solid state. Interestingly this peak is completely absent in PFDo-DBT suggesting that fluorination of the benzothiadiazole moiety does not hinder backbone planarization and in actuality improves polymer-chain stacking in the solid state. Previous literature has reported the same phenomenon.18,19,25 We speculate that the non-covalent interaction between fluorine atoms and components on adjacent aromatics are responsible for this phenomenon. It is possible that the high planarity of PFO-DffBT may introduce efficient interchain interactions, thereby resulting in an optical band gap that is identical to that of PFDo-DBT (1.89 eV), despite the lower molecular weight and blue-shifted absorption maxima.
[bookmark: _Toc443745112]2.2.4. Electrochemical Properties
The HOMO and LUMO energy levels (vs. vacuum) of the polymers were determined from the onsets of oxidation and reduction (Table 2.2). The onsets were determined via cyclic voltammetry measurements, which were conducted on drop-cast polymer films in acetonitrile with tetrabutylammonium perchlorate as the electrolyte (Figure 2.4). PFO-DffBT displayed a HOMO level of -5.38 eV, which is deeper than its non-fluorinated analogue, PFO-DBT.27 This is consistent with literature concerning the effects of fluorine substitution and the impact it has on the HOMO levels of the resulting polymer.18–22,29 It should be noted that the limited solubility of PFO-DffBT hindered the formation of films on the working electrode. Consequently, such thin films degraded after several sweeps. It is possible therefore that the results obtained for the energy levels of PFO-DffBT do not fully represent their true value. Indeed, we speculate that the true HOMO level may be deeper still. The LUMO level of PFO-DffBT was estimated to be -3.32 eV. This corresponds to an electrochemical band gap of 2.05 eV for PFO-DffBT. 
[bookmark: _Toc443745238]Table 2.2. A summary of the thermal of electrochemical properties for PFO-DffBT, PFDo-DBT and PFDo-DffBT.
	Polymer
	Td (oC)a
	HOMO (eV)b
	LUMO (eV)c
	Egopt (eV)d

	PFO-DffBT
	417
	-5.38
	-3.32
	2.05

	PFDo-DBT
	419
	-5.44
	-3.49
	1.95

	PFDo-DffBT
	432
	-5.51
	-3.48
	2.03


aOnset of degradation as determined via thermogravimetric analysis with a heating rate of 10oC min-1 under an inert nitrogen atmosphere. bHOMO position (vs vacuum) determined from the onset of oxidation. cLUMO position (vs vacuum) determined from the onset of reduction. dElectrochemical energy gap.


[bookmark: _Toc443745269]Figure 2.4. Cyclic voltammograms of PFO-DffBT, PFDo-DBT and PFDo-DffBT on platinum disc electrodes (area 0.031 cm2) at a scan rate of 100 mV s-1 in acetonitrile/tetrabutyl ammonium perchlorate (0.1 mol dm-3).
[bookmark: OLE_LINK3]The onset potentials of the first oxidation wave of PFDo-DBT and PFDo-DffBT appeared at 0.72 and 0.79 V vs Ag/Ag+, corresponding to HOMO energy levels of -5.44 and -5.51 eV respectively. The onset potentials of the first reduction wave of PFDo-DBT and PFDo-DffBT appeared at -1.23 and -1.24 V, corresponding to LUMO energy levels of -3.49 and -3.48 eV, respectively. This corresponds to an electrochemical band gap of 1.95 and 2.03 eV for PFDo-DBT and PFDo-DffBT, respectively. Incorporation of fluorine does not significantly alter the LUMO levels of the resulting polymer. However, it does lower the HOMO level of the resulting polymer which is consistent with previous literature.18–22,29 The lower HOMO levels of PFO-DffBT and PFDo-DffBT should result in better oxidative stability in ambient conditions and yield a higher open-circuit voltage (Voc) in photovoltaic devices. 
[bookmark: _Toc443745113]2.2.5. Thermal Properties and XRD Studies 
The thermal stabilities of the polymers were investigated by thermogravimetric analysis (TGA) (Figure 2.5). All polymers were determined to be thermally stable with decomposition temperatures (5% weight loss) higher than 400oC in a nitrogen atmosphere. The initial onset of decomposition temperatures for PFO-DffBT, PFDo-DffBT and PFDo-DBT were estimated to be 417, 432 and 419oC, respectively. All of these initial weight loss peaks can be attributed to loss of alkyl chains from the fluorene donor moiety. The results indicate that the fluorinated polymer, PFDo-DffBT, undergoes decomposition at a slightly higher temperature relative to its non-fluorinated analogue. Unfortunately, no comparison can be drawn between PFO-DffBT and PFO-DBT owing to a lack of thermal analysis reported. Li and Iyer also demonstrated a marginal increase in decomposition temperature, indicating that this phenomenon occurs more generally.20,29


[bookmark: _Toc443745270][bookmark: OLE_LINK6]Figure 2.5. TGA plots of PFO-DffBT, PFDo-DBT, and PFDo-DffBT with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen.
[bookmark: OLE_LINK1]Powder X-ray diffraction (XRD) studies were conducted on the three polymers (Figure 2.6). The broad features of the PFDo-DBT are consistent with an incoherent scatter from an amorphous solid. The presence of several sharp peaks in the XRD of PFO-DffBT and PFDo-DffBT suggest the polymers adopt a microcrystalline arrangement in the solid state. PFO-DffBT and PFDo-DBT display peaks at 2θ values of 6.5 and 5, respectively. This corresponds to distances of  ~13 Å for PFO-DffBT and  ~16 Å for PFDo-DffBT. Previous literature reports have shown that this value corresponds to the distance between polymer main chains, where alkyl chains on the fluorene moiety self-organise into an interdigitated manner.30,31 A sharp, narrow peak appeared at 2θ values of 25.32 and 25.65 for PFO-DffBT and PFDo-DffBT, respectively, corresponding to small coplanar stacking distances of 3.52 and 3.48 Å, respectively. It is assumed that the smaller stacking distances are a result of enhanced π-π stacking and intermolecular interactions brought about by the incorporation of fluorine. The XRD of PFDo-DBT does not show any peak in this area. Evidently, incorporation of fluorine improves the packing of polymer chains by promoting stronger coplanar interactions. This further suggests that PFDo-DffBT has improved organisation in solid state compared to PFDo-DBT; a finding consistent with the reduced inhomogeneous broadening observed in the solid-state absorption spectra.


[bookmark: _Toc443745271]Figure 2.6. Powder X-ray diffraction (XRD) patterns of PFO-DffBT, PFDo-DBT and PFDo-DffBT.

[bookmark: _Toc443745114]2.3. Conclusions
The effect of fluorine substitution on the molecular, optical, electrochemical and photovoltaic properties of the well-studied poly(2,7-fluorene-alt-dithienylbenzothiadiazole) has been investigated. A fluorinated benzothiadiazole acceptor-moiety was synthesised and polymerised with 9,9-dioctlyfluorene units to obtain PFO-DffBT. The low molecular weight of PFO-DffBT resulted in a blue-shifted absorption maxima and a larger optical band gap relative to its non-fluorinated analogue PFO-DBT. The fluorinated benzothiadiazole unit was then polymerised with fluorene units that were functionalized with larger dodecyl chains (PFDo-DffBT). A non-fluorinated analogue, PFDo-DBT was also synthesised to help understand the effects of fluorination. UV-visible spectroscopy revealed that incorporation of fluorine results in blue-shifted absorption maxima. However, the absorption band of PFDo-DffBT, relative to PFDo-DBT, is wider and displays electronic and vibrational structure, a result that we interpret in terms of improved molecular ordering in PFDo-DffBT. We find that the band gap of PFDo-DffBT is identical to that of PFDo-DBT (1.89 eV) although it displayed a deeper HOMO level relative to its non-fluorinated analogue. The LUMO levels of the polymers are however identical. XRD studies revealed that both PFO-DffBT and PFDo-DffBT display more ordered packing in solid state; a consequence of incorporating fluorine substituents on the benzothiadiazole. We speculate that fluorination of the benzothiadiazole moiety improves the planarity of the polymer backbones by promoting non-covalent interactions between fluorine atoms and components on adjacent aromatics; giving rise to long range and short range. PFDo-DffBT displays a higher onset of decompositions temperature relative to its non-fluorinated analogue. 
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Chapter III: Effect of Fluorination Pattern and Extent on the Properties of PCDTBT Derivatives*
This chapter reports the synthesis of a series of fluorinated carbazole-alt-benzothiadiazoles (PCDTBTs) and the characterisation of their optical, electrochemical, thermal and molecular organisation in solid state. The polymers were fluorinated on either the benzothiadiazole unit, carbazole unit or both to yield PCDTffBT, PCffDTBT and PCffDTffBT. All copolymers displayed good solubility in common organic solvents and displayed decomposition temperatures in excess of 350oC.  PCDTffBT, PCffDTBT and PCffDTffBT displayed optical band gaps of 1.86, 1.82 and 1.88 eV, respectively. It was speculated this was a consequence of the higher molecular weight of PCffDTBT relative to the other polymers. PCffDTBT and PCffDTffBT displayed shallower HOMO levels relative to PCDTffBT; a consequence of fluorinating the carbazole-donor moiety. XRD studies confirmed that fluorinating the benzothiadiazole-acceptor moiety improves molecular ordering by promoting π-π stacking of polymer backbones in solid state. Interestingly, fluorinating the carbazole-donor unit does not display improved π-π stacking of polymer backbones
*Reproduced in part with permission from A. Iraqi and H. Yi. Submitted to the New journal of Chemistry. Decision Pending. All data presented herein are the result of experimental and analysis work undertaken by myself.   

[bookmark: _Toc443745117]3.1. Introduction
[bookmark: OLE_LINK5]9-Azafluorene, more commonly known as carbazole, is an appealing building-block for the development of conjugated copolymers.1 Carbazole is structurally analogous to fluorene, which has also found widespread use in optoelectronic devices. However, the presence of an electron-donating nitrogen atom in its central fused pyrrole ring renders carbazole fully aromatic, unlike fluorene.1 Replacing the 9H-carbon with nitrogen in the fluorene skeleton bestows further desirable properties upon the resulting unit including: (1) increased oxidative stability owing to the propensity for the 9H-position of fluorene to undergo oxidation to the ketone product, which results in adverse physical properties.2 (2) The nitrogen in the central pyrrole ring can be functionalised to improve the physical properties of the resulting polymer.3–5 Consequently, carbazole-based conjugated polymers are easy to synthesise, display excellent photochemical and thermal stabilities and possess high charge carrier mobilities.1 Thus, carbazole-based conjugated polymers and its derivatives have found extensive use in organic light emitting diodes, organic thermal electronic devices, organic field-effect transistors and organic photovoltaics.6–11
It could be argued that PCDTBT and its derivatives are the most studied carbazole-based D-A conjugated  polymers. PCDTBT has found widespread use in organic photovoltaic devices and efficiencies in excess of 7% have been achieved when blended with the fullerene derivative PC70BM.10 This is by no means the highest efficiency recorded in organic photovoltaic devices.12–14 However, the thermal and oxidative stability, deep HOMO level and ease of processability have allowed PCDTBT to remain an attractive conjugated polymer for optoelectronic applications.15,16 
The body of literature concerning the incorporation of fluorine as a substituent and the effect it has on the resulting polymer system is expanding rapidly.17–20 However, fluorination of PCDTBT has received little attention, which is surprising considering the promise PCDTBT and its derivatives have displayed in optoelectronic devices.21–24 Imahori and co-workers investigated the effects of fluorine substitution on PCDTBT by copolymerising a fluorinated-benzothiadiazole acceptor with a carbazole donor to yield PCDTBT-F.24  The introduction of two fluorine atoms on the 5,6-positons of benzothiadiazole decreased the HOMO energy level of PCDTBT-F, relative to that of PCDTBT. However, PCDTBT-F displayed a significantly reduced molecular weight, poor solubility, blue-shifted absorption maximums and a larger optical band-gap, relative to PCDTBT.24 In contrast, Bo et al reported the polymerisation of a fluorinated-carbazole donor with a dialkoxy-substituted benzothiadiazole acceptor to yield PDFCDTBT.21 The introduction of fluorine atoms at the 3,6-positions of carbazole yielded a moderate molecular weight polymer with deeper frontier energy levels, red-shifted absorption maximums and a smaller optical band gap, relative to its non-fluorinated analogue. Furthermore, PDFCDTBT displayed more organised packing in solid state.21 


[bookmark: _Toc443745346]Scheme 3.1. Synthesis of PCDTffBT, PCffDTBT and PCffDTffBT: (a) Pd(OAc)2, P(o-tolyl)3 and toluene.
With this is mind, we report the synthesis of three fluorinated carbazole-alt-benzothiadiazole conjugated polymers. Fluorine was attached to either the benzothiadiazole unit, carbazole unit or both units to yield PCDTffBT, PCffDTBT and PCffDTffBT, respectively (Scheme 3.1). Imahori reported that the fluorinated PCDTBT analogue they synthesised from a low molecular weight and poor solubility. Thus, the polymers were designed to bear larger solubilising chains on the carbazole moiety in hope higher molecular weights could be obtained. The optical, electrochemical, thermal and structural properties of the polymer in solid state are probed in order to ascertain the effects fluorination has on the resulting polymer.
[bookmark: _Toc443745118]3.2. Results and Discussion
[bookmark: _Toc443745119]3.2.1. Monomer Synthesis
The synthetic steps involved in the preparation of 3,6-difluoro-2,7-dibromo-9-(pentacosan-13-yl)-9H-carbazole (M3) are outlined in Scheme 3.2. 2,7-Dibromo-9-(pentacosan-13-yl)-9H-carbazole (M4) was synthesised according to the same procedure however the starting materials was 2,5-dibromonitrobenzene. A detailed experimental procedure can be found in Chapter VIII. 


[bookmark: _Toc443745347]Scheme 3.2. Synthesis of M3: (a) trifluoroacetic acid, trifluoroacetic anhydride, NH4NO3; (b) Cu powder, DMF; (c) Sn, HCl (35 %), EtOH; (d) H3PO4; and (e) KOH, C25H51Br, DMSO, THF. 
The first step involved the preparation of 2,5-dibromo-4-fluoro-nitrobenzene (9) from the starting material 2,5-dibromofluorobenzene (8). The mechanism for this reaction is outlined in Scheme 3.3. The nitronium cation is generated by the reaction of trifluoroacetic anhydride with ammonium nitrate (NH4NO3). Electrophilic aromatic substitution occurs giving the desired product. The crude material was recrystallised from ethanol to afford the desired material in good yield. 


[bookmark: _Toc443745348]Scheme 3.3. Mechanism for the formation 9.
An Ullmann reaction is conducted on 9 using copper to yield the biaryl species 4,4’-dibromo-5,5’-difluoro-2,2’-dinitrobiphenyl (10). An excess of copper and high temperature is required to ensure high yields.  The mechanism for this reaction is depicted in Scheme 3.4. Oxidative addition of copper to the aryl halide, followed by elimination of the halide yields the active copper(I)-compound. This undergoes a further oxidative addition with the second equivalent aryl-halide, followed by elimination to form the desired product. The crude material was recrystallised from ethanol to yield the desired product as yellow crystals.


[bookmark: _Toc443745349]Scheme 3.4. Mechanism for the Ullmann coupling of 10.
10 is then reduced to 4,4’-dibromo-5,5’-difluoro-biphenyl-2,2’-diamine (11) using tin and hydrochloric acid in ethanol. Tin (II) chloride is the active reagent that is formed from the reaction of tin with hydrochloric acid. The overall equation of the reaction can be seen in equation 3.1. 


[bookmark: _Toc443745369]Equation 3.1. Reduction of 10 to 11.
11 is reacted with a phosphoric acid (H3PO4) catalyst at high temperature to afford 2,7-dibromo-3,6-difluoro-9H-carbazole (12). Upon cooling to room temperature the reaction mixture was filtered, washed with water and dried. The crude material was solubilised in toluene and filtered through a short silica gel plug. The solvent was removed to afford an ebony coloured powder. The product was purified further via recrystallisation with the solvent mixture toluene:hexane (10:1).
The final step in the monomer synthesis was alkylation of the nitrogen atom in its central fused pyrrole ring. It is essential that long, sterically bulky chains are used to promote solubility and processability of the final polymer product. Previous work has shown that fluorination of the benzothiadiazole and carbazole moieties yields low molecular weight polymers that have poor solubility.24–26 12 was reacted with 13-bromopentacosane, in the presence of potassium hydroxide to afford the final product M3. The crude material was purified via column chromatography using petroleum ether as the eluent. 1H NMR was used to characterise the material and confirm the reaction had been successful (Figure 3.1). The 1H NMR spectra showed broad peaks at 7.74 and 7.58 ppm, which correspond to the aromatic protons. The atropisomerism phenomenon is responsible for the broad, poorly resolved aromatic peaks. The peaks located below 4.5 ppm correspond to protons on the alkyl chain. 
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[bookmark: _Toc443745272]Figure 3.1. 1H NMR spectrum of M3.



[bookmark: _Toc443745350]Scheme 3.5. Synthesis of 5,6-difluoro-4,7-bis(5-(trimethylstannyl)thiophene-2-yl)benzo[c][1,2,5]thiadiazole (X1 = F) (M5) and 4,7-bis(5-(trimethylstannyl)thiophene-2-yl)benzo[c][1,2,5]thiadiazole (X1 = H) (M6): (a) lithium 2,2,6,6-tetramethylpiperdine, Me3SnCl, THF.

M5 and M6 were synthesised using the same procedure (Scheme 3.5). The syntheses of 4 and 7 have been covered in chapter II. Lithium 2,2,6,6-tetramethylpiperdine was formed in situ by reacting 2,2,6,6-tetramethylpiperdine with n-BuLi. This was used to deprotonate the starting material, 4 or 7, at the 4,7-positions. This reacted with trimethyltin chloride (Me3SnCl) via a SN2 mechanism. 1H NMR was used to characterise the material and confirm the reaction had been successful. The 1H NMR spectrum of M5 is shown in Figure 3.2. The aromatic region showed the expected splitting pattern of two doublets at 8.36 and 7.37 ppm. The peak at 0.49 ppm corresponds to the protons on the methyl groups. The peaks either side of this singlet are due to 119Sn and 117Sn satellites. A
B
C
C
B
A


[bookmark: _Toc443745273]Figure 3.2. 1H NMR of M5.

[bookmark: _Toc443745120]3.2.2. Polymer Synthesis
The Stille-polymerisations of PCDTffBT, PCffDTBT and PCffDTffBT were conducted using toluene as the solvent and Pd(OAc)2 and tri(o-tolyl)phosphine as the catalyst. All polymerisations were left for 48 hours. The polymers were cleaned via Soxhlet extraction using methanol, acetone, hexane and toluene. The toluene fractions were collected, reduced in vacuo and precipitated in methanol. Subsequent studies were conducted on the toluene fraction only. 1H NMR and elemental analysis were used to verify the structure of PCDTffBT, PCffDTBT and PCffDTffBT. Gel permeation chromatography (GPC) using 1,2,4-trichlorobenzene as the eluent was used to determine the number-average molecular weight (Mn) and weight-average molecular weight (Mw) of the polymers synthesised (Table 3.1). PCffDTBT displayed the highest Mn and Mw of all polymers synthesised with values of 11,400 and 20,600 Da, respectively. Both PCDTffBT and PCffDTffBT displayed significantly reduced molecular weights relative to PCffDTBT with values of 11,900 and 8,900 Da, respectively. Previous literature has speculated that fluorination of the benzothiadiazole unit moiety promotes π-π stacking and aggregation of polymer chains, which impedes the attainable molecular weight.25 The results obtained here support this hypothesis. 
PCDTBT-F synthesised by Imahori and co-workers and is an analogous polymer to PCDTffBT.24 It was reported that PCDTBT-F displayed poor solubility that limited the molecular weight of the resulting polymer. Thus, PCDTffBT was designed to bear larger solubilising chains on the carbazole moiety in hope a higher molecular weight polymer could be obtained. PCDTffBT does possess a higher Mw, relative to PCDTBT-F.24 However, the increase is not substantial. 
[bookmark: _Toc443745121]3.2.3. Optical Properties
The optical properties of all polymers were investigated by UV-vis absorption spectroscopy on dilute chloroform solutions and drop-cast films on quartz substrates (Figure 3.3). The optical properties of the polymers are summarised in Table 3.1. All polymers exhibit two absorption peaks in both solution and film states. The absorption band at shorter wavelengths can be ascribed to the π-π* transition. In contrast, the absorption band at longer wavelengths can be attributed to intramolecular charge transfer between the carbazole-donor moiety and the benzothiadiazole acceptor unit. All polymers undergo a bathochromic shift when cast into a thin-film, relative to their solution absorption. This can be ascribed to stronger π-π interchain stacking and a more coplanar structure in solid state. The λmax of PCDTffBT, PCffDTBT and PCffDTffBT are located at 556, 558 and 545 nm in film states. The optical band gaps of PCDTffBT, PCffDTBT and PCffDTffBT, as determined from the onset of absorption, were estimated to be 1.86, 1.82 and 1.88 eV, respectively. Furthermore, PCffDTffBT displayed improved resolution in solid-state with the presence of shoulder peak at ~580 nm, which we attribute to the purely electronic transition of the polymer. Such a result is indicative that inhomogeneous broadening within the molecular ensemble has been reduced; a consequence of improved molecular arrangement in solid state. The higher Mw of PCffDTBT did not translate into significantly higher λmax value. However, the optical band gap of PCffDTBT was significantly lower than PCDTffBT and PCffDTffBT. It would appear that fluorination of the carbazole moiety decrease the optical band gap allowing the resulting polymer to harvest a larger portion of the solar spectrum. 


[bookmark: _Toc443745274]Figure 3.3. Normalised UV-vis absorption spectra of PCDTffBT, PCffDTBT and PCffDTffBT in: (a) chloroform solutions; and (b) thin films.  

	Polymer
	Mn (Da)a
	Mw (Da)a
	PDIb
	λmax Solution (nm)
	λmax Film (nm)
	Egopt (eV)c

	PCDTffBT
	7,700
	11,900
	1.55
	379, 526
	395, 556
	1.86

	PCffDTBT
	11,400
	20,600
	1.81
	381, 526
	404, 558
	1.82

	PCffDTffBT
	6,100
	8,900
	1.50
	387, 520
	401, 545
	1.88


aMeasurements conducted on the toluene fractions of polymers using a differential refractive index (DRI) detection method. bPDI = Polydispersity Index. cOptical energy gap determined from the onset of the absorption band in thin film. 
[bookmark: _Toc443745239]Table 3.1. A summary of the GPC and UV-vis absorption data for PCDTffBT, PCffDTBT and PCffDTffBT.
PCDTffBT, which has a carbazole donor-moiety, possess a lower molecular weight (11,900 Da) relative to the analogous polymer PFDo-DffBT (15,900 Da, Chapter II), which has a fluorene donor-moiety. The optical band gap of PCDTffBT (1.86 eV) is slightly lower than PFDo-DffBT despite the former having a lower molecular weight. Carbazole, unlike fluorene is completely aromatic, which can be attributed to the presence of an electron-donating nitrogen atom in its central fused pyrrole ring. Furthermore, the nitrogen is an electron-donating species which should make carbazole a stronger electron donating moiety relative to the fluorene. This should result in the polymer exhibiting more D-A character, which should result in a lower optical band gap.  


[bookmark: _Toc443745275] Figure 3.4. Schematic representation of: (a) PCDTBT-F synthesised by Imahori et al; and (b) PDFCDTBT synthesised by Bo et al. 
PCDTBT-F synthesised by Imahori and co-workers demonstrated an absorption maximum at 519 nm and an optical band gap of 1.96 eV in film states.24 The analogous polymer, PCDTffBT, possess a higher absorption maximum and a lower optical band gap; a consequence of PCDTffBT possessing a higher molecular weight relative to PCDTBT-F.24  
PDFCDTBT synthesised by Bo et al demonstrated an optical band gap of 1.75 eV.21 This is slightly smaller than the analogous polymer PCffDTBT synthesised within this thesis. The benzothiadiazole moiety in PDFCDTBT is decorated with solubilising octyloxy substituents; facilitating the formation of processable high molecular weight products. Again, we suggest the difference in optical band gaps is a result of the different molecular weights.21  

[bookmark: _Toc443745122]3.2.4. Electrochemical Properties
Cyclic voltammetry was used to determine the HOMO and LUMO energy levels (vs vacuum) of drop-cast polymer films in acetonitrile with tetrabutylammonium perchlorate as the electrolyte (Figure 3.5). PCDTffBT displayed the deepest HOMO level of all polymers synthesised with a value of -5.44 eV, which is deeper than its non-fluorinated analogue, PCDTBT.11 The LUMO level of PCDTffBT was measured to be -3.45 eV, which is slightly lower than PCDTBT.11  This is consistent with previous literature concerning the effects of fluorine substitution and the effects it has the resulting polymers HOMO levels.27–31 


[bookmark: _Toc443745276]Figure 3.5. Cyclic voltammograms of; (a) PCDTffBT; (b) PCffDTBT; and (c) PCffDTffBT.
The HOMO level of PCffDTBT was calculated to be -5.23 eV. This is similar to the HOMO of level of PDFCDTBT reported by Bo and co-workers.21 However, it is significantly shallower than PCDTBT.11 The electrochemistry results suggest that fluorination of the carbazole-moiety results in it becoming a significantly stronger donor unit. Generally, fluorine is considered to be a deactivating substituent, thus, this result may seem erroneous. However, it is known that fluorine as a substituent on an aromatic benzene is considered to be both σ-electron withdrawing and π-electron donating.32 The π-donating ability of fluorine is reflected in the anomalously high para-position reactivity.33 Fluorobenzene displays a higher proton affinity than benzene, another example of the anomalously high reactivity of fluorobenzene relative to benzene.34,35 We speculate that fluorination of the carbazole moiety increases the π-electron density of the resulting monomer unit. Consequently, the fluorinated-carbazole moiety is a stronger donor resulting in a shallower HOMO level. It is possible that this will negatively impact the oxidative stability of the PCffDTBT. 
PCffDTffBT displays HOMO and LUMO levels of -5.24 and -3.11 eV, respectively. It would appear that the fluorinating the carbazole donor-moiety has a larger impact upon the energy levels, relative to fluorination of the benzothiadiazole-acceptor unit.  
	Polymer
	Td (oC)a
	HOMO (eV)b
	LUMO (eV)c
	Egopt (eV)d

	PCDTffBT
	367
	-5.44
	-3.45
	1.99

	PCffDTBT
	390
	-5.23
	-3.12
	2.11

	PCffDTffBT
	351
	-5.24
	-3.11
	2.13


aOnset of degradation as determined via thermogravimetric analysis with a heating rate of 10oC min-1 under an inert nitrogen atmosphere. bHOMO position (vs vacuum) determined from the onset of oxidation. cLUMO position (vs vacuum) determined from the onset of reduction. dElectrochemical energy gap.
[bookmark: _Toc443745240]Table 3.2. A summary of the thermal and electrochemical properties for PCDTffBT, PCffDTBT and PCffDTffBT.

[bookmark: _Toc443745123]3.2.5. Thermal Properties and XRD Studies 
Thermogravimetric analysis of PCDTffBT, PCffDTBT and PCffDTffBT revealed that all polymers possess good thermal stability with degradation temperatures in excess of 350oC (Figure 3.5). The onset of degradation (5% weight loss) for PCDTffBT, PCffDTBT and PCffDTffBT were estimated to be 367, 390 and 351oC. We tentatively speculate that the degradation temperature of these polymers is dependent upon the molecular weight. We hypothesise that the lower molecular weights of PCDTffBT and PCffDTffBT have two effects on the polymer properties. Firstly, PCDTffBT and PCffDTffBT possess a higher concentration of polymer chain ends, which could result in a decreased packing density. Secondly, degradation mechanisms involve molecular mobility which is inversely related to molecular weight. An increased molecular weight should reduce the amount of labile end-groups facilitating chain entanglement. Thus, the molecular mobility of the polymer, which controls the kinetics of decomposition, is reduced.


[bookmark: _Toc443745277]Figure 3.6. TGA plots of PCDTffBT, PCffDTBT and PCffDTffBT with a heating rate of 10oC min-1 under an inert nitrogen atmosphere. 

Powder XRD patterns of polymers PCDTffBT, PCffDTBT and PCffDTffBT were obtained to investigate the molecular organisation of polymers in solid state (Figure 3.6). All polymers display peaks in the low angle region, which suggests the polymers possess some form of long-range translational order. An indication the polymers adopt a more crystalline structure in solid state. The low-angle peak in the XRD pattern is frequently observed in π-conjugated polymers with long alkyl or alkoxy side-chains.26,36,37 Previous literature has shown that this peak is attributed to the distance between π-conjugated backbones which are separated by the solubilising alkyl chains.38,39
Interestingly, PCDTffBT and PCffDTffBT display additional wide angle peaks at 2θ = 25.6o, which corresponds to a π-π stacking distance of 3.48 Å. It is speculated that fluorinating the benzothiadiazole acceptor unit improves molecular ordering by promoting interactions with components on adjacent aromatics. This improves the planarity of the resulting backbone, resulting in strong interchain interactions and a more pronounced packing order. A result consistent with the reduced inhomogeneous broadening observed in the solid state spectra of PCffDTffBT. PCffDTBT does not display an additional peak in this area suggesting that fluorination of the carbazole moiety does have the same impact. Interestingly, Bo et al found that PDFCDTBT, an analogous polymer to PCffDTBT, displayed a π-π stacking distance of 3.7 Å.21 However, the carbazole moiety in PDFCDTBT was decorated with a significantly smaller alkyl chain. It is hypothesised that the larger alkyl chain in PCffDTBT disrupts the formation of π-π stacking in solid state. 


[bookmark: _Toc443745278]Figure 3.7. Powder XRD patterns of PCDTffBT, PCffDTBT and PCffDTffBT.

[bookmark: _Toc443745124]3.3. Conclusions
In summary, the preparation of three fluorinated carbazole-alt-benzothiadiazole D-π-A alternating copolymers PCDTffBT, PCffDTBT and PCffDTffBT were synthesised via Stille polymerisation using toluene as the solvent. The optical, thermal, electrochemical and structural properties in solid state were characterised. The optical band gaps of PCDTffBT, PCDTffBT and PCffDTffBT were estimated to be 1.86, 1.82 and 1.88 eV, respectively. It is hypothesised that the lower optical band gap of PCffDTBT was a consequence of its higher molecular weight. However, the HOMO level was of PCffDTBT (-5.23 eV) and PCffDTffBT (-5.24 eV) was significantly shallower relative to PCDTffBT (-5.44 eV). It is hypothesised that the introduction of fluorine at the 3,6-positions of the carbazole unit increases its donating ability resulting in a shallower HOMO level. Thermogravimetric analysis revealed that the onset of decomposition is strongly dependent upon the molecular weight of the resulting polymer with PCffDTBT and PCffDTffBT displaying the highest and lowest decomposition temperatures, respectively. Powder X-ray diffraction revealed that all polymers possess peaks in the low angle region suggesting all polymers have some form of long range translational order. PCDTffBT and PCffDTffBT both displayed sharp peaks at 2θ values of 25.6o. These peaks are indicative of π-π stacking suggesting fluorination of the benzothiadiazole moiety improves the planarity of the polymer backbone, leading to a more pronounced packing order in solid state. PCffDTBT did not display a shark peak at this angle.
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Chapter IV: Novel Anthracene-Benzothiadiazole Based Donor-Acceptor Copolymers for Applications in Organic Solar Cells*
Five triisopropylsilylacetylene-functionalised anthracene (TIPSAnt) based polymers were synthesised by copolymerising TIPSAnt with either 2,2’-bithiophene, dithienyl-benzo[c]-[1,2,5]thiadiazole, dithienyl-5,6-difluoro-benzo[c]-[1,2,5]thiadiazole, dithienyl-benzo[c]-[1,2,5]thiadiazole or dibithiophenyl-benzo[c]-[1,2,5]thiadiazole to yield PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8, respectively. Unsurprisingly, the lack of solubilising groups in PTAT2, PTATBT and PTATffBT resulted in polymers displaying poor solubility and low molecular weights. PTAT2BT-8 demonstrated the lowest optical (1.81 eV) and electrochemical band gap (1.84 eV), relative to other polymers synthesised. PTAT2 displayed the largest optical band gap (1.97 eV) which can be attributed to the lack of donor-acceptor character in the polymer. The HOMO level of PTAT2BT-8 (-5.32 eV) is significantly shallower compared to its counterparts. This can be attributed to increased intramolecular charge transfer along the conjugated backbone; a consequence of the incorporation of additional thiophene spacer units. 
*Reproduced in part with permission from A. Iraqi, L. J. Taylor, Y. Zhang, T. Wang, N. Scarratt and D. G. Lidzey. Accepted in RSC Advances. Awaiting Publication. All data presented herein are the result of experimental and analysis work undertaken by myself.   

[bookmark: _Toc443745127]4.1. Introduction
The combustion of fossil fuels release carbon dioxide; a gas that accentuates the greenhouse effect and climate change. This has prompted the scientific community to initiate further research into the development of renewable energy materials Organic photovoltaic devices have the potential to provide a clean source of energy owing to their ease of fabrication and low production costs.1,2 
The most successful PSCs to date are devices fabricated using a bulk heterojunction (BHJ) active layer architecture.3–6 A n-type material, commonly a fullerene derivative, is blended with a conjugated polymer, p-type material to form a nanoscale, bicontinuous interpenetrating network.7 Fullerene derivatives have prospered as ideal n-type materials for PSCs.8–10 However, the synthesis of new donor-acceptor (D-A) alternate conjugated copolymers is essential if the efficiencies of PSCs are to rival inorganic devices.11 It is vital that the conjugated polymer displays a low optical band gap, high absorption coefficients, finely tuned frontier energy levels and high hole mobilities.12 The conjugated polymer must display good solubility in common organic solvents to ensure the photovoltaic device can be fabricated using low-cost solution based processing.13,14 
Kallmann and Pope were the first to investigate the photovoltaic effect in organic anthracene crystals.15 Since then, the body of work covering anthracene and its optoelectronic properties have extended. Anthracene and the acene family in general, possess extended π-conjugated systems resulting in planar molecules with high crystallinities.16 π-conjugated systems aid electron transfer along the polymer backbone resulting in high charge mobilities. Furthermore, anthracene is an extremely versatile molecule that can be polymerised through its 2,6-positions or 9,10-positions.17–22 Providing that the polymerisation is conducted through the 2,6-positions, the 9,10-positions can be functionalised with substituents; affording a way to tune the optoelectronic properties of the resulting polymer.19 Consequently, anthracene and its derivatives have found widespread use in organic-field effect transistors and organic light emitting diodes.23–27
The use of anthracene in PSC is limited, which is surprising considering that benzo[1,2-b:4,5-b’]dithiophene (BDT), which has an analogous molecular framework, has found widespread use in high performance PSC devices.28–32 Park et al reported a new class of anthracene-thiophene based copolymers incorporating bulky triisopropylsilylacetylene (TIPS) groups the 9,10-positions of the anthracene moiety.32 It was reported that the incorporation of TIPS groups overcame the poor charge transportation properties and high crystallinities that are generally associated with polythiophene-based copolymers. The polymer yielded efficiencies of 1.70 % when blended with PC60BM and used as the active layer in BHJ photovoltaic devices.32 Iraqi and co-workers presented the preparation of donor-acceptor polymers with alternating 2,6-linked anthracene units with aryloxy substituents at their 9,10-positions and various benzothiadiazole alternate repeat units. Efficiencies ranging from 1.93 to 4.17 % were measured for these polymers.33 More recently, Jo and co-workers synthesised a copolymer composed of thienyl substituted anthracene and diketopyrrolopyrrole. The resulting polymer exhibited an efficiency of 7.02 % and 4.23 % when blended with PC70BM and di-perylene bisimide, respectively.18 
In this chapter we report five examples of benzothiadiazole-anthracene alternate copolymers for applications in organic photovoltaic devices (Figure 4.1). The anthracene moiety will be polymerised through the 2,6-positions. The 9,10-positions will be functionalised with TIPS. Previous literature has shown that incorporation of this group can overcome the high crystallinities that are associated with anthracene.32 The optical, thermal and frontier energy levels of each polymer are measured and compared to ascertain which materials show promise in photovoltaic applications.


[bookmark: _Toc443745279]Figure 4.1. Schematic representations of PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8. 
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[bookmark: _Toc443745128]4.2. Results and Discussion
[bookmark: _Toc443745129]4.2.1. Monomer Synthesis
The synthetic steps involved in the preparation of 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (M7) are outlined in Scheme 4.1. The synthesis of 5,6-difluoro-4,7-bis(5-bromo-4,2-thienyl)-2,1,3,-benzothiadiazole (M1) and 4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole (M2) have been covered in previous chapter (Chapter II). Detailed synthetic procedures are described in the experimental section. 


[bookmark: _Toc443745351]Scheme 4.1. Synthesis of 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (M7): (a) CuBr2, t-BuONO, CH3CN; (b) i) n-BuLi, TIPS, THF ii) SnCl2, HCl (10%); (c) bis(pinacolato)diboron, KOAc, Pd(dppf)Cl2, DMF.
The first step involved the preparation of 2,6-diamino-9,10-anthraquinone (17) from the corresponding amino-substituted anthraquinone (16) using a modified Sandmeyer-reaction. The method is well documented in the literature.34 16 reacts with t-BuONO to form a diazonium salt (Scheme 4.2). It is postulated that this decomposes in the presence of copper (II) bromide to form the desired species (17). The crude product was recrystallised with toluene to afford 17 as a sand-coloured powder. 
The next step in the monomer synthesis was the addition of TIPS groups at the 9,10-positions of 17. It is hoped that the addition of bulky TIPS groups disrupts the π-π stacking of anthracene molecules, improving the solubility of the material in common organic solvents. The first step of the reaction used n-butyl lithium to deprotonate the TIPS group, forming an acetylide carbanion. Once the carbanion was synthesised it was added to a suspension of 17 in anhydrous THF at room temperature. The colour of the solution changed from brown to deep-red upon addition of the acetylide carbanion. Upon completion, the diol intermediate was reduced, in situ, using SnCl2 to yield 2,6-dibromo-9,10-bis(triisopropylsilylacetylene)anthracene (18). The crude material was purified via column chromatography using petroleum ether as the eluent to afford 18 as a luminescent-yellow solid. A 1H NMR of the product is shown in Figure 4.2. The aromatic region demonstrated the expected splitting pattern of doublet, doublet and doublet of doublets an doublet located at 8.84, 8.48 and 7.70 ppm, respectively. A large singlet peak at 1.30 ppm corresponds to the hydrogen atoms on the TIPS groups. 


[bookmark: _Toc443745352]Scheme 4.2. Proposed mechanism for the formation of 2,6-dibromo-9,10-anthraquinone (17). 
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[bookmark: _Toc443745280]Figure 4.2. 1H-NMR spectra of 2,6-dibromo-9,10-bis(triisopropylsilylacetylene)anthracene (18).
The final step in the preparation of the anthracene monomer involved substituting the bromine atoms for boronic esters so that the product could be polymerised via Suzuki coupling. Treatment of 18 with bis(pinacolato)di-boron in the presence of Pd(dppf)Cl2 and the base, potassium acetate, yield the final product (M7). Purification of the product was undemanding. The instability of boronic esters on chromatographic supports eliminated chromatography as a purification method. However, dissolving the crude material in the minimum amount of hot diethyl ether and precipitating in basic methanol successfully removed unreacted bis(pinacolato)diboron and any unwanted by-products to yield the product as a yellow-solid powder. 1H-NMR was used to characterise the material and confirm that bromine was successfully substituted with bis(pinacolato)boron groups (Figure 3). The NMR revealed the splitting pattern of the aromatic region to be a singlet, doublet and doublet of doublets at 9.26, 8.60 and 7.92 ppm, respectively. The observed downfield-shift in the aromatic peaks, relative to the 1H NMR of 18, indicated that the reaction had been successful. 
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[bookmark: _Toc443745282]Figure 4.3. 1H-NMR spectra of 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (M7). 
[bookmark: _Toc443745130]4.2.2. Polymer Synthesis
M7 was then reacted with 5,5’-dibromo-2,2’-bithiophene (M9), 4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole (M2), 5,6-difluoro-4,7-bis(5-bromo-4,2-thienyl)-2,1,3,-benzothiadiazole (M1), 4,7-bis(5-bromothiophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (M10) and 4,7-bis(5’-bromo-[2,2’-bithiophen]-5-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (M11) via Suzuki coupling, in the presence of Pd(OAc)2 and tri(o-tolyl)phosphine, to yield PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8, respectively. All polymerisations proceeded quickly, with none being left longer than 3 hours owing to large quantities of polymer precipitating out of solution. The polymers were fractionated via Soxhlet extraction using the solvents; methanol, acetone, hexane and toluene. All polymers, with the exception of PTAT2, were obtained as deep purple powders. PTAT2 was obtained as a deep red powder. The chemical structures of all polymers were confirmed via 1H NMR and elemental analysis. It should be noted that the elemental analysis values sometimes deviate from the expected values by several percent and are thus outside of tolerance. This can be attributed to the incomplete combustion of the sample during analysis. It is presumed that the samples were not suitable for C, H, N, S analysis via the chosen method.  
The yield of certain polymers, notably PTAT2, PTATBT, PTATffBT and PTAT2BT-8, were low and large amounts of polymer remained unextracted in the Soxhlet thimble. Presumably, the absence of solubilising substituents on the acceptor-moieties in PTAT2, PTATBT and PTATffBT facilitates stronger π-π stacking and aggregation of polymer chains, which severely limits accessibility to soluble high molecular weight materials. Despite PTATffBT being extracted in the toluene fraction, it should be noted that PTATffBT exhibited poor solubility in organic solvents such as chloroform, chlorobenzene, o-dichlorobenzene and 1,2,4-trichlorobenzene at elevated temperatures. Therefore, the values obtained in the polymer analysis do not fully represent their true value.
It was speculated that the yield of PTAT2BT-8 was significantly lower than PTATBT-8 owing to the incorporation of additional thiophene units. Consequently, the small solubilising TIPS substituents positioned on the anthracene unit were not enough to facilitate the processability of the high molecular weight fraction of the polymer. 
The number average weight (Mn) and weight average molecular weight (Mw) of all polymers were measured using high-temperature (140oC) gel permeation chromatography (GPC) using 1,2,4-trichlorobenzene as the eluent and polystyrene as the internal standard (Table 4.1). PTATBT-8 displayed a Mn of 13,600 and a Mw of 38,700 Da. PTAT2BT-8 displayed a reduced Mn (6,600 Da) and a Mw (13,200 Da) relative to PTATBT-8, which can be attributed to the incorporation of additional thiophene-spacer units without solubilising groups. PTATBT displayed lower Mn (2,400 Da) and a Mw (2,900 Da).
PTATBT, PTATBT-8 and PTAT2BT-8 are analogous to three polymers previously synthesised by Iraqi and co-workers (PPATBT, PPATBT-8 and PPAT2BT-8).33 In PPATBT, PPATBT-8 and PPAT2BT-8 the anthracene moiety is functionalised with 4-dodecyloxybenzene groups, instead of TIPS. PPATBT, PPATBT-8 and PPAT2BT-8 display higher molecular weights than their analogous polymers synthesised within this chapter. It is hypothesised that the larger 4-dodecyloxybenzene groups disrupt the planarization of the polymers, resulting in reduced intermolecular interactions and higher molecular weight products. 


[bookmark: _Toc443745283]Figure 4.4. Schematic representation of PPATBT, PPATBT-8 and PPAT2BT-8 synthesised by Iraqi et al. 
PTAT2, displayed Mn and Mw values of 2,800 and 3,900 Da, respectively. PTAT2 is an analogous polymer to PAT2 synthesised by Park et al.32 In PAT2 the thiophene spacer units were decorated with solubilising-dodecyl chains.32 The authors speculated that there was a large amount of steric repulsion between the long dodecyl chains and bulky TIPS groups, which retard the polymerisation, yielding a low molecular weight polymer. 
PTATffBT displayed the lowest Mn and Mw of all polymers synthesised with values of 2,100 Da and 2,500 Da, respectively. The absence of solubilising substituents on the TffBT units is responsible for this. Previous studies have indicated that incorporation of fluorine on the benzothiadiazole-moiety facilitates stronger π-π stacking and aggregation of polymer chains, which severely limits accessibility to high molecular weight materials.35,36 This phenomenon was observed in PFDo-DffBT and PCDTffBT. However, these polymers had a higher Mn and Mw relative to PTATffBT, which can be attributed to larger solubilising chains being attached to the donor-moieties. The same phenomenon is repeated for the two analogous polymers PTATBT and PFDo-DBT. 
[bookmark: _Toc443745131]4.2.3. Optical Properties
The absorption spectra of the polymers were recorded in chloroform solution and as drop-cast films (Figure 4.5). The optical band gap and absorption value maxima are shown in Table 4.1. PTATffBT displays absorptions maxima at 357, 455 and 520 nm in chloroform solution and at 328, 469 and 523 nm in films. The lack of a significant bathochromic shift from solution to film indicates that the polymers adopt similar energetic conformations in both solution and film states. The additional peaks in the UV-vis spectra of PTATffBT are attributed to the improved vibronic transitions of the polymer; indicating molecular ordering within the molecular ensemble has been increased in films. The optical band gap of PTATffBT was calculated to be 1.92 eV, which is slightly wider than the optical band gap of the analogous polymers PFDo-DffBT (Chapter II) and PCDTffBT (Chapter III). It is speculated the increased band gap of PTATffBT is a result of the lower molecular weight relative to PFDo-DffBT and PCDTffBT. It is also plausible that the TIPS-functionalised anthracene donor is a weaker donor relative to fluorene and carbazole that are used in PFDo-DffBT and PCDTffBT, respectively. This would decrease the amount of D-A character in the polymer leading to a less pronounced ICT band and a larger optical band gap. 



[bookmark: _Toc443745241]Table 4.1. A summary of the GPC and UV-vis absorption data for PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8.
	Polymer
	Mn (Da)a
	Mw (Da)a
	PDIb
	λmax Solution (nm)
	λmax Film (nm)
	Egopt (eV)c

	PTAT2
	2,800
	3,900
	1.39
	399, 517
	400, 522
	1.97

	PTATBT
	2,400
	2,900
	1.21
	368, 465, 541
	368, 556
	1.84

	PTATffBT
	2,100
	2,500
	1.19
	357, 455, 520
	328, 469, 523
	1.92

	PTATBT-8
	13,600
	38,700
	2.85
	344, 524
	369, 555
	1.85

	PTAT2BT-8
	6,600
	13,200
	2.00
	395, 540
	402, 566
	1.81


aMeasurements conducted on the toluene fractions of polymers using a differential refractive index (DRI) detection method. bPDI = Polydispersity Index. cOptical energy gap determined from the onset of the absorption band in thin film. 


[bookmark: _Toc443745284]Figure 4.5. Normalised absorption spectra of PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8 in; (a) chloroform solutions; and (b) thin films. 
PTAT2 displayed absorption maxims at 399 and 517 nm in solution. These were red-shifted to 400 and 522 nm in thin film states. The small bathochromic shift is indicative of a small molecular weight and little structural difference between the polymer backbone in solution and solid state. The absorption maxims for PTAT2 synthesised in this report are red-shifted when compared to PAT2, an analogous polymer synthesised by Park et al.32 The authors proposed that PAT2 possess a large amount of intramolecular distortion owing to the close proximity of the dodecyl-chains and bulky TIPS solubilising groups. This distorts the planarity of the polymer backbone, decreasing the effective conjugation length which accounts for the blue-shifted absorption maxima. The optical band gap of PTAT2 was estimated to be 1.97 eV. Unfortunately, Park and co-workers made no reference to the optical band gap of PAT2. Therefore, no comparison can be made. The optical band gap of PTAT2 is wider than that of (rr)P3HT. It is theorised that the high Mw of P3HT and its crystallinity is responsible for this phenomenon.12,37 Previous literature has shown that high molecular weights reduce the optical band gap by extending the electronic delocalisation.38–40 
PTATBT displays absorption bands at 368, 465 and 541 nm in chloroform solution and at 368 and 556 nm in films. PTATBT-8 displays absorption bands in the visible region at 524 and 556 nm, in chloroform solution and film states, respectively. The bathochromic shift that is observed from solution to film can be ascribed to a more coplanar structure in solid state. PTAT2BT-8 displays a maximum at 540 nm in chloroform solution. The absorption maximum of PTAT2BT-8 is red-shifted to 566 nm in film. The intramolecular charge transfer (ICT) band in the solid-state optical spectrum of PTAT2BT-8 is more pronounced relative to the π-π* band. This phenomenon is not repeated in PTATBT-8.  Furthermore, the optical band gaps of PTAT2BT-8 (1.81 eV) is lower than that of PTATBT-8 (1.85 eV). It is speculated that the incorporation of a bithiophene spacer facilitates intramolecular charge transfer along the polymer backbone resulting in increased electronic delocalisation and a reduced optical band gap. The optical band gaps of PTATBT, PTATBT-8 and PTAT2BT-8 are located close to the maximum solar-energy flux. 
PPATBT, PPATBT-8 and PPAT2BT-8 previously synthesised by the Iraqi group display optical band gaps of 1.84, 1.96 and 1.86 eV, respectively.33 It is speculated that the acetylene group and the long C-Si bond present in TIPS moves the solubilising alkyl chains further away from the conjugated backbone; facilitating planarization of the polymer backbone and π-π interchain stacking. A result consistent with the reduced Mn and Mw values obtained for PTATBT, PTATBT-8 and PTAT2BT-8, relative to PPATBT, PPATBT-8 and PPAT2BT-8. 
[bookmark: _Toc443745132]4.2.4. Electrochemical Properties
The excitons formed in conjugated polymers have a large binding energy that exceeds ambient conditions. In this situation, it is possible for a photon to have sufficient energy to create an exciton but not enough energy to generate free charge carriers. It is this phenomenon that allows a polymer to exhibit an optical and electrochemical band gap. The former is measured using UV-vis spectroscopy and is specifically the energy range in which photons can be absorbed, allowing the formation of excitons. The electrochemical band gap is the threshold for generating free charge carriers, necessary for the conversion of light into electrical energy. 


[bookmark: _Toc443745285]Figure 4.6. Cyclic voltammograms of PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8 on platinum disc electrodes (area 0.031 cm2) at a scan rate of 100 mV s-1 in acetonitrile/tetrabutylammonium perchlorate (0.1 mol dm-3).
The frontier energy levels (vs vacuum) of the polymers were determined from the onsets of oxidation and reduction (Table 4.2). The onsets were determined via cyclic voltammetry measurements, which were conducted on drop-cast polymer films in acetonitrile with tetrabutylammonium perchlorate as the electrolyte (Figure 4.6). The HOMO/LUMO levels of PTATBT, PTATBT-8 and PTAT2BT-8 were estimated to be -5.46/-3.16 eV, -5.46/-3.42 eV and -5.31/-3.47 eV, respectively. The shallower HOMO level of PTAT2BT-8, relative to that of PTATBT-8, is a result of increased intramolecular charge transfer along the conjugated backbone, a consequence of incorporating bithiophene spacer-units. However, the LUMO level of PTAT2BT-8 is at a similar energy level to that of PTATBT-8. The LUMO level of PTATBT is significantly shallower relative to both PTATBT-8 and PTAT2BT-8. It is speculated that the low molecular weight of PTATBT is responsible for this observation. Previous literature has shown that the LUMO level of a polymer decrease more rapidly, relative to the HOMO level, as the molecular weight increases.41 This is attributed to molecular orbital hybridisation of each monomer resulting in localisation of the LUMO level on the acceptor moiety as the Mw of the polymer increases.41 It is speculated that the low Mw of PTATBT will result in the polymer displaying poor charge transport properties owing to a higher concentration of polymer chain ends and decreased packing density. 
PPATBT, PPATBT-8 and PPAT2BT-8 synthesised by Iraqi et al display HOMO/LUMO levels of -5.44/-3.21 eV, -5.48/-3.14 eV and -5.35/-3.11 eV, respectively.33 Clearly, the electronic properties of the resulting polymer are changed significantly when the substituents attached at the 9,10-positions of anthracene are altered. The TIPS group is fully conjugated to the anthracene π-system (resonance effect) and the sp hybridised acetylene carbons are more electron withdrawing than the sp2 hybridised orbitals carbons to which they are attached (inductive effect). Thus, polymers that incorporate TIPS groups induce efficient intramolecular charge separation resulting in a notable decrease in the LUMO level, with the exception of PTATBT.
PTATffBT displays the deepest HOMO level of all polymers synthesised within this report; a consequence of substituting octyloxy groups on the benzothiadiazole-moiety for fluorine. This is consistent with previous literature, which shows that fluorination of acceptor moieties yields deeper HOMO levels.35,36,42,43 However, the LUMO level of PTATffBT is significantly shallower relative to PTATBT-8, PTAT2BT-8. Furthermore, the LUMO of the PTATffBT is shallower than the analogous fluorinated polymers PFDo-DffBT (Chapter II) and PCDTffBT (Chapter III). It is speculated that the low molecular weight of PTATffBT is responsible for this observation. Previous literature has shown that the LUMO level of a polymer decrease more rapidly, relative to the HOMO level, as the molecular weight increases.41 


[bookmark: _Toc443745242]Table 4.2. A summary of the thermal and electrochemical properties of PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8. 
	Polymer
	Td (oC)a
	HOMO (eV)b
	LUMO (eV)c
	Egopt (eV)d

	PTAT2
	361
	-5.48
	-3.45
	1.99

	PTATBT
	352
	-5.46
	-3.15
	2.31

	PTATffBT
	352
	-5.48
	-3.16
	2.32

	PTATBT-8
	334
	-5.46
	-3.42
	2.04

	PTAT2BT-8
	341
	-5.31
	-3.47
	1.84


aOnset of degradation as determined via thermogravimetric analysis with a heating rate of 10oC min-1 under an inert nitrogen atmosphere. bHOMO position (vs vacuum) determined from the onset of oxidation. cLUMO position (vs vacuum) determined from the onset of reduction. dElectrochemical energy gap.
PTAT2 displayed a HOMO level equal to that of PTATffBT. Both anthracene and thiophene are electron donating species. It is speculated that the lack of an electron accepting-moiety is responsible for the deep HOMO level. The LUMO level of PTAT2 was estimated to be -3.43 eV. This corresponds to an electrochemical band gap of 2.09 eV. Unfortunately, Park et al did not make any reference to the HOMO/LUMO levels of PAT2. 
[bookmark: _Toc443745133]4.2.5. Thermal Properties
The thermal properties of all conjugated polymers were investigated using thermogravimetric analysis (TGA). The resulting thermograms of the polymers are plotted in Figure 4.7. The onset of degradation temperatures can be found in Table 4.2. All polymers possess good thermal stabilities with degradation temperatures (5 % weight loss) in excess of 300 oC; a desirable property for the fabrication of organic photovoltaic devices. Unsurprisingly, PTATBT-8 and PTAT2BT-8 displayed the lowest onset of degradation with temperatures of 334 and 341 oC, respectively. The introduction of solubilising octyloxy side chains introduces carbon-oxygen (C-O) and carbon-carbon (C-C) single bonds. These require less energy to break relative to the C-C double bonds that form the backbone of the conjugated polymer.
Interestingly, the fluorinated polymer PTATffBT did not display an increased onset of decomposition relative to its non-fluorinated polymer PTATBT; a result that was observed in chapter II with PFDo-DBT and PFDo-DffBT. Previous literature, including that done within this thesis, has shown that fluorinated species shows a marginally higher onset of decomposition relative to their non-fluorinated analogues.35,44 GPC determined that PTATBT and PTATffBT have low molecular weights and low degrees of polymerisation; 3.0 and 2.5 for PTATBT and PTATffBT, respectively. Thus, it is possible that the small benefits that fluorination has upon the thermal properties are negated by the low molecular weight of PTATffBT. 
PTAT2 displayed the highest onset of decomposition. It is hypothesised that the high planarity and lack of substituents lead to the formation of additional intermolecular and intramolecular interactions, which require additional energy to break. 


[bookmark: _Toc443745286]Figure 4.7. TGA plots of PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8 with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen.

[bookmark: _Toc443745134]4.3. Conclusions 
Five triisopropylsilylacetylene-functionalised anthracene (TIPSAnt) based polymers were synthesised by copolymerising TIPSAnt with either 2,2’-bithiophene, dithienyl-benzo[c]-[1,2,5]thiadiazole, dithienyl-5,6-difluoro-benzo[c]-[1,2,5]thiadiazole, dithienyl-benzo[c]-[1,2,5]thiadiazole or dibithiophenyl-benzo[c]-[1,2,5]thiadiazole to yield PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8, respectively. The yields of all polymers, with the exception of PTATBT-8, were low; a consequence of having few solubilising groups per repeat unit. Consequently, certain polymers, notably PTATffBT, demonstrated poor solubility in common organic solvents at elevated temperature. Both PTATBT-8 and PTAT2BT-8 displayed good solubility in common organic solvents; a consequence of incorporating octyloxy-chains onto the 5,6-positions of the benzothiadiazole acceptor-moiety. GPC revealed that incorporation of octyloxy chains on the benzothiadiazole facilitated the formation of soluble high molecular weight polymers. PTATBT-8 displayed the highest Mn and Mw of all polymers synthesised with values of 13,600 Da and 38,700 Da, respectively. In contrast, PTATffBT displayed the lowest Mn (2,100 Da) and Mw (2,500 Da). UV-visible spectroscopy revealed that PTAT2BT-8 displayed the lowest optical band gap of all polymers synthesised with a value of 1.81 eV. PTAT2 and PTATffBT possessed large optical band gaps with values of 1.97 and 1.92 eV, respectively. It is hypothesised the lack of D-A character is responsible for this observation in PTAT2. The optical bands gaps of PTATBT (1.84 eV), PTATBT-8 (1.85 eV) and PTAT2BT-8 (1.81 eV) are located close to the maximum solar flux. PTATffBT displayed the deepest HOMO level (-5.48 eV); a consequence of utilising a fluorinated-benzothiadiazole acceptor monomer. PTAT2 displayed a HOMO level equal to that of PTATffBT; a consequence of the electron rich nature of both anthracene and thiophene. PTATBT-8 and PTAT2BT-8 displayed HOMO levels of -5.46 and -5.31 eV. The addition of an additional thiophene spacer unit in PTAT2BT-8 increases intramolecular charge transfer along the conjugated backbone resulting in a shallower HOMO level relative to PTATBT-8. The thermal properties were investigated via TGA. PTATBT-8 and PTAT2BT-8 possess the lowest onset of degradation; a result of incorporating octyloxy chains on the benzothiadiazole moiety. PTATffBT did not display an increased onset of decomposition relative to its non-fluorinated polymer, PTATBT. 
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Chapter V: Anthracene-Thieno[3,4-c]pyrrole-4,6-dione Based Donor-Acceptor Conjugated Copolymers for Applications In Optoelectronic Devices*
Three novel alternating copolymers of thieno[3,4-c]pyrrole-4,6-dione (TPD) and triisopropylsilylacetylene-functionalised anthracene were prepared via Suzuki polymerisation. Various solubilising substituents were attached to the TPD moiety in order to ascertain the impact they have upon the optical, electrochemical and thermal properties of the resulting polymers. All copolymers showed good solubility and thermal stability with decomposition temperatures in excess of 300oC. Optical properties revealed that PTATPD(O), PTATPD(DMO) and PTATPD(BP) displayed optical energy gaps in excess of 2.0 eV. It is speculated that steric repulsion between solubilising groups on repeat units along polymer chains reduces their planarity and decreases their electronic conjugation. The amorphous nature of the polymers was confirmed with differential scanning calorimetry (DSC) and powder x-ray diffraction (XRD). The HOMO levels of the three polymers are unaffected by the different solubilising chains. However, they exert some influence over the LUMO levels with PTATPD(BP) and PTATPD(O) displaying the lowest LUMO levels (-3.4 eV). In contrast, PTATPD(DMO) displayed the highest LUMO level (-3.3 eV).
*Reproduced in part with permission from T. J. Neal, N. J. Rutland and A. Iraqi. Polym. Adv. Tech. 2015. All data presented herein are the result of experimental and analysis work undertaken by myself.    

[bookmark: _Toc443745137]5.1. Introduction  
Semiconducting polymers offer distinct advantages over their inorganic counterparts including: light weight, improved mechanical flexibility, large active layers and can be manufactured using low-cost solution processing.1,2 It is hypothesised that conjugated polymers will fulfil a larger number of functions providing large scale industrial manufacture of organic electronics becomes feasible.1 In actuality, the commercial success of organic light-emitting diodes (OLEDs) should serve as a platform to promote the efficacy of organic optoelectronic devices.3–6 Aside from OLEDs, the electrical, magnetic and optical properties of conjugated polymers makes them promising candidates for organic photovoltaic devices, organic field-effect transistors, electrochromic devices and stable electronic memories on flexible circuit boards.7–15 Furthermore, they have proven to be suitable candidates for gas and humidity sensing and bio-sensing, which can be attributed to their sensitivity to biological, chemical and physical perturbations.16,17 
The attractiveness of conjugated polymers lies in the facile tunability of their optical, electronic and morphological properties.18  Previous literature has proven that copolymerising an electron-rich donor monomer with an electron-deficient acceptor unit in a so-called donor-acceptor (D-A) arrangement is an effective method of tuning these properties.19–21 The alternation of donor and acceptor units results in hybridisation of the acceptor LUMO and donor HOMO, resulting in a decreased band gap.12 Moreover, it is believed the D-A arrangement promotes intramolecular charge transfer (ICT) along the polymer backbone, which can enhance charge carrier mobility.12 This D-A methodology has been used to produce a range of conjugated chromophores that absorb light over the whole solar spectrum. 
Literature reports have speculated that the highly planar and symmetrical structure of thieno[3,4-c]pyrrole-4,6-dione (TPD) repeat units along polymer chains could improve electron delocalisation thereby enhancing interchain interactions and increasing their hole mobility.22,23 Furthermore, the nitrogen of the imide functionality can be substituted with solubilising groups, facilitating solution processing of the final polymer. Finally, the electron-withdrawing nature of the TPD moiety allows it, once polymerised with alternate electron donor units, to form the highly desirable D-A arrangement. There is currently a large body of work covering the use of TPD in optoelectronic devices, mainly in photovoltaic devices and organic field-effect transistors.22–26 TPD-based copolymers have displayed efficiencies up to 8% when fabricated into a bulk heterojunction solar cell using PC70BM as the acceptor.27 Additionally, TPD containing copolymers have displayed high hole mobilities (1.29 cm2/Vs) when fabricated into field-effect transistors.28 
2,6-Linked anthracene units are finding use in D-A conjugated polymers.29–33 Iraqi and co-workers presented the preparation of D-A polymers with alternating 2,6-linked anthracene units with aryloxy substituents at their 9,10-positions and various benzothiadiazole alternate repeat units.33 Bulk heterojunction solar cells fabricated from these polymers displayed efficiencies ranging from 1.93 – 4.17 % when blended with PC70BM.33 


[bookmark: _Toc443745287]Figure 5.1. Schematic representation of the three polymers synthesised in this chapter.
Copolymers comprising alternating benzo[1,2-b:4,5-b’]dithiophene (BDT) units and electron donating units have been reported in literature.34–37 However, to the best of our knowledge, nobody has reported any alternating TPD-anthracene copolymers. In this chapter we report the synthesis of three alternating copolymers comprising TPD with varying substituents as electron-accepting moieties and triisopropylsilylacetylene-functionalised anthracene as electron-donor moieties. The preparation of polymers PTATPD(O), PTATPD(DMO) and PTATPD(BP) (Scheme 5.1) is presented along with a study of their optical, electrochemical, thermal and structural properties.
[bookmark: _Toc443745138]5.2. Results and Discussion
[bookmark: _Toc443745139]5.2.1. Monomer Synthesis
The synthetic steps involved in the preparation of 1,3-dibromo-5-octyl-thieno[3,4-c]pyrrole-4,6-dione, 1,3-dibromo-5-(3,7-dimethyloctyl)-thieno[3,4-c]pyrrole-4,6-dione and 1,3-dibromo-5-(4-butylphenyl)thieno[3,4-c]pyrrole-4,6-dione are outlined in Scheme 5.1. In depth synthetic procedures are located in the experimental section.


[bookmark: _Toc443745353]Scheme 5.1. Synthesis of the 1,3-dibromo-5-functionalised-thieno[3,4-c]pyrrole-4,6-diones: (a) S8, Et3N, DMF; (b) t-BuONO, THF; (c) 2M NaOH; (d) Br2, AcOH; (d) (CH3CO)2O; (f) R-NH2, THF; and (g) SOCl2.


[bookmark: _Toc443745354]Scheme 5.2. Schematic representation depicting the major intermediates in the formation of 3-ethyl-4-methyl-2-aminothiophene-3,4-dicarboxylate (20).

The initial step in the synthetic procedure is the formation of 3-ethyl-4-methyl-2-aminothiophene-3,4-dicarboxylate (20). The reaction involves the condensation of methyl 2-oxopropanoate, a ketone, with ethyl cyanoactetate, an α-cyanoester, in the presence of elemental sulphur.  The reaction is commonly referred to as the Gewald reaction.38 The mechanism of this reaction is outlined in Scheme 5.3. The initial step is the condensation of the ketone with the α-active methylene nitrile with the elimination of water to yield the stable intermediate (b). This is known as a Knoevenagel condensation reaction.38 The exact mechanism for the rest of the reaction is not fully understood. However, it is believed that the ylidene-sulphur adduct (c) is formed as an intermediate. Cyclisation of the intermediate, c, followed by tautomerisation yields the desired product.38
The next of the synthetic route uses a modified Sandmeyer reaction to remove the tertiary amine group. This is followed by a simple ester hydrolysis to give thiophene-3,4-dicarboxylic acid (21). 
21 is then reacted with elemental bromine in the presence of acetic acid to yield 2,5-dibromothiophene-3,4-dicarboxlyic acid (22). Carboxylic acids are moderately deactivating groups. Thus, long reaction times, heating and a polar solvent are employed to facilitate bromination at both the 2- and 5-positions. The presence of the polar solvent, acetic acid stabilises the ionic intermediate.
4,6-Dibromothieno[3,4-c]furan-1,3-dione (23) was synthesised by heating 2,5-22 in acetic anhydride. Acetic anhydride acts as a dehydrating reagent, facilitating the formation of the cyclic anhydride (23). 
The final step in the synthesis of the TPD monomers involves the conversion of the cyclic anhydride (23) into a cyclic imide. This is achieved by reacting 23 with a primary amine followed by reaction with thionyl chloride. The major intermediates for this reaction are shown in Scheme 5.3. 


[bookmark: _Toc443745355]Scheme 5.3. Major intermediates for the conversion of the cyclic anhydride (23) into the final monomers (M12, M13 and M14). 
This reaction has two consequence: (1) it introduced solubilising substituents into the molecular, thus, increasing the solubility of the resulting monomer unit. Hopefully this will facilitate the formation of high molecular weight polymer products. (2) It forms an electron withdrawing imide group, a vital requirement for the monomers electron withdrawing properties. 
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[bookmark: _Toc443745288]Figure 5.2. 1H NMR of M14. 
1H NMR was used to characterise the monomers and confirm that the reaction had been successful. The 1H NMR of M14 is depicted in Figure 5.2. The aromatic region showed the expected splitting pattern with two doublet of doublet peaks located at 7.31 and 7.27 ppm. Both of these peaks possessed the same coupling constant (8.56 Hz). The peaks located between 2.67 – 0.96 ppm correspond to the butyl chain attached to the phenyl ring. 
[bookmark: _Toc443745140]5.2.2. Polymer Synthesis
PTATPD(O), PTATPD(DMO) and PTATPD(BP) were prepared via Suzuki coupling using  Pd(OAc)2 and tri(o-tolyl)phosphine as the catalyst and sodium hydrogen carbonate as the base (Scheme 5.2). All polymerisations were left for 24 hours with large quantities of bright red precipitate forming. The polymers were fractionated via Soxhlet extraction using methanol, acetone, hexane and toluene. The toluene fractions were collected, reduced in vacuo and precipitated in methanol. Subsequent studies were conducted on the toluene fractions only. The chemical structures of PTATPD(O), PTATPD(DMO) and PTATPD(BP) were confirmed via 1H-NMR and elemental analysis. The number-average molecular weight (Mn) and weight-average molecular weight (Mw) were estimated using gel permeation chromatography (GPC) using 1,2,4-trichlorobenzene as the eluent at 140oC (Table 5.1). Substituting n-octyl chains in PTATPD(O) for dimethyloctyl chains in PTATPD(DMO) on the TPD moiety, results in a significantly higher Mw. It is speculated that the branched alkyl chain disrupts intermolecular interactions in solution, increasing the solubility of the resulting polymer. Thus, the final polymer product is able to achieve a higher Mw before precipitating out of solution. PTATPD(BP) displays a higher Mw (97,700 Da) relative to PTATPD(O) (74,600 Da). However, the Mn of PTATPD(BP) and PTATPD(O) are 25,900 and 27,300 Da, respectively. Thus, PTATPD(BP) has a significantly wider distribution of molecular weights, relative to PTATPD(O). 


[bookmark: _Toc443745356]Scheme 5.4. Synthesis of PTATPD(O), PTATPD(DMO) and PTATPD(BP): (a) Pd(OAc)2, P(o-tolyl)3, THF and sodium hydrogen carbonate.

[bookmark: _Toc443745141]5.2.3. Optical Properties
	Polymer
	Mn (Da)a
	Mw (Da)a
	PDIb
	λmax Solution (nm)
	λmax Film (nm)
	Egopt (eV)c

	PTATPD(O)
	27,300
	74,600
	2.73
	383, 529
	388, 548
	2.16

	PTATPD(DMO)
	40,900
	106,700
	2.61
	383, 533
	390, 553
	2.14

	PTATPD(BP)
	25,900
	97,700
	3.77
	383, 532
	389, 550
	2.12


[bookmark: _Toc443745243]Table 5.1. A summary of the GPC and optical data for PTATPD(O), PTATPD(DMO) and PTATPD(BP).
aMeasurements conducted on the toluene fractions of polymers using a differential refractive index (DRI) detection method. bPDI = Polydispersity Index. cOptical energy gap determined from the onset of the absorption band in thin film. 
The absorption properties of all polymers were investigated in chloroform solution and film states (Figure 5.3). The results are summarised in Table 5.1. All polymers display an intense transition band at 383 nm in solution, corresponding to a π-π* transition. This band is red-shifted to 388, 390 and 389 nm for PTATPD(O), PTATPD(DMO) and PTATPD(BP), respectively, in films states. PTATPD(O), PTATPD(DMO) and PTATPD(BP) display a second, less intense transition at 529, 533 and 532 nm in solution, respectively. This is red-shifted to 548, 553 and 550 nm for PTATPD(O), PTATPD(DMO) and PTATPD(BP) in film states, respectively. This transition corresponds to intramolecular charge transfer between the TPD-acceptor unit and the TIPS-functionalised anthracene moiety. The small bathochromic shift (~ 20 nm) that is observed from solution to films indicates that the polymers adopt a similar conformation in both states. The optical band gaps were estimated to be 2.16, 2.14 and 2.12 eV for PTATPD(O) and PTATPD(DMO) and PTATPD(BP), respectively. 
The results indicate that the optical properties of the polymers are not significantly affected by the molecular weight or the nature of the substituent attached to the TPD moiety. It is speculated that there is a large torsion angle between anthracene moiety and the TPD unit, arising from the intramolecular repulsion between the bulky TIPS group and functionalised-imide on the TPD. Consequently, the planarity of the polymer is disrupted. Thus, orbital overlap between non-coplanar aromatics is poor, leading to localisation of the π-electron wave functions and a decreased electronic conjugation. Therefore, the true effects the different substituents have on the optical properties are not revealed. It is hypothesised that the lack of a regular, planar structure will result in an amorphous polymer. The localised wavefunction explains why all anthracene-TPD based copolymers synthesised within this chapter have significantly wider band gaps than the anthracene-benzothiadiazole based copolymers synthesised in Chapter IV.


[bookmark: _Toc443745289]Figure 5.3. Normalised absorption spectra of PTATPD(O), PTATPD(DMO) and PTATPD(BP) in: (a) chloroform solution; and (b) thin films.
Najari and co-workers synthesised a series of thieno[3,4-c]pyrrole-4,6-dione-alt-2,7-carbazole polymers. The lowest optical band gap reported by the group was 1.97 eV. They speculated that the alkyl chains twist the polymer backbone decreasing effective conjugation length resulting in a wider optical band gap.39 A result which agrees which is consistent with our findings. 


[bookmark: _Toc443745290]Figure 5.4. Schematic representation of the thieno[3,4-c]pyrrole-4,6-dione-alt-2,7-carbazole polymers synthesised by Najari and co-workers. 
The homopolymer, regioregular poly(3-hexylthiophene-2,5-diyl (P3HT), displays a narrower optical band gap (1.9 eV) and a larger bathochromic shift from solution to film.40,41 It is hypothesised that the localisation of the π-electron wavefunction, decreased electronic conjugation and amorphous nature of the polymers synthesised in this report are responsible for the wider optical band gaps, relative to P3HT. Furthermore, it is known that the solar harvesting of P3HT is restricted by its mismatch with the solar spectrum.40,41 The optical band gaps of PTATPD(O), PTATPD(DMO) and PTATPD(BP) are wider than that of P3HT. Thus, these polymers are not optimised with respect to the maximum photon flux of the solar spectrum. 
[bookmark: _Toc443745142]5.2.4. Electrochemical Properties
Cyclic voltammetry was used to characterise the frontier energy levels of the three polymers. The cyclic voltammograms on drop cast films in tetrabutylammonium perchlorate acetonitrile solutions of PTATPD(BP), PTATPD(O) and PTATPD(DMO) display irreversible oxidation peaks (Figure 5.5). It is hypothesised that oxidation of the polymer yields a radical cation state localised on the imide moiety, which undergoes an irreversible chemical transformation. In contrast, the reduction peaks of all polymers are quasi-reversible. The energy levels of all polymers were estimated from the onset of the oxidation and reduction potentials. The calculated HOMO levels of PTATPD(BP), PTATPD(O) and PTATPD(DMO) are -5.87, -5.90 and -5.88 eV, respectively. The results indicate that incorporation of different substituents on the imide functionality does not significantly alter the HOMO level of the resulting polymer. However, it does have a slightly larger influence on the LUMO level of the resulting polymer. PTATPD(DMO) displays the highest LUMO level (-3.33 eV). In comparison, PTATPD(BP) displays the lowest LUMO level (-3.40 eV). PTATPD(O) displays an intermediary LUMO level with a value of -3.36 eV. The results suggest that attaching different substituents to the imide functionality can subtly perturb the electron density on the main polymer chain. 


[bookmark: _Toc443745291]Figure 5.5. Cyclic voltammograms of PTATPD(O), PTATPOD(DMO) and PTATPD(BP) on platinum disc electrodes (area 0.031 cm2) at a scan rate of 100 mV s-1 in acetonitrile/tetrabutyl ammonium perchlorate (0.1 mol dm-3).
The electrochemical band gap of the polymers is significantly larger than their corresponding optical band gap. It is believed that the additional energy is the result of the strong Coulomb attraction of excitons, which needs to be overcome in order to generate free charge carriers.  
Previous literature has estimated the HOMO levels of P3HT to be -5.00 eV.40,41 All polymers synthesised within this report display deeper HOMO levels than P3HT, which should translate to improved oxidative stability.  Furthermore, all polymers synthesised in this contribution demonstrate significantly deeper HOMO levels than the polymers synthesised by Najari and co-workers.39 The lower HOMO level of TPD-anthracene copolymers suggests that TIPS-functionalised anthracene is a weaker donor relative to 2,7-linked carbazole. 
	Polymer
	Tg (oC)a
	[bookmark: OLE_LINK7]Td (oC)b
	HOMO (eV)c
	LUMO (eV)e
	Egopt (eV)f

	PTATPD(O)
	56.4
	360
	-5.88
	-3.36
	2.52

	PTATPD(DMO)
	-
	309
	-5.90
	-3.33
	2.57

	PTATPD(BP)
	48.4
	354
	-5.87
	-3.40
	2.47


[bookmark: _Toc443745244]Table 5.2. A summary of the TGA, DSC and electrochemical data for PTATPD(O), PTATPD(DMO) and PTATPD(BP). 



aGlass transition temperature as measured by differential scanning calorimetry. bOnset of degradation as determined via thermogravimetric analysis (TGA) with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen. cHOMO position (vs vacuum) determined from the onset of oxidation. dLUMO position (vs vacuum) determined from the onset of reduction. eElectrochemical energy gap.
[bookmark: _Toc443745143]5.2.5. Thermal Properties and XRD Studies 
Thermogravimetric analysis of PTATPD(BP), PTATPD(O) and PTATPD(DMO) revealed that all polymers possess good thermal stability with degradation temperatures (5 % weight loss) occurring at 354, 360 and 309oC, respectively (Table 5.2, Figure 5.6). DSC revealed PTATPD(O) and PTATPD(BP) exhibit a broad, weak glass transition temperature (Tg) at 56.4 and 48.4oC, respectively. No polymers exhibited any clear melting endotherms up to 220oC on the DSC thermograms. This result supports the hypothesis that the polymers adopt an amorphous structure in the solid state. 
The results obtained suggest that the thermal properties of the conjugated polymers are influenced by the size of the pendant group attached to the imide-functionality; the larger the group the lower the Td and Tg. PTATPD(DMO) and PTATPD(BP) display lower Td and Tg temperatures relative to PTATPD(O). We tentatively hypothesise that the larger groups create ‘free volume’ within the polymer by increasing separation between polymer chains; allowing the polymer to reorganise more easily within solid state resulting in lower Td and Tg temperatures. 


[bookmark: _Toc443745292]Figure 5.6. TGA (a) and DSC (b) plots of PTATPD(O), PTATPD(DMO) and PTATPD(BP) with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen.	
Powder x-ray diffraction patterns of polymers PTATPD(O), PTATPD(DMO) and PTATPD(BP) were obtained to investigate the molecular organisation of polymers in solid state (Figure 5.7). The XRD patterns of all polymers display a single broad diffuse feature, which is consistent with the random scatter of an amorphous solid. Furthermore, the lack of a peak in the low angle region suggests that the polymer does not possess any long-range translational order; providing further evidence that the polymer has an amorphous structure in solid state. The results obtained from the XRD patterns agree with the DSC data.


[bookmark: _Toc443745293]Figure 5.7. Powder X-ray diffraction (XRD) patterns of PTATPD(O), PTATPD(DMO) and PTATPD(BP).
[bookmark: _Toc443745144]5.3. Conclusion
In summary, the preparation of three alternating copolymers comprising TPD functionalised units and 9,10-bis(triisopropylsilylacetylene) anthracene units using Suzuki cross-coupling reactions was reported and yielded the polymers PTATPD(O), PTATPD(DMO) and PTATPD(BP). GPC analysis revealed that the molecular weights of PTATPD(DMO) and PTATPD(BP) were higher relative to the molecular weight of PTATPD(O); a consequence attaching bulkier solubilising groups to the TPD moiety. Surprisingly, the optical properties of the polymer, largely the absorption profile, were not influenced by the pendant-group attached to the TPD-moiety. It is speculated that the intramolecular repulsion between solubilising groups within the polymer reduces the planarity and decreases the electronic conjugation. Thus, changing the pendant-group had little impact on the optical properties of the resulting polymer. All polymers displayed optical band gaps in excess of 2.00 eV. Thus, suffer from poor spectral harvesting, which will limit their application in organic photovoltaic devices. The HOMO levels of the three polymers are unaffected by the different solubilising chains. However, they exert some influence over the LUMO levels with PTATPD(BP) and PTATPD(O) displaying the lowest LUMO levels with values of -3.40 and -3.36 eV, respectively. In contrast, PTATPD(DMO) displayed the highest LUMO level -3.33 eV. The amorphous nature of the polymers was confirmed by DSC and powder XRD studies. 
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Chapter VI: Diketopyrrolopyrrole-Acene Alternate Copolymers for Applications in Optoelectronic Devices
Four alternate copolymers comprising alternating acene units and diketopyrrolopyrrole (DPP) were prepared via Suzuki polymerisation. Unsurprisingly, the lack of substituents on the naphthalene and anthracene moieties meant that polymers PNTDPP(OD) and PADPP(OD) displayed poor solubility in common organic solvents. PTADPP(OD) possessed the highest molecular weight (40,500 Da) of all polymers synthesised; a consequence of attaching bulky octlydodecyl and TIPS groups to the DPP and anthracene moieties, respectively. Replacing the bulky octlydodecyl groups with less sterically demanding groups yielded PTADPP(EH). This possessed a modest molecular weight (13,400 Da) and the lowest optical band gap (1.51 eV). X-ray diffraction (XRD) studies on this series of polymers revealed that incorporation of TIPS groups disrupts short range intermolecular interactions (π-π stacking) in both PTADPP(OD) and PTADPP(EH). It also disrupts long-range ordering in PTADPP(OD); yielding an amorphous structure in solid state. PTADPP(OD) displayed the lowest HOMO level (-5.38 eV) of all polymers synthesised. In contrast PADPP(OD) displayed a HOMO level of (-5.28 eV). The results suggest that TIPS functionalised anthracene is a weaker donor than unfunctionalised anthracene. All polymers demonstrated excellent thermal stability with decomposition temperatures in excess of 300oC.

[bookmark: _Toc443745147]6.1. Introduction
The first 2,5-diketopyrrolo-[3,4-c]pyrrole (DPP) compound was synthesised in 1974 by Farnum and co-workers.1 However, the yield was diminutive and interest in these compounds didn’t surface until Iqbal and co-workers patented a cost-effective, high yielding reaction in 1983.1,2 DDP compounds display excellent light, heat and weather durability. Thus, the compounds were used as pigments in high grade industrial coatings.3
A series of π-conjugated copolymers, comprising repeat units of DPP and phenylene, were synthesised via palladium-catalysed Suzuki coupling in 2000.4 The authors reported that the new materials formed hairy-rod type polymers that displayed good solubility in common organic solvents and molecular weights up to 21,000 Da.4 The authors concluded that the processability of the polymers rendered them suitable for electronic applications. Since then, DPP based polymers have found applications in organic photovoltaic devices, organic light emitting diodes and organic-field effect transistors.5–11 Furthermore, DPP-based polymers have also found applications as sensors in bioimaging.12,13
The DPP backbone affords good thermal, chemical and mechanical stability.14 However, the optical and electronic properties of the resulting polymer can be altered by attaching various aryl groups and solubilising side chains.15–18 DPP-derivatives are useful building blocks in the design of polymers with extended π-conjugated systems. Furthermore, DPP-based compounds are planar, display strong π-π stacking and are highly crystalline.16 These parameters aid electron transfer along the polymer backbone resulting in high charge mobilities.16 Furthermore, the electronic properties of DPP-based polymers can be tailored through the use of push-pull engineering. The electron deficient nature of DPP makes it an excellent acceptor molecule. Thus, the band gap of the resulting polymer can be lowered when DPP is polymerised with an electron donor.19,20 Photovoltaic devices fabricated from DPP-based polymers have recorded power conversion efficiencies of 7 % or greater when blended with a fullerene derivative.6,21,22
Copolymers comprising repeat DPP-phenylene or DPP-naphthalene units are well-studied in previous literature.5,10,11,13,23 However, no previous work has never investigated copolymers based on DPP and TIPS-anthracene (TIPSAnt). Furthermore, previous literature has not investigated the impact incorporation of TIPS has upon the optical, electrochemical, thermal and photovoltaic properties of the resulting polymers. 
In this chapter we report four examples of alternate DPP-acene copolymers for application in optoelectronic devices (Figure 6.1). The effects of extending the π-conjugated acene system will be investigated.  This will be achieved by changing the naphthalene-donor moiety for anthracene. The DPP unit will then be polymerised with TIPSAnt. This will help to understand the effects incorporating TIPS groups has upon the optical, thermal and electrochemical properties of the resulting polymers. A fourth polymer that has shorter alkyl chains attached to the DPP unit will be synthesised to help ascertain the effects shorter alkyl-chains have upon the structural organisation of polymers in solid state.  


[bookmark: _Toc443745294]Figure 6.1. Schematic representations of the four polymers synthesised in this chapter. 

[bookmark: _Toc443745148]6.2. Results and Discussion
[bookmark: _Toc443745149]6.2.1. Monomer Synthesis
The synthetic steps involved in the preparation of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4(2H,5H)-dione (M15) is outlined in Scheme 5.1. The synthesis of 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (M7) has been covered in a previous chapters (Chapter IV). In depth synthetic details can be are in the experimental section.


[bookmark: _Toc443745357]Scheme 6.1. Synthesis of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4(2H,5H)-dione (M15): (a) Na, FeCl3, tert-amyl alcohol: (b) K2CO3, 9-(bromomethyl)nonadecane, 18-crown-6, DMF: (c) Br2, CHCl3.
Unfunctionalised DPP compounds are commonly prepared via the succinic ester route presented by Iqbal and co-workers.2 The first step of the synthetic route involves stirring the succinic ester with 2 equivalents of thiophene-carbonitrile and a strong-base. The reaction scheme for this step is shown in Scheme 5.2. The initial step involves dimethyl succinate reacting with thiophene-carbonitrile to form an enaminoester (b). The pyrroline ester (c) is formed upon ring closure of b. This process is repeated to yield 3,6-di(thiophene-2-yl)pyrrole[3,4-c]pyrrole-1,4-(2H, 5H)-dione (25). 
The resulting unfunctionalised DPP monomer comprises two fused five-member γ-lactam units giving a total of 8π electrons. The γ-lactam unit is an electron withdrawing-moiety; owing to the presence of the cyclic amide. Furthermore, the nitrogen atoms in the γ-lactam unit are unfunctionalised; giving rise to intramolecular hydrogen bonding between the nitrogen and the adjacent thiophene aromatics.24 Consequently, the DPP was insoluble in common organic solvents. Thus, 25 was used in subsequent steps without purification. 


[bookmark: _Toc443745358]Scheme 6.2. Major intermediates for the synthesis of thiophene-DPP (25) using thiophene-carbonitrile and succinic ester as the starting materials.
The next step in the monomer synthesis was alkylation of the nitrogen atoms in the γ-lactam units (25). It is essential that long, sterically bulky alkyl chains are used to promote solubility and processability of the final polymer product. Previous work has shown that 9-(bromomethyl)nonadecane facilitates the formation of high molecular weight polymers; a prerequisite for efficient charge transfer.8,9 25 was reacted with 9-(bromomethyl)nonadecane in the presence of K2CO3 and 18-crown-6 to afford 2,5-bis(2-octyldodecyl)-3,6-di(thiophene-2-yl)pyrrole[3,4-c]pyrrole-1,4-(2H, 5H)-dione (26). Unfortunately, the yield of the alkylating reaction was low (23 %) even though 18-crown-6 was used as an ion-pairing suppresser thereby making potassium acetate a stronger nucleophile. Previous literature has also reported this problem and has speculated that the problem lies with the bulk of the alkyl chains.25–27 The crude material was purified via column chromatography using a gradient eluent. 
The final step in the preparation of the monomer involved attaching bromine atom at the 5-positions of thiophene so that the product could be polymerised via Suzuki coupling. This was achieved by reacting 26 with bromine in chloroform solution to yield M15. The product was purified via column chromatography. 1H NMR analysis was used to characterise the material and confirm the reaction was successful (Figure 6.2). The aromatic region showed the expected splitting pattern of two doublets located at 8.64 and 7.24 ppm. The peaks located between 4.00 – 0.89 ppm correspond to the dodecyl chains attached to the nitrogen atoms on the γ-lactam units.
[bookmark: _Toc443745295]Figure 6.2. 1H NMR spectrum of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4(2H,5H)-dione (M15).A
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The synthesis of 2,6-bromo-9,10-anthraquinone (16) has been covered in previous chapters (Chapter IV). Originally, attempts were made to reduce 16 with sodium borohydride to 2,6-dibromoanrthracene (27).28,29 However, after several unsuccessful or low-yielding attempts the method was changed. Hypophosphorous acid and hydroiodic acid were used as the reducing agents. The reaction was conducted in acetic acid to increase the miscibility of  hydroiodic acid and the organic compound. The product was contaminated 2,6-dibromo-9,10-dihydroanthracene. However, washing the crude material with ethanol successfully removed this impurity. The crude material was recrystallised with toluene to obtain 27 as cream flake like crystals. The 1H NMR spectrum of the purified material showed a chaotic aromatic region Mass spectrometry revealed that the product was contaminated with 2-bromo-6-iodo-9,10-anthracene and 2,6-diiodoanthracene. After careful deliberation it was decided to use the product without further purification as it would not affect the outcome of the subsequent reaction.  


[bookmark: _Toc443745359]Scheme 6.3. Synthesis of 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) anthracene (M16): (a) HI (aq, 57 %), H3PO2 (aq, 50 %), AcOH; and (b)  bis(pinacolato)diboron, KOAc, Pd(dppf)Cl2, DMF. A
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[bookmark: _Toc443745296]Figure 6.3. 1H NMR spectrum of 2,6-bis(4,4,5,5-tetratmethyl-1,3,2-dioxaborolan-2-yl)anthracene (M16).
The final step in the preparation of M15 involved substituting the bromine atoms for boronic esters so that the product could be polymerised via Suzuki coupling. Treatment of 26 with bis(pinacolato)di-boron in the presence of Pd(dppf)Cl2 and the base, potassium acetate, yield the final monomer. The crude material was stirred in basic methanol for 1 hour to remove unreacted bis(pinacolato)diboron. 1H NMR was used to characterise the material and confirm the reaction was successful (Figure 6.3). It is perhaps worth mentioning that the iodinated product formed in the previous step did not interfere or affect the outcome of this reaction. The aromatic region of the 1H NMR showed four peaks at 8.59, 8.48, 8.02 and 7.81 ppm, respectively. These have the expected splitting pattern of singlet, singlet, doublet and doublet, respectively. The 1H NMR also demonstrates a large singlet peaks at 1.44 ppm. This peaks corresponds to the hydrogens on the methyl group of the 4,4,5,5-tetratmethyl-1,3,2-dioxaborolan-2-yl unit. 
2,6-bis(4,4,5,5-tetratmethyl-1,3,2-dioxaborolan-2-yl)naphthalene (M17) was synthesised from the commercially available starting material 2,6-dibromonaphthalene (28). M17 was synthesised according to the procedure outlined for M16 (Scheme 5.4). 


[bookmark: _Toc443745360]Scheme 6.4. Synthesis of 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) napthalene (M17): (a) bis(pinacolato)diboron, KOAc, Pd(dppf)Cl2, DMF
1H NMR was used to characterise the material and confirm the reaction was successful (Figure 6.4). The aromatic region of the 1H NMR showed three peaks at 8.39, 7.90 and 7.86 ppm, respectively. These have the expected splitting pattern of singlet, doublet and doublet, respectively. The 1H NMR also demonstrates a large singlet peaks at 1.41 ppm. This peaks corresponds to the hydrogens on the methyl group of the 4,4,5,5-tetratmethyl-1,3,2-dioxaborolan-2-yl unit. 
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[bookmark: _Toc443745297]Figure 6.4. 1H NMR spectrum of 2,6-bis(4,4,5,5-tetratmethyl-1,3,2-dioxaborolan-2-yl)naphthalene (M17).
[bookmark: _Toc443745150]6.2.2. Polymer Synthesis
The polymerisations of PNTDPP(OD) and PADPP(OD) were conducted using previously established procedures (Scheme 5.5).6,9 Copolymerisations were carried out at 90oC under argon atmosphere by reacting 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4(2 H, 5 H)dione (M15) with either 2,6-bis(4,4,5,5-tetratmethyl-1,3,2-dioxaborolan-2-yl)naphthalene (M17) or 2,6-bis(4,4,5,5-tetratmethyl-1,3,2-dioxaborolan-2-yl)anthracene (M16) to yield PNTDPP(OD) and PADPP(OD), respectively. Pd(PPh3)4 was used as the catalyst. Aliquat 336 was employed as a phase transfer catalyst and 2 M K2CO3 was used as a base to facilitate the Suzuki coupling.  


[bookmark: _Toc443745361]Scheme 6.5. Synthesis of PNTDPP(OD) and PADPP(OD): (a) Pd(PPh3)4, toluene, K2CO3 (2M) and Aliquat 336.
PTADPP(OD) and PTADPP(EH) were copolymerised in the presence of Pd(OAc)2 and tri(o-tolyl)phosphine (Scheme 5.6). Toluene was used as a solvent and tetraethylammonium hydroxide (20 % wt) was used as a base to facilitate the Suzuki coupling. The polymerisation of PTADPP(EH) proceeded rapidly with precipitate forming after 30 minutes. In contrast, the polymerisation of PTADPP(OD) was deemed complete after 4 hours. The difference in polymerisation times can be attributed to the varying alkyl-chains attached to the DPP moiety. The ethylhexyl-chain, present in PTADPP(EH), is much shorter relative to the octlydodecyl-chain, present in PTADPP(OD). It was hypothesised than attaching shorter alkyl chains on the DPP-moiety resulted in stronger π-π stacking and aggregation of polymer chains. Thus, the product precipitates out of solution quickly during the polymerisation, which limits the molecular weight of the final product. 
Once polymerisations were deemed complete, the polymers were end-capped by subsequent addition of bromobenzene and phenyl boronic acid. The crude polymers were then subject to Soxhlet extraction with solvents in the following order; methanol, acetone, hexane and chloroform. The chloroform fractions were precipitated in methanol, filtered and dried to give PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH) as dark solids. PNTDPP(OD) and PADPP(OD) display limited solubility in common organic solvents; a consequence of no solubilising groups being attached to the donor-moiety. High temperature and long solvation times are required to fully solubilise the polymers. PTADPP(OD) and PTADPP(EH) both display excellent solubility in common organic solvents. 


[bookmark: _Toc443745362]Scheme 6.6. Synthesis of PTADPP(OD) and PTADPP(EH): (a) Pd(OAc)2, P(o-tolyl)3, NEt4OH and toluene.
GPC analysis on polymer solutions in 1,2,4-trichlorobenzene at 140oC was used to determine the number-average molecular weight (Mn) and weight-average molecular weight (Mw) (Table 6.1). PNTDPP(OD) displayed Mn and Mw values of 20,500 and 23,400 Da, respectively. Relative to PNTDPP(OD), PADPP(OD) displayed significantly lower Mn (5,300 Da) and Mw (6,200 Da) values. This was a result of extending the π-conjugation of the donor-moiety. It is well documented that attaining a high Mw is imperative for photovoltaic performance as it facilitates the bicontinuous phase formation with fullerene derivatives and promotes efficient charge transportation.22 Thus, it is expected photovoltaic devices fabricated from PADPP(OD) will display lower Jsc and PCE values compared to devices fabricated from PNTDPP(OD). PTATPD(OD) displayed Mn and Mw values of 17,400 and 40,400 Da,  respectively. This is significantly higher PADPP(OD). Clearly, the introduction of TIPS-groups at the 9,10-positions of anthracene disrupts intermolecular interactions facilitating the formation of processable high molecular weight materials. In contrast, PTADPP(EH) displayed reduced Mn and Mw values of 7,600 and 13,400 Da, respectively. The GPC data supports the hypothesis that the shorter alkyl chains on the DPP-moiety results in stronger π-π stacking and aggregation of polymer chains, which limits the final molecular weight. 
[bookmark: _Toc443745245]Table 6.1. A summary of the GPC and optical data for PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH). 
	Polymer
	Mn (Da)a
	Mw (Da)a
	PDIb
	λmax Solution (nm)
	λmax Film (nm)
	Egopt (eV)c

	PNTDPP(OD)
	20,500
	23,400
	1.14
	727
	736
	1.60

	PADPP(OD)
	5,300
	6,200
	1.17
	711
	729
	1.59

	PTADPP(OD)
	17,400
	40,500
	2.33
	665
	729
	1.57

	PTADPP(EH)
	7,600
	13,400
	1.76
	661
	673
	1.51


aMeasurements conducted on the toluene fractions of polymers using a differential refractive index (DRI) detection method. bPDI = Polydispersity Index. cOptical energy gap determined from the onset of the absorption band in thin film. 
[bookmark: _Toc443745151]6.2.3. Optical Properties
The optical properties of all polymers were investigated by UV-vis absorption spectroscopy on dilute chloroform solutions and drop-cast films cast on quartz substrates (Figure 6.5). The optical properties of PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH) are summarised in Table 6.1. 
All polymers display an intense and broad transition at longer wavelengths, which can be attributed to intramolecular charge transfer between donor and acceptor moieties. The polymers also show an additional peak at shorter wavelengths which corresponds to π – π* transition. PNTDPP(OD) and PADPP(OD) display absorption maxima at 727 and 711 nm in solution, respectively. In solid state the absorption maxima for PNTDPP(OD) and PADPP(OD) are red-shifted to 736 and 729 nm, respectively. The small bathochromic shift that is observed from solution to films indicates that PNTDPP(OD) and PADPP(OD) adopt a similar conformation in both solution and solid state with presumed formation of aggregates in solution. The optical band gaps of PNTDPP(OD) and PADPP(OD), were estimated to be 1.60 and 1.59 eV, respectively. Clearly the effective conjugation length of PADPP(OD) is similar to that of PNTDPP(OD), despite the former having a significantly lower molecular weight. 


[bookmark: _Toc443745298]Figure 6.5. Normalised UV-vis absorption spectra of PNTDPP(OD) (black line), PADPP(OD) (blue line), PTADPP(OD) (red line) and PTADPP(EH) (green line) in: (a) chloroform solutions; and (b) thin films.
PTADPP(OD) and PTADPP(EH) display absorption maxims at  665 and 661 nm in solution, respectively. The comparable absorption maxima suggest that the structural conformation of both polymers in solution is analogous. In solid state the absorption maxima for PTADPP(OD) and PTADPP(EH) are red-shifted to 729 and 673 nm, respectively. The bathochromic shift that is observed from solution to film can be ascribed to stronger π-π interchain stacking and a more planar structure in solid state. Despite PTADPP(EH) displaying a blue-shifted λmax, relative to PTADPP(OD), the absorption band is broader and the optical band gap is lower. This occurs despite the Mn of PTADPP(EH) being significantly lower than PTADPP(OD). It is speculated that the smaller solubilising chains promote molecular ordering in solid state. Thus, allowing the polymer backbone to adopt a more coplanar structure which promotes π – π stacking. The optical band gaps of PTADPP(OD) and PTADPP(EH) were estimated to be 1.57 and 1.51 eV, respectively. 
The diketopyrrolopyrrole-acene alternate copolymers synthesised within this chapter have lower optical band gaps than the benzothiadiazole-anthracene alternate copolymers synthesised in Chapter IV. This can be attributed to the higher molecular weights of diketopyrrolopyrrole-acene alternate copolymers, relative to benzothiadiazole-anthracene alternate copolymers. Furthermore, the presence of two electron-withdrawing amide groups makes DPP a more electron deficient group relative to benzothiadiazole. Consequently, diketopyrrolopyrrole-acene possesses more D-A character relative to benzothiadiazole-anthracene copolymers.  
[bookmark: _Toc443745152]6.2.4. Electrochemical Properties
The electrochemical properties of the polymers were investigated using cyclic voltammetry (Figure 6.6). The results are summarised in Table 6.2. Of all polymers synthesised, PTADPP(OD) displayed the deepest HOMO level with a value of -5.39 eV. The LUMO level of PTADPP(OD) was estimated to be -3.56 eV. The HOMO/LUMO levels of PTADPP(EH) were estimated to be -5.32/-3.47 eV. We speculate that the deeper LUMO level of PTADPP(OD) relative to PTADPP(EH) is a consequence of the higher molecular weight PTADPP(OD). Previous literature has shown that the LUMO level of a polymer decreases more rapidly, relative to the HOMO, as the molecular weight increases. The shallower HOMO of PTADPP(EH) is a consequence of improved intramolecular charge transfer along the polymer backbone. The different alkyl chains attached to the DPP-functionality could influence the HOMO/LUMO levels of the resulting polymer. However, it is speculated that the effect they had upon the frontier energy levels would be more subtle and less pronounced. 
The HOMO/LUMO levels of PNTDPP(OD) and PADPP(OD) were estimated to be -5.30/-3.48 eV and -5.27/-3.49 eV, respectively. Clearly, changing the donor moiety from naphthalene to anthracene has little influence on the resulting energy levels. This agrees with previous work that has been conducted in the literature. Sonar et al polymerised a furan containing diketopyrrolopyrrole monomer with benzene, naphthalene and anthracene to yield PDPP-FPF, PDPP-FNF and PDPP-FAF, respectively (Figure 6.7). The HOMO/LUMO levels of  PDPP-FPF, PDPP-FNF and PDPP-FAF were estimated to be -5.40/-3.88 eV, -5.34/-3.85 eV and -5.33/-3.80 eV. The HOMO and LUMO levels of polymers containing naphthalene and anthracene donor-moieties are comparable.  


[bookmark: _Toc443745299]Figure 6.6. Cyclic voltammograms of PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH) on platinum disc electrodes at a scan rate of 100 mV s-1 min acetonitrile/tetrabutyl ammonium perchlorate solution (0.1 mol dm-3).


[bookmark: _Toc443745300]Figure 6.7. Schematic representation of PDPP-FPF, PDPP-FNF and PDPP-FAF synthesised by Sonar et al.

PADPP(OD) is an analogous polymer to PTADPP(OD), however, the polymer has no TIPS substituents at the 9,10-positions of the anthracene repeat units. The HOMO level of PADPP(OD) was estimated to be at -5.27 eV, which is shallower than PTADPP(OD). It is known that the HOMO level of the resulting polymer is largely localised on the donor-moiety.19,20 The results suggest that TIPS functionalised anthracene is a weaker donor than unfunctionalised anthracene. The sp hybridised carbon atoms in acetylene are more electron withdrawing than the sp2 hybridised orbitals on the conjugated backbone. Providing the TIPS groups are fully conjugated to the anthracene π-system this will decrease the donor character of the monomer unit resulting in a deeper HOMO level. The LUMO level of PTADPP(OD) is lower than that of PADPP(OD); a consequence of the differing molecular weights. 
	Polymer
	Td (oC)a
	HOMO (eV)b
	LUMO (eV)c
	Egopt (eV)d

	PNTDPP(OD)
	353
	-5.30
	-3.48
	1.82

	PADPP(OD)
	338
	-5.27
	-3.49
	1.78

	PTADPP(OD)
	329
	-5.39
	-3.56
	1.83

	PTADPP(EH)
	349
	-5.32
	-3.47
	1.85


[bookmark: _Toc443745246]Table 6.2. A summary of the thermal and electrochemical data for PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH).




aOnset of degradation as determined via thermogravimetric analysis (TGA) with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen. bHOMO position (vs vacuum) determined from the onset of oxidation. cLUMO position (vs vacuum) determined from the onset of reduction. dElectrochemical energy gap.

[bookmark: _Toc443745153]6.2.5. Thermal Properties and XRD Studies 
[bookmark: OLE_LINK10]Thermogravimetric analysis revealed that all polymers possess good thermal stability with degradation temperatures (5 % weight loss) in excess of 300oC (Figure 6.8). PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH) displayed degradation temperatures of 353, 338, 329 and 340oC, respectively. There appears to be no trend with regards to the onset of decomposition. That is, the incorporation of different donor-acenes and the influence it has on the polymer structure in solid state cannot be used to rationalise why one degradation temperature is lower than another. 


[bookmark: _Toc443745301]Figure 6.8. Thermogravimetric analysis of PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH) with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen. 
Powder XRD patterns of polymers PNTDPP(OD), PADPP(OD), PTADPP(OD) and PADPP(EH) were obtained to investigate the molecular organisation of polymers in solid state (Figure 6.9). The XRD pattern of PTADPP(OD) displays broad, diffuse features that are consistent with an incoherent scatter from an amorphous solid. Presumably, this is a result of attaching sterically-demanding TIPS groups to the 9,10-positions of anthracene and large-solubilising chains to the DPP-moiety. 


[bookmark: _Toc443745302]Figure 6.9. Powder x-ray diffraction (XRD) patterns of PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH). 
The XRD patterns of PNTDPP(OD) and PADPP(OD) possess several sharp peaks suggesting the polymer adopts a more crystalline structure (possibly a microcrystalline arrangement) in solid state. A sharp, narrow peak appeared at 2θ values of 4.32 for PNTDPP(OD) and PADPP(OD), corresponding to a distance of 20.43Å. Previous literature has reported that this value corresponds to the distance between polymer backbones, where alkyl chains organise into an interdigitated manner.30,31 Sharp narrow peaks appear at 2θ values of 23.2 and 22.9 for PNTDPP(OD) and PADPP(OD), respectively, corresponding to small coplanar stacking distances of 3.83 and 3.88 Å, respectively. It is assumed that the smaller stacking distances are a result of enhanced π-π stacking and intermolecular interactions brought about by using unfunctionalised, planar donor-moieties.  Previous literature has shown that the extended conjugation length of anthracene, relative to naphthalene, results in an increased torsion angle between the acene-donor and DPP-acceptor.9 Thereby, accounting for the slightly increased π-π stacking distance of PADPP(OD) relative to PNTDPP(OD). 
The improved molecular ordering and more crystalline structure of PADPP(OD) in solid state, relative to PTADPP(OD), is consequence of removing the sterically-demanding TIPS groups from the 9,10-positions of anthracene. Whilst the introduction of TIPS groups does facilitate the formation of high molecular weight polymers it does so at the cost of both long-range and short-range translational order. We hypothesise that photovoltaic devices fabricated from PADPP(OD) will display improved charge carrier mobilities and an enhanced Jsc; a consequence of the enhanced π-π stacking and improved molecular ordering. 

[bookmark: _Toc443745154]6.3. Conclusion
Four DPP based polymers were synthesised by copolymerising DPP with either naphthalene, anthracene or TIPSAnt to yield PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH), respectively. The lack of alkyl substituents on the naphthalene and anthracene moieties meant that polymers PNTDPP(OD) and PADPP(OD) displayed poor solubility in common organic solvents at room temperature. Heating was required to fully solvate the resulting polymers. GPC revealed that PTADPP(OD) displayed the highest molecular weight of all polymers synthesised; a consequence of attaching bulky octlydodecyl and TIPS groups to the DPP and anthracene units, respectively. Unsurprisingly, PADPP(OD) displayed the lowest molecular weight of all polymers synthesised with a value of 6,200 Da. It is thought that the lack of solubilising substituents on the anthracene moiety prevented the formation of processable high molecular weight materials.  UV-vis spectrometry showed that all polymers synthesised display optical band gaps that are located below the maximum solar flux of 1.77 eV. Thus, all polymers should be highly efficient at harvesting solar energy. PTADPP(EH) displayed the lowest optical band gap (1.51 eV). We speculate that this is a consequence of replacing the large, sterically demanding octlydodecyl chains on the DPP unit with smaller ethylhexyl chains. We hypothesise that these chains allow the polymer to adopt a more coplanar structure when cast into polymer films; promoting π – π stacking. Both PNTDPP(OD) and PADPP(OD) display similar optical band gaps of 1.60 and 1.59 eV, respectively. Clearly the effective conjugation length of PADPP(OD) is similar to that of PNTDPP(OD), despite the former having a significantly lower molecular weight. XRD studies confirmed that the introduction of TIPS groups disrupts short range π-π stacking in solid state. However, the effect is more pronounced in PTADPP(OD) relative to PTADPP(EH); a consequence of having such sterically demanding groups attached to both the anthracene and DPP moiety.  In actuality, XRD studies revealed that PTADPP(OD) possessed an amorphous structure in solid state. XRD patterns of PNTDPP(OD), PADPP(OD) and PTADPP(OD) reveal the presence of peaks in the small-angle region; suggesting the polymers possess some form of long range order. An indication the polymers adopt a more crystalline structure in solid state. The HOMO/LUMO levels of PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH) were calculated to be -5.30/-3.48 eV, -5.27/-3.49 eV, -5.39/-3.56 eV and -5.32/-3.47 eV, respectively. Clearly, changing the donor-moiety from naphthalene to anthracene and extending the π-conjugation has little impact on the resulting energy levels. The shallower HOMO level of PTADPP(EH) relative to PTADPP(OD) is a consequence of improved intramolecular charge transfer along the conjugated backbone. PTADPP(OD) possess a much deeper HOMO level than PADPP(OD); suggesting that TIPS functionalised anthracene is a weaker donor than unfunctionalised anthracene. All polymers demonstrated excellent thermal stability with decomposition temperatures in excess of 300oC.
The polymers prepared in this part of the project have extremely attracting properties for use in both photovoltaic applications as well as field effect transistors. Further work should be addressed at investigating these properties.
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Chapter VII: Synthesis and Characterisation of a Series of Poly(Anthracene-alt-Quinoxaline) Donor-Acceptor Copolymers
 Three novel copolymers comprising alternating anthracene and quinoxaline units were prepared via Suzuki polymerisation. The effects of fluorinating the quinoxaline unit was investigated as was the effects of incorporating triisopropylsilylacetylene (TIPS) groups at the 9,10-positions of anthracene. Despite having no solubilising TIPS groups positioned on the anthracene moiety, PADTQx-F displayed excellent solubility in common organic solvents. However, it did possess a significantly lower molecular weight relative to PTADTQx and PTADTQx-F. Despite this drawback PADTQx-F displayed the lowest optical (1.74 eV) and electrochemical band gap (2.23 eV). PTADTQx-F displayed the largest optical band gap (1.91 eV). However, it did display improved resolution in its optical spectra which we attribute to electronic-vibronic transitions from more organised polymer chains. PTADTQx, PTADTQx-F and PADTQx displayed HOMO levels of -5.39, -5.55 and -5.32 eV, respectively. The lower HOMO level of PTADTQx-F relative to PADTQx-F is a consequence of incorporating TIPS groups on the anthracene moiety. The results suggest that TIPS-functionalised anthracene is a weaker donor than unfunctionalised anthracene. All polymers showed excellent thermal stability with decomposition temperatures in excess of 350oC. 
. 
[bookmark: _Toc443745157]7.1. Introduction
The quinoxaline unit is an electron withdrawing substituent; a consequence of the two symmetric, electronegative unsaturated nitrogen atoms.1 Consequently, quinoxaline-based conjugated polymers have found applications in both dye-sensitized solar cells and organic photovoltaic devices.2–6 The electronic and optical properties of the polymer can be adjusted by attaching various aryl and alkyl substituents to the quinoxaline moiety.7–12 Thus, quinoxaline derivatives are useful acceptor-moieties in the design of conjugated polymers with extended π-systems.  
Dang and co-workers investigated the impact fluorination of the quinoxaline moiety had upon the optical, electrochemical and photovoltaic of the resulting polymers.13 They synthesised two isoinido-alt-quinoxaline alternate copolymers; PTQTI and PTQTI-F. The latter had fluorine substituents attached to the quinoxaline moiety. PTQTI-F displayed a reduced HOMO level (-5.90 eV) relative to its non-fluorinated analogue, PTQTI (-5.80 eV).13 Furthermore, PTQTI-F demonstrated an improved photovoltaic performance when fabricated into BHJ solar cells. A result the authors singularly attribute to the incorporation of fluorine on the quinoxaline moiety.


[bookmark: _Toc443745303]Figure 7.1. Schematic representation of PPQM and PPQP prepared by Park and co-workers.14
Park et al investigated the effect the position of the solubilising octyloxy substituents has upon the resulting optical, electrochemical and photovoltaic properties.14 Two polymers, PPQM and PPQP, were prepared. The former had octyloxy chains attached at the meta-position whereas the latter had the solubilising chains attached to the para-position (Figure 1).14 PPQP displayed a wider optical band gap, shallower HOMO level and lower PCE relative to PPQM; a consequence of the position of the solubilising octyloxy substituents.14 The authors hypothesised that attaching the octyloxy chains at the para-position increased the electron density of the quinoxaline. Consequently, the quinoxaline unit is less electron deficient and a weaker acceptor.
Recently, the polymerisation of benzo[1,2-b:4,5-b’]dithiophene (BDT), which has an analogous framework to anthracene, with fluorinated quinoxaline was reported.15 The resulting polymer, PBDT-TFQ, exhibited a moderate optical band gap of 1.73 eV and a deep HOMO level of -5.52 eV. BHJ photovoltaic devices fabricated from PBDT-TFQ demonstrated efficiencies of 8.0 % when blended with the acceptor PC70BM.15 


[bookmark: _Toc443745304]Figure 7.2. Schematic representation of the three polymers synthesised in this chapter.
In this chapter, we report the effect of incorporating fluorine substituents into the commonly studied quinoxaline acceptor in a number of copolymers. It was copolymerised with the electron-donating TIPS functionalised anthracene flanked by two thienyl repeat units to afford the polymers PTADTQx and PTADTQx-F (Figure 7.2). Previous literature has shown that when alkyl chains are incorporated on the donor or acceptor moiety, the polymer suffers from low molecular weights.16,17 It is hoped the incorporation of solubilising chains on both the donor and acceptor moieties will facilitate the formation of processable high molecular weight polymers. To ascertain the effects of incorporating TIPS groups on the anthracene unit, an analogous polymer, PADTQx-F, was also prepared. The optical, thermal and electrochemical properties of these polymers are investigated. Furthermore, the structure they adopt in solid state are probed with powder x-ray diffraction. 
[bookmark: _Toc443745158]7.2. Results and Discussion
[bookmark: _Toc443745159]7.2.1. Monomer Synthesis
The synthetic steps involved in the preparation of 2,3-bis(3-(octyloxy)phenyl)-5,8-bis(5-bromo-2-thienyl)quinoxaline (M18) and 2,3-bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline (M19) are outlined in Scheme 7.1. Both monomers were synthesised following the same synthetic pathway. 4,7-Di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (7) and 5,6-difluoro-4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (4) were used as the starting materials. The synthesis of these materials has been covered in Chapter II. In depth synthetic procedures are located in the experimental section. 


[bookmark: _Toc443745363] Scheme 7.1. Synthesis of 2,3-bis(3-(octyloxy)phenyl)-5,8-bis(5-bromo-2-thienyl)quinoxaline (M18) and 2,3-bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline (M19): (a) Zn, AcOH; (b) MeOH, AcOH and 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-dione; and (c) NBS, CHCl3. 
4,7-Di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (7) and 5,6-difluoro-4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (4) were converted to the quinoxaline derivative using a two-step procedure. Zinc and acetic acid were used to convert the thiadiazole starting materials to the diamine species. No attempts were made to purify these diamine intermediate species as they appear to be air sensitive and degraded when purifications were attempted. Both diamine species were reacted with 1,2-bis(3-(octyloxy)phenyl)ethane-1,2-dione to yield 2,3-bis(3-(octyloxy)phenyl)-5,8-di(2-thienyl)quinoxaline (32) and 2,3-bis(3-(octyloxy)phenyl)-5,8-di(2-thienyl)-6,7-difluoroquinoxaline (33). The mechanism of the acid catalysed condensation is depicted in Scheme 7.2. The crude materials were purified via column chromatography to afford pure materials as yellow powders. 


[bookmark: _Toc443745364]Scheme 7.2. Schematic representation of the condensation reaction between the ortho-diamine and 1,2-diketone.
32 and 33 were reacted with NBS in chloroform to yield 2,3-bis(3-(octyloxy)phenyl)-5,8-bis(5-bromo-2-thienyl)quinoxaline (M18) and 2,3-Bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline (M19), respectively. Repeated recrystallisations were required to obtain the product in good purity. 1H NMR was used to characterise the material and confirm that the reaction was successful. Figure 7.3 shows the 1H NMR of M18. The chaotic aromatic region can be attributed to the presence of protons on both the thiophene and benzene rings. Protons located on the alkoxy chains are located between 4.0-0.82 ppm. 
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[bookmark: _Toc443745305]Figure 7.3. 1H NMR of 2,3-Bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline.
[bookmark: _Toc443745160]7.2.2. Polymer Synthesis
All polymers were prepared via Suzuki cross-coupling between the boronic-esters of anthracene donors and the dibrominated dithienyl quinoxaline acceptors using Pd(OAc)2 and tri(o-tolyl)phosphine as the catalyst (Scheme 7.3). The polymers were fractionated via Soxhlet extraction using the solvents; methanol, acetone, hexane and toluene. Large portions of the polymers were extracted from the toluene fraction. Consequently, all polymers display excellent solubility in common solvents at room temperature. The chemical structures of the polymers were determined via 1H-NMR, elemental analysis and where necessary 19F NMR. The number average molar mass (Mn) and mass average molar mass (Mw) were determined using gel permeation chromatography (GPC) using 1,2,4-trichlorobenzene at 140oC. Unsurprisingly, PADTQx-F gave the lowest Mw (3,300 Da); consequence of no solubilising groups being attached to the highly planar anthracene-donor moiety. In contrast, both PTADTQx and PTADTQx-F display moderate Mw values of 60,700 and 45,400 Da, respectively. Clearly, the addition of solubilising triisopropylsilylacetylene (TIPS) groups at the 9,10-positions of anthracene facilitates the formation of processable higher molecular weight polymers by disrupting π-π stacking and aggregation of polymer backbones. 


[bookmark: _Toc443745365]Scheme 7.3. Synthesis of PTADTQx, PTADTQx-F and PADTQx-F: (a) Pd(OAc)2, P(o-tolyl)3, NEt4OH and toluene.





[bookmark: _Toc443745247]Table 7.1. A summary of the GPC and optical data for PTADTQx, PTADTQx-F and PADTQx-F. 
	Polymer
	Mn (Da)a
	Mw (Da)a
	PDIb
	λmax Solution (nm)
	λmax Film (nm)
	Egopt (eV)c

	PTADTQx
	22,100
	60,700
	2.75
	375, 551
	384, 579
	1.86

	PTADTQx-F
	24,900
	45,400
	1.82
	379, 549, 612
	389, 564, 616
	1.91

	PADTQx-F
	1,900
	3,300
	1.74
	349, 501
	358, 559
	1.74


aMeasurements conducted on the toluene fractions of polymers using a differential refractive index (DRI) detection method. bPDI = Polydispersity Index. cOptical energy gap determined from the onset of the absorption band in thin film. 

[bookmark: _Toc443745161]7.2.3. Optical Properties
The optical properties of all PTADTQx, PTADTQx-F and PADTQx-F were investigated by UV-vis absorption spectroscopy on dilute chloroform solutions and drop-cast films on quartz substrates (Figure 7.4). The optical properties of the polymers are summarised in Table 7.1. 


[bookmark: _Toc443745306]Figure 7.4. Normalised absorption spectra of PTADTQx (black line), PTADTQx-F (blue line) and PADTQx-F (red line) in; (a) chloroform solution; and (b) thin films. 
Dilute solutions of PTADTQx revealed absorption bands in the visible region at 375 and 551 nm. The absorption at the shorter wavelength can be ascribed to the π-π* transition. The absorption band at the longer wavelength corresponds to intramolecular charge transfer between the quinoxaline-acceptor moiety and the anthracene-donor unit. When cast into a thin-film, the absorption maxima are red-shifted to 384 and 579 nm. The small bathochromic shift indicates that the polymer backbone adopts a similar conformation and has comparable conformations in both solution and solid state. The optical band gap of PTADTQx was estimated to be 1.86 eV.  
PTADTQx-F, displayed an optical band gap of 1.91 eV and absorption maxima at 386, 564 and 616 nm in thin films. The introduction of fluorine substituents on the quinoxaline-acceptor moiety does red-shift the absorption maxima. However, it does not result in a lower optical band gap. We tentatively ascribe this to the reduced molecular weight of PTADTQx-F, relative to PTADTQx. The UV-Vis spectra of PTADTQx-F in solution and thin film do display improved resolution with the presence of sharper absorption peaks which we attribute to electronic transitions from more rigid polymer chains. The results indicate that PTADTQx-F displays improved molecular order in solid state resulting in improved vibronic transitions. 
Dilute chloroform solutions of PADTQx-F revealed absorption bands at 349 and 501 nm. When cast into thin film, the absorption maxima of PADTQx-F undergo bathochromic shifts to 358 and 559 nm, respectively. The bathochromic shift of PADTQx-F is larger than that of PTADTQx and PTADTQx-F. Clearly, removing the TIPS groups at the 9,10-positions of anthracene facilitates the formation of stronger π-π interchain stacking and a more coplanar structure in the solid state. Consequently, the optical band gap of PADTQx-F (1.74 eV) is significantly narrower than that of PTADTQx and PTADTQx-F. The optical band gap of PADTQx-F is close to the maximum solar flux. Thus, it is assumed that photovoltaic devices fabricated from PADTQx-F will display improved spectral harvesting relative to devices fabricated from PTADTQx and PTADTQx-F.





[bookmark: _Toc443745307]Figure 7.5. Aromatic and quinoid forms of quinoxaline and benzothiadiazole acceptor moieties.
PTADTQx-F is an analogous polymer to PTATffBT which has been synthesised in this thesis (Chapter IV). The fluorinated-quinoxaline acceptor in PTADTQx-F is replaced with the fluorinated-benzothiadiazole acceptor in PTATffBT. PTATffBT possessed an extremely low molecular weight and had significant solubility issues. Despite these problems, the optical band gap of PTATffBT was estimated to be 1.92 eV. It is known that with increasing quinoid character the band gap of the resulting polymer decreases linearly. The benzothiadiazole-acceptor in PTATffBT contains a hypervalent sulphur atom, which withdraws electron density.18 Furthermore, PTATffBT will possess an extensive amount of quinoid character owing to the more stable 1,2,5-thiadiazole rings being generated (Figure 7.5).18 This allows PTATffBT to exhibit a similar optical band gap to PTADTQx-F despite the latter having significantly higher molecular weight.  
[bookmark: _Toc443745162]7.2.4. Electrochemical Properties
The electrochemical properties of the polymers were investigated using cyclic voltammetry (Figure 7.6). The results are summarised in Table 7.2. Of all polymers synthesised, PTADTQx-F displayed the deepest HOMO level with a value of -5.55 eV. PTADTQx displayed a shallower HOMO level of -5.39 eV. The results are consistent with previous literature which demonstrates incorporation of fluorine on the acceptor moiety is successful in lowering the resulting polymers HOMO levels. The LUMO levels of PTADTQx and PTADTQx-F were estimated to be -3.07 and -3.10 eV, respectively. The introduction of two fluorine atoms on the quinoxaline-acceptor moiety results in a slightly lower LUMO level. However, the deepening of the LUMO level is not as pronounced as the deepening of the HOMO level. 
[bookmark: _Toc443745308]
Figure 7.6. Cyclic voltammograms of PTADTQx, PTADTQx-F and PADTQx-F on platinum disc electrodes at a scan rate of 100 mV s-1 min acetonitrile/tetrabutyl ammonium perchlorate solution (0.1 mol dm-3)
PADTQx-F is an analogous polymer to PTADTQx-F, however, the polymer has no TIPS substituents at the 9,10-positions of the anthracene repeat units. The HOMO level of PADTQx-F was estimated to be at -5.32 eV, which is significantly shallower than both PTADTQx and PTADTQx-F. It is known that the HOMO level of the resulting polymer is largely localised on the donor-moiety. The results suggest that TIPS functionalised anthracene is a weaker donor than unfunctionalised anthracene. The sp hybridised carbon atoms in acetylene are more electron withdrawing than the sp2 hybridised orbitals on the conjugated backbone. Furthermore, silyl groups display electron withdrawing conjugative effects when combined directly to π-electron systems. Providing the TIPS groups are fully conjugated to the anthracene π-system these phenomena will decrease the donor character of the monomer unit resulting in a deeper HOMO level. The same observation was made for the polymers PTADPP(OD) and PADPP(OD); the incorporation of TIPS groups yielded a deeper HOMO level. Clearly, the results obtained in previous D-A polymers are applicable/transferable to new D-A alternate copolymers. Unsurprisingly, the LUMO level of PADTQx-F is similar to that of PTADTQx-F; a result of using identical acceptor units. 
[bookmark: _Toc443745248]Table 7.2. A summary of the thermal and electrochemical data for PTADTQx, PTADTQx-F and PADTQx-F.
	Polymer
	Td (oC)a
	HOMO (eV)b
	LUMO (eV)c
	Egopt (eV)d

	PTADTQx
	352
	-5.39
	-3.07
	2.32

	PTADTQx-F
	350
	-5.55
	-3.10
	2.45

	PADTQx-F
	423
	-5.32
	-3.09
	2.23


aOnset of degradation as determined via thermogravimetric analysis (TGA) with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen. bHOMO position (vs vacuum) determined from the onset of oxidation. cLUMO position (vs vacuum) determined from the onset of reduction. dElectrochemical energy gap.
PTADTQx-F is analogous to the polymer synthesised by Chen et al (PBDT-TFQ, Figure 7.7).15 In PBDT-TFQ the donor moiety is a benzo[1,2-b:4,5-b’]dithiophene unit. PBDT-TFQ was reported to have a HOMO level of -5.52 eV.15 PTADTQx-F has a slightly deeper HOMO level, which is a consequence of the weaker anthracene donor. Photovoltaic devices fabricated from PTADTQx-F should, in theory, possess a higher Voc value when compared to devices fabricated from PBDT-TFQ.


[bookmark: _Toc443745309]Figure 7.7. Schematic representation of PBDT-TFQ synthesised by Chen et al.
The HOMO level of PTADTQx-F is significantly deeper than previous fluorinated polymers (PFDo-DffBT, PCDTffBT and PTATffBT) which have been synthesised within thesis.16 It is hypothesised the deep HOMO level is a consequence of the use of TIPS-anthracene as a weak donor-monomer and the high molecular weight of PTADTQx-F relative to the other fluorinated polymers. 
[bookmark: _Toc443745163]7.2.5. Thermal Properties and XRD Studies Properties
Thermogravimetric analysis revealed that all polymers possess good thermal stability with degradation temperatures (5 % weight loss) in excess of 350oC (Figure 7.8). PTADTQx, PTADTQx-F and PADTQx-F displayed degradation temperatures of 352, 350 and 423oC, respectively. The initial weight loss of PTADTQx and PTADTQx-F can be attributed to loss of both TIPS groups from the 9,10-positions of the anthracene-donor moiety. Removing this thermally-labile group means the decomposition temperature of PADTQx-F is much higher than its analogous polymer, PTADTQx-F. 
PTADTQx and PTADTQx-F display similar degradation temperatures. This disagrees with previous literature which has shown that fluorinated species display higher degradation temperatures relative to their non-fluorinated analogues.16,19,20 It is speculated that the incorporation of solubilising chains on both the donor and acceptor moieties results in an increased aliphatic side chain content which mask/negate the effects of fluorination. 



[bookmark: _Toc443745310]Figure 7.8. Thermogravimetric analysis of PTADTQx, PTADTQx-F and PADTQx-F with a heating rate of 10oC min-1 under an inert atmosphere of nitrogen. 
Powder X-ray diffraction (XRD) studies were conducted in order to investigate the molecular organisation of polymers in the solid state (Figure 7.9). Close packing of polymer chains in the solid state is a prerequisite for efficient charge carrier transportation in organic photovoltaic devices. PTADTQx-F and PADTQx-F display four diffraction peaks ranging from small to wide angles.  Both PTADTQx-F and PADTQx-F display weak, broad peaks in the low-angle region at 2θ values of 5.07 and 4.09, respectively. These peaks reflect a more ordered packing of polymer chains with a distance of 17.43 and 21.58 Å for PTADTQx-F and PADTQx-F, respectively. Conjugated polymers are known to display peaks in the low angle region and are attributed to polymer backbones separated by alkyl or alkoxy side chains. Interestingly, PTADTQx does not display any peaks in this low-angle region.
 PTADTQx, PTADTQx-F and PADTQx-F display wide angle peaks at 22.0, 22.9 and 25.2o values, respectively. These correspond to π-π stacking distances of 4.04, 3.88 and 3.53 Å, respectively. It can be seen that the introduction of fluorine substituents on the quinoxaline-acceptor moiety results in a closer stacking distance between conjugated backbones. We speculate the introduction of fluorine substituents on the quinoxaline-acceptor improves the molecular order in the solid state by promoting interactions between fluorine atoms and components on adjacent aromatics thereby increasing the planarity of the backbone and facilitating π-π interactions.16 


[bookmark: _Toc443745311]Figure 7.9. Powder XRD patterns of PTADTQx (black line), PTADTQx-F (blue line) and PADTQx-F (red line). 
Unsurprisingly, removing the bulky TIPS substituent from the 9,10-positions of anthracene results in a further decrease in the π-π stacking distance. The purpose of incorporating solubilising substituents is to disrupt the intermolecular interactions between polymer backbones thereby facilitating the formation of high molecular weight polymers which are imperative for good photovoltaic performance.21 
It is perhaps worth noting that powder XRD patterns on previously synthesised fluorinated polymers (PFO-DffBT, PFDo-DffBT and PCDTffBT) display sharper, more intense peaks in the wide angle region. It is speculated that the incorporation of solubilising alkyl chains on both the donor and acceptor moiety lessens the effects fluorine substitution has on the packing of polymers in solid state. 
[bookmark: _Toc443745164]7.3. Conclusions
The effects of fluorine substitution on the molecular, optical and electrochemical properties of poly(anthracene-alt-dithienylquinoxaline) has been investigated. A fluorinated quinoxaline acceptor-moiety was synthesised and polymerised with 9,10-TIPS functionalised anthracene units to obtain PTADTQx-F. A non-fluorinated analogue, PTADTQx was synthesised to help ascertain the effects of fluorination. Furthermore, an unfunctionalised anthracene moiety was polymerised with the fluorinated quinoxaline to yield PADTQx-F. This would help understand the effects incorporating TIPS groups has on the optical, thermal and electrochemical properties of the resulting polymers. Unsurprisingly, GPC analysis revealed that PADTQx-F possessed the lowest molecular weight; a consequence of having no solubilising substituents on the anthracene moiety. Despite its low molecular weight, PADTQx-F displayed the lowest optical band gap (1.74 eV). PTADTQx and PTADTQx-F displayed significantly higher molecular weights of 60,700 and 45,400 da, respectively, relative to PADTQx-F. Despite this both PTADTQx and PTADTQx-F display larger optical band gaps of 1.86 and 1.91 eV. It is speculated this removing the sterically bulky TIPS groups from the 9,10-positions of anthracene results in the formation of stronger π-π interchain stacking and a more coplanar structure in the solid state. The HOMO level of PTADTQx-F (-5.55 eV) is significantly lower than its non-fluorinated analogue, PTADTQx (-5.39  eV). The LUMO levels of PTADTQx-F and PTADTQx are similar. The HOMO level of PADTQx-F (-5.32 eV) is significantly shallower relative to the HOMO level of PTADTQx-F; suggesting that TIPS functionalised anthracene is a weaker donor than unfunctionalised anthracene. All polymers demonstrate good thermal stability with degradation temperatures in excess of 350oC. XRD studies revealed that PTADTQx-F and PADTQx-F display weak, broad peaks in the low-angle region; an indication the polymers possess more ordered packing relative to PTADTQx. All polymers display wide angle peaks which correspond to π-π stacking between polymer main chains.
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Chapter VIII: Conclusions

[bookmark: _Toc443745167]8.1. Conclusions
The aim of this thesis was to synthesise and characterise new D-A copolymers for use in organic photovoltaic devices. Multiple families of D-A conjugated polymers have been investigated in order to fill gaps that currently exist in literature. A large portion of this thesis has concerned the impact fluorination substitution has upon the properties of various copolymer families. Furthermore, a large emphasis has been placed upon various 2,6-linked anthracene based copolymers. The use of anthracene in polymer solar cells is limited, which is surprising considering that benzo[1,2-b:4,5-b’]dithiophene, which has an analogous molecular framework, has found widespread use in high performance organic photovoltaic devices. The main findings from each chapter are summarised and, where appropriate, polymers from different chapters have been compared. 
Chapter II investigated the effect of fluorine substitution on the molecular, optical, electrochemical and photovoltaic properties of the well-studied poly(2,7-fluorene-alt-dithienylbenzothiadiazole) system. A fluorinated benzothiadiazole acceptor-moiety was synthesised and polymerised with 9,9-dioctlyfluorene units to obtain PFO-DffBT. The low molecular weight of PFO-DffBT resulted in a blue-shifted absorption maxima and a larger optical band gap relative to its non-fluorinated analogue PFO-DBT. The fluorinated benzothiadiazole unit was then polymerised with fluorene units that were functionalized with larger dodecyl chains (PFDo-DffBT). A non-fluorinated analogue, PFDo-DBT was also synthesised to help understand the effects of fluorination. UV-visible spectroscopy revealed that incorporation of fluorine results in blue-shifted absorption maxima. However, the absorption band of PFDo-DffBT, relative to PFDo-DBT, is wider and displays electronic and vibrational structure, a result that we interpret in terms of improved molecular ordering in PFDo-DffBT. We find that the band gap of PFDo-DffBT is identical to that of PFDo-DBT (1.89 eV) although it displayed a deeper HOMO level relative to its non-fluorinated analogue. The LUMO levels of the polymers are however identical. XRD studies revealed that both PFO-DffBT and PFDo-DffBT display more ordered packing in solid state; a consequence of incorporating fluorine substituents on the benzothiadiazole. We speculate that fluorination of the benzothiadiazole moiety improves the planarity of the polymer backbones by promoting non-covalent interactions between fluorine atoms and components on adjacent aromatics; giving rise to long range and short range order. PFDo-DffBT displays a higher onset of decompositions temperature relative to its non-fluorinated analogue.
Chapter III involved the preparation of three fluorinated carbazole-alt-benzothiadiazole D-A alternating copolymers PCDTffBT, PCffDTBT and PCffDTffBT which were synthesised via Stille polymerisation using toluene as the solvent. It was hypothesised that changing the fluorene donor moiety for the planar, fully aromatic carbazole moiety would result in narrower optical and electrochemical band gaps; a hypothesis that was proved correct. Relative to polymers in Chapter II, polymers in Chpater III displayed more desirable optical properties. However, the HOMO levels of polymers in Chapter III were shallower relative to those in Chapter II. This should impact the oxidative stability of the resulting polymers. The optical band gaps of PCDTffBT, PCDTffBT and PCffDTffBT were estimated to be 1.86, 1.82 and 1.88 eV, respectively. It is hypothesised that the lower optical band gap of PCffDTBT was a consequence of its higher molecular weight. However, the HOMO level was of PCffDTBT (-5.23 eV) and PCffDTffBT (-5.24 eV) was significantly shallower relative to PCDTffBT (-5.44 eV). It is hypothesised that the introduction of fluorine at the 3,6-positions of the carbazole unit increases its donating ability resulting in a shallower HOMO level. Thermogravimetric analysis revealed that the onset of decomposition is strongly dependent upon the molecular weight of the resulting polymer with PCffDTBT and PCffDTffBT displaying the highest and lowest decomposition temperatures, respectively. Powder X-ray diffraction revealed that all polymers possess peaks in the low angle region suggesting all polymers have some form of long range translational order. PCDTffBT and PCffDTffBT both displayed sharp peaks at 2θ values of 25.6o. This peaks is indicative of π-π stacking suggesting fluorination of the benzothiadiazole moiety improves the planarity of the polymer backbone, leading to a more pronounced packing order in solid state. PCffDTBT did not display a shark peak at this angle.
The polymers synthesised in this chapter used a triisopropylsilylacetylene functionalised anthracene unit as the donor. It was theorised that the extended conjugated π-system of anthracene, relative to carbazole, would promote backbone planarity resulting in increased electronic conjugation and charge transportation. Five triisopropylsilylacetylene-functionalised anthracene (TIPSAnt) based polymers which were synthesised by copolymerising TIPSAnt with either 2,2’-bithiophene, dithienyl-benzo[c]-[1,2,5]thiadiazole, dithienyl-5,6-difluoro-benzo[c]-[1,2,5]thiadiazole, dithienyl-benzo[c]-[1,2,5]thiadiazole or dibithiophenyl-benzo[c]-[1,2,5]thiadiazole to yield PTAT2, PTATBT, PTATffBT, PTATBT-8 and PTAT2BT-8, respectively. The yields of all polymers, with the exception of PTATBT-8, were low; a consequence of having few solubilising groups per repeat unit. Consequently, certain polymers, notably PTATffBT, demonstrated poor solubility in common organic solvents at elevated temperature. Both PTATBT-8 and PTAT2BT-8 displayed excellent solubility in common organic solvents; a consequence of incorporating octyloxy-chains onto the 5,6-positions of the benzothiadiazole acceptor-moiety. GPC revealed that incorporation of octyloxy chains on the benzothiadiazole facilitated the formation of soluble high molecular weight polymers. PTATBT-8 displayed the highest Mn and Mw of all polymers synthesised with values of 13,600 Da and 38,700 Da, respectively. In contrast, PTATffBT displayed the lowest Mn (2,100 Da) and Mw (2,500 Da). UV-visible spectroscopy revealed that PTAT2BT-8 displayed the lowest optical band gap of all polymers synthesised with a value of 1.81 eV. PTAT2 and PTATffBT possessed large optical band gaps with values of 1.97 and 1.92 eV, respectively. It is hypothesised the lack of D-A character is responsible for this observation in PTAT2. The optical bands gaps of PTATBT (1.84 eV), PTATBT-8 (1.85 eV) and PTAT2BT-8 (1.81 eV) are located close to the maximum solar flux of 1.77 eV. PTATffBT displayed the deepest HOMO level (-5.48 eV); a consequence of utilising a fluorinated-benzothiadiazole acceptor monomer. PTAT2 displayed a HOMO level equal to that of PTATffBT; a consequence of the electron rich nature of both anthracene and thiophene. PTATBT-8 and PTAT2BT-8 displayed HOMO levels of -5.46 and -5.31 eV. The addition of an additional thiophene spacer unit in PTAT2BT-8 increases intramolecular charge transfer along the polymer backbone resulting in a shallower HOMO level relative to PTATBT-8. The thermal properties were investigated via TGA. PTATBT-8 and PTAT2BT-8 possess the lowest onset of degradation; a result of incorporating octyloxy chains on the benzothiadiazole moiety. PTATffBT did not display an increased onset of decomposition relative to its non-fluorinated polymer, PTATBT. 
PFDo-DffBT, PCDTffBT and PTATffBT are analogous polymers whose difference lies in the donor-moiety. PFDo-DffBT uses a fluorene donor whilst PCDTffBT and PTATffBT use a carbazole and anthracene donor-unit, respectively. The UV-vis of all polymers display excellent vibronic resolution. However, PTATffBT (1.92 eV) display a wider optical band gap than PCDTffBT (1.86 eV) and PFDo-DffBT (1.89 eV). It is speculated that this a consequence of PTATffBT low molecular weight. CV results revealed the HOMO levels of PTATffBT (-5.48 eV), PCDTffBT (-5.44 eV) and PFDo-DffBT (-5.51 eV) are comparable. However, PTATffBT displays a significantly shallower LUMO level which is a consequence of its low molecular weight.
The TPD acceptor functionality has shown extreme promise in donor-acceptor conjugated polymers. Thus, the TIPSAnt donor synthesised in Chapter IV was carried forward and polymerised, via Suzuki coupling. Polymers PTATPD(O), PTATPD(DMO) and PTATPD(BP) were produced and extensively analysed to assess their suitability in polymer solar cells.. GPC analysis revealed that the molecular weights of PTATPD(DMO) and PTATPD(BP) were higher relative to the molecular weight of PTATPD(O); a consequence attaching bulkier solubilising groups to the TPD moiety. Surprisingly, the optical properties of the polymer, largely the absorption profile, were not influenced by the pendant-group attached to the TPD-moiety. It is speculated that the intramolecular repulsion between solubilising groups within the polymer reduces the planarity and decreases the electronic conjugation. Thus, changing the pendant-group had little impact on the optical properties of the resulting polymer. All polymers displayed optical band gaps in excess of 2.00 eV. Thus, suffer from poor spectral harvesting, which will limit their application in organic photovoltaic devices. The HOMO levels of the three polymers are unaffected by the different solubilising chains. However, they exert some influence over the LUMO levels with PTATPD(BP) and PTATPD(O) displaying the lowest LUMO levels with values of -3.40 and -3.36 eV, respectively. In contrast, PTATPD(DMO) displayed the highest LUMO level -3.33 eV. The amorphous nature of the polymers was confirmed by DSC and powder XRD studies. All TPD-anthracene copolymers possess wider optical and electrochemical band gaps relative to benzothiadiazole-anthracene copolymers. The intramolecular repulsion between solubilising groups within TPD-anthracene copolymers reduces the planarity and decreases the electronic conjugation resulting in wider optical and electrochemical band gaps. 
The poor physical properties displayed by all polymers synthesised in Chapter V resulted in a direction change. In theory, TPD should be a strong acceptor owing to the electron withdrawing imide functionality and the planar conformation. However, the steric repulsion between solubilising substituents resulted in a distorted backbone which effectively ruined the physical properties of the polymers. Thus, in chapter VI four DPP based polymers were synthesised by copolymerising DPP with either naphthalene, anthracene or TIPSAnt to yield PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH), respectively. The DPP moiety was chosen for two reasons: (1) the extended conjugated system should minimise steric repulsion between solubilising chains. Thus, the backbone should adopt a planar conformation. (2)  The DPP unit contains two amide functionalities, which are electron withdrawing like the imide functionality in TPD. When compared polymers in Chapter V, the polymers synthesised in Chapter VI displayed greatly improved physical properties. The lack of alkyl substituents on the naphthalene and anthracene moieties meant that polymers PNTDPP(OD) and PADPP(OD) displayed poor solubility in common organic solvents at room temperature. Heating was required to fully solvate the resulting polymers. GPC revealed that PTADPP(OD) displayed the highest molecular weight of all polymers synthesised; a consequence of attaching bulky octlydodecyl and TIPS groups to the DPP and anthracene units, respectively. Unsurprisingly, PADPP(OD) displayed the lowest molecular weight of all polymers synthesised with a value of 6,200 Da. It is thought that the lack of solubilising substituents on the anthracene moiety prevented the formation of processable high molecular weight materials.  UV-vis spectrometry showed that all polymers synthesised display optical band gaps that are located below the maximum solar flux of 1.77 eV. Thus, all polymers should be highly efficient at harvesting solar energy. PTADPP(EH) displayed the lowest optical band gap (1.51 eV). We speculate that this is a consequence of replacing the large, sterically demanding octlydodecyl chains on the DPP unit with smaller ethylhexyl chains. We hypothesise that these chains allow the polymer to adopt a more coplanar structure when cast into polymer films; promoting π – π stacking. Both PNTDPP(OD) and PADPP(OD) display similar optical band gaps of 1.60 and 1.59 eV, respectively. Clearly the effective conjugation length of PADPP(OD) is similar to that of PNTDPP(OD), despite the former having a significantly lower molecular weight. XRD studies confirmed that the introduction of TIPS groups disrupts short range π-π stacking in solid state. However, the effect is more pronounced in PTADPP(OD) relative to PTADPP(EH); a consequence of having such sterically demanding groups attached to both the anthracene and DPP moiety.  In actuality, XRD studies revealed that PTADPP(OD) possessed an amorphous structure in solid state. XRD patterns of PNTDPP(OD), PADPP(OD) and PTADPP(OD) reveal the presence of peaks in the small-angle region; suggesting the polymers possess some form of long range order. An indication the polymers adopt a more crystalline structure in solid state. The HOMO/LUMO levels of PNTDPP(OD), PADPP(OD), PTADPP(OD) and PTADPP(EH) were calculated to be -5.30/-3.48 eV, -5.27/-3.49 eV, -5.39/-3.56 eV and -5.32/-3.47 eV, respectively. Clearly, changing the donor-moiety from naphthalene to anthracene and extending the π-conjugation has little impact on the resulting energy levels. The shallower HOMO level of PTADPP(EH) relative to PTADPP(OD) is a consequence of improved intramolecular charge transfer along the conjugated backbone. PTADPP(OD) possess a much deeper HOMO level than PADPP(OD); suggesting that TIPS functionalised anthracene is a weaker donor than unfunctionalised anthracene. All polymers demonstrated excellent thermal stability with decomposition temperatures in excess of 300oC. All DPP-acene based copolymers exhibit smaller optical and electrochemical band gaps when compared with benzothiadiazole-anthracene and TPD-anthracene copolymers. This can be attributed to the use of a highly planar, electron-withdrawing DPP acceptor-unit. Consequently, DPP-acene copolymers possess more D-A character, which facilitates intramolecular charge transfer between the donor and acceptor substituents. 
Chapter VII investigates the effects of fluorine substitution on the molecular, optical and electrochemical properties of poly(anthracene-alt-dithienylquinoxaline) copolymers. Quinoxaline-benzodithiophene polymers have shown a great amount of promise with high efficiencies being achieved. However, no research has been conducted on quinoxaline-anthracene systems. It was believed that the use of TIPSAnt, a weak donor unit, would improve the optical properties of the resulting polymer. Furthermore, with TIPSAnt being a weak electron donor the resulting polymers should exhibit a higher Voc relative to quinoxaline-benzodithiophene polymers. A fluorinated quinoxaline acceptor-moiety was synthesised and polymerised with 9,10-TIPS functionalised anthracene units to obtain PTADTQx-F. A non-fluorinated analogue, PTADTQx was synthesised to help ascertain the effects of fluorination. Furthermore, an unfunctionalised anthracene moiety was polymerised with the fluorinated quinoxaline to yield PADTQx-F. This would help understand the effects incorporating TIPS groups has on the optical, thermal and electrochemical properties of the resulting polymers. Unsurprisingly, GPC analysis revealed that PADTQx-F possessed the lowest molecular weight; a consequence of having no solubilising substituents on the anthracene moiety. Despite its low molecular weight, PADTQx-F displayed the lowest optical band gap (1.74 eV). PTADTQx and PTADTQx-F displayed significantly higher molecular weights of 60,700 and 45,400 da, respectively, relative to PADTQx-F. Despite this both PTADTQx and PTADTQx-F display larger optical band gaps of 1.86 and 1.91 eV. It is speculated this removing the sterically bulky TIPS groups from the 9,10-positions of anthracene results in the formation of stronger π-π interchain stacking and a more coplanar structure in the solid state. The HOMO level of PTADTQx-F (-5.55 eV) is significantly lower than its non-fluorinated analogue, PTADTQx (-5.39  eV). The LUMO levels of PTADTQx-F and PTADTQx are similar. The HOMO level of PADTQx-F (-5.32 eV) is significantly shallower relative to the HOMO level of PTADTQx-F; suggesting that TIPS functionalised anthracene is a weaker donor than unfunctionalised anthracene. All polymers demonstrate good thermal stability with degradation temperatures in excess of 350oC. XRD studies revealed that PTADTQx-F and PADTQx-F display weak, broad peaks in the low-angle region; an indication the polymers possess more ordered packing relative to PTADTQx. All polymers display wide angle peaks which correspond to π-π stacking between polymer main chains.
In brief, the physical properties of the conjugated polymers have been successfully improved by modifying either the substituents or the conjugated backbone. Changing the fluorene donor unit for the fully aromatic, planar carbazole unit improved the optical properties of the backbone. Surprisingly, the electrochemical properties of the carbazole systems were worse. Thus, the carbazole donor was substituted for a TIPSAnt donor. The resulting polymers exhibit good optical and electrochemical properties. However, the lack of solubilising substituents limited the molecular weights of the resulting polymers and decreased their solubility. Consequently, the enzothiadiazole acceptor unit was changed for a TPD unit. The TPD-TIPSAnt polymers displayed poor physical properties; a consequence of steric clash between solubilising substituents. Unfortunately, decreasing the size of the solubilising chains would negatively impact the solubility and molecular weight of the resulting polymers. Thus, the TPD unit was changed for a DPP unit. The extended planarity and strong withdrawing properties of the DPP unit meant that all DPP-acene polymers displayed excellent physical properties. In actuality, the DPP-acene polymers displayed the best optical band gaps of all polymers synthesised within this thesis. Furthermore, all DPP-acene polymers displayed narrow electrochemical band gaps and good thermal stabilities. Furthermore, X-ray diffraction studies showed that these polymers possess a semi-crystalline structure in solid state, which should benefit charge transportation properties. 
[bookmark: _Toc443745168]8.2. Future Work
Photovoltaic devices fabricated from PFO-DffBT, PFDo-DffBT and PFDo-DBT display moderate efficiencies. Surprisingly, PFO-DffBT displayed the highest efficiency when fabricated into BHJ solar cells, despite its lower molecular weight. Clearly, the work conducted within this thesis has shown that molecular weight is not as important as literature has suggested. However, a direct comparison is required. The fluorinated carbazole-alt-benzothiadiazole polymers synthesised in chapter III were decorated with larger alkyl chains to facilitate the formation of higher molecular weight polymers, which should, according to literature, improve the charge transfer properties when fabricated into BHJ devices. It is recommended that a series of fluorinated carbazole-alt-benzothiadiazole polymers are synthesised (Figure 8.1). Different sized alkyl chains should be attached to the carbazole moiety in order to ascertain the impact alkyl chain length has on the optical, electrochemical and photovoltaic properties. A thorough analysis on BHJ photovoltaic devices is recommended in order to ascertain the impact differing alkyl chains has upon the active layer morphology, hole mobility and structure adopted in solid state. The investigation should reveal intriguing structure-photovoltaic property relationships which would be useful for the design of highly efficiency BHJ solar cells. 
Chapter IV concerned the preparation of anthracene-alt-benzothiadiazole copolymers. Attempts have been made to fabricate devices from these polymers. However, the limited of solubility of PTATBT and PTATffBT meant that photovoltaic devices could not be fabricated from these polymers. It is believed the solubility of these polymers would be greatly improved if alkyl chains are attached to the thiophene-spacer units (Figure 8.2). The increased solubility should facilitate the formation of higher molecular weights. In turn, this should help address the wide optical band gaps and shallow LUMO levels demonstrated by PTATBT and PTATffBT. 


[bookmark: _Toc443745312]Figure 8.1. Schematic representations of carbazole-alt-benzothiadiazole polymers that should be investigated. 


[bookmark: _Toc443745313]Figure 8.2. Schematic representation of modified PTATBT and PTATffBT.
  
A series of TPD-anthracene polymers were synthesised in Chapter V. These polymers demonstrated extremely large optical and electrochemical band gaps; a consequence of steric repulsion between solubilising groups along the polymer backbone. It is hypothesised that this steric repulsion could be minimised by introducing either thiophene, 2,2’-bithiophene or thieno[3,2-b]thiophene spacer groups. Larger solubilising groups will need to be attached to the imide functionality in order to promote processable, high molecular weight polymers. Previous literature has shown that octlydodecyl chains promote temperature dependant aggregation behaviour that allows high temperature solution processing, and controlled crystallisation of polymer:PC70BM blends. It is suggested that attaching octlydodecyl chains to the imide-functionality will allow this behaviour to be expressed in TPD-anthracene copolymers. 


[bookmark: _Toc443745314]Figure 8.3. Schematic representation of modified TPD-anthracene alternate copolymers.   
Finally, chapter VII investigated fluorinated quinoxaline-alt-anthracene copolymers. As previously mentioned, PffBT4T-2OD (Figure 8.4a) is the pinnacle conjugated polymer. BHJ photovoltaic devices fabricated from this polymer demonstrate efficiencies in excess of 10 %. The polymer displays excellent high temperature dependant aggregation behaviour; a consequence of the 2-octyldodecyl chains attached to the quaterthiophenes. It is this aggregation behaviour that facilitates crystallisation of the polymer as it cools. This allows an ideal polymer:PC70BM morphology to be achieved. It would be interesting to make analogous polymers (Figure 8.4b and 8.4c) to see if this temperature dependant aggregation occurs in quinoxaline systems. 


[bookmark: _Toc443745315]Figure 8.4. Schematic representation of: (a) PffBT4T-2OD; (b) PffQT4T-2OD; and (c) PffQT4T-2POD


Chapter IX: Experimental


[bookmark: _Toc443745170]9.1. Materials
All chemicals and solvents, with the exception of those stated below, were of reagent grade quality, purchased commercially and used without further purification unless otherwise stated. Toluene was dried and distilled over sodium under an inert argon atmosphere. Acetonitrile (high performance liquid chromatography (HPLC) grade was dried and distilled over phosphorous pentoxide under an inert argon atmosphere, then stored over molecular sieves, 3 Å. 
[bookmark: _Toc443745171]9.2. Measurements
1H, 13C and 19F nuclear magnetic resonance (NMR) spectra were recorded on either Bruker AV 250 (250 MHz), Bruker AV 400 (400 MHz) spectrometers at room temperature, using chloroform-d (CDCl3), deuterated acetone (acetone-d6) or deuterated dimethyl sulfoxide (DMSO-d6) as the solvent. 1H NMR of the polymers were recorded on a Bruker Avance III HD 500 (500 MHz) spectrometer at 100oC using 1,2-dideutrotetrachloroethane as the solvent. NMR spectra were recorded in parts per million (ppm) relative to tetramethysilane (δH 0.00). Coupling constants are given in hertz (Hz). ). Carbon, hydrogen, nitrogen and sulphur elemental analysis was performed on a Perkin Elmer 2400 series 11 CHNS/O analyzer. Analysis of halides was undertaken using the Schöniger flask combustion method. GPC analysis was conducted on polymer solutions using 1,2,4-trichlorobenzene at 140oC as the eluent. Polymer samples were spiked with toluene as a reference. GPC curves were obtained using a Viscotek GPCmax VE2001 GPC solvent/sample module and a Waters 410 Differential Refractometer, which was calibrated using a series of narrow polystyrene standards (Polymer Laboratories). TGA’s were obtained using a Perkin Elmer TGA-1 Thermogravimetric Analyzer at a scan rate of 10oC min-1 under an inert nitrogen atmosphere. DSC’s were obtained using a Perkin-Elmer Pyris DSC in the temperature range -50oC-220oC. Powder X-ray diffraction measurements were recorded on a Bruker D8 advance diffractometer with a CuKα radiation source (1.5418 Å, rated as 1.6 kW). The scanning angle was conducted over the range 2-40o. UV-visible absorption spectra were recorded using a Hitachi U-2010 Double Bean UV/Visible Spectrophotometer. Polymer solutions were made using chloroform and measured using quartz cuvettes (path length = 1x10-2 m). Thin films, used for absorption spectra were prepared by drop-casting solutions onto quartz plates using 1 mg cm-3 polymer solutions that were prepared with chloroform. Cyclic voltammograms were recorded using a Princeton Applied Research Model 263A Potentiostat/Galvanostat. A three electrode system was employed comprising a Pt disc, platinum wire and Ag/Ag+ as the working electrode, counter electrode and reference electrode, respectively. Measurements were conducted in a tetrabutylammonium perchlorate acetonitrile solution (0.1 mol dm-3) on polymer films that were prepared by drop casting polymer solution. Ferrocene was employed as the reference redox system; in accordance with IUPAC’s recommendations.1 The energy level of Fc/Fc+ was assumed at –4.8 eV to vacuum. The half-wave potential of Fc/Fc+ redox couple was found to be 0.08 V vs. Ag/Ag+ reference electrode. The HOMO energy levels of polymers were estimated by equation: EHOMO= – (4.8 – E1/2, Fc,Fc+ + Eox, onset). Eox, onset is the onset oxidation potential relative to the Ag/Ag+ reference electrode. The LUMO energy levels of polymers were calculated using the equation: ELUMO= – (4.8 – E1/2, Fc,Fc+ + Ered, onset). Ered,onset is the onset reduction potential relative to the Ag/Ag+ reference electrode.
[bookmark: _Toc443745172]9.3. Preparation of Monomers

[bookmark: _Toc443745173]5,6-Difluoro[c][1,2,5]benzothiadiazole (2).2 Under a protective atmosphere of nitrogen was added 4,5-difluorobenzene-1,2-diamine (5 g, 34.7 mmol), CHCl3 (500 cm3) and triethylamine (14.25 cm3). The solution was stirred until the diamine was completely dissolved. Thionyl chloride (9 g, 5.5 cm3, 75.7 mmol) was added dropwise and the mixture heated to reflux overnight. The mixture was then cooled to room temperature and quenched with water. The product was extracted with DCM (3 x 300 cm3). The organic layer was dried (MgSO4) and the solvent removed in vacuo. The crude product was purified via column chromatography using hexane:DCM (5:1) as the eluent. The product was obtained as ivory coloured crystals (3.91 g, 22.7 mmol, 65 %). 1H NMR (250 MHz, CDCl3) ∂ (ppm): 7.75 (t, J = 9.0 Hz, 2H). 13C NMR (250 MHz, CDCl3) ∂ (ppm): 155.18, 154.98, 152.29, 152.39, 150.87, 150.82, 150.76, 106.33, 106.21, 106.14, 106.06, 106.00, 105.88. 19F NMR (250 MHz, CDCl3) ∂ (ppm): -127.91, -127.94, -127.98. [M]+ calculated for C6H2F2N2S, 171.990676; found, 171.991078.
 5,6-Difluoro-4,7-diiodobenzo[c][1,2,5]thiadiazole (3).2 5,6-difluoro[c][1,2,5]thiadiazole (2.67 g, 15.0 mmol), I2 (15 g, 60.0 mmol) and fuming sulphuric acid (75 cm3) were added to a round bottom flask and stirred at 60oC for 24 hours. After cooling to room temperature the reaction was poured onto crushed ice. Chloroform was added and the mixture was transferred into a separating funnel and washed with distilled water (3 x 150 cm3), followed by 1 M NaOH solution to removed excess iodine and finally washed with NaHCO3 (3 x 100 cm3). The organic layer was dried (MgSO4) and the solvent removed in vacuo to afford the product as cream yellow crystals (4.87 g, 11.5 mmol, 77 %). 19F NMR (250 MHz, CDCl3) ∂ (ppm):  -104.99. [M]+ calculated for C6H2F2I2N2S, 423.783980; found; 423.784303.
[bookmark: _Toc443745174]5,6-Difluoro-4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (4).3 To a flame dried 100 cm3 round bottom flask, attached with condenser, was added 5,6-difluoro-4,7-diiodobenzo[c][1,2,5]thiadiazole (4.24 g, 10 mmol), (2-tributylstannyl)thiophene (8.21 g, 22 mmol) and anhydrous toluene (40 cm3). The mixture was placed under an inert atmosphere of argon using standard Schlenk line techniques. Pd(PPh3)2Cl2 (120 mg, 0.17 mmol) was then added and the reaction mixture was degassed a further three times and placed under an argon atmosphere. The reaction mixture was heated to reflux and left for three days. Upon completion, the reaction mixture was cooled to room temperature and the solvent was removed in vacuo. The crude product was purified by column chromatography using petroleum ether:chloroform (2:1) as the eluent. The solvent was removed in vacuo to yield a bright orange solid (2.59 g, 7.70 mmol, 77 %). 1H NMR (250 MHz, CDCl3) ∂ (ppm):  8.32 (d, J = 4.0 Hz, 2H), 7.65 (dd, J = 5.0 and J = 1.0 Hz, 2H), 7.31 (d, J = 4.0 Hz, 2H). 19F NMR (250 MHz, CDCl3) ∂ (ppm): -127.97. [M]+ calculated for C14H6F2N2S3, 335.9656; found; 335.9665.

[bookmark: _Toc443745175]4.7-Bis(5-bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (M1).3 5,6-Difluoro-4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (2.4 g, 7.13 mmol) was dissolved in THF. NBS (2.79 g, 15.7 mmol) was added portion wise. The reaction mixture was stirred at room temperature for 8 hours. Upon completion, the reaction mixture was washed with brine (5 x 100 cm3), dried (MgSO4) and the solvent removed in vacuo. The crude product was recrystallised form chloroform to yield orange needle like crystals (2.88 g, 5.2 mmol, 73 %). 1H NMR (250 MHz, CDCl3) δ (ppm):  8.06 (d, J = 4.0 Hz, 2H), 7.24 (d, J = 4.0 Hz, 2H). 19F NMR (250 MHz, CDCl3) δ (ppm): -127.81. [M]+ calculated for C14H6Br2F2N2S3, 491.787142; found; 491.787981. Anal. Calcd. for C14H4Br2F2N2S3: C, 34.03; H, 0.82; N, 5.67; Br, 32.34 S, 19.46. Found: C, 34.48; H, 0.86; N, 5.61; Br, 32.22; S, 19.30.
[bookmark: _Toc443745176]5,6-Difluoro-4,7-bis(5-(trimethylstannyl)thiophene-2-yl)benzo[c][1,2,5]thiadiazole (M5)4: Under an inert argon atmosphere, 2,2,6,6-tetramethylpiperdine (0.73 cm3, 0.61 g, 4.33 mmol) was dissolved in anhydrous THF (10 cm3). The solution was cooled to -78oC and n-butyl lithium (1.73 cm3, 4.33 mmol, 2.5 M solution in hexane) was added dropwise. The resulting solution was allowed to stir at -78oC. The reaction was then warmed to room temperature and stirred for 10 minutes. The solution was then cooled to -78oC and 5,6-difluoro-4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (0.56 g, 1.67 mmol) in THF (15 cm3) was added dropwise. Upon complete addition, the solution was stirred at -78oC for 1 hour. Trimethyltin chloride (8.32 cm3, 8.33 mmol, 1.0 M solution in THF) was added dropwise at -78oC. The reaction was warmed to room temperature and left to stir overnight. Upon completion, saturated brine was added to quench the reaction. The product was extracted with DCM (5 x 100 cm3), washed with brine (3 x 100 cm3), dried (MgSO4) and the solvent removed in vacuo. The crude material was recrystallised from ethanol to afford the pure product as an orange powder (0.27 g,  0.41 mmol,  25 %). 1H NMR (400 MHz, CDCl3) δ (ppm):  8.36 (d, J = 3.5 Hz, 2H), 7.37 (d, J = 3.5 Hz, 2H), 0.49 (s, 18H). 13C NMR (250 MHz, CDCl3) δ (ppm):  150.91, 150.71, 149.04, 148.33, 148.13, 142.61, 137.06, 135.52, 135.39, 135.26, 131.72, 131.55, 1.01, -6.29, -8.15. 19F NMR (250 MHz, CDCl3) δ (ppm): -127.95.  EI-MS (m/z): [M]+ calculated for C20H22F2N2S3Sn2Na2, 686.8855; found, 686.8879. Anal. Calculated for C20H22N2S3F2Sn2: C, 36.29; H, 3.35; N, 5.74; S, 14.53; Found: C, 36.84; H, 3.36; N, 4.20; S, 13.87.
[bookmark: _Toc443745177]4,7-Dibromobenzo[c][1,2,5]thiadiazole (6)5: Bromine (72 g, 450 mmol, 23.20 cm3) was added dropwise to a refluxing mixture of benzo[c][1,2,5]thiadiazole (20.4 g, 150 mmol) and hydrobromic acid (30 cm3, 45 %). Upon complete addition of bromine, a further portion of hydrobromic acid (30 cm3, 45 %) was added and the mixture was heated under reflux for a further 2.5 hours. Upon completion the mixture was filtered, washed thoroughly with water and recrystallised from chloroform to yield the product as white needles (30.0 g, 102 mmol, 68 %). 1H NMR (250 MHz, CDCl3) δ (ppm): 7.73 (s, 2H). 13C NMR (250 MHz, CDCl3) δ (ppm):  152.96, 132.23, 113.91. [M]+ calculated for C6H2Br2N2S, 291.830542; found, 291.831102.

[bookmark: _Toc443745178]4,7-Di(thiophene-2-yl)benzo[c]thiadiazole (7)5: To a flame dried 250 cm3 round bottom flask, attached with condenser, was added 4,7-dibromobenzo[c][1,2,5]thiadiazole (10 g, 34 mmol), (2-tributylstannyl)thiophene (30.5 g, 82 mmol) and dry toluene (100 cm3). The mixture was placed under an inert atmosphere of argon using standard Schlenk line techniques. Pd(PPh3)2Cl2 (485 mg, 0.69 mmol) was added and the reaction mixture was degassed three times and placed under an inert atmosphere of argon. The reaction mixture was heated to reflux for 48 hours. Upon completion, the reaction mixture was cooled to room temperature and the solvent removed in vacuo. The residue was purified by column chromatography on silica gel (DCM:hexane 1:1). Recrystallisation from ethanol gave the title compound as orange needles. (8.69 g, 28.9 mmol, 85 %) 1H NMR (250 MHz, CDCl3) δ (ppm):  8.13 (dd, J = 1.0 Hz, J = 3.5 Hz, 2H), 7.87 (s, 2H), 7.48 (dd, J = 1.0 Hz and J = 5.0 Hz, 2H), 7.23 (dd, J = 3.5 Hz and J = 5.0 Hz, 2H). 13C NMR (250 MHz, CDCl3) δ (ppm):  152.63, 139.36, 128.02, 127.51, 126.81, 125.98, 125.77. [M]+ calculated for C14H8N2S3, 299.9844; found, 299.9837.
[bookmark: _Toc443745179]4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (M2)6: Under an inert atmosphere of nitrogen, NBS (3.78 g , 21.2 mmol), 4,7-di(thiophene-2-yl)benzo[c]thiadiazole (4 g, 13.3 mmol) and 1,2-dichlorobenzene (80 cm3) were added to a round bottom flask. The material was heated slowly to 55oC and held at this temperature for 3 hours. Upon completion, the mixture was heated to 150oC. Once the solids were fully dissolved, the solution was cooled to room temperature. Any solids were filtered off, washed with water (2 x 50 cm3) and ethanol (2 x 50 cm3). The process of recrystallizing with 1,2-dichlorobenzene and washing with water and ethanol was repeated 4 times.  The solid was obtained as deep red needle crystals (2.72 g, 5.96 mmol, 56 %). 1H NMR (250 MHz, CDCl3) δ (ppm):  7.84 (d, J = 4.0 Hz, 2H,), 7.82 (s, 2H), 7.19 (d, J = 4.0 Hz, 2H). [M]+ calculated for C14H6Br2N2S3, 455.805986; found, 455.805132. Anal. Calculated for C14H6Br2N2S3: C, 36.70; H, 1.32; N, 6.11; Br, 34.88; S, 20.99. Found: C, 36.48; H, 1.68; N, 6.15; Br, 34.17; S, 20.30.

[bookmark: _Toc443745180]4,7-Bis(5-(trimethylstannyl)thiophene-2-yl)benzo[c][1,2,5]thiadiazole (M6)4: Under an inert argon atmosphere, 2,2,6,6-tetramethylpiperdine (1.46 cm3, 1.21 g, 8.66 mmol) was dissolved in anhydrous THF (20 cm3). The solution was cooled to -78oC and n-butyl lithium (3.46 cm3, 8.66 mmol, 2.5 M solution in hexane) was added dropwise. The resulting solution was allowed to stir at -78oC. The reaction was then warmed to room temperature and stirred for 10 minutes. The solution was then cooled to -78oC and 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (1.0 g, 3.33 mmol) in THF (15 cm3) was added dropwise. Upon complete addition, the solution was stirred at -78oC for 1 hour. Trimethyltin chloride (8.32 cm3, 8.33 mmol, 1.0 M solution in THF) was added dropwise at -78oC. The reaction was warmed to room temperature and left to stir overnight. Upon completion, saturated brine was added to quench the reaction. The product was extracted with DCM (3 x 100 cm3), washed with brine (3 x 100 cm3), dried (MgSO4) and the solvent removed in vacuo. The crude material was recrystallised from ethanol to afford pure product as orange needle-like crystals (1.42 g, 2.27 mmol, 68 %). 1H NMR (400 MHz, CDCl3) δ (ppm):  8.21 (d, J = 3.5 Hz, 2H), 7.88 (s, 2H), 7.32 (d, J = 3.5 Hz, 2H), 0.48 (s, 18H). 13C NMR (400 MHz, CDCl3) δ (ppm):  152.66, 154.07, 140.23, 136.26, 136.12, 135.99, 128.60, 128.40, 128.21, 125.80, -6.25. EI-MS (m/z): [M]+ calculated for C20H24N2S3Sn2Na, 650.9043; found, 650.9025. Anal. Calculated for C20H24N2S3Sn2: C, 3.86; H, 83.86; N, 4.47; S, 15.36; Found: C, 38.62; H, 3.87; N, 4.50; S, 15.38.

[bookmark: _Toc443745181]2,5-Dibromo-4-fluoro-nitrobenzene (9)7: To a solution of 1,4-dibromo-2-fluorobenzene (100 g, 394 mmol) in DCM (320 cm3), trifluoroacetic acid (160 cm3) and trifluoroacetic anhydride (320 cm3) was added NH4NO3 (40 g, 500 mmol) at 0oC. After addition the mixture was allowed to room temperature and stirred overnight. Upon completion, the mixture was slowly poured into water and the aqueous solution was extracted with DCM (4 x 300 cm3). The organic extracts were combined, dried (MgSO4) and the solvent removed in vacuo. The crude product was recrystallised in ethanol to afford the product as pale yellow crystals (110 g, 367 mmol, 93 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 8.16 (d, J = 6.5 Hz, 1H), 7.53 (d, J = 7.5 Hz, 1H). 13C NMR (250 MHz, CDCl3) δ (ppm): 162.65, 158.11, 130.89, 130.85, 123.05, 122.63, 114.97, 114.83, 109.03, 108.67. 19F NMR (250 MHz, CDCl3) δ (ppm): -97.04, -97.07, -97.09. EI-MS (m/z): [M]+ calculated for C6H2Br2FNO2, 296.8436; found, 296.8445.
[bookmark: _Toc443745182]4,4’-Dibromo-5,5’-difluoro-2,2’-dinitrobipheny (10)8: 1,4-Dibromo-2-fluoro-5-nitrobenzene (50.89 g, 170.2 mmol), Cu powder (14.42 g, 226.9 mmol) and DMF (250 cm3) were placed in a reaction vessel and heated at reflux for 3 hours. The reaction mixture was cooled to ambient temperature and toluene (300 cm3) was added and the mixture was stirred for another 1 hour at room temperature. The unreacted copper was filtered off and the filtrate was washed with a saturated solution of NaCl (3 x 300 cm3). The organic layer was dried (MgSO4) and the remaining solvent was removed in vacuo. The crude product was recrystallised from ethanol to afford the product as yellow crystals (22.9 g, 52 mmol, 63 %). 1H NMR (250 MHz, CDCl3) δ (ppm): 8.55 (d, J = 6.0 Hz, 2H), 7.08 (d, J = 7.5 Hz, 2H). 13C NMR (250 MHz, CDCl3) δ (ppm): 163.72, 159.58, 142.88, 142.83, 134.11, 133.97, 131.04, 131.00, 118.52, 118.12, 110.39, 110.03. 19F NMR (250 MHz, CDCl3) δ (ppm): -96.01, -96.04, -96.07. EI-MS (m/z): [M]+ calculated for C12H4Br2F2N2O4, 438.8559; found, 438.8558.
[bookmark: _Toc443745183]4,4’-Dibromo-5,5’-difluoro-biphenyl-2,2’-diamine (11)9: 4,4’-Dibromo-5,5’-difluoro-2,2’-dinitrobiphenyl (9.67 g, 22.1 mmol), tin powder (-100 mesh) (12.45 g, 104.8 mmol) ethanol (160 cm3) and 35 wt% hydrochloric acid (45 cm3) were placed into a reaction vessel under nitrogen. The reaction mixture was refluxed for 90 minutes. After this time had elapsed the mixture was cooled to room temperature and a further portion of tin powder (12.45 g, 104.8 mmol) was added. The reaction was then refluxed for a further hour before being cooled to room temperature. Any unreacted tin powder was filtered off. The filtrate was then treated with 10 % w/w NaOH (1000 cm3) and the product extracted with diethyl ether (3 x 500 cm3). The organic phase was dried (MgSO4) and the solvent removed in vacuo. The crude product was recrystallised from ethanol to afford the product as a pale brown powder (6.27 g, 16.6 mmol, 75 %). 1H NMR (250 MHz, CDCl3) δ (ppm): 6.98 (d, J = 6.0 Hz, 2H), 6.89 (d, J = 8.50 Hz, 2H)  13C NMR (250 MHz, CDCl3) δ (ppm): 154.29, 150.49, 141.08, 119.76, 118.12, 117.76, 109.56, 109.22. 19F NMR (250 MHz, CDCl3) δ (ppm): -121.22, -121.25, -121.26, -121.29. EI-MS (m/z): [M]+ calculated for C12H8Br2F2N2, 377.8997; found, 377.8991.
[bookmark: _Toc443745184]2,7-Dibromo-3,6-difluoro-9H-carbazole (12)9: To 4,4’-Dibromo-5,5’-difluoro-biphenyl-2,2’-diamine (9 g, 24.9 mmol) was added concentrated phosphoric acid (85 %) (200 cm3) and the mixture heated at 180oC for 24 hours. The crude product was filtered off and washed with water. The crude product was then solubilised in toluene and the solution filtered through a silica gel plug. The solvent was removed in vacuo and the crude material was recrystallised from toluene/hexane (10:1) to yield an ivory powder (3.38 g, 9.36 mmol, 88 %). 1H NMR (250 MHz, acetone-d6) δ (ppm): 10.69 (br, 1H) 8.09 (d, J = 9.0 Hz, 2H), 7.85 (d, J = 6.0, 2H). 13C NMR (250 MHz, acetone-d6) δ (ppm): 236.00, 154.18, 151.84, 137.80, 115.43, 107.19, 106.94. 19F NMR (400 MHz, acetone-d6) δ (ppm): -120.40, -120.42, -120.44. EI-MS (m/z): [M]+ calculated for C12H5Br2F2N, 361.8751; found, 361.8763.

[bookmark: _Toc443745185]3,6-Difluoro-2,7-dibromo-9-(pentacosan-13-yl)-9H-carbazole (M3)10: 2,7-Dibromo-3,6-difluoro-9H-carbazole (3.0 g, 15.4 mmol) and powdered KOH (4.31 g, 41.8 mmol) were dissolved in anhydrous DMSO (100 cm3). The mixture was heated to 40oC and pentacosan-13-yl 4-methylbenzene (10.4 g, 19.9 mmol) in dry THF (10 cm3) was added dropwise over 2 hours. The reaction was allowed to stir overnight. Upon completion, the reaction was poured on H20 (300 cm3) and the product extracted with hexane (4 x 300 cm3). The organic fractions were combined, dried (MgSO4) and the solvent removed in vacuo. The product was purified via silica gel column chromatography using hexane as the eluent to yield an off-white solid (2.43 g, 3.41 mmol, 22 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 7.74 (br, 3H), 7.58 (br, 1H), 4.39 (sep, J = 5.0 Hz, 1H), 2.19 (m, 2H), 1.92 (m, 2H), 1.36-1.08 (m, 38H), 0.97 (m, 2H), 0.89 (t, J = 7.0 Hz, 6H). 13C NMR (250 MHz, CDCl3) δ (ppm): 154.29, 151.92, 139.54, 135.89, 115.62, 113.40, 106.88, 57.35, 33.57, 31.75, 29.49, 29.37, 29.28, 29.12,, 26.73, 22.62, 14.07.  19F NMR (250 MHz, CDCl3) δ (ppm): -118.54, -119.06. EI-MS (m/z): [M]+ calculated for C37H55Br2F2N, 711.2710; found, 711.2685. Anal. Calculated for C37H55Br2F2N: C, 62.45; H, 7.71; N, 1.97; Br, 22.46; Found: C, 62.08; H, 7.92; N, 1.95; Br, 23.22.

[bookmark: _Toc443745186] 4,4’-Dibromo-2,2’-dinitrobiphenyl (13)9. Under a protective atmosphere of nitrogen was added 1,4-dibromo-2-nitrobenzene (69.50g, 247 mmol), Cu powder (15.85 g, 249 mmol) and dry DMF (310 cm3) to a two-neck round bottom flask. The mixture was heated to 120oC and stirred at this temperature for 3 h. The reaction mixture was then cooled to ambient temperature. Dry toluene (310 cm3) was then added and the reaction stirred for a further hour at room temperature. The reaction mixture was filtered to remove solid materials. The filtrate was washed with water (3 x 300cm3) and brine solution (3 x 300 cm3). The organic layer was dried (MgSO4), filtered and the solvent removed in vacuo. The crude product was recrystallised from ethanol to afford the product as pale yellow crystals (78.56 g, 195 mmol, 79 %). 1H NMR (250 MHz, CDCl3) δ (ppm): 8.39 (d, J = 2.0 Hz, 2H), 7.85 (dd, J = 2.0 Hz and J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H). 13C NMR (250 MHz, CDCl3) δ (ppm): 147.37, 136.68, 132.06, 132.03, 128.06, 122.92. [M]+ calculated for C12H6Br2N2O4, 399.869429; found, 399.869497.

[bookmark: _Toc443745187]4,4’-Dibromobiphenyl-2,2’-diamine (14)9. Under a protective atmosphere of nitrogen was added 4,4’-dibromo-2,2’-dinitrobiphenyl (46.28 g, 115 mmol), tin powder (-100 mesh) (55.15 g, 465 mmol), ethanol (650 cm3) and HCl (32 %, 250 cm3). The reaction mixture was refluxed for 90 minutes. After this time had elapsed the mixture was cooled to room temperature and a further portion of tin powder (55.15 g, 465 mmol) was added. The reaction was then refluxed for a further hour before being cooled to room temperature. Any unreacted tin powder was filtered off. The filtrate was then treated with 10 % w/w NaOH (1000 cm3) and the product extracted with diethyl ether (3 x 500 cm3). The organic phase was dried (MgSO4) and the solvent removed in vacuo. The crude product was recrystallized from ethanol to afford the product as a pale brown powder (32.84 g, 96 mmol, 84 %). 1H NMR (250 MHz, CDCl3) δ (ppm): 6.95 (m, 6H), 3.30 (s, 4H). 13C NMR (250 MHz, CDCl3) δ (ppm): 145.37, 132.27, 122.74, 122.11, 121.76, 118.20. [M]+ calculated for C12H10Br2N2, 339.921071; found, 339.920864.

[bookmark: _Toc443745188]2,7-Dibromo-9H-carbazole (15)9. To 4,4’-dibromobiphenyl-2,2’-diamine (20.30 g, 59.4 mmol) was added concentrated phosphoric acid (85 %) (400 cm3) and the mixture heated at 190oC for 24 hours. The crude product was filtered off and washed with water. The crude product was then solubilized in toluene and the solution filtered through a silica gel plug. The crude product was recrystallized from toluene/hexane  (10:1) to yield a tan coloured solid (15.58 g, 48 mmol, 81 %). 1H NMR (250 MHz, acetone-d6) δ (ppm): 10.64 (s, 1H), 8.06 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 1.5, 2H), 7.35 (dd, J = 1.5 Hz and J = 8.5 Hz, 2H). 13C NMR (250 MHz, acetone-d6) δ (ppm): 205.34, 141.17, 122.43, 121.73, 121.62, 119.40, 114.04, 113.99. [M]+ calculated for C12H7Br2N, 322.894521; found, 322.893832.
[bookmark: _Toc443745189]2,7-Dibromo-9-(pentacosan-13-yl)-9H-carbazole (M4)10: 2,7-Dibromo-9H-carbazole  (5.00 g, 15.4 mmol) and powdered KOH (4.31 g, 76.9 mmol) were dissolved in anhydrous DMSO (100 cm3). The mixture was heated to 40oC and pentacosan-13-yl 4-methylbenzene (12.06 g, 23.08 mmol) in dry THF (20 cm3) was added dropwise over 2 hours. The reaction was allowed to stir overnight. Upon completion, the reaction was poured on H20 (300 cm3) and the product extracted with hexane (4 x 300 cm3). The organic fractions were combined, dried (MgSO4) and the solvent removed in vacuo. The product was purified via silica gel column chromatography using hexane as the eluent to yield an off-white solid (4.83 g, 7.15 mmol, 46 %) 1H NMR (400 MHz, CDCl3) δ (ppm): 7.92 (dd, J = 4.5 and J = 8.5 Hz, 2H), 7.73 (s, 1H), 7.57 (s, 1H), 7.35 (t, J = 7.0 Hz, 2H), 4.44 (sep, J = 2.5 Hz, 1H), 2.21 (m, 2H), 1.93 (m, 2H), 1.36-1.09 (m, 38H), 0.99 (m, 2H), 0.90 (t, J = 7.0 Hz, 6H). 13C NMR (250 MHz, CDCl3) δ (ppm): 122.34, 121.47, 121.22, 114.54, 112.17, 56.98, 33.51, 31.94, 29.63, 29.56, 29.49, 29.37, 29.33, 26.76, 22.72, 14.16 EI-MS (m/z): [M]+ calculated for C39H57Br2NNa, 696.2755; found, 696.2730. Anal. Calculated for C37H57Br2N: C, 65.72; H, 8.50; N, 2.07; Br, 23.65; Found: C, 64.37; H, 8.39; N, 1.94; Br, 27.61.
[bookmark: _Toc443745190]2,6-Dibromo-9,10-anthraquinone (17)11. Under an inert nitrogen atmosphere, anhydrous copper (II) bromide (20.8 g, 61 mmol), 2,6-diaminoanthraquinone (10.0 g, 41.4 mmol) and anhydrous acetonitrile (175 cm3) were added to a round bottom flask. To the resulting suspension was added tert-butyl nitrite (12.35 cm3, 10.7 g, 93.20 mmol). The mixture was heated to 65oC, resulting in the production of a colourless gas. After gas evolution had ceased (ca ~ 3 hours) the reaction mixture was cooled to room temperature and quenched by adding HCl (aq) (100 cm3, 20% w/v). The mixture was stirred for a further 5 minutes and water (150 cm3) was added. The light brown precipitate was separated by filtration, washed with water (3 x 150 cm3) and acetonitrile (3 x 150 cm3. The crude product was purified using hot recrystallisation with toluene as the solvent. The pure product was dried in the vacuum oven overnight at 80oC (11.84 g, 32.3 mmol, 77 %) 1H NMR (400 MHz, CDCl3) δ (ppm): 8.45 (d, J = 2.0 Hz, 2H); 8.17 (d, J = 8.5 Hz, 2H), 7.95 (dd, J = 2.0 and Hz, J = 8.5 Hz, 2H). [M]+ calculated for C14H6Br2O2, 363.87345; found, 363.87580.
[bookmark: _Toc443745191]2,6-Dibromo-9,10-bis(triisopropylsilylacetylene)anthracene (18)12. Triisopropylsilylacetylene-anthracene (TIPS) (12.32 g, 15.15 cm3, 67.5 mmol) in anhydrous hexane (140 cm3) were added to a three-neck round bottom flask under an inert argon atmosphere. The mixture was cooled to 0oC and n-BuLi (14.5 cm3, 39.2 mmol, 2.7 M in hexane) was added dropwise. The mixture was then stirred at room temperature for 2 hours. The colourless solution was then transferred, via cannula, to a suspension of 2,6-dibromo-9,10-anthraquinone (5.49 g, 15.00 mmol) in anhydrous THF (200 cm3) under an inert argon atmosphere. The solution turned red immediately and was left to stir overnight. Upon completion, distilled water (15 cm3) was added dropwise to quench the reaction. SnCl2.2H2O (15.0 g, 66.5 mmol) in HCl (18 cm3, 10%) was added dropwise and the mixture was heated to reflux for 3 hours. Distilled water (100 cm3) was added and the product extracted with hexane. The organic phases were washed with sodium bicarbonate and brine. The organic phase was dried and the hexane removed in vacuo to yield the product as a brown powder. The product was purified via column chromatography using hexane as the eluent. The solvent was removed in vacuo to yield the product as a fluorescent yellow solid (6.99 g, 10 mmol, 66 %). 1H NMR (250 MHz, CDCl3) δ (ppm): 8.84 (d, J = 2.0 Hz, 2H), 8.48 (d, J = 9.0 Hz, 2H), 7.70 (dd, J = 2.0 Hz and J = 9.0 Hz, 2H), 1.30 (m, 42H). 13C NMR (250 MHz, CDCl3) δ (ppm): 132.25, 130.98, 130.91, 129.51, 128.98, 122.01, 118.176, 106.34, 102.21, 18.86, 11.48. [M]+ calculated for C36H48Br2Si2, 694.166131; found, 694.164186. Elemental Analysis (%) calculated for C36H48Br2Si2: C, 62.06; H, 6.94; Br, 22.94. Found: C. 62.34; H, 7.31; Br, 22.46. 

[bookmark: _Toc443745192]2,6-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (M18)13. A single neck round bottom containing 2,6-dibromo-9,10-bis(triisopropylsilylacetylene)anthracene (3.00 g, 4.3 mmol), bis(pinacolato)diboron (3.83 g, 15.01 mmol), potassium acetate (2.52 g, 24.97 mmol) and Pd(dppf)Cl2 (0.2 g, 0.25 mmol) was placed under an argon atmosphere using standard schlenk line techniques. To this mixture, DMF (50 cm3) was added, degassed and heated at 90oC for 48 hours. The reaction mixture was cooled to room temperature and poured into water (50 cm3) and extracted with diethyl ether (3 x 100 cm3). The organic phases were combined, washed with H20 (2 x 100cm3) and dried (MgSO4). The crude product was purified by dissolving in the minimum amount of hot ether and precipitated in methanol which had been run through a basic column (1.41 g, 1.8 mmol, 41 %). 1H NMR (250 MHz, CDCl3): δ (ppm) 9.30 (s, 2H) 8.62 (d, J = 8.5 Hz, 2H), 7.94 (dd, J = 1.0 Hz and J = 8.5 Hz, 2H), 1.41 (s, 24H), 1.32 (m, 42H). 13C NMR (250 MHz, CDCl3) δ (ppm): 136.42, 133.44, 132.37, 130.61, 126.91, 105.22, 103.33, 83.93, 25.00, 18.94, 11.58. [M]+ calculated for C48H72B2O4Si2, 790.515529; found, 790.513046. Elemental Analysis (%) calculated for C48H72B2O4Si2: C, 72.90; H, 9.18. Found: C, 73.22; H, 7.72. 
[bookmark: _Toc443745193]1-Bromo-3,7-dimethyloctane: Triphenylphosphine (42.2 g, 161 mmol) was added to a solution of 3,7-dimethyl-1-octanol (25.23 g, 135.4 mmol) and DCM (500 cm3) and stirred until dissolved. N-bromosuccinimide (28.53, 160.3 mmol) was added portion-wise. Upon complete addition, the resulting solution was stirred at ambient temperature for 90 minutes. The resulting solution was washed with saturated NaHCO3 (3 x 350 cm3), dried (MgSO4), filtered and the solvent removed in vacuo. The resulting material was stirred in petroleum ether for 30 minutes at ambient temperature. Any insoluble materials were filtered off and the filtrate was concentrated in vacuo. The product was purified on a silica column using petroleum ether as the eluent to give 1-bromo-3,7-dimethyloctane as a colourless oil (24.85 g, 112 mmol, 70 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 3.44 (m, 2H), 1.89 (m, 2H), 1.69 (m, 2H), 1.55 (m, 1H), 1.31 (m, 3H), 1.17 (m, 3H), 0.90 (t, J = 8.5 Hz, 9H). 13C NMR (400 MHz, CDCl3) δ (ppm): 40.07, 39.17, 36.72, 32.37, 31.65, 27.96, 24.56, 22.71, 22.61, 18.96. EI-MS (m/z): [M]+ calculated for C10H21Br, 220.0821; found, 220.0812.

[bookmark: _Toc443745194]N-(3,7-dimethyloctyl)phthalimide: Potassium phthalimide (7.5 g, 40 mmol) was added to a solution of 1-bromo-3,7-dimethyloctane (8.14 g, 37 mmol) in DMF (45 cm3). The reaction was stirred at 90oC for 16 hours.  Upon completion, the reaction was cooled to room temperature and poured in H20 (150 cm3). The product was extracted with DCM (3 x 100 cm3). The organic extracts were combined, washed with KOH (0.2 M, 200 cm3), H2O and saturated NH4Cl. The organic layer was dried (MgSO4) and the solvent removed in vacuo. The crude product was purified via column chromatography using DCM as the eluent to give the title compound as a colourless-oil (9.48 g, 33 mmol, 89 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 7.82 (m, 2H), 7.69 (m, 2H), 3.67 (t, J = 6.0 Hz, 2H), 1.67 (m, 1H), 1.47 (m, 3H), 1.33-1.08 (m, 6H), 0.95 (d, J = 6.5 Hz, 3H), 0.83 (d, J = 6.5 Hz, 2H). 13C NMR (400 MHz, CDCl3) δ (ppm): 168.32, 133.75, 132.21, 123.06, 39.17, 36.95, 36.29, 35.47, 30.68, 27.88, 24.51, 22.64, 22.56, 19.37. EI-MS (m/z): [M]+ calculated for C18H25NO2, 287.1880; found, 287.1885.

[bookmark: _Toc443745195]3,7-Dimethyloctan-1-amine: N-(3,7-dimethyloctyl)phthalimide (6.03 g, 21.0 mmol), hydrazine hydrate (51%, 4 cm3, 65.0 mmol) and MeOH (100 cm3) were stirred at reflux for 3 hours. Upon completion, excess HCl (5 M) was added and the reaction mixture was refluxed for a further hour and cooled. The precipitate was filtered off and washed with water. The methanol was removed in vacuo and the residue was diluted with DCM (100 cm3). The organic extract was washed with KOH (10%, 3 x 50 cm3). The combined aqueous layer was extracted with DCM (3 x 20 cm3). The combined DCM solutions were washed with brine (2 x 50 cm3), dried (MgSO4) and the solvent removed in vacuo to yield a light brown-oil which was used without further purification (2.87 g, 18.2 mmol, 87 %). 
[bookmark: _Toc443745196]3-Ethyl-4-Methyl-2-Aminothiophene-3,4-Dicarboxylate (20)14: Methyl pyruvate (24.31 g, 0.238 mmol) (24.31 g, 0.238 mol), ethyl cyanoactetate (24.40 g, 0.238 mol), and sulphur (8.40 g, 0.262 mol) in DMF (112 cm3) were placed in a three-necked, round-bottom flask (1000 cm3). A solution of triethylamine (56 cm3) in DMF (112 cm3) was added drop-wise over 4 hours. Upon complete addition, the reaction mixture was heated to 50 °C and left overnight. Upon completion, the solution was allowed to cool to ambient temperature and water (600 cm3) was added. The product was left to crystallise. The crystals were filtered off and 3-ethyl-4-methyl-2-aminothiophene-3,4-dicarboxylate was obtained as ivory coloured crystals (24.88 g, 0.11 mmol, 46 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 6.63 (s, 1H), 6.01 (s, br, 2H), 4.28 (q, J = 7.0 Hz, 2H), 3.86 (s, 3H), 1.33 (t, J = 7.0 Hz, 3H).13C NMR (250 MHz, CDCl3) δ (ppm): 165.58, 164.59, 162.82, 132.44, 111.35, 104.92, 60.22, 52.33, 14.23. EI-MS (m/z): [M]+ calculated for C9H11NO4S, 230.0482; found, 230.0478.

[bookmark: _Toc443745197]Thiophene-3,4-Dicarboxylic Acid (21)15,16: 3-Ethyl-4-methyl-2-aminothiophene-3,4-dicarboxylate (3.00 g, 13.1 mmol) in anhydrous THF (267 cm3) was added drop-wise to boiling solution of t-butyl nitrite (1.43 g, 13.9 mmol) in anhydrous THF (357 cm3). Once addition was complete, the reaction was refluxed for 3 hours. Upon completion, the solvent was removed in vacuo. The crude dark brown oil was purified via column chromatography using hexane:ethyl acetate (7:3) as the eluent. The intermediate product was then diluted with NaOH (2 M, 90 cm3) and stirred at 90oC overnight under a nitrogen atmosphere. Upon completion, the reaction mixture was acidified to pH 1 with HCl. The product was extracted with diethyl ether (10 x 200 cm3). The organic layer were combined, dried (MgSO4) and the solvent removed in vacuo. Thiophene-3,4-dicarboxylic acid was obtained as an off-white solid (1.25 g, 7.26 mmol, 55%). 13H NMR (400 MHz, acetone-d6) δ (ppm): 8.58 (s, 2H). 13C NMR (250 MHz, acetone-d6) δ (ppm): 164.29, 138.76, 131.58. EI-MS (m/z): [M]+ calculated for C6H4O4S, 171.98305; found, 171.95150.

[bookmark: _Toc443745198]2,5-Dibromothiophene-3,4-Dicarboxylic Acid (22)17: Thiophene-3,4-dicarboxylic acid (5.0 g, 29 mmol), glacial acetic acid (30 cm3) and bromine (5.98 cm3, 18.58 g, 116 mmol) were combined in a 250 cm3 round bottom flask and heated to 55oC for 96 hours. After cooling the reaction mixture to room temperature, excess bromine was quenched with a saturated solution of NaHSO3 until the reaction contents were colourless. The reaction mixture was cooled until crystals precipitated out of solution. The crystals were filtered and washed with ice-water to yield the title compound as a beige powder (5.72 g, 17.3 mmol, 60 %). 13C NMR (400 MHz, acetone-d6) δ (ppm): 161.81, 135.14, 114.66. EI-MS (m/z): [M]+ calculated for C6H2Br2O4S, 329.8020; found, 329.7947.

[bookmark: _Toc443745199]4,6-Dibromothieno[3,4-c]furan-1,3-Dione (23)18: Acetic anhydride (43 cm3) was added to a round bottom flask containing 2,5-dibromothiophene-3,4-dicarboxylic acid (5.00 g, 15.2 mmol). The mixture was stirred at 110oC for 1 hour. Upon completion, the reaction mixture was cooled to room temperature to induce crystallisation. The crystals were filtered and washed with hexanes to yield the title compound as off-white crystals (3.76 g, 12.1mmol, 80 %). 13C NMR (400 MHz, acetone-d6) δ (ppm): 154.55, 134.65, 116.27. EI-MS (m/z): [M]+ calculated for C6Br2O3S, 311.7909; found, 311.7936.

[bookmark: _Toc443745200]1,3-Dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6-dione (M12)19: THF (5 cm3) was added to a round bottom flask containing 4,6-dibromothieno[3,4-c]furan-1,3-dione (1.00 g, 3.21 mmol) and n-octylamine (470 mg, 3.63 mmol). The mixture was heated to 50oC for 1 hours. Upon completion, the reaction mixture was cooled to room temperature. Thionyl chloride (2.5 cm3, 34 mmol) was added and the reaction was stirred at 55oC for a further 4 hours. The reaction was precipitated into methanol (150 cm3). The product was filtered off and washed with methanol to give the title compound as white needles (1.06 g, 2.50 mmol, 78%). 1H NMR (400 MHz, CDCl3) δ (ppm): 3.61 (t, J = 7.5 Hz, 2H), 1.65 (m, 2H), 1.31 (m, 13H), 0.89 (t, J = 6.5 Hz, 3H).13C NMR (250 MHz, CDCl3) δ (ppm):  160.38, 134.79, 112.93, 38.84, 31.78, 29.72, 29.12, 28.27, 26.80, 22.64, 14.10. EI-MS (m/z): [M]+ calculated for C14H17Br2NO2S, 423.9392; found, 423.9399. Anal. Calculated for C14H17Br2NO2S: C, 39.74; H, 4.05; N, 3.31; Br, 37.77; S, 7.58; Found: C, 38.89; H, 4.09; N, 3.20; Br, 37.90; S, 7.43.
[bookmark: _Toc443745201]1,3-Dibromo-5-(3,7-dimethyloctyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (M13)20: THF (8 cm3) was added to a round bottom flask containing 4,6-dibromothieno[3,4-c]furan-1,3-dione (1.0 g, 3.21 mmol) and 3,7-dimethyloctamine (553 mg, 3.53 mmol). The mixture was heated to 55oC for 3 hours. Upon completion, the reaction mixture was cooled to room temperature. Thionyl chloride (3 cm3) was added and the reaction was stirred at 60oC for a further 4 hours. The reaction was precipitated in methanol (150 cm3) and the crude solid was purified by flash chromatography using DCM as the eluent (0.78 g, 1.73 mmol, 54 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 3.63 (t, J = 7.5 Hz, 2H), 1.61 (m, 1H), 1.57-1.36 (m, 3H), 1.35-1.11 (m, 6H), 0.96 (d, J = 6.5 Hz, 3H), 0.87 (d, J = 6.5 Hz, 6H).  13C NMR (400 MHz, CDCl3) δ (ppm): 160.28, 134.87, 112.84, 39.20, 37.09, 36.94, 35.19, 30.67, 27.90, 24.49, 22.65, 22.58, 19.34. EI-MS (m/z): [M]+ calculated for C16H21Br2NO2S, 440.9660; found, 440.9628. Anal. Calculated for C16H21Br2NO2S: C, 42.59; H, 4.69; N, 3.10; Br, 35.42; S, 7.11; Found: C, 42.74; H, 4.54; N, 3.02; Br, 35.32; S, 7.14.

[bookmark: _Toc443745202]1,3-Dibromo-5-(4-butylphenyl)thieno[3,4-c]pyrrole-4,6-dione (M14): THF (12 cm3) was added to a round bottom flask containing 4,6-dibromothieno[3,4-c]furan-1,3-dione (1.50 g, 4.81 mmol) and 4-butylaniline (789 mg, 5.29 mmol). The mixture was heated to 50oC for 3 hours. Upon completion, the reaction mixture was cooled to room temperature. Thionyl chloride (5 cm3) was added and the reaction was stirred at 55oC for a further 4 hours. The reaction was precipitated into methanol (150 cm3). The product was filtered off and washed with methanol to give the title compound as white needles (1.73 g, 3.9 mmol, 81%). 1H NMR (400 MHz, CDCl3) δ (ppm): 7.29 (dd, J = 16.0 and 7.5 Hz, 4H), 2.67 (t, J = 8.0 Hz, 2H), 2.67 (m, 2H), 1.39 (h, J = 8.0 Hz, 2H), 0.96 (t, J = 7.5 Hz, 3H). 13C NMR (400 MHz, CDCl3) δ (ppm): 159.41, 143.54, 129.08, 129.00, 126.18, 113.92, 35.35, 33.36, 22.34, 13.90. EI-MS (m/z): [M]+ calculated for C16H13Br2NO2S, 440.9028; found, 440.9047. Anal. Calculated for C16H13Br2NO2S: C, 43.37; H, 2.96; N, 3.16; Br, 36.06; S, 7.23; Found: C, 43.31; H, 2.90; N, 3.11; Br, 36.18; S, 7.20.

[bookmark: _Toc443745203]3,6-Di(thiophene-2-yl)pyrrole[3,4-c]pyrrole-1,4-(2H, 5H)-dione (25)22: A mixture of Na (0.98 g, 42.6 mmol) and FeCl3 (0.1 g, 0.616 mmol) was dissolved in tert-amyl alcohol (20 cm3) with heating at 90oC for 2 hours. The reaction was cooled to 50oC and thiophene-2-carbonitrile (2.34 g, 21.2 mmol) was added. The mixture was heated to 90oC. A solution of dimethyl succinate (2.23 g, 0.105 mmol) in tert-amyl alcohol (10 cm3) was added dropwise over 2 hours. The reaction was stirred for 20 hours at 90oC. Upon completion, the reaction was cooled to 50oC and glacial acetic acid was added and the mixture was heated under reflux for 10 minutes. The reaction was filtered and the residue was washed with hot methanol and water. The solid was dried under vacuum to yield the product as a red solid (5.32 g, 17.7 mmol, 83 %). The product was used in the next step without further purification. 1H NMR (400 MHz, DMSO-d6): δ (ppm) 11.27 (s, 2H), 8.21 (dd, 1.0 and 4.0 Hz), 7.97 (dd, 1.00 and 5.0 Hz), 7.31 (br, 2H). 13C (250 MHz, DMSO-d6): δ (ppm) 162.10, 21, 136.58, 133.07, 131.72, 131.25, 128.91. EI-MS (m/z): [M]+ calculated for C14H9N2O2S2, 301.0105; Found, 301.0101.
[bookmark: _Toc443745204]2,5-Bis(2-octyldodecyl)-3,6-di(thiophene-2-yl)pyrrole[3,4-c]pyrrole-1,4-(2H, 5H)-dione (26)23. A solution of 9-(bromomethyl)nonadecane (9.94 g, 27.5 mmol) in DMF (30 cm3) was added dropwise to a mixture of 3,6-Di(thiophene-2-yl)pyrrole[3,4-c]pyrrole-1,4-(2H, 5H)-dione (2.50 g, 8.33 mmol), K2CO3 (3.83 g, 27.8 mmol) and 18-crown-6 (0.25 g, 0.95 mmol) in DMF (50 cm3) at 120oC. The mixture was stirred overnight at this temperature. Upon completion, the reaction was cooled to room temperature. The product was dissolved in CHCl3, washed with water (3 x 300 cm3) and dried (MgSO4). The solvent was reduced in vacuo (~ 30 cm3) and the product precipitated in methanol. The crude material was filtered off and purified via column chromatography using a gradient eluent of petroleum ether:chloroform. The product was obtained as a red solid (1.66 g, 1.93 mmol, 23 %) 1H NMR (400 MHz, CDCl3) δ (ppm): 8.90 (dd, 2H, J = 4.0 Hz and J = 1.0 Hz), 7.64 (dd, 2H, J = 5.0 Hz and J = 1.0 Hz),  7.28 (dd, 2H,  J = 5.0 Hz and J = 4.0 Hz), 4.04 (d, 4H, J = 7.5 Hz), 1.92 (br, 2H), 1.51-1.12 (m, 66H), 0.88 (m, 12H). 13CNMR (400 MHz, CDCl3) δ (ppm): 161.74, 140.42, 135.23, 130.45, 129.85, 128.39, 107.93, 46.21, 37.73, 31.93, 31.88, 31.51, 31.17, 30.02, 29.97, 29.64, 29.57, 29.50, 29.36, 29.30, 26.20, 22.69, 22.68. EI-MS (m/z): [M]+ calculated for C54H88N2O2S2, 860.6287; Found, 860.6296.

[bookmark: _Toc443745205]3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4-(2H,5H)-dione (M15)23. Under an inert nitrogen atmosphere, bromine (0.55 cm3, 10.84 mmol) in chloroform (20 cm3) was added dropwise to a stirred solution of 2,5-bis(2-octyldodecyl)-3,6-di(thiophene-2-yl)pyrrole[3,4-c]pyrrole-1,4-(2H, 5H)-dione (4.67 g, 5.42 mmol) in chloroform (40 cm3). The reaction was stirred overnight. Upon completion, the reaction was carefully poured into a sodium thiosulfate solution. The crude material was extracted with chloroform (5 x 200 cm3), washed with water (3 x 100 cm3), dried (MgSO4) and the solvent removed in vacuo. The product was purified via column chromatography using a gradient eluent of petroleum ether:chloroform (3.88 g, 3.81 mmol, 70 %). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.64 (2H, d, J =4.0 Hz), 7.24 (2H, d, J = 4.5 Hz), 3.94 (4H, d, J = 7.5 Hz), 1.90 (2d, br), 1.59 (6H, s), 1.36-1.18 (60H, br), 0.89 (12H, q, J = 6.5 Hz). 13C NMR (250 MHz, CDCl3): δ (ppm) 161.49, 139.41, 135.25, 131.41, 131.20, 118.91, 108.07, 46.38, 37.77, 31.91, 31.86, 31.22, 29.96, 29.62, 29.53, 29.47, 29.33, 29.26, 26.19, 22.66, 14.08. EI-MS (m/z): [M]+ calculated for C54H86Br2N2O2S2, 1017.4576; Found, 1017.4548. Anal. Calculated for C54H86Br2N2O2S2: C, 63.64; H, 8.51; N, 2.75; Br, 15.68; S, 6.29; Found: C, 63.06; H, 8.34; N, 2.65; Br, 15.52; S, 6.39. 

[bookmark: _Toc443745206]2,6-Dibromoanthracene (27)21: 2,6-Dibromo-9,10-anthraquinone (5.60 g, 15.3 mmol), acetic acid (63 cm3), hydroiodic acid (25 cm3, 57 wt %) and hypophosphorous acid (11 cm3, 50 %) was refluxed under an inert nitrogen atmosphere for 3 days. The mixture was cooled to room temperature and poured onto ice-water (400 cm3). The resulting precipitate was filtered, washed with water and ice-cold ethanol. The crude material was recrystallised from toluene to afford the product as cream, flake like crystals (2.01 g, 5.98 mmol, 39 %). NMR showed a large amount of 2-bromo-6-iodoanthracene and 2,6-diiodoanthracene were present 1H NMR (400 MHz, CDCl3): δ (ppm) 8.32 (s, 2H), 8.19 (d, J = 1.5 Hz, 2H), 7.89 (d, J = 9.0 Hz, 2H), 7.55 (dd, J = 9.0 Hz and  J = 1.5 Hz, 2H). EI-MS (m/z): [M]+ calculated for C14H8Br2, 333.8992; Found, 399.8952.

[bookmark: _Toc443745207]2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene (M16)13: A single neck 100 cm3 round bottom flask was charged with 2,6-dibromoanthracene (1.44 g, 4.3 mmol), bis(pinacolato)diboron (3.83 g, 15.01 mmol), potassium acetate (2.52 g, 24.97 mmol) and Pd(dppf)Cl2 (0.2 g, 0.25 mmol) was placed under an argon atmosphere using standard schlenk line techniques. To this mixture, DMF (50 cm3) was added, degassed and heated at 90oC for 48 hours. The reaction mixture was cooled to room temperature and poured into water (50 cm3) and extracted with diethyl ether (3 x 100 cm3). The organic phases were combined, washed with H2O (2 x 100cm3) and dried (MgSO4). The crude product was purified by dissolving in the minimum amount of hot ether and precipitated in methanol which had been run through a basic column (0.94 g, 2.21 mmol, 51 %).1H NMR (400 MHz, CDCl3): δ (ppm) 8.59 (s, 2H), 8.48 (s, 2H), 8.02 (d, J = 8.5 Hz, 2H), 7.81 (d, J = 8.5 Hz, 2H,), 1.44 (s, 24H). 13C NMR (250 MHz, CDCl3): δ (ppm) 137.28, 132.74, 131.84, 129.12, 127.39, 127.14, 83.98, 24.94. EI-MS (m/z): [M]+ calculated for C26H32B2O4, 430.2481; Found, 430.2498. Anal. Calculated for C26H32B2O4: C, 72.60; H, 7.50; Found: C, 71.19; H, 7.51.

[bookmark: _Toc443745208]2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-naphthalene (M17)13: A single neck 100 cm3 round bottom flask was charged with 2,6-dibromonapthalene (1.00 g, 3.50 mmol), bis(pinacolato)diboron (4.33 g, 12.20 mmol), potassium acetate (2.06 g, 20.96 mmol) and Pd(dppf)Cl2 (0.17 g, 0.022 mmol) was placed under an argon atmosphere using standard schlenk line techniques. To this mixture, DMF (40 cm3) was added, degassed and heated at 90oC for 48 hours. The reaction mixture was cooled to room temperature and poured into water (50 cm3) and extracted with diethyl ether (3 x 100 cm3). The organic phases were combined, washed with H20 (2 x 100cm3) and dried (MgSO4). The crude product was purified by dissolving in the minimum amount of hot ether and precipitated in methanol which had been run through a basic column (1.06 g, 2.79 mmol, 80 %). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.39 (s, 2H), 7.88 (dd, J = 13.5 Hz and J = 8.0 Hz, 4H), 1.41 (s, 24H). 13C NMR (250 MHz, CDCl3): δ (ppm) 135.99, 134.36, 130.37, 127.68, 83.94, 24.93. EI-MS (m/z): [M]+ calculated for C22H30B2O4, 381.2408; Found, 381.2426. Elemental Analysis (%) calculated for C22H30B2O4: C, 69.52; H, 7.56. Found: C. 69.19; H, 7.81.
[bookmark: _Toc443745209]1,4-Dimethylpiperazine-2,3-dione (29)24. Under an inert nitrogen atmosphere, N,N’-dimethylethylenediamine (10.27 g, 116.5 mmol) and diethyl oxalate (17.94 g, 122.8 mmol) in anhydrous diethyl ether (250 cm3) was stirred for 19 hours. A white precipitate formed, which was filtered and washed with diethyl ether. The crude product was recrystallised in toluene to afford white needle-like crystals (15.87 g, 111 mmol, 96 %); 1H NMR (400 MHz, CDCl3): δ (ppm) 3.10 (s, 6H), 3.58 (s, 4H). 13C NMR (250 MHz, CDCl3): δ (ppm) 46.02, 34.86. EI-MS (m/z): [M]+ calculated for C6H10N2O2, 143.0815; found, 143.0812.

[bookmark: _Toc443745210]1-Bromo-3-(octyloxy)benzene (30)25. Under an inert nitrogen atmosphere, a mixture of m-bromophenol (20.02 g, 115.7 mmol), 1-bromooctane (24.09 g, 124.7 mmol), potassium carbonate (40.05 g, 289.8 mmol) and dimethylformamide (130 cm3) was at 70oC for 18 hours. Upon completion, water (400 cm3) was added. The product was extracted with diethyl ether (7 x 150 cm3), washed with water (4 x 100 cm3), brine (4 x 100 cm3), and dried (MgSO4). The solvent was removed in vacuo, and the crude material was purified via column chromatography (40-60 petroleum spirit) to yield the product as a clear, colourless oil (24.56 g, 86 mmol, 74 %). 1H NMR (400 MHz, CDCl3): δ (ppm)  7.15 (t, J = 8.5 Hz, 1H), 7.09 (m, 2H), 6.85 (dd, J = 2.5 Hz and J = 8.5 Hz), 3.95 (t, J = 6.5 Hz, 2H), 1.80 (quint, J = 7.0 Hz, 2H), 1.48 (quint, J = 7.0 Hz, 2H), 1.35 (m, 8H), 0.93 (t, J = 7.0 Hz, 3H). 13C NMR (250 MHz, CDCl3) δ (ppm):  194.525, 159.63, 134.21, 129.98, 122.94, 122.20, 113.62, 68.36, 31.81, 29.33, 29.23, 29.12, 26.00, 22.67, 14.11. EI-MS (m/z): [M]+ calculated for C14H21BrO, 284.0075; found, 284.0024.

[bookmark: _Toc443745211]1,2-Bis(3-(octyloxy)phenyl)ethane-1,2-dione (31)26. A solution of compound 1-bromo-3-(octyloxy)benzene (24.56 g, 86.1 mmol) in anhydrous tetrahydrofuran (170 cm3) was cooled to -78 ˚C. n-BuLI (33 cm3, 82.5 mmol, 2.5 M in hexanes) was added dropwise and the mixture was stirred for 1 hour. Compound 1,4-dimethylpiperazine-2,3-dione (6.05 g, 42.6 mmol) was added and the mixture was stirred for another hour, after which it was allowed to warm to room temperature and was stirred for a further 16 hours. Water (100 cm3) was added and the mixture was extracted with diethyl ether (3 x 300 cm3), dried (MgSO4) and the solvent removed in vacuo to produce a yellow residue. Precipitation in cold methanol (50 cm3) yielded the product as a white solid (18.20 g, 39 mmol, 95 %). 1H NMR (400 MHz, CDCl3): δ (ppm)  7.53 (d, J = 1.5 Hz, 2H), 7.47 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 8.0 Hz, 2H), 7.28 (s, 2H), 7.25 – 7.16 (m, 2H), 4.02 (t, J = 6.5 Hz, 4H), 1.99 – 1.73 (m, 4H), 1.44 (dd, J = 12.0 Hz and J = 19.0 Hz, 4H), 1.34 (dd, J = 8.0 Hz and J = 13.5 Hz, 16H), 0.91 (t, J = 7.0 Hz, 6H). [M]+ calculated for C30H42O4, 466.3078; found: 466.3068. 
[bookmark: _Toc443745212]2,3-Bis(3-(octyloxy)phenyl)-5,8-di(2-thienyl)quinoxaline (32) 5,26. A mixture of 4,7-di(thiophene-2-yl)benzo[c]thiadiazole (2.00 g, 6.66 mmol), zinc powder (9.25 g, 141 mmol) and glacial acetic acid (100 cm3) were refluxed for 90 minutes. Upon completion, the mixture was cooled to room temperature. Excess zinc was removed via filtration and the solid was washed thoroughly with excess ether. The filtrate was washed with aqueous NaOH (5 x 200 cm3, 10 % wt.), brine (5 x 200 cm3), dried (MgSO4) and the solvent removed in vacuo to yield an orange sludge. To this was added 1,2-bis-(3-(octyloxy)phenyl)ethane-1,2-dione (3.11 g, 6.66 mmol), methanol (200 cm3) and acetic acid (19 cm3). The mixture was degassed and heated at reflux for 4 hours. Upon completion, the mixture was cooled to room temperature and the solvent removed in vacuo to yield orange slurry. Water (500 cm3) was added and the product extracted with chloroform (5 x 400 cm3). The combined organic extracts were washed with brine (5 x 400 cm3), dried (MgSO4) and the solvent removed in vacuo. The crude product was purified via column chromatography using hexane:DCM (1:1) as the eluent to yield pure product as a bright orange solid (2.34 g, 3.33 mmol, 50 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 8.17 (s, 2H), 7.91 (dd, J = 1.0 Hz and J = 3.5 Hz, 2H), 7.53 (dd, J = 1.0 Hz and J = 5.0 Hz, 2H), 7.45 – 7.38 (m, 2H), 7.32 – 7.26 (m, 4H), 7.21 (dd, J = 3.5 Hz and J = 5.0 Hz, 2H), 7.01 – 6.94 (m, 2H), 3.94 (t, J = 6.5 Hz, 4H), 1.78 (quint, J = 2.0 Hz, 4H), 1.51 – 1.42 (m, 4H), 1.42 – 1.27 (m, 16H), 0.97 – 0.90 (m, 6H). [M]+ calculated for C44H50N2O2S2,, 703.3392, found: 703.3408.

[bookmark: _Toc443745213]2,3-Bis(3-(octyloxy)phenyl)-5,8-di(2-thienyl)-6,7-difluoroquinoxaline (33)5,26. Under an inert argon atmosphere, 5,6-Difluoro-4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazole (2.06 g, 6.12 mmol), zinc powder (9.25 g, 141 mmol)  and glacial acetic acid (100 cm3) were refluxed for 90 minutes. Upon completion, the mixture was cooled to room temperature. Excess zinc was removed via filtration and the solid was washed thoroughly with excess ether. The filtrate was washed with aqueous NaOH (5 x 200 cm3, 10 % wt.), brine (5 x 200 cm3), dried (MgSO4) and the solvent removed in vacuo to yield an orange solid. To this was added 1,2-bis-(3-(octyloxy)phenyl)ethane-1,2-dione (3.11 g, 6.66 mmol), methanol (200 cm3) and acetic acid (18.5 cm3). The mixture was degassed and heated at reflux for 4 hours. Upon completion, the mixture was cooled to room temperature and the solvent removed in vacuo to yield yellow slurry. Water (500 cm3) was added and the product extracted with chloroform (5 x 200 cm3). The combined organic extracts were washed with brine (5 x 200 cm3), dried (MgSO4) and the solvent removed in vacuo. The crude product was purified via column chromatography using hexane:DCM (1:1) as the eluent to yield pure product as a bright yellow solid (2.17 g, 2.94 mmol, 48 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 8.07 (m, 2H), 7.64 (dd, J = 1.0 Hz and J = 5.0 Hz, 2H), 7.47 – 7.34 (m, 2H), 7.33 – 7.15 (m, 6H), 6.98 (d, J = 7.5 Hz, 2H), 3.94 (t, J = 6.5 Hz, 4H), 1.91 – 1.66 (m, 4H), 1.47 (t, J = 7.0 Hz, 4H), 1.34 (m, 16H), 0.94 (t, J = 8.5 Hz, 6H). 19F NMR (400 MHz, CDCl3) δ (ppm):  -128.77. [M]+ calculated for C44H48F2N2O2S2, 739.3204; found: 739.3203.

[bookmark: _Toc443745214]2,3-Bis(3-(octyloxy)phenyl)-5,8-bis(5-bromo-2-thienyl)quinoxaline (M18) 26: A solution of compound 2,3-bis(3-(octyloxy)phenyl)-5,8-di(2-thienyl)quinoxaline (2.34 g, 3.33 mmol) in chloroform (200 cm3) was shielded from light and cooled to 0 ˚C. NBS (1.21 g, 6.80 mmol) was added in small portions over a 15 minute period. After addition, the solution was stirred at 0oC for 15 minutes. The mixture was warmed to room temperature and left to stir overnight. Upon completion, water (100 cm3)) was added and the mixture was extracted with chloroform (3 x 300 cm3), dried (MgSO4) and the solvent removed in vacuo to produce an orange solid. Repeated recrystallisation with methanol yielded the desired product as an orange solid (1.18 g, 1.37 mmol, 41 %). 1H NMR (400 MHz, CDCl3) δ (ppm): 8.10 (s, 2H), 7.57 (t, J = 4.0 Hz, 4H), 7.24 (m, 2H), 7.18 – 7.08 (m, 4H), 7.04 – 6.98 (m, 2H), 4.07 (t, J = 6.5 Hz, 4H), 1.81 (m, 4H), 1.57 – 1.44 (m, 8H), 1.44 – 1.25 (m, 12H), 0.92 (t, J = 7.0 Hz, 6H). [M]+ calculated for C44H48Br2N2O2S2, 859.1602; found: 895.1619. 
[bookmark: _Toc443745215]2,3-Bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline (M19) 26. A solution of compound 2,3-bis(3-(octyloxy)phenyl)-5,8-di(2-thienyl)-6,7-difluoroquinoxaline (2.17 g, 2.94 mmol) in chloroform (150 cm3) was shielded from light and cooled to 0 ˚C. NBS (1.03 g, 5.79 mmol) was added in small portions over a 15 minute period. After addition, the solution was stirred at 0oC for 15 minutes. The mixture was warmed to room temperature and left to stir overnight. Upon completion, water (100 cm3) was added and the mixture was extracted with chloroform (3 x 300 cm3), dried (MgSO4) and the solvent removed in vacuo to produce an orange solid. The crude material was recrystallized from isopropanol twice to yield pure product as an orange solid (0.99 g, 1.10 mmol, 38 %). 1H NMR (400 MHz, CDCl3) δ (ppm):  7.83 (d, J = 4.0 Hz, 2H), 7.54 (dd, J = 3.5 Hz and J = 6.0 Hz), 7.26 – 7.22 (m, 2H), 7.20  (d, J = 4.0 Hz, 2H), 7.12 – 7.08 (m, 2H), 7.03 – 6.98 (m, 2H), 4.06 (t, J = 6.5 Hz, 4H), 1.88 – 1.77 (m, 4H), 1.55 – 1.46 (m, 4H), 1.43 – 1.25 (m, 16H), 0.92 (t, J = 7.0 Hz, 6H); 19F NMR (400 MHz; CDCl3) -128.62. [M]+ calculated for C44H48Br2F2N2O2S2, 895.1414; found: 895.1440.
[bookmark: _Toc443745216]9.3. Preparation of Polymers
[bookmark: _Toc443745217]Poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)-5,6-difluorobenzo-2,1,3-thiadiazole] (PFO-DffBT)27: 4.7-Bis(5-bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (0.478 g, 0.9676 mmol) and 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (0.540 g, 0.9676 mmol) were added to a 100 cm3 single neck round bottom flask and placed under argon using standard schlenk link techniques. Dry toluene (21 cm3), followed by tetraethyl ammonium hydroxide (20% wt, 7.0 cm3, degassed) were added and the system was degassed again. To this solution Pd(OAc)2 (8.0 mg, 35.6 μmol) and tri(o-tolyl)phosphine (21.7 mg, 71.3 μmol) were added, degassed and heated to 90oC for 1 hour. The mixture was cooled to room temperature and bromobenzene (0.1 cm3, 0.94 mmol) was added. The mixture was degassed and heated at 90oC for 2 hours. The mixture was cooled to room temperature and phenylboronic acid (150 mg, 1.23 mmol) was added, degassed and heated to 90oC for 3 hours. The mixture was poured into degassed methanol (500 cm3) and stirred overnight. The mixture was then filtered through a membrane filter. The solids were cleaned using Soxhlet extraction with solvents in the order; methanol (250 cm3), acetone (250 cm3), hexane (250 cm3), toluene (250 cm3), chloroform (250 cm3) and chlorobenzene (250 cm3). The toluene, chloroform and chlorobenzene fractions were concentrated (~ 50 cm3) and then poured into degassed methanol (500 cm3). The resulting mixtures were stirred overnight and the polymers collected by filtration as purple powders. Toluene (143 mg, 20 %), chloroform (3 mg, 0.4 %) and chlorobenzene (110 mg, 16 %). GPC: toluene fraction, Mn = 6,800 g mol-1, Mw = 9,600 g mol-1, PDI = 1.41; chloroform fraction Mn = 8,800 g mol-1, Mw = 11,900 g mol-1, PDI = 1.35; chlorobenzene fraction, Mn = 11,900 g mol-1, Mw = 15,400 g mol-1, PDI = 1.29. 1H NMR (toluene fraction) (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.31 (m, 2H), 7.71 (m, 6H), 7.52 (m, 2H), 2.08 (br, 4H), 1.5 - 0.95 (m, 24H), 0.71 (m, 6H). 19F NMR (toluene fraction) (500 MHz, C2D2Cl4, 100oC)(δF/ppm) -127.97. Anal. Calcd. for C51H60F2N2S3: C, 71.43; H, 6.13; N, 3.87; S, 13.30. Found: C, 72.25; H, 6.26; N 3.54; S, 11.8.

[bookmark: _Toc443745218]Poly[2,7-(9,9-didodecylfluorene)-alt-4,7-bis(thiophen-2-yl)-benzo-2,1,3-thiadiazole (PFDo-DBT)27: PFDo-DBT was synthesised according to the polymerisation procedure outlined in PFO-DffBT. 4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]benzothiadiazole (0.443 g, 0.9676 mmol) and 9,9-didodecylfluorene-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)) (0.730 g, 0.9676 mmol) were added to a 100 cm3 single neck round bottom flask and placed under argon using standard schlenk link techniques. Dry toluene (21 cm3), followed by tetraethyl ammonium hydroxide (20% wt, 7.0 cm3, degassed) were added and the system was degassed again. To this solution Pd(OAc)2 (8.0 mg, 35.6 μmol) and tri(o-tolyl)phosphine (21.7 mg, 71.3 μmol) were added, degassed and heated to 90oC for 24 hours. The polymer was collected by filtration as a purple powders. Toluene (184 mg, 24%), and chlorobenzene (26 mg, 3 %). GPC: toluene fraction, Mn = 20,500 g mol-1, Mw = 35,700 g mol-1, PDI = 1.74; chlorobenzene fraction, Mn = 20,200 g mol-1, Mw = 40,500 g mol-1, PDI = 2.00. 1H NMR (toluene fraction) (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.14 (m, 2H), 7.91 (m, 2H), 7.69 (m, 6H), 7.47 (m, 2H) 2.08 (br, 4H), 1.41 (s, 8H) 1.16 (br, 32H), 0.82 (m, 6H). Anal. Calcd. for C51H62N2S3: C, 76.64; H, 7.82; N, 3.51; S, 12.03. Found: C, 75.36; H, 7.77; N, 3.16; S, 11.00.

 Poly[2,7-(9,9-didodecylfluorene)-alt-4,7-bis(thiophen-2-yl)-5,6-difluorobenzo-2,1,3-thiadiazole] (PFDo-DffBT)27: PFDo-DffBT was synthesised according to the polymerisation procedure outlined in PFO-DffBT. 4.7-Bis(5-bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (0.478 g, 0.9676 mmol) and 9,9-didodecylfluorene-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) (0.571 g, 0.9676 mmol) were added to a 100 cm3 single neck round bottom flask and placed under argon using standard schlenk link techniques. Dry toluene (21 cm3), followed by tetraethyl ammonium hydroxide (20% wt, 7.0 cm3, degassed) were added and the system was degassed again. To this solution Pd(OAc)2 (8.0 mg, 35.6 μmol) and tri(o-tolyl)phosphine (21.7 mg, 71.3 μmol) were added, degassed and heated to 90oC for 48 hours. The polymer was collected by filtration as a purple powder. Toluene (213 mg, 26%), and chlorobenzene (173 mg, 21 %). GPC: toluene fraction, Mn = 9,700 g mol-1, Mw = 15,900 g mol-1, PDI = 1.64; chlorobenzene fraction, Mn = 16,100 g mol-1, Mw = 23,700 g mol-1, PDI = 1.47. 1H NMR (toluene fraction) (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.37 (m, 2H), 7.71 (m, 6H), 7.52 (m, 2H), 2.09 (br, 4H), 1.40 (s, 4H), 1.15 (m, 36H), 0.82 (m, 6H). 19F NMR (toluene fraction) (500 MHz, C2D2Cl4, 100oC)(δF/ppm) -127.32, -127.94. Anal. Calcd. for C51H60F2N2S3: C, 73.34; H, 7.24; N, 3.35; S, 11.52. Found: C, 74.05; H, 7.30; N, 2.92; S, 10.81.



[bookmark: _Toc443745219]Poly[N-9′-pentacosanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-5,6-difluoro-benzo[c][1,2,5]-thiadiazole)] (PCDTffBT):  2,7-Dibromo-9-(pentacosan-13-yl)-9H-carbazole (138 mg, 0.204 mmol), 5,6-difluoro-4,7-bis(5-(trimethylstannyl)thiophene-2-yl)benzo[c][1,2,5]thiadiazole (135 mg, 0.204 mmol), Pd(OAc)2 (3.30 mg, 14.8 μmol) and tri(o-tolyl)phosphine (9.00 mg, 29.6 μmol) were added to a 100 cm3 round bottom flask. The flask was placed under an inert atmosphere of argon using standard Schlenk line techniques. Anhydrous toluene (10 cm3) was added, the system degassed and heated to 90oC for 48 hours. Upon completion, the reaction was cooled to room temperature and 2-(tributylstannyl)thiophene (0.30 cm3, 0.945 mmol) was added. The mixture was degassed and heated at 90oC for 1.5 hours. The mixture was cooled to room temperature and 2-bromothiophene (0.30 cm3, 3.10 mmol) was added, the system degassed and heated at 90oC for 2 hours. The reaction was cooled to room temperature and poured into methanol and left to stir overnight . The mixture was filtered through a membrane and the solids were cleaned using Soxhlet extraction with solvents in the order; methanol, acetone, hexane and toluene. The toluene fraction was concentrated in vacuo and precipitated in methanol. The resulting mixture was stirred overnight and the polymers collect via filtration as a deep purple powder (107 mg, 62 %) GPC toluene fraction, Mn = 7,700 g mol-1, Mw = 11,900 g mol-1, PDI = 1.55. 1H NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.37 (m, 2H), 8.11 (m, 2H), 7.61 (m, 2H), 7.56 (m, 2H), 4.68 (br, 1H), 2.39 (br, 2H), 2.09 (br, 2H) 1.39-1.04 (br, 40), 0.84 (m, 6H). Anal. Calculated for C51H61F2N3S3: C, 72.03; H, 7.23; N, 4.94; S, 11.31; Found: C, 71.16; H, 7.33; N, 4.72; S, 10.47.

[bookmark: _Toc443745220]Poly[N-9′-pentacosanyl-3,6-difluoro-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-benzo[c][1,2,5]-thiadiazole)] (PCffDTBT): PCffDTBT was synthesized according to the procedure outlined in PCDTffBT. 3,6-Difluoro-2,7-dibromo-9-(pentacosan-13-yl)-9H-carbazole (145 mg, 0.204 mmol), 4,7-bis(5-(trimethylstannyl)thiophene-2-yl)benzo[c][1,2,5]thiadiazole (128 mg, 0.204 mmol), Pd(OAc)2 (3.30 mg, 14.8 μmol) and tri(o-tolyl)phosphine (9.00 mg, 29.6 μmol) were added to a 100 cm3 round bottom flask. The flask was placed under an inert atmosphere of argon using standard Schlenk line techniques. Anhydrous toluene (10 cm3) was added, the system degassed and heated to 90oC for 48 hours. The polymer was obtained as a deep purple solid (112 mg, 65 %) GPC toluene fraction, Mn = 11,400 g mol-1, Mw = 20,600 g mol-1, PDI = 1.81. 1H NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.21 (br, 2H), 7.95 (br, 2H), 7.72 (4H, br), 7.63 (br, 2H), 4.59 (br, 2H), 2.35 (br, 2H), 2.07 (br, 2H), 1.39-1.12 (br, 40H), 0.84 (m, 6H). Anal. Calculated for C51H61F2N3S3: C, 72.03; H, 7.23; N, 4.94; S, 11.31; Found: C, 70.03; H, 6.23; N, 5.36; S, 12.35.

[bookmark: _Toc443745221]Poly[N-9′-pentacosanyl-3,6-difluoro-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-5,6-difluoro-benzo[c][1,2,5]-thiadiazole)] (PCffDTffBT): PCffDTffBT was synthesized according to the procedure outlined in PCDTffBT. 3,6-Difluoro-2,7-dibromo-9-(pentacosan-13-yl)-9H-carbazole (145 mg, 0.204 mmol), 5,6-difluoro-4,7-bis(5-(trimethylstannyl)thiophene-2-yl)benzo[c][1,2,5]thiadiazole (135 mg, 0.204 mmol), Pd(OAc)2 (3.30 mg, 14.8 μmol) and tri(o-tolyl)phosphine (9.00 mg, 29.6 μmol) were added to a 100 cm3 round bottom flask. The flask was placed under an inert atmosphere of argon using standard Schlenk line techniques. Anhydrous toluene (10 cm3) was added, the system degassed and heated to 90oC for 48 hours. The polymer was obtained as a deep purple solid (40.8 mg, 23 %) GPC toluene fraction, Mn = 6,100 g mol-1, Mw = 8,900 g mol-1, PDI = 1.46. 1H NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.38 (m, 2H), 7.82-7.59 (br, 6H), 4.60 (br, 1H), 2.34 (br, 2H), 2.07 (br, 2H), 1.39-1.03 (br, 40H), 0.83 (m, 6H). Anal. Calculated for C51H59F4N3S3: C, 69.12; H, 6.71; N, 4.74; S, 10.85. Found: C, 63.88; H, 5.27; N, 5.26; S, 13.14.


[bookmark: _Toc443745222]Poly[9,10-bis(triisopropylsilylacetylene)-anthracene-2,6-diyl-alt-(4,7-dithiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole-5-5-diyl] (PTATffBT)13: 4.7-Bis(5-bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (0.181 g, 0.367 mmol) and 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.290 g, 0.367 mmol) were added to a flask and placed under an inert argon atmosphere using standard schlenk line techniques. Dry toluene (9 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (6.5 mg, 28.9 μmol) and tri(o-tolyl)phosphine (17.3 mg, 56.8 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC for 30 minutes. Upon completion, the mixture was cooled to room temperature and bromobenzene (0.1 cm3, 0.94 mmol) was added. The mixture was degassed and heated at 90oC for 1 hour. Upon completion, the reaction mixture was cooled to room temperature and phenyl boronic acid (150 mg, 1.23 mmol) was added. The mixture was degassed and heated at 90oC for a further hour. The mixture was cooled to room temperature and precipitated into methanol (500 cm3, degassed) and stirred overnight. The resulting mixture was filtered through a membrane filter and the polymer was obtained as a deep purple powder. The polymer was cleaned using Soxhlet extraction with solvents in the following order: methanol (250 cm3), acetone (250 cm3), hexane (250 cm3), toluene (250 cm3). The toluene fraction was concentrated (~ 50 cm3) and then poured into degassed methanol (500 cm3). The resulting mixture was stirred overnight and the solid was collected by filtration (92.4 mg, 29 %). GPC analysis: Mn = 2,100 Da, Mw = 2,500 Da, PDI = 1.19. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.96 (m, 1H), 8.77-8.52 (m, 2H), 8.38-8.20 (m, 2H), 7.97 (m, 1H), 7.67 (m, 2H), 7.49-7.27 (m, 2H).  19F-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) -127.22, -127.70.  Anal. Calcd. for C50H52F2N2S3Si2: C, 68.92; H 6.02; N, 3.22; S, 11.04. Found: C, 67.85; H, 5.93; N, 2.78; S, 9.68. 
[bookmark: _Toc443745223]Poly[9,10-bis(triisopropylsilylacetylene)-anthracene-2,6-diyl-alt-(5,6-bis(octyloxy)-4,7-di(thiophene-2-yl)benzo[c]thiadiazole-5,5-diyl] (PTATBT-8)13: PTATBT-8 was synthesized according to the polymerisation method outlined for PTATffBT: 4,7-bis(5-bromo-2-thienyl)-5,6-bis(octyloxy)-2,1,3-benzothiadiazole (0.262 g, 0.367 mmol) and 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.290 g, 0.367 mmol) were added to a flask and placed under an inert argon atmosphere using standard schlenk line techniques. Dry toluene (10 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2.1 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (6.0 mg, 26.7 μmol) and tri(o-tolyl)phosphine (16.3 mg, 53.6 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC. The polymerisation was deemed complete after 3 hours. The polymer was obtained as a purple solid (230 mg, 57 %). GPC analysis: Mn = 13,600 Da, Mw = 38,700 Da, PDI = 2.84. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.89 (br, 1H), 8.82-8.32 (m, 4H), 7.99 (br, 1H), 7.67 (br, 2H), 7.49-7.22 (m, 2H), 4.21 (br, 4H), 1.94 (br, 4H), 1.55-1.01 (m, 62H), 0.80 (br, 6H). Anal. Calcd. for C66H86N2O2S3Si2: C, 72.61; H 7.94; N, 2.57; S, 8.81. Found: C, 70.16; H, 6.55; N, 3.35; S, 10.35. 
[bookmark: _Toc443745224]Poly(9,10-bis(triisopropylsilylacetylene)-anthracene-2,6-diyl-alt-(5,6-bis(octyloxy)-4,7-di(2,2’-bithiophen-5-yl)benzo[c][1,2,5]thiadiazole)-5,5-diyl] (PTAT2BT-8)13: PTAT2BT-8 was synthesized according to the polymerisation method outlined for PTATffBT: 4,7-bis(5’-bromo-2,2’-bithien-5-yl)-5,6-bis(octyloxy)-2,1,3-benzothiadiazole (0.323 g, 0.367 mmol) and 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.290 g, 0.367 mmol) were added to a flask and placed under an inert argon atmosphere using standard schlenk line techniques. Dry toluene (10 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2.1 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (6.1 mg, 27.2 μmol) and tri(o-tolyl)phosphine (16.1 mg, 53.0 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC. The polymerisation was deemed complete after 1 hour. The polymer was obtained as a deep purple solid. (76.7 mg, 17 %). GPC analysis: Mn = 6,600 Da, Mw = 13,200 Da, PDI = 2.00. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.87 (s, 1H), 8.62 (d, 2H, J = 8.5 Hz), 8.44 (m, 2H), 7.88 (d, 2H, J = 8.5 Hz), 7.67-6.95 (m, 9H), 4.20 (br, 4H), 1.97 (br, 4H), 1.56-1.09 (m, 62H), 0.86 (br, 6H). Anal. Calcd. for C74H90N2O2S5Si2: C, 70.67; H 7.22; N, 2.23; S, 12.76. Found: C, 71.01; H, 7.01; N, 2.92; S, 14.98. 

[bookmark: _Toc443745225]Poly[9,10-bis(triisopropylsilylacetylene)-anthracene-2,6-alt-5,5’-(2,2’-bithiophene)] (PTAT2)13: PTAT2 was synthesised according to the polymerisation method outlined for PTATffBT: 5,5’-Dibromo-2,2’-bithiophene (0.323 g, 0.367 mmol) and 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.290 g, 0.367 mmol) were added to a flask and placed under an inert argon atmosphere using standard schlenk line techniques. Dry toluene (10 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2.1 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (6.3 mg, 28.1 μmol) and tri(o-tolyl)phosphine (16.1 mg, 53.0 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC. The polymerisation was deemed complete after 1 hour. The polymer was obtained as a deep red solid. (40 mg, 15 %). GPC analysis: Mn = 2,800 Da, Mw = 3,900 Da, PDI = 1.39. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.86 (m, 2H), 8.62 (m, 2H), 7.87 (m, 2H), 7.47 (m, 2H), 7.28 (m, 2H), 1.47-1.17 (br, 42H). Anal. Calcd. for C44H52S2Si2: C, 75.37; H 7.48; S, 8.01. Found: C, 72.76; H, 7.41; S, 6.17.
[bookmark: _Toc443745226]Poly[9,10-bis(triisopropylsilylacetylene)-anthracene-2,6-diyl-alt-(4,7-dithiophen-2-yl)-benzo[c][1,2,5]thiadiazole-5-5-diyl] (PTATBT)13: PTATBT was synthesised according to the polymerisation method outlined for PTATffBT: 4,7-bis(2-bromo-5-thienyl)-2,1,3-benzothiadiazole (0.168 g, 0.367 mmol) and 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.290 g, 0.367 mmol) were added to a flask and placed under an inert argon atmosphere using standard schlenk line techniques. Dry toluene (10 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2.1 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (6.3 mg, 28.1 μmol) and tri(o-tolyl)phosphine (16.2 mg, 53.2 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC. The polymerisation was deemed complete after 1 hour. The polymer was obtained as a deep purple solid. (Yield, 51 mg, 17 %). GPC analysis: Mn = 2,400 Da, Mw = 2,900 Da, PDI = 1.39. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.89 (m, 2H), 8.61 (m, 2H), 8.13 (m, 2H), 7.87 (m, 2H), 7.61 (m, 2H), 7.36 (m, 2H), 1.61-1.02 (m, 42H). Anal. Calcd. for C50H54N2S3Si2: C, 71.89; H 6.52; N, 3.35; S, 11.51. Found: C, 70.16; H, 5.52; N, 3.57; S, 9.61.
[bookmark: _Toc443745227]Poly[9,10-bis(triisopropylsilylacetylene)anthracene-2,6-diyl-alt-5-(octyl)thieno[3,4-c]pyrrole-4,6-dione] [PTATPD(O)]28: 2,6-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.299g, 0.378 mmol) and 1,3-dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6-dione (0.160 g, 0.378 mmol) were added to a round bottom flask and placed under an inert atmosphere of argon using standard Schlenk line techniques. Anhydrous THF (8 cm3) and a saturated NaHCO3 (2 cm3, previously degassed) was added and the system degassed again. Pd(OAc)2 (6.1 mg, 27.2 μmol) and tri(o-tolyl)phosphine (16.4 mg, 53.9 μmol) was added and the reaction was degassed again. The polymerisation was left for 24 hours. Upon completion, the mixture was cooled to room temperature and bromobenzene (0.15 cm3, 0.94 mmol) was added. The mixture was degassed and heated to 90oC for 1 hour. Upon completion, the reaction was cooled to room temperature and phenyl boronic acid (150 mg, 1.23 mmol) was added. The mixture was degassed and heated at 90oC for 1.5 hours. The mixture was cooled to room temperature, precipitated in methanol and left to stir overnight. The polymer was filtered through a membrane and subject to Soxhlet extraction with solvent in the following order: methanol, acetone, hexane and toluene. The toluene fraction was concentrated in vacuo and precipitated in methanol (500 cm3) The resulting precipitate was stored overnight and the solid collected by filtration (245 mg, 0.306 mmol, 81 %). GPC: toluene fraction, Mn = 27,300 g mol-1, Mw = 74,600 g mol-1, PDI = 2.73. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 9.53 (s, 2H), 8.83 (d, J = 7.5 Hz, 2H), 8.44 (d, J = 7.5 Hz, 2H) 3.75 (br, 2H), 1.79 (br, 2H), 1.50-1.25 (m, 52H), 0.91 (s, 3H). Anal. Calculated for C50H65NO2SSi2: C, 75.04; H, 8.19; N, 1.75; S, 4.01; Found: C, 75.08; H, 8.13; N, 1.66; S, 3.87.


 Poly[9,10-bis(triisopropylsilylacetylene)anthracene-2,6-diyl-alt-5-(3,7-dimethyloctyl)thieno[3,4-c]pyrrole-4,6-dione] [PTATPD(DMO)]28: PTATPD(DMO) was synthesized according to the polymerisation method outline in PTATPD(O). 2,6-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.299g, 0.378 mmol) and 1,3-dibromo-5-(3,7-dimethyloctyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (0.171 g, 0.378 mmol) were added to a round bottom flask and placed under an inert atmosphere of argon using standard Schlenk line techniques. Anhydrous THF (8 cm3) and a saturated NaHCO3 (2 cm3, previously degassed) was added and the system degassed again. Pd(OAc)2 (6.2 mg, 27.6 μmol) and tri(o-tolyl)phosphine (16.3 mg, 53.6 μmol) was added and the reaction was degassed again. The polymerisation was left for 24 hours. The polymer was obtained as a bright red solid (130 mg, 0.157 mmol, 42 %). GPC: toluene fraction, Mn = 40,900 g mol-1, Mw = 106,700 g mol-1, PDI = 2.61. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 9.51 (s, 2H), 8.81 (d, J = 8.0 Hz, 2H), 8.43 (d, J = 8.5 Hz, 2H), 3.75 (br, 2H), 1.81 (br, 1H), 1.59 (m, 3H), 1.48-1.20 (m, 48H), 1.04 (d, J = 6.0 Hz, 3H), 0.90 (d, J = 6.5 Hz, 6H). Anal. Calculated for C52H69NO2SSi2: C, 75.40; H, 8.40; N, 1.69; S, 3.87; Found: C, 76.31; H, 8.79; N, 1.39; S, 3.25.
[bookmark: _Toc443745228] Poly[9,10-bis(triisopropylsilylacetylene)anthracene-2,6-diyl-alt-5-(4-butylphenyl)thieno[3,4-c]pyrrole-4,6-dione] [PTATPD(BP)]28: PTATPD(BP) was synthesized according to the polymerisation method outline in PTATPD(O).  2,6-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.299g, 0.378 mmol) and 1,3-dibromo-5-(4-butylphenyl)thieno[3,4-c]pyrrole-4,6-dione (0.168 g, 0.378 mmol) were added to a round bottom flask and placed under an inert atmosphere of argon using standard Schlenk line techniques. Anhydrous THF (8 cm3) and a saturated NaHCO3 (2 cm3, previously degassed) was added and the system degassed again. Pd(OAc)2 (6.0 mg, 26.7 μmol) and tri(o-tolyl)phosphine (16.3 mg, 53.6 μmol) was added and the reaction was degassed again. The polymerisation was left for 24 hours. The polymer was obtained as a bright red solid (158 mg, 0.193 mmol, 51 %). GPC: toluene fraction, Mn = 25,900 g mol-1, Mw = 97,700 g mol-1, PDI = 3.77. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm)  9.59 (s, 2H), 8.81 (m, 2H), 8.46 (d, J = 7.5 Hz, 2H), 7.36 (s, 4H), 2.72 (br, 2H), 1.70 (br, 2H), 1.49-1.20 (m, 44H), 0.99 (t, J = 7.0 Hz, 3H). Anal. Calculated for C52H61NO2SSi2: C, 76.14; H, 7.50; N, 1.71; S, 3.91; Found: C, 76.10; H, 7.49; N, 1.58; S, 3.79.

[bookmark: _Toc443745229]Poly[3,6-Bis(thiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4(2H,5H)-dione-alt-napthalene] [PNTDPP(OD)]23,29: 3,6-Bis-(5-bromo-thiophen-2-yl)-N,N’-bis(2-octyldodecyl)-1,4-dioxo-pyrrolo[3,4-c]pyrrole (0.350 g, 0.34 mmol) and 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalene (0.130 g, 0.34 mmol) were added to a 100 cm3 single neck round bottom flask and placed under an argon atmosphere using standard Schlenk line techniques. Toluene (10 cm3), potassium carbonate (5 cm3, 2M aqueous solution) and 3 drops of Aliquat 336 were added and the system degassed again. Tetrakis(triphenylphosphine) (20 mg, 17 μmol) was added. The system was degassed and heated at 90oC for 1.5 hours. The mixture was cooled to room temperature and bromobenzene (0.1 cm3, 0.94 mmol) was added. The mixture was degassed and heated at 90oC for 1 hour. Upon completion, the mixture was cooled and phenyl boronic acid (150 mg, 1.23 mmol) was added, degassed and heated at 90oC for 2 hours. The resulting mixture was precipitated in methanol and stirred overnight. The resulting solid was filtered through a membrane and subject to Soxhlet extraction with; methanol, acetone, hexane and chloroform. The chloroform fraction was concentrated (~50 cm3), poured into degassed methanol and stirred overnight. The solid was collected via filtration (59 mg, 18 %). 1H NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.94 (br, 2H), 7.64 (br, 8H), 4.00 (br, 4H), 2.08 (br, 2H), 1.75-0.96 (m, 64H), 0.82 (br, 12H). Anal. Calculated for C64H92N2O2S2: C, 78.00; H, 9.41; N, 2.84; S, 6.51; Found: C, 74.78; H, 9.12; N, 2.61; S, 6.67.

 Poly[3,6-Bis(thiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4(2H,5H)-dione-alt-anthracene] [PADPP(OD)]23,29: PADPP(OD) was synthesised according to the procedure outlined in PNTDPP(OD). 3,6-Bis-(5-bromo-thiophen-2-yl)-N,N’-bis(2-octyldodecyl)-1,4-dioxo-pyrrolo[3,4-c]pyrrole (0.350 g, 0.34 mmol) and 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene (0.146 g, 0.34 mmol) were added to a 100 cm3 single neck round bottom flask and placed under an argon atmosphere using standard Schlenk line techniques. Toluene (10 cm3), potassium carbonate (5 cm3, 2M aqueous solution) and 3 drops of Aliquat 336 were added and the system degassed again. Tetrakis(triphenylphosphine) (20 mg, 17 μmol) was added. The system was degassed and heated at 90oC for 48 hours. The polymer was obtained as a dark green solid (172 mg, 49 %). 1H NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 9.13-7.21 (m, 12H), 4.01 (br, 4H), 1.98 (br, 2H), 1.63-1.02 (m, 88H), 0.90-0.71 (m, 12H). Anal. Calculated for C68H94N2O2S2: C, 78.86; H, 9.15; N, 2.71; S, 6.19; Found: C, 76.02; H, 8.90; N, 2.53; S, 6.31. 
 Poly[9,10-bis(triisopropylsilylacetylene)anthracene-2,6-diyl-alt-3,6-bis(thiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrole[3,4-c]pyrrole-1,4(2H,5H)-dione [PTADPP(OD)]: 3,6-Bis-(5-bromo-thiophen-2-yl)-N,N’-bis(2-octyldodecyl)-1,4-dioxo-pyrrolo[3,4-c]pyrrole (0.469 g, 0.461 mmol) and 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) (0.364 g, 0.461 mmol) were added to a 100 cm3 single neck round bottom flask and placed under an argon atmosphere using standard Schlenk line techniques. Toluene (10 cm3) and tetraethylammonium hydroxide (2.5 cm3, 20% aqueous solution) were added and the system degassed again. To this mixture was added Pd(OAc)2 (3.0 mg, 13 μmol) and tri(o-tolyl)phosphine (8.3 mg, 27 μmol). The system was degassed and heated to 95oC for 4 hours. Upon completion, the mixture was cooled to room temperature and bromobenzene (0.1 cm3, 0.936 mmol) was added. The system was degassed and the heated at 90oC for 1 hour. The mixture was cooled to room temperature and phenylboronic acid (0.120 g, 0.984 mmol) was added. The reaction mixture was degassed and heated at 90oC for 2 hours. Upon completion, the reaction was cooled to room temperature, the polymer was precipitated in methanol and stirred overnight. The resulting solid was filtered through a membrane and subject to Soxhlet extraction with methanol, acetone, hexane and chloroform. The chloroform fraction was concentrated (~50 cm3), poured into degassed methanol and stirred overnight. The solid was collected via filtration (143 mg, 22 %). 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.89 (m, 4H), 8.67 (s, 2H), 7.91 (d, 2H, J = 10.5 Hz), 7.67 (s, 2H), 4.10 (br, 4H), 1.98 (br, 2H), 1.53-0.99 (m, 102H), 0.88-0.68 (m, 12H). Anal. Calculated for C86H126N2O2S2Si2: C, 77.07; H, 9.48; N, 2.09; S, 4.78; Found: C, 76.38; H, 9.45; N, 1.87; S, 4.52.
[bookmark: _Toc443745230]Poly[9,10-bis(triisopropylsilylacetylene)anthracene-2,6-diyl-alt-3,6-bis(thiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrole[3,4-c]pyrrole-1,4(2H,5H)-dione [PTADPP(EH)]: PTADPP(EH) was synthesised according to the procedure outlined for PTADPP(OD). 3,6-Bis-(5-bromo-thiophen-2-yl)-N,N’-bis(2-ethylhexyl)-1,4-dioxo-pyrrolo[3,4-c]pyrrole (0.314 g, 0.461 mmol) and 2,6-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.364 g, 0.461 mmol) were added to a 100 cm3 single neck round bottom flask and placed under an argon atmosphere using standard Schlenk line techniques. Toluene (10 cm3) and tetraethylammonium hydroxide (2.5 cm3, 20% aqueous solution) were added and the system degassed again. To this mixture was added Pd(OAc)2 (3.0 mg, 13 μmol) and tri(o-tolyl)phosphine (8.3 mg, 27 μmol). The system was degassed and heated to 95oC for 4 hours. Upon completion, the mixture was cooled to room temperature and bromobenzene (0.1 cm3, 0.936 mmol) was added. The system was degassed and the heated at 90oC for 1 hour. The mixture was cooled to room temperature and phenylboronic acid (0.120 g, 0.984 mmol) was added. The reaction mixture was degassed and heated at 90oC for 2 hours. Upon completion, the reaction was cooled to room temperature, the polymer was precipitated in methanol and stirred overnight. The resulting solid was filtered through a membrane and subject to Soxhlet extraction with methanol, acetone, hexane and chloroform. The chloroform fraction was concentrated (~50 cm3), poured into degassed methanol and stirred overnight. The solid was collected via filtration (107 mg, 22 %). 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.95 (s, 2H), 8.84 (s, 2H), 8.67 (s, 2H), 7.91 (d, 2H, J = 9.0 Hz), 7.67 (s, 2H), 4.10 (br, 4H), 1.93 (br, 2H), 1.55-1.09 (br, 54H), 1.02-0.75 (m, 12H). Anal. Calculated for C66H88N2O2S2Si2: C, 74.81; H, 8.18; N, 2.64; S, 6.05; Found: C, 73.15; H, 7.89; N, 2.48; S, 5.37.
[bookmark: _Toc443745231] Poly[9,10-bis(triisopropylsilylacetylene)anthracene-2,6-diyl-alt-2,3-bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline] (PTADTQx-F): 2,6-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.364 g, 0.461 mmol) and 2,3-bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline (0.413 g, 0.461 mmol). Anhydrous toluene (10 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2.5 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (3.2 mg, 14 μmol) and tri(o-tolyl)phosphine (8.4 mg, 28 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC for 6 hours. Upon completion, the mixture was cooled to room temperature and bromobenzene (0.1 cm3, 0.94 mmol) was added. The mixture was degassed and heated at 90oC for 1 hour. Upon completion, the reaction mixture was cooled to room temperature and phenyl boronic acid (150 mg, 1.23 mmol) was added. The mixture was degassed and heated at 90oC for a further hour. The mixture was cooled to room temperature and precipitated into methanol (500 cm3, degassed) and stirred overnight. The resulting mixture was filtered through a membrane filter and the polymer was obtained as a deep purple powder. The polymer was cleaned using Soxhlet extraction with solvents in the following order: methanol (250 cm3), acetone (250 cm3), hexane (250 cm3), toluene (250 cm3). The toluene fraction was concentrated (~ 50 cm3) and then poured into degassed methanol (500 cm3). The resulting mixture was stirred overnight and the solid was collected by filtration (324 mg, 55 %). GPC analysis: Mn = 24,900 Da, Mw = 45,400 Da, PDI = 1.82. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 9.02 (s, 2H), 8.72 – 8.60 (m, 2H), 8.18 (s, 2H), 8.20 – 7.90 (m, 2H), 7.70 (s, 2H), 7.47 (s, 2H), 7.39 (d, J = 6.5 Hz, 2H), 7.31 – 7.22 (m, 2H), 6.95 (d, J = 7.5 Hz, 2H), 3.86 (t, J = 6.0 Hz, 4H), 1.60 – 1.00 (m, 48H), 0.80 (t, J = 7.0 Hz, 6H). 19F NMR (500 MHz, C2D2Cl4, 100oC) (δF/ppm) -128.42. Anal. Calcd. for C80H94F2N2O2S2Si2: C, 75.43; H, 7.44; N, 2.20; S, 5.03. Found: C, 75.71; H, 7.39; N, 2.06; S, 4.82.

[bookmark: _Toc443745232]Poly[9,10-bis(triisopropylsilylacetylene)anthracene-2,6-diyl-alt-2,3-bis(3-(octyloxy)phenyl)- 5,8-bis(5-bromo-2-thienyl)quinoxaline] (PTADTQx): PTADTQx was synthesised according to the polymerisation method outlined in PTADTQx-F. 2,6-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-bis(triisopropylsilylacetylene) anthracene (0.364 g, 0.461 mmol) and 2,3-bis(3-(octyloxy)phenyl)-5,8-bis(5-bromo-2-thienyl)quinoxaline (0.397 g, 0.461 mmol). Anhydrous toluene (10 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2.5 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (3.2 mg, 14 μmol) and tri(o-tolyl)phosphine (8.4 mg, 28 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC for 24 hours. The polymer was collected as a deep purple solid (301 mg, 53 %). GPC analysis: Mn = 22,100 Da, Mw = 60,700 Da, PDI = 2.75. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.98 (s, 2H), 8.67 (m, 2H), 8.21-7.80 (m, 6H), 7.64 (s, 2H),  7.49-7.19 (m, 6H), 6.95 (d, J = 7.5 Hz, 2H), 3.88 (t, J = 4.0 Hz, 4H), 1.58 (m, 4H ), 1.44-1.07 (m, H), 0.80 (t, J = 7.0 Hz, 6H). Anal. Calcd. for C80H96N2O2S2Si2: C, 77.62; H, 7.82; N, 2.26; S, 5.18. Found: C, C, 78.68 ; H, 7.84; N, 2.10; S, 5.17. 
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[bookmark: _Toc443745233]Poly[anthracene-2,6-diyl-alt-2,3-bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline] (PADTQx-F). PADTQx-F was synthesised according to the polymerisation method outlined in PTADTQx-F. 2,6-Bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-anthracene (0.198 g, 0.461 mmol) and 2,3-bis(3-(octyloxy)phenyl)-6,7-difluoro-5,8-bis(5-bromo-2-thienyl)quinoxaline (0.413 g, 0.461 mmol). Anhydrous toluene (10 cm3) and tetraethyl ammonium hydroxide (20 % wt, 2.5 cm3, degassed) were added and the reaction was degassed again. Pd(OAc)2 (3.2 mg, 14 μmol) and tri(o-tolyl)phosphine (8.4 mg, 28 μmol) was added and the reaction mixture was degassed again. The mixture was heated to 90oC for 24 hours. The polymer was collected as a deep purple solid (301 mg, 53 %). GPC analysis: Mn = 1,900 Da, Mw = 3,300 Da, PDI = 1.74. 1H-NMR (500 MHz, C2D2Cl4, 100oC) (δH/ppm) 8.32 (m, 2H), 8.12-7.88 (m, 4H), 7.79 (d, J = 8.5 Hz, 2H), 7.61-7.13 (m, 10H), 6.97 (m, 2H), 3.89 (t, J = 6.0 Hz, 4H), 1.78-1.00 (m, 24H), 0.82 (m, 6H). 19F-NMR (500 MHz, C2D2Cl4, 100oC) (δF/ppm) -128.51. Anal. Calcd. for C60H62N2O2S2: C, 77.62; H, 7.82; N, 2.26; S, 5.18. Found: C, C, 78.68 ; H, 7.84; N, 2.10; S, 5.17.
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[bookmark: _Toc443745316]Figure S1. 1H NMR of PFO-DffBT at 100oC in C2D2Cl4.










[bookmark: _Toc443745317]Figure S2. 1H NMR of PFDo-DBT at 100oC in C2D2Cl4.











[bookmark: _Toc443745318]Figure S3. 1H NMR of PFDo-DffBT at 100oC in C2D2Cl4.

[bookmark: _Toc443745319]Figure S4. 1H NMR of PCDTffBT at 100oC in C2D2Cl4.

[bookmark: _Toc443745321]Figure S5. 1H NMR of PCffDTBT at 100oC in C2D2Cl4.  









	
[bookmark: _Toc443745322]Figure S6. 1H NMR of PCffDTffBT at 100oC in C2D2Cl4


[bookmark: _Toc443745324]Figure S7. 1H NMR of PTAT2 at 100oC in C2D2Cl4

Figure S8. 1H NMR of PTATBT at 100oC in C2D2Cl4.
[bookmark: _Toc443745326]Figure S9. 1H NMR of PTATffBT at 100oC in C2D2Cl4


[bookmark: _Toc443745327]Figure S10. 1H NMR of PTATBT-8 at 100oC in C2D2Cl4

Figure S11. 1H NMR of PTAT2BT-8 at 100oC in C2D2Cl4

[bookmark: _Toc443745330]Figure S12. 1H NMR of PTATPD(O) at 100oC in C2D2Cl4
Figure S13. 1H NMR of PTATPD(DMO) at 100oC in C2D2Cl4

[bookmark: _Toc443745332]Figure S14. 1H NMR of PTATPD(BP) at 100oC in C2D2Cl4











[bookmark: _Toc443745334]Figure S15. 1H NMR of PNTDPP(OD) at 100oC in C2D2Cl4
Figure S16 1H NMR of PADPP(OD) at 100oC in C2D2Cl4
[bookmark: _Toc443745336]Figure S17 1H NMR of PTADPP(OD) at 100oC in C2D2Cl4
Figure S18 1H NMR of PTADPP(EH) at 100oC in C2D2Cl4
Figure S19 1H NMR of PTADTQx at 100oC in C2D2Cl4
[bookmark: _Toc443745339]Figure S20 1H NMR of PTADTQx-F at 100oC in C2D2Cl4




[bookmark: _Toc443745341]Figure S21 1H NMR of PADTQx-F at 100oC in C2D2Cl4

image57.emf
N

S

N

F

F

S

S

Si

Si

PTATffBT

N

S

N

C

8

H

17

O

OC

8

H

17

S

S

Si

Si

PTATBT-8

Si

Si

PTAT2BT-8

N

S

N

C

8

H

17

O

OC

8

H

17

S

S

S

S

n n

n

S

S

Si

Si

PTAT2

N

S

N

S

S

Si

Si

PTATBT

n n



image58.emf
O

O

H

2

N

NH

2

(a)

O

O

Br

Br

(bi)

Br

Br

(c)

Si

Si

B

B

Si

Si

O

O

O

O

16

17

18

(bii)

M7



image59.emf
O

O

H

2

N

NH

2

N

O

O

O

O

H

2

N

N

N

H

H

O

O

O

H

2

N

N

N

OH

2

P.T.

O

O

H

2

N

N

N

O

O

H

2

N

N

N

O

O

H

2

N

+Cu+

-N

2

O

O

H

2

N

O

O

H

2

N

+Cu

+

-N

2

Br

+ Cu

2+

+ e

-

e

-

+ Cu

2+

Cu

+



image60.png
8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 ppm
| .
T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image61.emf
Br

Br

Si

Si


image62.png
8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 ppm
| .
T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image63.emf
Br

Br

Si

Si


image1.png




image64.png
9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image65.emf
B

B

Si

Si

O

O

O

O


image66.png
9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image67.emf
B

B

Si

Si

O

O

O

O


image68.emf
N

S

N

S

S

N

S

N

C

8

H

17

O

OC

8

H

17

S

S

PPATBT-8

N

S

N

C

8

H

17

O

OC

8

H

17

S

S

S

S

n

n

n

OC

12

H

25

OC

12

H

25

OC

12

H

25

OC

12

H

25

OC

12

H

25

PPATBT

OC

12

H

25

PPAT2BT-8



image69.emf
300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

PTATBT-8

PTAT2BT-8

(a)

PTAT2

PTATBT

PTATffBT

300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

(b)



image70.emf
-2.00 -1.00 0.00 1.00

Potential (V)vsAg/Ag

+

C

u

r

r

e

n

t  

(

a

.

u

.

)

PTAT2

-2.00 -1.00 0.00 1.00

Potential (V)vsAg/Ag

+

C

u

r

r

e

n

t  

(

a

.

u

.

)

PTATBT

-2.00 -1.00 0.00 1.00

Potential (V)vsAg/Ag

+

C

u

r

r

e

n

t  

(

a

.

u

.

)

PTATffBT

-2.00 -1.00 0.00 1.00

Potential (V)vsAg/Ag+

C

u

r

r

e

n

t  

(

a

.

u

.

)

PTATBT-8

-2.00 -1.00 0.00 1.00

Potential (V)vsAg/Ag

+

C

u

r

r

e

n

t  

(

a

.

u

.

)

PTAT2BT-8



image2.png




image71.emf
0 200 400 600 800

0

50

100

Temperature (

o

C)

M

a

s

s

 

R

e

m

a

i

n

i

n

g

 

(

%

)

PTATBT-8

PTAT2BT-8

PTAT2

PTATBT

PTATffBT



image72.emf
Si

Si

PTATPD(O)

S

N

O

O

n

Si

Si

PTATPD(DMO)

S

N

O

O

n

Si

Si

PTATPD(BP)

S

N

O

O

n



image73.emf
OMe

O

O

NC CO

2

Et

S

MeO

2

C

CO

2

Et

NH

2

S

HOOC

COOH

S

HOOC

COOH

Br

Br

S

Br

Br

O

O O

(a)

(bi) (c)

(bii)

(d)

S

Br

Br

N

O O

(e)

R

19

23 22

21 20

M12: R =

M13: R =

M14: R =



image74.emf
OMe

O

O

NC CO

2

Et

Et

3

N

OMe O

CN

OEt

O

a b

S

8

Et

3

N

EtO

O

N

OMe

O S S S

6

S

H

H

NH

EtO

O

MeO

O

S

MeO

2

C CO

2

Et

NH

2

c

d

e



image75.emf
S

Br

Br

O

O O

S

O

HO

O

NH

R

Br

Br

S

O

Cl

O

NH

R

Br

Br

S

Br

Br

N

O O

R

R-NH

2

SOCl

2



image3.png




image76.png




image77.emf
S

Br

Br

N

O O


image78.png




image79.emf
S

Br

Br

N

O O


image80.emf
Si

Si

S

N

O

O

R

n

B

Si

Si

B

O

O

O

O

S

N

O

O

R

Br

Br

+

(a)

PTATPD(O): R =

PTATPD(DMO): R =

PTATPD(BP): R =



image81.emf
300 400 500 600 700

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

PTATPD(O)

PTATPD(DMO)

PTATPD(BP)

(a)

300 400 500 600 700

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

PTATPD(O)

PTATPD(DMO)

PTATPD(BP)

(b)



image82.emf
N

C

8

H

17

C

8

H

17

S

S

N

O

O

S

C

8

H

17

C

6

H

13

n

PCDTTPD-C

6

C

8

N

C

8

H

17

C

8

H

17

S

S

N

O

O

S

C

8

H

17

n

PCDTTPD

N

C

8

H

17

C

8

H

17

S

S

N

O

O

S

C

8

H

17

n

PCDTTPD-ic

C

8

H

17

C

8

H

17



image4.png




image83.emf
-2.00 -1.00 0.00 1.00

Potential (mV)vsAg/Ag

+

C

u

r

r

e

n

t  

(

a

.

u

.

)

PTATPD(BP)

PTATPD(DMO)

PTATPD(O)



image84.emf
0 200 400 600 800

0

50

100

Temperature (

o

C)

M

a

s

s

 

R

e

m

a

i

n

i

n

g

 

(

%

)

PTATPD(BP)

PTATPD(DMO)

PTATPD(O)

(a)

-50 0 50 100 150 200

Temperature (

o

C)

H

e

a

t

 

F

l

o

w

 

(

E

n

d

o

 

U

p

)

PTATPD(O)

PTATPD(BP)

PTATPD(DMO)

(b)



image85.emf
0 10 20 30 40

0

1000

2000

3000

4000

2 (

o

)

I

n

t

e

n

s

i

t

y

 

(

c

p

s

)

PTATPD(O)

PTATPD(DMO)

PTATPD(BP)



image86.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n

n

PNTDPP(OD)

PADPP(OD)

N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n

PTADPP(OD)

N

N

O

O

S

S

C

4

H

9

C

4

H

9

n

PTADPP(EH)

Si

Si

Si

Si



image87.emf
S

O

O

O

O

H

N

N

H

O

O

S

S

N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

Br

Br

(a)

(b)

(c)

(24)

(

25

)

(26)

(

M15

)



image5.png
(1) Photoexcitation and (2) Exciton Diffusion (3) Exciton Dissociation (4) Charge Transport to

exciton formtion Respective Electrodes
Max Lo
<>
— T TN TN — T =N — TN
I - - [ —_——- | —_——- I P
hv, tumo | N tmo N wwmo N wwmo h
| |I Lumo | ! Lumo | | |I Lumo | | I LUMO IG)
| | I | 1 | |
I | P N . o= | ! |
| 1! | | |
1 1 1 | | @ | |
_
I ! [ 1l _® ! | L |
\ _HOMO _ | |\ HOmMO I |\ _HOMO | |\ _HOmMO 1 1
\ HOMO \ HOMO \ _HOMO \ HOMO

Polymer PC.BM Polymer PC.BM Polymer PC.BM Polymer PC.BM




image88.emf
(a)

(

b

)

(c)

(

25

)

S

O

O

O

O

H

N

N

H

O

O

S

S

S

NH

2

O

O

O

O

S

HN

O

O

O



image89.png
9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image90.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

Br

Br


image91.png
9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image92.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

Br

Br


image93.emf
O O

Br

Br

Br

Br

B

B

O

O

O

O

(a)

(b)

(

16)

(

27)

(

M16)



image94.png
9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm

I L B

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image95.emf
B

B

O

O

O

O


image6.png




image96.png
9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm

I L B

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image97.emf
B

B

O

O

O

O


image98.emf
(a)

Br

Br B

B

O

O

O

O

(

28)

(

M17)



image99.png
8.5 8.4 8.3 8.2 8.1 8.0 7.8 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image100.emf
B

B

O

O

O

O


image101.png
8.5 8.4 8.3 8.2 8.1 8.0 7.8 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image102.emf
B

B

O

O

O

O


image103.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

Br

Br

B

B

O

O

O

O

B

B

O

O

O

O

+

+

N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

(a)

(a)

n

n

PNTDPP(OD)

PADPP(OD)



image7.png
Polymer:PC»BM

ITO

Glass





image104.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

Br

Br

N

N

O

O

S

S

C

4

H

9

C

4

H

9

Br

Br

B

B

O

O

O

O

+

N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

(a)

n

PTADPP(OD)

B

B

O

O

O

O

+

N

N

O

O

S

S

C

4

H

9

C

4

H

9

(a)

n

PTADPP(EH)

Si

Si

Si

Si

Si

Si

Si

Si



image105.emf
300 400 500 600 700 800 900 1000

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

(a)

300 400 500 600 700 800 900 1000

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

(b)



image106.emf
-2.00 -1.00 0.00 1.00

Potential (V)vsAg/Ag+

C

u

r

r

e

n

t

 

(

a

.

u

.

)

PNTDPP(OD)

PTADPP(OD)

PTADPP(EH)

PADPP(OD)



image107.emf
N

N

O

O

O

O

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n

N

N

O

O

O

O

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n

N

N

O

O

O

O

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n

PDPP-FPF PDPP-FNF PDPP-FAF



image108.emf
0 200 400 600 800

0

50

100

Temperature (

o

C)

M

a

s

s

 

R

e

m

a

i

n

i

n

g

 

(

%

)

PTADPP(EH)

PNTDPP(OD)

PADPP(OD)

PTADPP(OD)



image8.emf
V

(V

)

J

(

m

A

 

c

m

-

2

)

V

oc

J

sc

P

abs

P

max

J

max

  x V

max


image109.emf
10 20 30 40

0

500

1000

1500

2000

2500

2 (

o

)

I

n

t

e

n

s

i

t

y

 

(

c

p

s

)



image110.emf
N

C

10

H

21

C

10

H

21

S

N

N

S

OC

8

H

17

C

8

H

17

O

n

PPQM

N

C

10

H

21

C

10

H

21

S

N

N

S

n

PPQP

OC

8

H

17

C

8

H

17

O



image111.emf
N

N

F

F

S

S

OC

8

H

17

C

8

H

17

O

N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

PADTQx-F

PTADTQx-F

n

n

N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

PTADTQx

n

F

F



image112.emf
N

S

N

X

1

X

1

S

S

S

S

N N

OC

8

H

17

C

8

H

17

O

S

S

N N

OC

8

H

17

C

8

H

17

O

Br

Br

(b)

(c)

(a)

7

X

1

= H

4X

2

= F

32

X

1

= H

33

X

2

= F

M18

X

1

= H

M19

X

2

= F



image113.emf
X

1

X

1

H

2

N NH

2

S

S

R

O

R

O

H+

R

O

R

O

H

X

1

X

1

N NH

2

S

S

R

R

O

OH

H

H

MeOH

X

1

X

1

HN NH

2

S

S

R

R

O

OH

MeO

H

H

X

1

X

1

HN NH

2

S

S

R

R

O

OH

2

X

1

X

1

N NH

2

S

S

R

R

O

H

H

2

O

X

1

X

1

N NH

2

S

S

R

R

O

X

1

X

1

S

S

N N

OC

8

H

17

C

8

H

17

O




image114.emf
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

Chemical Shift (ppm)


image115.emf
S

S

N N

C

8

H

17

O

Br

Br

O


image116.emf
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

Chemical Shift (ppm)


image117.emf
S

S

N N

C

8

H

17

O

Br

Br

O


image118.emf
N

N

F

F

S

S

OC

8

H

17

C

8

H

17

O

N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

PADTQx-F

PTADTQx-F

n

n

N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

PTADTQx

n

F

F

S

S

N N

OC

8

H

17

C

8

H

17

O

Br

Br

S

S

N N

OC

8

H

17

C

8

H

17

O

Br

Br

S

S

N N

OC

8

H

17

C

8

H

17

O

Br

Br

F F

F F

B

B

O

O

O

O

B

B

O

O

O

O

Si

Si

B

B

O

O

O

O

Si

Si

+

+

+

(a)

(a)

(a)



image119.emf
300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

(a)

300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

(b)



image120.emf
N N

R R

N N

R R

N

S

N

N

S

N

I

n

c

r

e

a

s

i

n

g

 

Q

u

i

n

o

i

d

 

C

h

a

r

a

c

t

e

r



image9.emf

image121.emf
-2.00 -1.00 0.00 1.00

Potential (V)vsAg/Ag

+

C

u

r

r

e

n

t

 

(

a

.

u

.

)



image122.emf
S

S

S

S

OEH

OEH

OC

8

H

17

C

8

H

17

O

F

F

n



image123.emf
0 200 400 600 800

0

50

100

Temperature (

o

C)

M

a

s

s  

R

e

m

a

i

n

i

n

g

 

(

%

)



image124.emf
0 10 20 30 40

0.0

0.2

0.4

0.6

0.8

1.0

2 (

o

)

N

o

r

m

a

l

i

s

e

d

 

I

n

t

e

n

s

i

t

y

 

(

a

.

u

.

)



image125.emf
N

S

N

S

S

N

n

F

F

N

S

N

S

S

N

n

F

F

C

6

H

13

C

6

H

13

C

8

H

17

C

8

H

17

N

S

N

S

S

N

n

F

F




image126.emf
N

S

N

F

F

S

S

Si

Si

n N

S

N

S

S

Si

Si

n



image127.emf
Si

Si

S

S

N

S

O

O

C

10

H

21

C

8

H

17

Si

Si

S

Si

Si

S

S

S

S

N

O

O

C

10

H

21

C

8

H

17

S

S

S

N

S

S

O

O

C

10

H

21

C

8

H

17

n

n

n



image128.emf
N

S

N

S

S

S

S

n

C

10

H

21

C

8

H

17

C

8

H

17

C

10

H

21

S

S

S

S

n

C

10

H

21

C

8

H

17

C

8

H

17 C

10

H

21

S

S

S

S

n

N

N

N

N

C

10

H

21

C

8

H

17

C

8

H

17

C

10

H

21

F

F

F

F

F

F



image129.emf
N

S

N

F F



image130.emf
N

S

N

I I

F F



image10.emf

image131.emf
N

S

N

S

S

F F



image132.emf
N

S

N

S

S

Br

Br

F F



image133.emf
N

S

N

S

S

Sn

Sn

F F



image134.emf
N

S

N

Br Br



image135.emf
N

S

N

S

S




image136.emf
N

S

N

S

S

Br

Br



image137.emf
N

S

N

S

S

Sn

Sn



image138.emf
Br Br

F

O

2

N



image139.emf
Br

F

O

2

N

NO

2

F

Br



image140.emf
Br

F

H

2

N

NH

2

F

Br



image11.emf
H

H

4

H

H

2

H

H

H

H

n

E(eV)

E

g

HOMO

LUMO


image141.emf
N

H

Br

Br

F

F



image142.emf
N

Br

Br

F

F

C

12

H

25

C

12

H

25



image143.emf
Br

O

2

N

NO

2

Br



image144.emf
Br

H

2

N

NH

2

Br



image145.emf
N

H

Br

Br




image146.emf
N

Br

Br

C

12

H

25

C

12

H

25



image147.emf
O

O

Br

Br



image148.emf
Br

Br

Si

Si



image149.emf
B

B

Si

Si

O

O

O

O



image150.emf
Br



image12.emf
HOMO

HOMO

LUMO

LUMO

Donor

Acceptor

E

g

E(eV)


image151.emf
N

O

O



image152.emf
NH

2



image153.emf
S

MeO

2

C CO

2

Et

NH

2



image154.emf
S

HOOC

COOH



image155.emf
S

HOOC

COOH

Br

Br




image156.emf
S

Br

Br

O

O O



image157.emf
S

Br

Br

N

O O



image158.emf
S

Br

Br

N

O O



image159.emf
S

Br

Br

N

O O



image160.emf
H

N

N

H

O

O

S

S



image13.emf
HOMO

LUMO

E(eV)

Aromatic

Quinoidal

E

g

S

S

n

S

S

n

(a) (b)

Aromatic Quinoidal


image161.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

8

H

17

C

10

H

21



image162.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

8

H

17

C

10

H

21

Br

Br



image163.emf
Br

Br



image164.emf
B

B

O

O

O

O



image165.emf
B

B

O

O

O

O




image166.emf
N N

O O



image167.emf
Br

OC

8

H

17



image168.emf
O

O

OC

8

H

17

C

8

H

17

O



image169.emf
S

S

N N

OC

8

H

17

C

8

H

17

O



image170.emf
F F

S

S

N N

OC

8

H

17

C

8

H

17

O



image14.emf
S

N

S

N

S

N

C

8

H

17

C

8

H

17

n

S

N

S

N

S

N

C

8

H

17

C

8

H

17

n

C

8

H

17

O

OC

8

H

17

(b)

(a)


image171.emf
S

S

N N

OC

8

H

17

C

8

H

17

O

Br

Br



image172.emf
F F

S

S

N N

OC

8

H

17

C

8

H

17

O

Br

Br



image173.emf
S

N

S

N

S

F

F

C

8

H

17

C

8

H

17

n



image174.emf
S

N

S

N

S

C

12

H

25

C

12

H

25

n



image175.emf
S

N

S

N

S

F

F

C

12

H

25

C

12

H

25

n




image176.emf
N

S

N

F

F

S

S

N

C

12

H

25

C

12

H

25

n



image177.emf
N

S

N

S

S

N

C

12

H

25

C

12

H

25

F F

n



image178.emf
N

S

N

F

F

S

S

N

C

12

H

25

C

12

H

25

F F

n



image179.emf
N

S

N

F

F

S

S

Si

Si

n



image180.emf
N

S

N

C

8

H

17

O

OC

8

H

17

S

S

Si

Si

n



image15.emf
Pd

0

Ar X

Ar Pd

II

X

Ar Pd

II

OH

NaOH

NaX

Ar Pd

II

Ar'

B

Ar'

OH

HO

B

OH

OH

OR Ar'

NaOH

B

OH

OH

OR RO

Ar Ar'

Oxidative 

Addition

Transmetalation

Reductive

Elimination

1

2

3

4


image181.emf
Si

Si

N

S

N

C

8

H

17

O

OC

8

H

17

S

S

S

S

n



image182.emf
S

S

Si

Si

n



image183.emf
N

S

N

S

S

Si

Si

n



image184.emf
Si

Si

S

N

O

O

n



image185.emf
Si

Si

S

N

O

O

n




image186.emf
Si

Si

S

N

O

O

n



image187.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

8

H

17

C

10

H

21

n



image188.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

8

H

17

C

10

H

21

n



image189.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

8

H

17

C

10

H

21

n

Si

Si



image190.emf
N

N

O

O

S

S

C

2

H

5

C

2

H

5

C

4

H

9

n

Si

Si

C

4

H

9



image16.emf
Ar X

Ar Ar'

Oxidative 

Addition

Reductive

Elimination

Ar' SnR

3

XSnR

3

L

2

Pd

0

L

2

Pd

II

Ar

X

L

2

Pd

II

Ar

Ar'

Transmetalation

1

2 3


image191.emf
F

F

S

S

N

N

OC

8

H

17

C

8

H

17

O

Si

Si

n



image192.emf
S

S

N

N

OC

8

H

17

C

8

H

17

O

Si

Si

n



image193.emf
S

S

N

N

OC

8

H

17

C

8

H

17

O

n



image194.png
A

T T
84 82 80 78 76 7.4 ppm

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm




image195.emf
N

S

N

S

S

F

F

n

C

8

H

17

C

8

H

17


image185.png
A

T T
84 82 80 78 76 7.4 ppm

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm




image1860.emf
N

S

N

S

S

F

F

n

C

8

H

17

C

8

H

17



image196.png
A

1
8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm

| L ) UL

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm




image197.emf
N

S

N

S

S

n

C

12

H

25

C

12

H

25


image189.png
A

1
8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm

| L ) UL

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm




image1900.emf
N

S

N

S

S

n

C

12

H

25

C

12

H

25


image198.png
LA

84 82 80 78 76 74

ppm

J

95 90 85 80 75

70 65 6.0

55

5.0

4.5

4.0

3.5

3.0

25

2.0

1.5

1.0

ppm




image199.emf
N

S

N

S

S

F

F

n

C

12

H

25

C

12

H

25


image193.png
LA

84 82 80 78 76 74

ppm

J

95 90 85 80 75

70 65 6.0

55

5.0

4.5

4.0

3.5

3.0

25

2.0

1.5

1.0

ppm




image194.emf
N

S

N

S

S

F

F

n

C

12

H

25

C

12

H

25


image200.png
T T T T T T T T T T T
88 86 84 82 80 78 76 74 72 7.0 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image201.emf
N

S

N

F

F

S

S

N

C

12

H

25

C

12

H

25

n


image17.emf
(a)

S

S

S

C

6

H

13

C

6

H

13

C

6

H

13

(b)

S

S

S

C

6

H

13

C

6

H

13

C

6

H

13

(c)

S

S

S

C

6

H

13

(d)

S

S

S

C

6

H

13

C

6

H

13

C

6

H

13

C

6

H

13

C

6

H

13


image1960.png
T T T T T T T T T T T
88 86 84 82 80 78 76 74 72 7.0 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image1970.emf
N

S

N

F

F

S

S

N

C

12

H

25

C

12

H

25

n


image202.png
84 82 80 78 76 74

7.2 ppm

9.5 9.0 8.5 8.0 7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image203.emf
N

S

N

S

S

N

C

12

H

25

C

12

H

25

n

F F


image199.png
84 82 80 78 76 74

7.2 ppm

9.5 9.0 8.5 8.0 7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image200.emf
N

S

N

S

S

N

C

12

H

25

C

12

H

25

n

F F


image204.png
T T T T T T T
88 86 84 82 80 78 7.6 7.4 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image205.emf
N

S

N

F

F

S

S

N

C

12

H

25

C

12

H

25

n

F F


image203.png
T T T T T T T
88 86 84 82 80 78 7.6 7.4 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image204.emf
N

S

N

F

F

S

S

N

C

12

H

25

C

12

H

25

n

F F



image206.png
A Mk

ppm

6.5 6.0 5.5 5.0





image207.emf
S

S

Si

Si

n


image207.png
A Mk

ppm

6.5 6.0 5.5 5.0





image208.emf
S

S

Si

Si

n


image208.png
T T T T T T T T T T
92 9.0 88 86 84 82 80 78 76 74 72 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image209.emf
N

S

N

S

S

Si

Si

n


image212.png
T T T T T T T T T T
92 9.0 88 86 84 82 80 78 76 74 72 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image213.emf
N

S

N

S

S

Si

Si

n


image210.png
9.5

9.0

8.5

8.0

7.5

7.0 ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5 6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image211.emf
N

S

N

F

F

S

S

Si

Si

n


image18.emf
N

C

8

H

17

C

8

H

17

S

N

S

N

S

n

S

N

S

N

S

n

C

8

H

17

C

8

H

17

S

C

8

H

17

O

OC

8

H

17

S

(a)

(b)


image216.png
9.5

9.0

8.5

8.0

7.5

7.0 ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5 6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image217.emf
N

S

N

F

F

S

S

Si

Si

n


image213.png
9.5 9.0 8.5 8.0 7.5 7.0 ppm

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image214.emf
N

S

N

C

8

H

17

O

OC

8

H

17

S

S

Si

Si

n


image215.png
9.5 9.0 8.5 8.0 7.5 7.0 ppm

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image216.emf
N

S

N

C

8

H

17

O

OC

8

H

17

S

S

Si

Si

n


image217.png
9.5

9.0 8.5 8.0 7.5 ppm

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image218.emf
Si

Si

N

S

N

C

8

H

17

O

OC

8

H

17

S

S

S

S

n


image219.png
9.5

9.0 8.5 8.0 7.5 ppm

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image220.emf
Si

Si

N

S

N

C

8

H

17

O

OC

8

H

17

S

S

S

S

n



image220.png
NS

9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 ppm

o A AJ{L

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image221.emf
Si

Si

S

N

O

O

n


image223.png
NS

9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 ppm

o A AJ{L

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image224.emf
Si

Si

S

N

O

O

n


image222.png
9.5 9.0 8.5 8.0 75  ppm
T T T T T T T T T T T T T T T T T T T
5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm




image223.emf
Si

Si

S

N

O

O

n


image227.png
9.5 9.0 8.5 8.0 75  ppm
T T T T T T T T T T T T T T T T T T T
5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm




image228.emf
Si

Si

S

N

O

O

n


image224.png
9.8 9.6 94 9.2 9.0 8.8 8.6 8.4 ppm

L A A

T T T T T T T T T T T T T T T T T T T

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm




image225.emf
Si

Si

S

N

O

O

n


image19.emf
N

S

N

F F

S S S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n


image231.png
9.8 9.6 94 9.2 9.0 8.8 8.6 8.4 ppm

L A A

T T T T T T T T T T T T T T T T T T T

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm




image232.emf
Si

Si

S

N

O

O

n


image226.png
95 90 85 80 75 ppm
T T T T T T T T T T T T T T T T T T T
8.5 8.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm




image227.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n


image235.png
95 90 85 80 75 ppm
T T T T T T T T T T T T T T T T T T T
8.5 8.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm




image236.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n


image228.png
9.5

9.0

8.5

8.0

7.5

ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image229.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n


image244.png
9.5

9.0

8.5

8.0

7.5

ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image245.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n



image230.png
T T T T T T T T T T T T
94 92 90 88 86 84 82 80 78 76 74 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image231.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n

Si

Si


image248.png
T T T T T T T T T T T T
94 92 90 88 86 84 82 80 78 76 74 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image249.emf
N

N

O

O

S

S

C

10

H

21

C

8

H

17

C

10

H

21

C

8

H

17

n

Si

Si


image232.png
9.5 9.0 8.5 8.0 7.5 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image233.emf
N

N

O

O

S

S

C

4

H

9

C

4

H

9

n

Si

Si


image252.png
9.5 9.0 8.5 8.0 7.5 ppm

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image253.emf
N

N

O

O

S

S

C

4

H

9

C

4

H

9

n

Si

Si


image234.png
%0

s

s

o

S5 <o as ap
Chcaicst Sl o)

0

i

i

s

W




image235.emf
N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

n

F

F


image20.emf
O

O

(a)

(b)


image245.png
%0

s

s

o

S5 <o as ap
Chcaicst Sl o)

0

i

i

s

W




image246.emf
N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

n

F

F


image236.png
T T T T T T T T T T T T
9.0 88 86 84 82 80 78 76 74 7.2 7.0 ppm

hoa oM k N

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image237.emf
N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

n


image256.png
T T T T T T T T T T T T
9.0 88 86 84 82 80 78 76 74 7.2 7.0 ppm

hoa oM k N

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image257.emf
N

N

S

S

OC

8

H

17

C

8

H

17

O

Si

Si

n


image238.png
8.6

8.4

8.2

8.0

7.8

7.6

7.4

7.2

7.0

ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image239.emf
N

N

F

F

S

S

OC

8

H

17

C

8

H

17

O

n


image251.png
8.6

8.4

8.2

8.0

7.8

7.6

7.4

7.2

7.0

ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

T
0.5 ppm




image252.emf
N

N

F

F

S

S

OC

8

H

17

C

8

H

17

O

n



image21.emf
S

S

N

S

N

R

2

R

2

R

1

R

1

n

PFO-DffBT: R

1

= C

8

H

17

R

2

= F

PFDo-DBT: R

1

= C

12

H

25

R

2

= H

PFDo-DffBT: R

1

= C

12

H

25

R

2

= F

R

1

R

1

B B

O

O O

O

S

S

N

S

N

R

2

R

2

Br

Br

+

(a)



image22.emf
N

S

N

S

S

Br

Br

N

S

N

S

S

N

S

N

I I

F F

F F F F

N

S

N

F F F F

H

2

N NH

2

(a) (b)

(c)

(d)

1 2 3 4 M1



image23.emf
F

F

NH

2

NH

2

Cl

S

Cl

O

F

F

N

S

H

H

O

Cl

Cl

NEt

3

F

F

N

S

H

O

Cl

Cl

F

F

N

S

H

O

Cl

NH

2

NH

2

NH

2

F

F

N

S

H

N

H

H

O

Cl

NEt

3

F

F

N

H

S

H

N

O

Cl

F

F

N

H

S

H

N

O

F

F

N

S

H

N

OH

P.T. P.T.

H

2

O

F

F

N

S

N

F

F

N

S

N



image24.emf
2I

2

+ 2SO

3

+ H

2

SO

4

2I

2

+

SO

2

2HSO

4

-

+

+



image25.png




image26.emf
N

S

N

S

S

Br

Br

F F


image27.png




image28.emf
N

S

N

S

S

Br

Br

F F


image29.emf
N

S

N

S

S

Br

Br

N

S

N

S

S

N

S

N

Br Br

N

S

N

(a)

(b)

(c)

5

6 7 M2



image30.png




image31.emf
N

S

N

S

S

Br

Br


image32.png




image33.emf
N

S

N

S

S

Br

Br


image34.emf
300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

(a)

PFO-DffBT

PFDo-DBT

PFDo-DffBT

300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

(b) PFO-DffBT

PFDo-DBT

PFDo-DffBT



image35.emf
-2.00 -1.00 0.00 1.00

Potential (mV)vsAg/Ag

+

C

u

r

r

e

n

t

 

(

a

.

u

.

)

PFO-DffBT

PFDo-DBT

PFDo-DffBT



image36.emf
0 200 400 600 800

0

50

100

Temperature (

o

C)

M

a

s

s

 

R

e

m

a

i

n

i

n

g

 

(

%

)

PFO-DffBT

PFDo-DBT

PFDo-DffBT



image37.emf
0 5 10 15 20 25 30

0

1000

2000

3000

4000

2 (

o

)

I

n

t

e

n

s

i

t

y

 

(

c

p

s

)

PFO-DffBT

PFDo-DffBT

PFDo-DBT



image38.emf
N

S

S

N

S

N

R

2

R

2

n

PCDTffBT: R

1

= H R

2

= F

PCffDTBT: R

1

= F R

2

= H

PCffDTffBT: R

1

= F R

2

= F

N

Br

C

12

H

25

C

12

H

25

Br

S

S

N

S

N

SnMe

3

R

2

R

2

C

12

H

25

C

12

H

25

R

1

R

1

Me

3

Sn

R

1

R

1

(a)

+



image39.emf
Br Br

F

Br Br

F

O

2

N

Br

F

O

2

N

NO

2

F

Br

Br

F

H

2

N

NH

2

F

Br

N

H

Br

Br

F

F

N

Br

Br

F

F

C

12

H

25

C

12

H

25

(a)

(b)

(c)

(d)

(e)

M3

8 9 10 11

12



image40.emf
F

3

C O CF

3

O O

+ NH

4

NO

3

O

2

NO CF

3

O

O CF

3

O

NH

2

O

2

NO CF

3

O

O CF

3

O

O NO

+

+

Br Br

F

O

N

O

Br Br

F

H

NO

2

Br Br

F

H

2

O

NO

2



image41.emf
Br Br

F

NO

2

+ Cu

Ox.Add.

Br CuBr

F

NO

2

Cu CuBr

Br Cu

F

NO

2

Ox.Add.

Br Cu

F

NO

2

O

2

N

F

Br

Br

F

NO

2

O

2

N

F

Br

Red.Elim.



image42.emf
2ArNO

2

+ 3Sn + 12H

+

2ArNH

2

+ 4H

2

O + 3Sn

4

+



image43.png
ppm

T |
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image44.emf
N

Br

Br

F

F

C

12

H

25


image45.png
ppm

T |
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image46.emf
N

Br

Br

F

F

C

12

H

25


image47.emf
N

S

N

X

1

X

1

S

S

SnMe

3

Me

3

Sn

N

S

N

X

1

X

1

S

S

(a)



image48.png
7.4 7.3 ppm

T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image49.emf
N

S

N

S

S

Sn

Sn

F F


image50.png
7.4 7.3 ppm

T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm




image51.emf
N

S

N

S

S

Sn

Sn

F F


image52.emf
300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

(a)

PCDTffBT

PCffDTBT

PCffDTffBT

300 400 500 600 700 800

0.0

0.5

1.0

Wavelength (nm)

N

o

r

m

a

l

i

s

e

d

 

A

b

s

o

r

b

a

n

c

e

 

(

a

.

u

.

)

PCDTffBT

PCffDTBT

PCffDTffBT

(b)



image53.emf
N

S

N

F

F

S

S

N

C

8

H

17

C

8

H

17

n

N

S

N

S

S

N

C

8

H

17

n

F F

PCDTBT-F

C

8

H

17

O

OC

8

H

17

PDFCDTBT



image54.emf
-2.0 -1.0 0.0 1.0

Potential (V)vsAg/Ag

+

C

u

r

r

e

n

t

 

(

a

.

u

.

)

PCDTffBT

PCffDTBT

PCffDTffBT



image55.emf
0 200 400 600 800

0

50

100

Temperature (

o

C)

M

a

s

s  

R

e

m

a

i

n

i

n

g

 

(

%

)

PCffDTBT

PCffDTffBT

PCDTffBT



image56.emf
0 5 10 15 20 25 30 35 40

0.0

0.5

1.0

2 (

o

)

N

o

r

m

a

l

i

s

e

d

 

I

n

t

e

n

s

i

t

y

 

(

a

.

u

.

)

PCDTffBT

PCffDTffBT

PCffDTBT



