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Abstract
	Conjugated polymers are promising materials for organic electronic devices due to their low cost, light weight, flexibility, and use of naturally abundant elements. However, achieving metal-like conductivities requires chemical doping. This dissertation investigates the complex relationship between repeat unit design and polymer properties, such as solubility, morphology, and conductivity, with a particular focus on doping methods. A series of expanded core thiophene-based copolymers were synthesized to examine how reduced steric demand along the polymer backbone, relative to the benchmark poly(3-hexylthiophene) (P3HT), influences solubility, polymer-dopant interactions, and conductivity. The dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) was used to evaluate three doping approaches: solution doping, sequential doping, and serial doping, which is a two-step method that utilizes both solution and sequential doping. This work demonstrates that increasing the core length of these copolymers enhances doping efficiency and conductivity. Consistent with prior reports, sequential doping outperforms solution doping by achieving higher conductivity at lower dopant concentrations; however, this efficiency strongly depends on the choice of dopant solvent. A key contribution of this study is the development of a predictive framework for solvent selection to optimize conductivity based on the polymer–solvent interaction energies. Moreover, serial doping is shown to further enhance thin-film conductivity by inducing crystallite formation, offering a strategy to improve the performance of otherwise amorphous conjugated polymers. Altogether, this systematic study provides new insights into structure-property relationships of conjugated polymers and supports the development of broadly applicable doping strategies that maximize conductivity across a wide range of polymer designs.
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Chapter 1. [bookmark: _Toc420995890][bookmark: _Toc422997477][bookmark: _Toc199835091]Introduction
1.1. [bookmark: _Toc199835092]Conjugated Polymers
Polymers are widely valued for their low cost, light weight, flexibility, and versatility, as well as their composition of naturally abundant elements. However, conventional polymers like polystyrene and polyethylene are inherently insulating, which significantly limits their use in electrical devices. The discovery of the conductive polymer polyacetylene in the 1970s sparked considerable interest in conjugated polymers, which paved the way for polymer materials to be used in organic electronic devices.
The semiconducting behavior of conjugated polymers arises from the ability to delocalize electrons along their fully π-conjugated backbone. This extended π-conjugation reduces the energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), referred to as the bandgap (Egap), compared to insulating polymers. In contrast, conducting materials like copper exhibit a complete overlap of the HOMO and LUMO levels, as illustrated in Figure 1.1. Overall, the Egap gives insight into a material’s inherent electrical conductivity. Insulators possess a large Egap, making it highly unlikely for electrons to be excited from the HOMO to the LUMO (synonymous with conduction band), and as a result, they show limited conductivity. Semiconductors, which have a smaller Egap, allow more electrons to be excited into the LUMO, enabling moderate levels of conductivity. In conductors, where the HOMO and LUMO completely overlap, electrons can move freely, resulting in high electrical conductivity.
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[bookmark: _Toc199408112][bookmark: _Toc199409373][bookmark: _Ref199772896][bookmark: _Toc199847333]Figure 1.1. Illustration of HOMO and LUMO energy gaps for insulating, semi-conducting, and conducting materials along with examples of each material.


As a result, significant efforts have been directed toward altering copolymer design and leveraging chemical dopants to modify the Egap of conjugated systems to enhance electrical conductivity. Such studies focus on the doping of conjugated polymers, with particular emphasis on dopant molecule selection, copolymer design modifications, and the doping process itself. Despite these advances, there remains no universally accepted doping method for all conjugated polymers. Therefore, deeper investigation into the chemical doping process is necessary to support the development of standardized approaches across all conjugated polymers.
1.2. [bookmark: _Toc199835093]Molecular Doping
Molecular dopants interact with conjugated polymers to create charged species by inducing charge transport across the conjugated backbone by either n- or p-type doping. P-doping is an oxidative method in which electrons are transferred from the HOMO of the conjugated polymer to the LUMO of the dopant.1-3 On the other hand, n-doping is reductive, transferring an electron from the HOMO of the dopant to the LUMO of the polymer.1,4,5 Recent research has found that n-doping is not as effective due to its limited ability to lower the LUMO of conjugated polymers and poor miscibility of conjugated polymers and n-type dopants. Thus, p-doping has been more heavily used.2,4 The most commonly used p-type dopant is 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) due to its deep LUMO level (-5.24 eV), which aligns well with the HOMO level of many conjugated polymers. This is particularly true for P3HT, which has a HOMO of -5.2 eV.2,6 Upon electron transfer from P3HT to F4TCNQ, a charged complex of P3HT+, , and F4TCNQ− is formed, as depicted in Figure 1.2. The unpaired electron and quinoidal 
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[bookmark: _Toc199408114][bookmark: _Toc199409375][bookmark: _Ref199773081][bookmark: _Toc199847334]Figure 1.2. Energy diagram schematic of p-type doping between P3HT and F4TCNQ. The subsequent formation of the charged species, cationic P3HT (or polaron) and anionic F4TCNQ (F4TCNQ−), is depicted on the right.


structure observed in P3HT+ is referred to as a polaron.7,8 The presence of a polaron creates new allowed optical transitions that arise from half-filled states moving into the band gap, thus effectively lowering the Egap.7,8 These new transitions can be observed in the mid-IR and near-IR energy range for most conjugated polymers. The delocalization of electrons across the polaron ultimately results in electrical conductivity in conjugated systems.9
1.2.1. [bookmark: _Toc199835094]Methods of Dopant Integration
The most facile method of dopant integration is solution doping. This doping process consists of polymer and dopant solutions that are directly mixed and then typically spin cast to form doped polymer thin films, as illustrated in Figure 1.3.2,6 These films result in significant increases in conductivity as the amount of dopant added increases, however, there is a “saturation” limit. Duong et al. showed that the in-plane conductivity of P3HT increases by about four orders of magnitude until a concentration of 17 molecules of F4TCNQ per 83 monomer units of P3HT, which corresponds to roughly 20 mol%.3 Increasing the concentration of the dopant beyond this point was found to decrease the conductivity.3 Untilova et al. also demonstrated that in thin films of P3HT/F4TCNQ, despite an expected maximum doping concentration of 25 mol%, the apparent doping level determined experimentally is only ~14 mol%.10 These results, along with others, indicate that the saturation limit is 20-25 mol% F4TCNQ and the addition of more dopant is detrimental because the excess dopant no longer participates in electron transfer, rather acts as insulating material.3,10,11 
Another disadvantage of using large amounts of dopant during the solution doping process is the propensity for aggregates to form. Upon electron transfer a charged complex 
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[bookmark: _Ref199775752][bookmark: _Toc199847335]Figure 1.3. Illustration of solution doping of thin films.


is formed, which is inherently insoluble in the organic solvents that are required to dissolve the conjugated polymers. 6,12,13 Thus, the charge complexes aggregate and/or precipitate from solution and since thin films take on the characteristics of their parent solution these aggregates are present in the thin films as well. In addition to the presence of ill-defined aggregate structures, charge carriers are usually confined to these aggregates, which restricts their mobility and decreases film conductivity. Therefore, alternative doping approaches in which aggregation is minimized have become prominent.
The most widely accepted alternative doping method is sequential doping. With sequential doping, a pristine polymer film is first cast and then the dopant is added in a secondary doping step, as depicted in Figure 1.4.6,12 Most studies focused on P3HT state that solution doping is absolutely inferior to sequential doping because the process of sequential doping prevents the formation of aggregates and minimizes disruption of the microscale organization of the pristine polymer film. For example, Scholes et al. showed that P3HT films sequentially-doped with F4TCNQ had the same size and orientation of crystallites in comparison to as-cast P3HT films.13 Although sequential doping effectively prevents aggregation, it relies heavily on finding the optimal dopant solvent.14,15 Specifically, the dopant solvent must swell the polymer chains to allow for effective dopant integration without dissolving the underlying polymer film. Yoon et al. showed that with sequentially-doped films of P3HT, the degree of solubility of the conjugated polymer with respect to the dopant solvent largely impacted the resultant electrical conductivity.14 Greater charge carrier generation was seen with dopant solvents that have moderate solubility for the polymer and good wettability to the polymer film.14
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[bookmark: _Ref199776015][bookmark: _Toc199847336]Figure 1.4. Illustration of sequential doping of thin films.


Other doping methods have also been reported to further enhance the efficiency of doping and increase the resultant conductivity. For example, Fontana et al. demonstrated that evaporation sequential doping of P3HT with F4TCNQ has similar electrical conductivities and degrees of doping compared to solution sequential doping. However, evaporation doping is more advantageous for large-area films, while solution sequential doping is better for films with micrometer scale thicknesses. A method called “Sequential-Twice-Doping” was developed by Chai et al. in which P3HT was solution-doped with F4TCNQ (at 7 mol%) and the resulting film was then sequentially-doped through immersion of the solution-doped film in an iron chloride (FeCl3) solution.16 Their assessments of morphology showed that the solution doping step doped the amorphous regions while the sequential doping step improved doping efficiency while maintaining the size of crystalline domains.16 Additionally, the films doped via Twice-Sequential-Doping exhibited enhanced conductivity compared to the solution and sequential-doped counterparts. Similarly, Yoon et al. used what they called a “hybrid doping” approach in which P3HT was doped in solution with F4TCNQ at various levels (5-20 wt%), cast into a thin film, and then sequentially-doped by immersion in an F4TCNQ solution.17 This hybrid doping method resulted in higher film conductivity compared to solution or sequential doping alone and also maximized the thermoelectric power factor.17	
These studies on various doping processes have provided valuable insights into the key factors required to enhance doping efficiency and conductivity. However, many focus exclusively on the polymer/dopant pair of P3HT/F4TCNQ and are not broadly applicable to other conjugated polymers. Moreover, there is a lack of standardized doping procedures (i.e., concentrations, solvents, film thicknesses, etc.) which hinders meaningful comparison between different studies. Therefore, systematic studies are essential to deepen our understanding of doping across all conjugated polymers.
1.3. [bookmark: _Toc199835095]Spacing Units in Repeat Unit Designs of Conjugated Polymers
The efficiency of chemical doping relies on the ability of the dopant to non-covalently interact with the polymer chain; however, these interactions are commonly disrupted by side chains of the conjugated polymer. Typically, long alkyl chains are used to disrupt intermolecular π-stacking interactions of the polymer chains to allow for greater solubility in organic solvents; however, the presence of these chains can also sterically hinder polymer-dopant interactions. Thus, work has focused on altering the side chain density of conjugated polymer repeat units to improve conductivity. One such method is introducing spacing units into the repeat unit design. These spacing units are aryl units without side chains to provide free space for the dopant to interact with the polymer. Figure 1.5 shows a generic example of the interaction between a polymer and dopant with and without a spacing unit. It is known that in the case of P3HT and F4TCNQ, the dopant resides in the lamellae,18,19 thus in the example shown in Figure 1.5 the dopant is restricted by the side chains when residing in the lamellae of the polymer when no spacing unit is present. However, with the introduction of a spacer unit the dopant is no longer sterically hindered and can interact with the polymer backbone to facilitate more efficient electron transfer. An example of this synthetic strategy is from Li et al. who showed that the incorporation of thienothiophene spacer units into poly(quaterthiophene) promoted π-
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[bookmark: _Toc199408115][bookmark: _Toc199409376][bookmark: _Ref199778270][bookmark: _Toc199847337]Figure 1.5. Generic depiction of polymer-dopant interactions with and without the use of a spacing unit.


interactions and the reduced steric demand offered by the repeat unit design, which ultimately enhanced the conductivity of sequentially-doped thin films.20 Similarly, Nam et al. designed diketopyrrolopyrrole (DPP)-copolymers with cyclopentadithiophenes and cyclopentadithiophenyl thipohene donor groups to create sparse intramolecular alkyl chain spacing units and compared to traditional DPP-copolymers these copolymers exhibited enhanced doping efficiency.21
1.4. [bookmark: _Toc199835097]Synthesis and Characterization of Conjugated Polymers
In this dissertation, I will describe the synthesis and characterization of a series of thiophene-based copolymers. The synthesis of these copolymers will focus on the incorporation of spacing units to enhance polymer-dopant interactions and ultimately enhance conductivity. However, conductivity is a complex interplay between polymer design, solubility, and morphology. Therefore, the characterization of these properties will be of significant focus.
1.4.1. [bookmark: _Toc199835096]Copolymer Synthesis via Direct Arylation Polymerization (DArP)
Direct arylation polymerization (DArP) has emerged as a widely used synthetic method for conjugated polymers due to its environmentally friendly nature, atom efficiency, and cost-effectiveness compared to traditional palladium cross-coupling reactions (i.e., Stille and Suzuki coupling), which are typically used in conjugated polymer synthesis. In this work, DArP is utilized due to its known effectiveness with thiophene-based monomers.22
DArP is a step-growth polymerization method that relies on C−H activation to couple arenes. Polymers made via DArP can be made from either AB type monomers in which monofunctionalized haloarenes are used or  AA+BB type comonomers in which a dihaloarene monomer is coupled with a non-substituted arene. These two processes are depicted in Figure 1.6. With AB type polymerization the resultant polymer is regioregular and has known end groups of −H and −X. On the other hand, AA+BB type polymerization will only result in a regioregular polymer if both the AA and BB monomer are symmetric, otherwise a regio-irregular polymer will be made. Also, due to the nature of the AA+BB type polymerization the end groups are essentially unknown because the chains could end in −H/−H, −H/−X, or −X/−X.
Figure 1.7 shows the proposed catalytic cycle of DArP using the AB monomer, 2-bromo-3-hexythiophene. The cycle begins with the oxidative addition of the haloarene to the Pd(0) catalyst. Next, a carboxylic acid, serving as a proton shuttle, is deprotonated by a base to facilitate ligand exchange with the halide. This is followed by a transmetalation step, during which a six-membered transition state is formed, where the α-proton of the haloarene is being deprotonated by the proton shuttle while the palladium-carbon bond is formed. Finally, reductive elimination yields the coupled arene. 
With this cross-coupling catalytic cycle there are undesired byproducts that can form, with the most notable being homocoupling and β-coupling. Homocoupling occurs when the haloarene couples to itself. This defect is detrimental to polymerization as it can terminate the polymerization and/or alter stoichiometry balance while also changing the
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[bookmark: _Ref199843857][bookmark: _Ref199843869][bookmark: _Toc199847338]Figure 1.6. Illustration of DArP for (a) AB type polymerization and (b) AA+BB type polymerization.
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[bookmark: _Toc199408116][bookmark: _Toc199409377][bookmark: _Ref199845582][bookmark: _Toc199847339]Figure 1.7. Catalytic cycle of DArP using 2-bromo-3-hexylthiophene, an AB type monomer.


structure of the polymer. These homocoupling defects can usually be avoided by removing residual oxygen and other oxidative impurities that can convert Pd(0) to Pd(II) and lowering the catalyst loading levels. On the other hand, β-coupling occurs when the β-proton of the arene is activated rather than the α-proton. This defect can be minimized by using lower temperatures and bulkier proton shuttles that sterically hinder the β-position. 
1.4.2. Quantifying Solubility of Conjugated Polymers
The free energy relationship, shown in Equation 1.1, is commonly used to describe any solution process, including solubility. Therefore, examining the entropic and enthalpic contributions can provide valuable information on the solubility of polymers in solution.
	
	
	(Eq. 1.1)


The conformational mobility of polymer chains dictates that the entropy of solution, ΔS, would be a positive valuable. Therefore, it can be concluded that the magnitude of enthalpy, ΔH, dictates the sign of ΔG and is thus the most valued component of determining solubility. For polymer solutions, a negative ΔG would describe a polymer that dissolves spontaneously in a specific solvent. 
With further examination of enthalpy, the heat of mixing (ΔHmix) can be correlated to energy parameters of both the solvent and respective polymer as illustrated in Equation 1.2. Vmix is the volume of the mixture, V1 and V2 are the molar volumes of the two components, Φ1 and Φ2 are their respective volume fractions, and ΔE1 and ΔE2 are the energies of vaporization.
	
	
	(Eq. 1.2)


Additionally, ΔE/V is defined as the cohesive energy density, which describes the amount of energy needed to remove one unit volume of molecules from their neighbors. Thus, a higher cohesive energy density indicates greater intermolecular interactions within a substance. The term (ΔE/V)1/2 can further be reduced to δ, or a single solubility parameter, thus resulting in Equation 1.3. 
	
	
	(Eq. 1.3)


As previously mentioned, ΔG must be negative for a polymer to dissolve; therefore, ΔH must be small to ensure solubility. This further indicates that δ1 and δ2 must be about equal.23 Thus, solubility predictions can be made based on the respective solubility parameters of the polymer and solvent of a mixture. However, this parameter, considered the Hildbrand parameter, is limited in its specificity. The Hildebrand model was based on amorphous nonpolar polymers and breaks down when describing semicrystalline and/or polar polymers.24 More specifically, nonpolar polymers do not have significant polar and/or hydrogen-bonding contributions, thus cohesive energy is the main characteristic responsible for solubility.2 However, with more polar polymers, hydrogen bonding and dipole interactions are very prevalent and are not encompassed by this single value.24 To account for polar interactions of polymers, the Hansen model was developed. This model utilizes three parameters defined as δD, δP, and δH for dispersion, polar, and hydrogen-bonding components, respectively. With the Hansen solubility parameters (HSPs) to evaluate if a solvent is “good” or “poor” for a polymer, the solubility parameter distance (Ra), which describes polymer-solvent interaction energies is calculated using Equation 1.4, where the subscripts on the HSPs corresponds to the polymer, p, or to the solvent, s.
Therefore, a low Ra indicates a good solvent/polymer pair while a high Ra indicates a poor solvent/polymer pair. 
	
	
	(Eq. 1.4)


1.4.3. [bookmark: _Toc199835100]Thin Film Morphology
1.4.4. Electrical Conductivity
Throughout the following sections, a main characterization method used to explore doping methods is electrical conductivity. The characterization technique used is based on the method developed by Leo J. Van der Pauw, commonly known as the Van der Pauw method. The Van der Pauw method allows the conductivity to be measured of a thin film regardless of its shape or size by first adding conductive contacts to the edges of the sample area. Then a voltage is applied along one edge while the current is measured on the opposite edge. A circuit diagram for a measurement in the vertical direction is depicted in Figure X. Specifically, the diagram here shows the voltage applied across contact points 1 and 2 while the current is measured across contact points 3 and 4. It should be noted that this measurement can be performed as a single point measurement in which a set voltage is applied or an I-V sweep can be done in which the voltage is ramped at set increments to obtain measurements across a range of voltages. For either method, Ohm’s Law, V = IR, is then used to calculate the resistance for this orientation and identified as R1324. The measurements are then repeated until the resistance is obtained across each edge to determine RV (vertical) and RH (horizontal). However, resistance is an extrinsic property, thus is dependent on the geometry of the material and makes it difficult to compare samples to each other. Therefore, the Van der Pauw equation (Equation X) is used to determine the sheet resistance of the sample. However, due to the complexity of this equation the assumption of RH ≈ RV, which is true in the case of a uniform sample, must be made to simplify the Van der Pauw equation as shown in Equation X.
	
	
	(Eq. X)

	
	
	(Eq. X)


	Then using the film thickness, t, the resistivity, ρ, which is an intrinsic property can be calculated: ρ = tRs. Finally, the inverse of resistivity is conductivity, σ: σ = 1/ρ. 
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[bookmark: _Toc199847340]Figure 1.8. Circuit diagram of van der Pauw measurements to obtain resistance in the vertical (RV) and horizontal (RH) direction. Note that the subscripts of each measured resistance identifies the orientation in which the measurement was performed. The first two numbers indicate the contact points that have the voltage applied to them while the last two numbers identify the contact points that are used to measure the current.

1.5. [bookmark: _Toc199835101]Motivation and Research Objectives


Chapter 2. [bookmark: _Toc199835102]Universality in Solvent-Dependent Conductivity of Conjugated Thiophene-Based Copolymers with Expanded Core Monomer Designs
This chapter in part describes the work published in Chemistry of Materials, 2025, 37(4), 1667-1680. I synthesized all monomers and polymers described in this work and performed all the structural characterizations. I also performed all characterization including solubility parameter determination, absorbance measurements, and conductivity measurements. Coauthors include Sina Sabury and C. Elizabeth O’Connell, who designed and developed the synthetic procedures for the monomers and polymers, and Prof. S. Michael Kilbey II, who advised this work. 
2.1. [bookmark: _Toc420995900][bookmark: _Toc422997487][bookmark: _Toc199835103]Abstract
Conjugated polymers are promising materials for organic electronic devices; however, to achieve metal-like electrical properties, these materials need to be chemically doped. In this chapter, a series of structurally tailored thiophene-based copolymers are studied to elucidate relationships between copolymer design, doping method, solubility, and electrical conductivity. Results show that increasing the distance between side chains along the conjugated backbone increases thin film conductivity, with conductivities eclipsing that of P3HT by several orders-of-magnitude for solution and sequential doping with F4TCNQ. In addition, conductivities of films subjected to sequential doping show a dependence on polymer-solvent interaction energy that appears universal for this series of thiophene-based copolymers, which offers a potentially predictive basis for choosing an optimal solvent for doping. These studies also show that sequential doping provides higher thin film conductivity at lower concentrations of anionic F4TCNQ. This indicates that sequential doping is superior in that less dopant is necessary to achieve the same, if not greater, electrical performance for these thiophene-based copolymers. Overall, this work provides fundamental insight into how copolymer design, doping method, and strength of polymer-solvent interaction energy impacts electrical performance, paving the way for printed electronics, sensors, and other applications for chemically-doped conjugated polymers.
2.2. [bookmark: _Toc199835104]Introduction
Conjugated polymers are promising materials for thermoelectric devices, sensors, and printed electronics due to their electrical and mechanical properties.1,25-27 However, conjugated polymers are typically semiconducting or insulating in nature and must be doped to attain useful electrical conductivities. Therefore, molecular dopants are used to either oxidize (p-doping) or reduce (n-doping) conjugated polymers to generate charged carriers, resulting in greater conductivity.1,2,28 P-type doping is more prevalent in organic semiconductors due to the greater stability of p-type dopants in ambient conditions and electron-donating π-systems of common conjugated polymers.
One of the most extensively studied p-type systems is that of P3HT and F4TCNQ. F4TCNQ is particularly well suited for p-doping due to its deep LUMO level (-5.24 eV), which aligns well with the HOMO level of P3HT (-5.2 eV).2,6 This energy level alignment allows for facile electron transfer from the polymer to the dopant, resulting in the formation of a charged complex. However, the regioregularity of P3HT significantly impacts the doping process and resultant conductivity. Hynynen et al. showed that P3HT with a regioregularity of 28% had a very low degree of doping (as evidenced by the lack of anionic F4TCNQ formation) while P3HT samples with regioregularity above 84% could be readily doped with F4TCNQ.18 Guchait et al. found that charge conductivity in regioregular P3HT was roughly 50 times higher than that of regiorandom P3HT due to the increased doping level associated with regioregular P3HT.29 The change in electrical performance with higher degrees of regioregularity is not only due to the increased doping levels, but also to enhanced microstructural organization. For instance, Noriega et al. studied doping of blends of regiorandom P3HT with regioregular P3HT nanofibrils and determined that within the heterogenous microstructure adopted by the blends, charge carriers were confined to the ordered nanofiber regions due to energetic offsets at order/disorder interfaces.30 Additionally, Pingel et al. found that with P3HT, the macroscopic charge mobility was two orders-of-magnitude lower than the local mobility due to heterogeneity in the microscale organization.31 The macroscopic mobility was reduced (compared to the local mobility) due to the disordered regions in the system.31 These studies highlight that regioregular P3HT is superior compared to regiorandom P3HT in that higher doping levels, greater microstructural organization, and higher electrical performance can be achieved.
To improve their solubility, conjugated polymers are typically decorated with aliphatic side chains; however, these side chains may inhibit polymer-dopant interactions due to increased steric demand. Therefore, it has become conceptually attractive to alter polymer design to increase the “spacing length” between alkyl chains in the backbone of conjugated polymers to allow for increased polymer-dopant interactions. For example, Li et al. studied the incorporation of a thienothiophene spacer unit in a quaterthiophene-based polymer and found that separating side chains along the backbone improved dopant integration.20 This in turn improved ordering and π-stacking while also increasing doping efficiency and conductivity.20 Similarly, Nam et al. showed that introducing thiophene spacing units in diketopyrrolopyrrole (DPP) copolymers enhanced intercalation of the dopant into the lamellae, thereby enhancing doping efficiency.21 These works highlight how polymer design can be strategically tuned to improve doping efficiency and enhance conductivity, though it should be appreciated that decreasing the number density of side chains alters solubility.
In addition to altering polymer design, the method of dopant integration is known to have a significant impact on doping efficiency and, therefore, conductivity. Specifically, solution and sequential doping have been extensively studied, especially with the polymer-dopant system of P3HT and F4TCNQ. In the case of solution doping, polymer and dopant solutions are directly mixed and then cast to form doped polymer thin films.2,6 This approach typically results in a significant number of aggregates due to the formation of charged complexes that are too polar to be dissolved in the same solvent that is used to dissolve the neutral polymer.6,12,13 These ill-defined aggregate structures result in heterogenous microstructures that restrict charge mobility and decrease film conductivity. For example, Jacobs et al. showed that once solutions containing aggregated assemblies generated via solution doping were cast into films, there were highly conductive crystalline domains; however, these domains were not connected, thus the conductivity of the film was diminished.6 With sequential doping, the polymer film is created first by casting, and then the dopant is added by exposing the film to a dopant solution that uses a marginal solvent for the polymer that swells, but does not dissolve the polymer.6,12 This method avoids the formation of aggregates and minimizes disruption of the microscale organization of the pristine polymer film. For instance, Scholes et al. showed that with sequential doping of P3HT with F4TCNQ, the size and orientation of the crystallites were unchanged in comparison to the as-cast P3HT films.13 Although the sequential doping method prevents aggregation of the copolymer, it relies heavily on finding an appropriate solvent.14,15 Yoon et al. showed that the degree of solubility of the CP with respect to the dopant solvent impacts resultant electrical conductivity in sequentially-doped films.14 Specifically, greater charge carrier generation was seen with dopant solvents that offer moderate solubility for the polymer and good wettability, which enhanced dopant diffusion into the film.14 Overall, most studies that focus on P3HT and F4TCNQ have defined a heuristic that solution doping is absolutely inferior to sequential doping, despite the convenience afforded by this method.6,12,13 
Herein, we report the synthesis and characterization of thiophene-based copolymers in which the π-conjugated repeat unit is systematically altered to increase the spacing length between alkyl side chains. We examine the impact that copolymer design has on optoelectronic properties, solubility, and electrical performance (i.e., conductivity) as functions of doping level and method. We find that the heuristic defined for the benchmark P3HT/F4TCNQ system is not universal; however, the dependence on solvent quality with sequential doping appears to follow a consistent pattern of behavior across the spectrum of thiophene-based copolymers studied.
2.3. [bookmark: _Toc199835105]Materials and Methods
2.3.1. [bookmark: _Toc199835106]Materials
2,5-bis(trimethylstannyl)thiophene (97%, Sigma), 2,5-bis(trimethylstannyl)thieno-[3,2-b]thiophene (97%, Sigma), 5,5'-dibromo-2,2'-bithiophene (98%, TCI), 5,5''-dibromo-2,2':5',2''-terthiophene (97%, Sigma), 2-bromo-3-hexylthiophene (97%, Sigma), 3-hexylthiophene-2-boronic acid pinacol ester (95%, Sigma), 3-hexyl thiophene (99%, Sigma), Pd(PPh3)4 (99%, Sigma), Pd(OAc)2 (98%, Sigma), potassium carbonate (99.7%, Fisher), neodecanoic acid (NDA, Sigma), magnesium sulfate (MgSO4, 99.5%, Alfa Aesar), 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ, 99%, Ossila), lithium iodide (LiI, 99.999%, ultra dry, Alfa Aesar), toluene (99.85%, extra dry, Thermo Scientific), diethyl ether (anhydrous, Fisher), ethyl acetate (99%, Fisher), hexanes (98.5%, Fisher), dimethyl formamide (DMF, 99.8%, Thermo Scientific), N,N-dimethylacetamide (DMAc, 99.5%, extra dry, Thermo Scientific), methanol (99%, Fisher), acetone (99%, Fisher), chloroform (98%, Fisher), chlorobenzene (99.8%, anhydrous, Sigma), acetonitrile (99%, Fisher) and graphite conductive adhesive (aqueous based, Alfa Aesar) were used as received. N-bromosuccinimide (NBS, 99%, Sigma) was recrystallized in water and vacuum dried prior to use. 
2.3.2. [bookmark: _Toc199835107]Synthesis of Core Expanded Monomers and Polymerization Method
Synthesis of 3,3''-dihexyl-2,2':5',2''-terthiophene (M3). 2,5-bis(trimethylstannyl)-thiophene (409 mg, 1 mmol, 1 equiv.) was added to a dry 100 mL 3-neck round bottom flask fitted with a condenser under positive argon pressure. 2-Bromo-3-hexylthiophene (494 mg, 398 µL, 2 mmol, 2 equiv.), tetrakis(triphenylphosphine)-palladium(0) (Pd(PPh3)4, (69 mg, 0.06 mmol, 0.06 equiv.), and 50 mL dry toluene were added to the reaction flask under positive argon pressure. The remaining necks of the flask were sealed with rubber septa and the reaction mixture was stirred at reflux temperature for 24 h. After this time, the reaction was quenched by adding deionized (DI) water to the flask.
The crude product mixture was extracted with 100 mL of diethyl ether and the aqueous phase was discarded. The organic phase was washed with brine (3) and then dried over MgSO4. The MgSO4 was removed by filtration and the crude product mixture was concentrated via rotary evaporation. The crude product was then isolated via silica gel column chromatography using a 98:2 hexanes:ethyl acetate mixture as the mobile phase. The purified product was subsequently concentrated via rotary evaporation and isolated as a colorless oil at an overall yield of 92%. 1H NMR (500 MHz, CDCl3) δ (ppm): 7.19 (d, J = 5.1 Hz, 2H), 7.09 (s, 2H), 6.97 (d, J = 5.2 Hz, 2H), 2.85 – 2.80 (m, 4H), 1.73 – 1.65 (m, 4H), 1.46 – 1.31 (m, 12H), 0.96 – 0.90 (m, 6H). 13C NMR (500 MHz, CDCl3) δ (ppm): 139.71, 136.10, 130.45, 130.07, 126.07, 123.76, 31.73, 30.77, 29.34, 29.29, 22.68, 14.14.
[bookmark: _Hlk155103039]Synthesis of 2,5-bis(3-hexylthiophen-2-yl)thieno[3,2-b]thiophene (M4). 2,5-bis(trimethyl-stannyl)thieno[3,2-b]thiophene (465 mg, 1 mmol, 1 equiv.) was added to a dry 100 mL 3-neck round bottom flask fitted with a condenser under positive argon pressure. 2-Bromo-3-hexylthiophene (494 mg, 398 µL, 2 mmol, 2 equiv.), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 69 mg, 0.06 mmol, 0.06 equiv.), and 50 mL dry toluene were added to the reaction flask under positive argon pressure. The remaining two necks of the flask were sealed with rubber septa and the reaction mixture was stirred at reflux temperature for 24 h. After this time, the reaction was quenched by adding DI water to the flask. The crude product mixture was extracted with 100 mL of diethyl ether and the aqueous phase was discarded. The organic phase was washed with brine (3) and then dried over MgSO4. The MgSO4 was removed by filtration and the crude product mixture was concentrated via rotary evaporation. The crude product was then isolated via silica gel column chromatography using a 98:2 hexanes:ethyl acetate mixture as the mobile phase. The purified product was subsequently concentrated via rotary evaporation and isolated as a yellow powder at an overall yield of 49%. 1H NMR (500 MHz, CDCl3) δ (ppm): 7.27 (s, 2H), 7.23 (d, J = 5.2 Hz, 2H), 6.99 (d, J = 5.2 Hz, 2H), 2.87 – 2.80 (m, 4H), 1.74 – 1.65 (m, 4H), 1.46 – 1.29 (m, 12H), 0.98 – 0.86 (m, 6H). 13C NMR (500 MHz, CDCl3) δ (ppm): 140.27, 139.18, 137.66, 130.78, 130.07, 124.35, 118.05, 31.74, 31.73, 30.83, 29.30, 22.69, 14.14.
Synthesis of 3,3'''-dihexyl-2,2':5',2'':5'',2'''-quaterthiophene (M5). 5,5'-dibromo-2,2'-bithiophene (324 mg, 1 mmol, 1 equiv.) was added to a dry 100 mL 3-neck round bottom flask fitted with a condenser under positive argon pressure. 3-Hexylthiophene-2-boronic acid pinacol ester (647 mg, 658 µL, 2.2 mmol, 2.2 equiv.), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 92 mg, 0.08 mmol, 0.08 equiv.), and 40 mL dry toluene were added to the reaction flask while maintaining a positive pressure of argon. Then, 10 mL of a previously prepared 2 M potassium carbonate solution was added to the flask. The remaining two necks of the flask were sealed with rubber septa and the reaction mixture was stirred at reflux temperature for 48 h. After this time, the reaction was quenched by adding DI water to the flask. The crude product mixture was extracted with 100 mL of diethyl ether and the aqueous phase was discarded. The organic phase was washed with brine (3) and then dried over MgSO4. The MgSO4 was removed by filtration and the crude product mixture was concentrated via rotary evaporation. The crude product was then isolated via silica gel column chromatography using a 98:2 hexanes:ethyl acetate mixture as the mobile phase. The purified product was subsequently concentrated via rotary evaporation and isolated as a yellow-orange oil at an overall yield of 74%. 1H NMR (500 MHz, CDCl3) δ (ppm): 7.22 (d, J = 5.2 Hz, 2H), 7.19 (d, J = 3.7 Hz, 2H), 7.10 (s, 2H), 7.00 (d, J = 5.2 Hz, 2H), 2.90 – 2.84 (m, 4H), 1.79 – 1.69 (m, 4H), 1.53 – 1.37 (m, 12H), 1.04 – 0.95 (m, 6H). 13C NMR (500 MHz, CDCl3) δ (ppm): 139.87, 136.80, 135.34, 130.34, 130.09, 126.52, 123.85, 123.83, 31.70, 30.66, 29.31, 29.24, 22.65, 14.13. 
[bookmark: _Hlk43990794]Synthesis of 3,3''''-dihexyl-2,2':5',2'':5'',2''':5''',2''''-quinquethiophene (M6). 5,5''-dibromo-2,2':5',2''-terthiophene (406 mg, 1 mmol, 1 equiv.) was added to a dry 100 mL 3-neck round bottom flask fitted with a condenser under positive argon pressure. 3-Hexylthiophene-2-boronic acid pinacol ester (647 mg, 658 µL, 2.2 mmol, 2.2 equiv.), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 92 mg, 0.08 mmol, 0.08 equiv.), and 40 mL dry toluene were added to the reaction flask while maintaining a positive pressure of argon. Then, 10 mL of a previously prepared 2 M potassium carbonate solution was added to the flask. The remaining two necks of the flask were sealed with rubber septa and the reaction mixture was stirred at reflux temperature for 48 h. After this time, the reaction was quenched by adding DI water to the flask. The crude product mixture was extracted with 100 mL of diethyl ether and the aqueous phase was discarded. The organic phase was washed with brine (3) and then dried over MgSO4. The MgSO4 was removed by filtration and the crude product mixture was concentrated via rotary evaporation. The crude product was then isolated via silica gel column chromatography using a 98:2 hexanes:ethyl acetate mixture as the mobile phase. The purified product was subsequently concentrated via rotary evaporation and isolated as a yellow crystalline powder at an overall yield of 68%. 1H NMR (500 MHz, CDCl3) δ (ppm): 7.19 (d, J = 5.2 Hz, 2H), 7.13 (d, J = 3.8 Hz, 2H), 7.10 (s, 2H), 7.03 (d, J = 3.8 Hz, 2H), 6.95 (d, J = 5.2 Hz, 2H), 2.83 – 2.76 (m, 4H), 1.72 – 1.62 (m, 4H), 1.45 – 1.28 (m, 12H), 0.96 – 0.86 (m, 6H). 13C NMR (500 MHz, CDCl3) δ (ppm): 139.90, 136.69, 135.99, 135.45, 130.30, 130.11, 126.53, 124.23, 123.92, 123.89, 31.69, 30.65, 29.32, 29.24, 22.65, 14.13.
[bookmark: _Hlk158712689][bookmark: _Hlk158712702]Synthesis of 2,5-dibromo-3-hexylthiophene. N-bromosuccimide (NBS) was first recrystallized in DI water and vacuum dried. The recrystallized NBS (2.2 g, 12.4 mmol, 2.2 eq.) was added to a dry 250 mL round bottom flask while maintaining positive argon pressure. The flask was sealed with a rubber spectrum. Dry and degassed DMF (32 mL) was added to the flask via cannula and stirred until the NBS was completely dissolved. The reaction mixture was then cooled to 0 ºC in an ice bath. Then, 3-hexylthiophene (1.02 mL, 5.7 mmol, 1 eq.) was added dropwise via syringe under positive argon pressure. The reaction flask was then covered with aluminum foil and stirred at room temperature for 18 h. The reaction was quenched with the addition of DI water (100 mL) and extracted with ethyl acetate. The organic phase was washed with brine (3) and then dried over MgSO4. The MgSO4 was removed by filtration and the crude product mixture was concentrated via rotary evaporation. The crude product was then purified via silica gel column chromatography using hexanes as the mobile phase. The purified product was subsequently concentrated via rotary evaporation and isolated as a colorless oil at an overall yield of 78%. 1H NMR (500 MHz, CDCl3) δ 6.77 (s, 1H), 2.55 – 2.46 (m, 2H), 1.60 – 1.49 (m, 2H), 1.38 – 1.25 (m, 6H), 0.98 – 0.78 (m, 3H). 13C NMR (500 MHz, CDCl3) δ 142.99, 130.95, 110.28, 107.91, 31.55, 29.54, 29.47, 28.77, 22.56, 14.06.
[bookmark: _Hlk158712782][bookmark: _Hlk158712755][bookmark: _Hlk158712796][bookmark: _Hlk158712801]General procedure for DArP of Expanded Core Copolymers. The dibrominated monomer (1 equiv.) and H/H comonomer (1 equiv.) were added to a dry 100 mL round bottom flask while under positive argon pressure. Neodecanoic acid (NDA, 0.3 equiv.), K2CO3 (2.4 equiv.), and palladium(II) acetate ((Pd(OAc)2, 0.02 equiv.) were added to the mixture while maintaining positive argon pressure. The flask was sealed with a rubber spectrum. Then, 5 mL of dry and degassed dimethylacetamide (DMAc) was transferred to the flask via cannula. The reaction mixture was stirred at 90 °C for 24 h. After this time, the reaction mixture was precipitated into cold methanol and recovered in a cellulose Soxhlet thimble. A series of Soxhlet extractions using methanol, acetone, and hexanes (each for 48 h) was used to wash and purify the (co)polymer. After these Soxhlet extractions, a final extraction with chloroform was done to collect the (co)polymer in solution. The resultant (co)polymer solution was concentrated via rotary evaporation to obtain the final product.
Synthesis of F4TCNQ Anion. Following a procedure similar to that described in Kiefer et al.32 F4TCNQ was converted to the F4TCNQ anion (F4TCNQ-). In brief, F4TCNQ (52 mg) and LiI (39.8 mg) were added into two separate Schlenk flasks that were sealed with a rubber septum. Each flask was evacuated and then backfilled with argon. This procedure was repeated a total of 4 times. Sparged acetonitrile (3 mL) was added to each flask via cannula under argon, and the contents were then cooled to 0 ºC in an ice bath. The LiI solution was then added to the F4TCNQ solution via cannula. The reaction was stirred for 30 min at 0 ºC under argon. The resultant reaction mixture was centrifuged and the dark blue/purple solid, F4TCNQ-, was collected and dried under argon. The formation of F4TCNQ- was confirmed using FT-IR and UV-Vis spectroscopies.32,33
2.3.3. [bookmark: _Toc199835108]Macromolecular Characterization
1H and 13C NMR spectra of each monomer and the 1H NMR spectrum of each copolymer were acquired using a Varian VNMRS 500 MHz NMR. Gel permeation chromatography (GPC) was used to determine the number-average molecular weight (Mn) and dispersity (Ð) of each copolymer based on universal analysis. An Agilent 1260 Infinity II system was used for these measurements with a mobile phase of THF at 25 °C and a flow rate of 1 mL/min. Solutions for GPC measurements were made at a concentration of 3-5 mg/mL in THF and filtered through a 0.2 μm PTFE filter prior to injection.
2.3.4. [bookmark: _Toc199835109]Thin Film Preparations
Solution Doping. Solutions of 0, 6, 10, 17, and 23 mol% F4TCNQ (relative to the total number of moles of thiophene repeat units) were made by mixing premade solutions of the copolymer and F4TCNQ in chlorobenzene. These solutions were prepared so that after mixing the final copolymer concentration was 2.0 mg/mL. The resultant polymer/dopant solution was heated to 70 °C prior to film deposition. Glass slides (1 in  1 in) were cleaned with KimWipesTM, then washed with acetone and methanol, and dried with a stream of dry N2 gas. Two layers of polymer/dopant were spin-cast onto the cleaned glass substrate. First, 200 μL of the polymer/dopant solution were deposited statically and then spun at 1000 rpm for 40 s. Immediately after, 200 μL of the same polymer/dopant solution was added dynamically under the same conditions. The resultant polymer film was allowed to dry for at least 10 minutes. 
Sequential Doping. For sequential doping, the copolymer was dissolved in chlorobenzene (2.0 mg/mL) at 70 °C while F4TCNQ was dissolved in the indicated dopant solvent (1.0 mg/mL) at room temperature. Clean glass slides were prepared as described above. A copolymer thin film was created on the glass substrate by spin casting. 200 μL of the polymer solution were deposited statically and then spun at 1000 rpm for 40s. Then, another 200 μL were deposited dynamically at the same conditions (1000 rpm for 40 s). Immediately after film deposition, the dopant was spin cast onto the polymer thin film following the same two-step procedure. The resulting doped copolymer films were allowed to dry for at least 10 minutes. 
2.3.5. [bookmark: _Toc199835110]AFM Measurements
An Asylum Atomic Force Microscope was used in tapping mode to probe the topography of thin films. AC200TS tips with a spring constant of 9 N/m and resonance frequency of 150 kHz were used to acquire images of 20 μm  20 μm. To measure the thickness of each film, a scratch test was performed. A razor was used to scratch the film, thereby displacing the polymer film and exposing the glass substrate. Images were then acquired at the scratch interface, and film thickness was taken as the height difference between the polymer film and glass substrate. 
2.3.6. [bookmark: _Toc199835111]Conductivity Measurements
Conductive graphite adhesive was used to add contact points at each corner of the solution-doped and sequentially-doped thin films. A Keithley 2450 Sourcemeter was used to perform current-voltage (I-V) sweeps from 0 to 10 V. Voltage was applied at the contact points across one edge and the current was measured along the contact points on the opposite edge. This was repeated along each of the four edges of the film in accordance with the van der Pauw method34-36 and a total of 3 replicate samples were measured for each reported conductivity value. The sheet resistance, Rs, was calculated using the slope of the I-V curve in the initial linear region (0-2 V). Rs, along with the film thicknesses, t, obtained from AFM measurements, were used to calculate the film resistivity, ρ. Subsequently, conductivity, σ, was calculated using: σ = ρ-1. 
2.3.7. [bookmark: _Toc199835112]Absorbance Measurements
Thin Film Measurements. UV-Vis-NIR spectra were acquired for as-cast and doped thin films using a Cary 5000 UV-Vis-NIR Spectrophotometer in the wavelength range of 350 to 2000 nm. A clean glass slide was used as the background spectrum to baseline correct the spectra acquired for thin films. Each spectrum was then normalized by film thickness, as practiced by Li et al.20 
Solution Measurements. To determine the effective conjugation length (ECL) of each copolymer, samples of different molecular weight were collected. This was done by recovering the copolymers resulting from Soxhlet extractions that used acetone and hexanes in the overall process of purifying each copolymer. The solids obtained from these fractions were dried and the degree of polymerization (Xn) and number of thiophenes per chain was calculated from the Mn determined via GPC using universal calibration analysis. The UV-Vis spectra were acquired for these samples in chloroform across a wavelength range of 300-600 nm using a Thermo Scientific Evolution 300 spectrophotometer. The optical band gap was calculated using Tauc plot analysis.37 The optical band gap of the monomers and purified copolymers were measured in the same manner.
2.3.8. [bookmark: _Toc199835113]Determination of Hansen Solubility Parameters
The Hansen solubility parameters (HSPs) of each polymer was determined as described by Díaz de los Ríos and Ramos.38 In brief, 1 mg of the polymer was added to 1 mL of a particular solvent (or solvent blend). Twenty-three (23) different solvents were used, and the homogeneity of the solution was evaluated based on visual observations. Each solution was given a score of 1 (soluble) or 0 (not soluble) and entered in the Excel spreadsheet accessible from Díaz del los Ríos and Ramos’ work.38 For those solutions deemed partially soluble at room temperature, the sample was heated gently. If the copolymer subsequently dissolved and the solution remained homogenous for more than 1 h, it was considered to be soluble and given a score of 1. Using the embedded formulae and data solver in Excel, the HSPs of each copolymer were calculated based on these observations.
2.4. [bookmark: _Toc199835114]Results and Discussion
2.4.1. [bookmark: _Toc199835115]Comonomer Synthesis and Characterization
A series of thiophene-based copolymers were used to investigate how repeat unit design alters key properties, such as solubility and conductivity of chemically-doped thin films. Thiophene comonomers were synthesized via Suzuki-Miyaura (M3, M4) and Stille (M5, M6) cross-couplings, as depicted in 
[bookmark: _Ref199413133]Scheme 2.1. The structure of each comonomer


[bookmark: _Toc199847445]Scheme 2.1. Synthesis of thiophene-based comonomers (M3-M6) via a) Stille and b) Suzuki-Miyaura cross-couplings.
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was verified via 1H NMR and 13C NMR spectroscopies, as seen in Figure A.1–A.8. It should be noted that each comonomer is flanked with hexyl thiophenes to improve solubility of the monomer and the resultant copolymer.39 Thiophene (M3), 2,2’-bithiophene (M5), and 2,2’:5’:2”-terthiophene (M6) were chosen as “cores” to compare how decreasing the steric demand along the backbone by increasing the spacing between alkyl side chains impacts copolymer solubility, dopant integration, and film conductivity. The fused ring core of thieno[3:2,b]thiophene (M4) was selected to provide insight into how increasing monomer rigidity and planarity affects solubility and conductivity. To first evaluate how comonomer design impacts optoelectronic properties, the absorbance spectrum of each comonomer was measured, as shown in Figure 2.1, and the corresponding optical band gap was calculated via Tauc plot analysis.37 Table 2.1 summarizes the absorbance maximum, λmax, and optical band gap, , of each of the thiophene-based comonomers in solution. The λmax values, which correspond to the π-π* transition, range from 339-405 nm and show a red-shift as the core size of the comonomer increases. This red-shift is indicative of increased electron-richness in the comonomer with the addition of more thiophene units. Additionally, the band gap decreases as the core size increases due to increased conjugation. These two trends are seen most clearly across the series of M3 to M5 to M6. On the other hand, when the core is changed from thiophene (M3) to thieno[3:2,b]thiophene (M4), the changes are less pronounced, as the red-shift is only 9 nm and  decreases by only 0.07 eV. These comparisons suggest that adding a few thiophene units produces a greater impact on optoelectronic properties than increasing the
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[bookmark: _Toc199408118][bookmark: _Toc199409379][bookmark: _Ref199413512][bookmark: _Toc199847341]Figure 2.1. Absorbance spectra of thiophene-based comonomers (M3-M6) in CHCl3 (<1 mg/mL). Spectra are normalized by the absorbance measured at λmax for each monomer. A red-shift is observed as the core size increases, which increases the spacing length between alkyl side chains.




[bookmark: _Ref199413545][bookmark: _Toc199835180]Table 2.1. Optical characteristics of thiophene-based comonomers.
	Comonomer
	Absorbance λmax (nm)a
	 (eV)b

	M3
	339
	3.25

	M4
	348
	3.18

	M5
	378
	2.93

	M6
	405
	2.72

	aUV-Vis spectra acquired in chloroform.
bDetermined via Tauc plot analysis.





planarity/rigidity through the introduction of a fused-ring structure in the backbone. However, as described later, the addition of thiophene rings to the core decreases the solubility of the resulting copolymer. 
2.4.2. [bookmark: _Toc199835116]Copolymer Synthesis and Characterization
[bookmark: _Hlk187255485]As shown in Scheme 2.2, each of the comonomers M3-M6 were copolymerized with 2,5-dibromo-3-hexylthiophene (1H and 13C NMR shown in Figure A.9 and A.10) via direct arylation polymerization (DArP) using conditions typically reported22,40-42 for thiophene-based conjugated polymers. The AA+BB nature of this step-growth polymerization along with the lack of symmetry in 2,5-dibromo-3-hexylthiophene results in regio-irregular copolymers; however, due to the symmetry of comonomers M3-M6, the regioregularity of each copolymer (P3-P6) can be assumed to be 50%. The structures of the thiophene-based copolymers were confirmed via 1H NMR, as shown in Figure A.11-A.14. For comparisons to the thiophene-based copolymers P3-P6, DArP was used to synthesize P3HT via AB and AA+BB type step-growth polymerizations. P3HT (AB) was chosen because it is a benchmark for thiophene-based polymers and P3HT (AA+BB) was used for comparison due to the regio-irregularity of the core-expanded copolymers. From 
 1H NMR it was determined that the P3HT synthesized by an AB polymerization was 93% regioregular while the P3HT synthesized via the AA+BB copolymerization was 57% regioregular. (1H NMR spectra are shown in Figure A.15-A.16.)
The molecular weight of each polymer was determined by GPC and the traces are shown in Figure A.17. As shown in Table 2.2, the number-average molecular weight (Mn)


[bookmark: _Ref199413569][bookmark: _Toc199847446]Scheme 2.2. Synthesis of thiophene-based copolymers (P3-P6) via DArP.
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[bookmark: _Ref199413927][bookmark: _Toc199408206][bookmark: _Toc199409075][bookmark: _Toc199409253][bookmark: _Toc199835181]Table 2.2. Macromolecular characteristics of thiophene-based copolymers and P3HTs.
	Polymer
	Mn (kg/mol)a
	Ð
	Xn
	Thiophene unitsb
	Solution
λmax (nm)c
	Solution  (eV)d
	Thin Film
λmax (nm)c
	Thin Film
 (eV)d

	P3
	11.2
	2.2
	19
	76
	459
	2.38
	542
	1.99

	P4
	8.4
	2.4
	13
	52
	453
	2.40
	516
	2.03

	P5
	5.0
	1.8
	8
	40
	465
	2.36
	545
	1.94

	P6
	7.5
	1.9
	10
	60
	471
	2.33
	533
	2.02

	P3HT
(AB)
	9.0
	2.2
	54
	54
	435
	2.45
	506
	2.07

	P3HT (AA+BB)
	9.7
	2.3
	58
	58
	425
	2.54
	436
	2.45

	
a Mn based universal calibration analysis.
bNumber of thiophene units per chain calculated from Xn and the number of conjugated thiophene units in the repeat unit.
c λmax values determined from UV-Vis measurements using CHCl3 solutions (< 1 mg/mL) and thin films cast from chlorobenzene (at 2 mg/mL).
d values were determined from Tauc plot analyses of UV-Vis spectra measured from solutions and thin films.





of the copolymers, as determined via universal calibration analysis, range from 5.0-11.2 kg/mol. Therefore, to enable comparisons between copolymers of different designs, the effective conjugation length (ECL) of each of the thiophene-based copolymers was assessed. The ECL, which is identified as the chain size at which the addition of repeat units no longer alters optoelectronic properties,43 was determined based on the number of thiophene units per chain, rather than the degree of polymerization (Xn) because the copolymers studied here have different repeat unit structures. For example, while the Mn of P3 (11.2 kg/mol) equates to a Xn of 19 based on repeat unit structure, this copolymer has 76 thienyl rings per chain on average. Also, for this analysis, the thieno[3:2,b]thiophene subunit in P4 is counted as one thiophene unit, as it is one conjugated unit. UV-Vis measurements presented in Figure 2.2 show that the optical band gap of each polymer becomes independent of chain size above ~20 thiophene units per chain, which sets the ECL at 20 thiophene units. This result is in agreement with characterization of the ECL of P3HT and other polythiophene derivatives by de Oliveira et al.44 and Nakanishi et al.45 Therefore, we posit that any differences in optoelectronic and/or conductive properties observed in the subsequent studies are attributed to structural design, rather than a function of molecular weight differences, as each polymer contains more than 20 thiophene units per chain.
The absorbance maxima and optical band gaps of the copolymers in solution (CHCl3) and thin film form were determined from UV-Vis measurements, and the results are summarized in Table 2.2. The solution and thin film spectra are shown in Figure A.18
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[bookmark: _Toc199408119][bookmark: _Toc199409380][bookmark: _Ref199413960][bookmark: _Toc199847342]Figure 2.2. Optical bandgap of thiophene-based copolymers determined from Tauc analysis as a function of number of thiophene units per chain. For P4, thienothiophene was counted as a single unit. The behavior indicates that the bandgap is constant above ~20 thiophene rings per chain. Horizontal error bars represent the uncertainty of the Mn determined by GPC using universal analysis.


and A.19, respectively. Results are consistent with well-known behaviors in that a red-shift in λmax and a corresponding decrease in  is observed from solution to solid-state due to the organization in the solid-state brought on by π-stacking interactions. More specific
behaviors can be attributed to chain microstructure and monomer design. For example, leads to greater rotational freedom along the backbone, thereby decreasing the persistence length and increasing the resultant .46 In addition, the decrease in  for the thin film compared to the solution of P3HT (AA+BB) is not as significant as that seen with P3HT (AB). This smaller change in  is attributed to poor ordering in the film due to more rotational degrees of freedom caused by the regio-irregularity of P3HT (AA+BB). 
Despite the regio-irregularity inherent in the series of “core expanded” copolymers that arises from the synthetic design (symmetrical + asymmetrical monomer), there is no obvious detrimental impact seen in the solution or thin film measurements like those observed for P3HT (AA+BB). Therefore, it is believed that the spacing units minimize the impact regio-irregularity has on ordering and π-stacking interactions. Furthermore, within the series of copolymers, a slight red-shift and decrease in  is observed in solution as thiophenyl moieties are added to the repeat unit design (P3 to P5 to P6) and side chain densities are reduced. These changes are attributed to decreasing the steric demand along the backbone with the incorporation of the spacing units, thereby allowing for more π- interactions. However, measurements of P4 in solution reveal a small blue-shift and an increase in  compared to P3, P5, and P6. According to Danielsen et al., monomers that impart a non-zero deflection angle along the backbone decreases the persistence length of conjugated polymers.47 Thus, despite the planarity of the fused ring structure, it is believed that that the persistence length of P4 is reduced compared to the other copolymers due to the introduction of the thieno[3:2,b]thiophene core, which alters the deflection angle compared to P3HTs and the other copolymers. This decrease in persistence length would cause a subsequent increase in the  of P4 compared to the other copolymers. It is also noted that for P6, the decrease in  from solution to solid-state is not as pronounced as it is with the other copolymers (P3-P5) and P3HT (AB). The smaller change in  is attributed to poor ordering in the film, which may be due to aggregation or increased rotational freedom resulting from the increased spacing length between alkyl side chains (by using terthiophene as the central core). Furthermore, it is observed that in the solid state,  is higher and λmax is lower for P6 in comparison to P5. These findings suggest that there may be a limit on the size of the spacing unit before it is no longer advantageous for use in thin films and indicate that there are complex trade-offs involving spacing length, conformational flexibility, and solubility that impact properties and performance of the copolymers.
To gain insight into how spacing length between side chains and planarity impacts polymer solubility, the Hansen solubility parameters (HSPs) of each copolymer were evaluated following the method described by Díaz de los Ríos and Ramos.38 This method relies on assessing the solubility of the polymer in various solvents for which values of the dispersive, polar, and hydrogen-bonding contributions, δD, δP, δH, respectively, are known. The HSPs determined for the thiophene-based copolymers are summarized in Error! Reference source not found., and the underlying assessments of their solubility in 23 different solvents/solvent blends


[bookmark: _Toc199835182]Table 2.3. Hansen solubility parameters (HSPs) of the thiophene-based polymers.
	Polymer
	δD (MPa1/2)
	δP (MPa1/2)
	δH (MPa1/2)

	P3
	18.3
	1.4
	6.2

	P4
	18.8
	1.2
	5.6

	P5
	18.4
	1.5
	6.6

	P6
	19.4
	2.0
	6.8

	P3HT (AB)
	18.3
	2.8
	3.8

	P3HT (AA+BB)
	17.5
	3.2
	2.2





are listed in Table A.1. The tabulated results show that for the two P3HTs and all of the copolymers the main contributor to the solubility is dispersive interactions (δD), since the polymers are non-polar. We also note that the HSPs defined for P3HT (AB) are in agreement with those reported by Yoon et al.14 and Machui et al.48 There are clear differences in the HSPs between P3HT (AB) and P3HT (AA+BB), reflecting the fact that regioregularity impacts solubilizing behavior. Specifically, P3HT (AA+BB), which is 57% regioregular, has lower HSP energies, and the values are consistent with those reported by King et al.49 This difference can be attributed to P3HT (AB) having stronger interchain π-stacking interactions due to its higher regioregularity, which increases the cohesive energy density of the polymer. Error! Reference source not found. also shows that the values of δD, δP, and δH increase with an increase in the spacing length from one (P3) to two (P5) to three (P6) thiophene units, although the changes are very small from P3 to P5. We posit that the increased spacing length that results from expanding the comonomer core facilitates interchain π-stacking interactions, thus increasing the dispersive energy, δD. The small increases in δP and δH, which reflect an increase in polarity and hydrogen bonding capacity, are most likely the result of the decreased density of alkyl side chains along the backbone. Finally, we note that the increase in HSPs of the copolymers compared to P3HT (AB) is more drastic with the addition of thieno[3:2,b]thiophene (P4) than with thiophene (P3) or bithiophene (P5). This pattern of behavior indicates that the fused ring core alters the solubility more significantly than its non-fused ring counterparts. Although the HSPs of each copolymer offer significant information on polymer-solvent interaction energies, it does not directly indicate which polymer is considered more soluble than others. However, it can be inferred that the solubilities of P3, P4, P5, and P6 are decreased compared to P3HT (AB), as the solubility scores listed in Table S1 show that these core expanded copolymers dissolve in fewer solvents (11, 9, 10, and 7 solvents, respectively) compared to P3HT (AB) (which dissolves in 13 solvents). This decrease in solubility is consistent with expectations, as increasing the number of thiophene units in the comonomer core reduces the density of alkyl side chain in the repeat unit, thereby reducing their effectiveness in promoting solubility of the conjugated polymer.
2.4.3. [bookmark: _Toc199835117]Solution Doping of Thiophene-Based Copolymers
F4TCNQ was used as the dopant due to its compatibility with thiophene-based polymers, especially P3HT.10,13,19 In these solution doping studies, each of the copolymers was doped at levels ranging from 0 to 23 mol% F4TCNQ, which is based on the moles of thiophene in the polymer solution. Adopting this basis provides consistency across all copolymers despite differences in their repeat unit design. One drawback frequently noted with solution doping is the appearance of aggregates that form upon mixing due to the creation of charged complexes.3 Therefore, because polymer thin films deposited from solution inherit structural characteristics from their parent solution, to assess the presence of aggregation in the solid-state, the solution-doped thin films were imaged by atomic force microscopy (AFM). Figure 2.3 presents topographical images of thin films created from spin casting the solution-doped systems at 0 mol% and 23 mol % doping. Representative images for the other doping levels are shown in Figure A.20-A.25 and the surface roughnesses are summarized in Table 2.4. There are several salient points to highlight:
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[bookmark: _Toc199408120][bookmark: _Toc199409381][bookmark: _Ref199415223][bookmark: _Toc199847343]Figure 2.3. Representative AFM images of solution-doped thin films at 0 mol% (a-f) and 23 mol% (g-l) doping for each copolymer. The surface roughness remains low (< 4 nm) for all films at all doping levels except for solution-doped films of P4, P5, and P6 at 23 mol%, where dramatic increases in roughness are evident.




[bookmark: _Ref199415302][bookmark: _Toc199408208][bookmark: _Toc199409077][bookmark: _Toc199409255][bookmark: _Toc199835183]Table 2.4. Surface roughness of solution-doped thin films at various doping levels determined from AFM measurements. 
	
	Surface Roughness (nm)

	Polymer
	0 mol% 
	6 mol% 
	10 mol% 
	17 mol% 
	23 mol% 

	P3
	3.6 ± 1.5
	1.8 ± 0.5
	2.9 ± 1.1
	2.6 ± 0.3
	4.4 ± 0.8

	P4
	0.9 ± 0.7
	1.4 ± 0.6
	4.2 ± 2.1
	3.0 ± 1.5
	14.7 ± 7.9

	P5
	3.4 ± 1.8
	3.3 ± 0.9
	4.4 ± 1.4
	7.6 ± 2.4
	13.3 ± 5.2

	P6
	4.2 ± 1.4
	1.3 ± 0.3
	6.2 ± 2.6
	2.9 ± 1.1
	25.1 ± 11.9

	P3HT (AB)
	0.6 ± 0.3
	1.0 ± 0.4
	1.3 ± 0.4
	1.9 ± 0.2
	2.2 ± 0.6

	P3HT (AA+BB)
	6.4 ± 0.6
	18.6 ± 6.6
	5.5 ± 1.5
	4.8 ± 0.8
	6.0 ± 2.7




 First, there are significant differences in the film topography of P3HT (AB) and P3HT (AA+BB). As documented in Table 2.4, P3HT (AA+BB) has a higher surface roughness compared to its regioregular counterpart, P3HT (AB), at all doping levels. In addition, the large roughness measured for P3HT (AA+BB) at 0 mol% doping indicates that the regio-irregular nature of the chain microstructure disrupts the organization of the polymer film, thus decreasing the effectiveness of π-stacking interactions that drive interchain organization.50,51 The P3HT (AA+BB) film cast from a solution of 6 mol% F4TCNQ also displays a high surface roughness, indicating the incorporation of F4TCNQ causes aggregation, even at low doping levels. Table 2.4 also shows that for all of the copolymers (P3-P6), the surface roughness remains relatively constant and low (generally ≤ 4 nm) at doping levels ranging from 0 to 17 mol%; however, at a doping level of 23 mol%, there is a significant increase in the topographical roughness, which likely indicates the prevalence of aggregates. The most substantial changes in roughness at high doping levels are seen for the expanded designs of P4 (14.7 nm), P5 (13.3 nm), and P6 (25.1 nm). This is attributed to increased aggregation, which is likely exacerbated by the lower solubility, as reflected in the HSPs of these copolymers. Additionally, the increased prevalence of aggregates that are observable in the topological images, especially for P5 and P6, could be due to an increase in the amount or size of charged complexes formed during the solution doping process. This idea will be discussed later in more detail.
The influence of copolymer design and doping level on the electrical performance of solution-doped thin films was investigated by measuring the conductivity via the Van der Pauw method.34,36 The sheet resistance, which was calculated from the measured I-V curves, was used along with the film thickness to calculate the conductivity. Film thicknesses measured via AFM scratch test are summarized in Table A.2. It should be appreciated that the conductivity values measured here are lower than some values reported for thiophene-based polymers (particularly for P3HTs52,53) due to the low film thicknesses (10-25 nm) and relatively large sample sizes (1 in  1 in). As shown in Figure 2.4, there are drastic differences in thin film conductivity based on repeat unit structure. First, films made from P3HT (AA+BB) have very low conductivities at all doping levels. This is attributed to poor organization due to less efficient π-stacking that derives from the irregularity in regiochemistry, which reduces electron delocalization. On the other hand, P3HT (AB) has an appreciably higher conductivity due to its high regioregularity, which enhances inter-chain organization and facilitates electron delocalization. The regio-irregularity of copolymers P3-P6 does not appear to impact the conductivity of their thin films, which again indicates that the spacing units allow the dopant to effectively access the copolymer backbone, which will be discussed in more detail later. For each copolymer (and P3HT (AB)) the conductivity increases by a few orders of magnitude as the doping level is increased. However, for P3 and P4 it appears that within experimental uncertainty, the conductivity plateaus after 10 mol%. This behavior is attributed to the formation of charged species and will be discussed later in more detail. Consistent with work by Li et al., who showed that decreasing the density of hexadecyl side chains through an alternating pattern of bithiophene and thienothiophene spacing units in the backbone enhanced the conductivity of polythiophene-based copolymers (relative to analogous copolymers
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[bookmark: _Toc199408121][bookmark: _Toc199409382][bookmark: _Ref199416299][bookmark: _Toc199847344]Figure 2.4. Conductivity of solution-doped copolymer thin films as a function of doping level. Doping level is determined as a mol% of F4TCNQ relative to relative to the moles of thiophene in the polymer solution. Conductivity measurements were performed on samples spin cast on 1 in × 1 in glass slides with film thicknesses ranging from 10-25 nm.


without the spacing units),20 an increase in conductivity is seen when a spacer unit is used. As the spacing length between alkyl chains in the repeat unit is increased from one (P3) to two (P5) to three (P6) thiophene units, the conductivity increases significantly, by orders-of-magnitude. The reason for this enhanced conductivity is inherent to the complex interplay between chain design, efficient doping, and structure at different length scales. To begin unraveling this behavior, it should be noted that the increase in conductivity for the copolymers follows the trend shown in Table 2.2 of decreasing  as spacing length is increased from P3 (2.38 eV) to P5 (2.36 eV) to P6 (2.33 eV). Figure 2.4 also shows that P4 has a lower conductivity than the other copolymers, which is consistent with it having the highest optical band gap (2.40 eV). This suggests that the incorporation of thieno[3:2,b]thiophene in P4 results in a conformational change (i.e., non-zero deflection angle) that in turn decreases the persistence length compared to the other copolymers, which is known to decrease electron delocalization.47Therefore, a single characteristic property, such as , cannot fully describe a macroscopic property such as electrical conductivity because it is also influenced by polymer structure and organization, efficient polymer-dopant interactions, and transport at multiple length scales.
As previously discussed, doping relies on electron transfer, which requires the dopant and the conjugated backbone to be in close proximity. Because the anionic form of F4TCNQ, F4TCNQ, is characteristic of efficient doping, it is useful to monitor this species to determine the relative extent of doping. To enable the identification of F4TCNQ and F4TCNQ in a doped sample, a standard consisting of F4TCNQ only was made via a LiI reduction.32 FTIR and solution-based UV-Vis measurements were used to confirm the complete conversion of F4TCNQ to give the F4TCNQ standard. As seen in Figure 2.5, there are clear frequency shifts in the vibrational modes of F4TCNQ after the LiI reduction; most significantly the shift of the v(C≡N) ring peak from 2226 cm-1 to 2195 cm-1 and the shift of v(C=C) ring from 1591 cm-1 to 1533 cm-1 indicate successful conversion.33 Additionally, as seen by the solution absorbance spectra in Figure 2.6, upon reduction of F4TCNQ a red-shift from 387 nm to 411 nm is observed along with the significant increase in absorbance at 855 nm in the F4TCNQ− spectrum, thereby indicating successful conversion of F4TCNQ to F4TCNQ−. Thin films of F4TCNQ and its anionic counterpart, F4TCNQ, were made by drop-casting, and characteristic peak positions were assessed by UV-Vis-NIR measurements. In the solid-state, F4TCNQ (neutral form) has a characteristic absorbance peak in the range of 348 – 444 nm while F4TCNQ (anionic form) has one peak in the range of 475 – 570 nm and a second that appears at 728 – 955 nm, as shown in Figure 2.7. These peaks allow the amount of F4TCNQ in doped thin films to be monitored as a function of doping level; however, because the F4TCNQ peak from 475 – 570 nm overlaps with the π-π* peak of the copolymers, the local peak maximum at 868 nm associated with the second mode was used. 
As an example, the UV-Vis-NIR spectra of P6 doped with F4TCNQ at various doping levels is shown in Figure 2.8. It should be noted that because the spectra are normalized by film thickness, the normalized absorbance directly correlates with concentration. Therefore, and as expected, there is a significant increase in the presence of F4TCNQ with increasing doping levels, as evidenced by the increase in absorbance band
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[bookmark: _Toc199408122][bookmark: _Toc199409383][bookmark: _Ref199416565][bookmark: _Toc199847345]Figure 2.5. FT-IR spectra (left) of powder F4TCNQ and F4TCNQ- and their respective key peak positions (right). Assignments were made based on a report from Watts et al.33 The shifts observed for the vibrational modes validate the successful conversion of F4TCNQ to F4TCNQ-.
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[bookmark: _Toc199408123][bookmark: _Toc199409384][bookmark: _Ref199416583][bookmark: _Toc199847346]Figure 2.6. UV-Vis spectra of F4TCNQ and F4TCNQ-, normalized by the peak absorbances recorded at 387 nm and 411 nm, respectively. Each sample was prepared in acetonitrile at 1.5 mg/mL.
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[bookmark: _Toc199408124][bookmark: _Toc199409385][bookmark: _Ref199416626][bookmark: _Toc199847347]Figure 2.7. Normalized UV-Vis-NIR spectra of F4TCNQ thin films created by drop casting from a methanol solution at 1.5 mg/mL. The local maximum at 868 nm is used for F4TCNQ− quantification in subsequent thin film measurements.
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[bookmark: _Toc199408125][bookmark: _Toc199409386][bookmark: _Ref199416670][bookmark: _Toc199847348]Figure 2.8. UV-Vis-NIR spectra of thin films created by solution doping of P6. The absorbance spectra measured at each doping level was normalized by film thickness, which ranged from 10-13 nm for these P6 films. Regions highlighted in blue correspond to the mode associated with neutral F4TCNQ while regions shaded in red correspond to the anionic form, F4TCNQ−. 


at 728 – 955 nm. Additionally, with increasing doping levels, an increase in the vibrational mode assigned to the neutral form of F4TCNQ (observed from 348 to 444 nm) is also seen, which indicates that not all of the dopant is converted to its anionic form during the solution doping process. This saturation in doping is consistent with studies by Fontana et al.12 and Duong et al.3 on P3HT doped with F4TCNQ. 
Analogous UV-Vis-NIR measurements were performed on all thin films prepared by the solution doping method, and the spectra are shown in Figure A.26-A.30. From these results, the normalized absorbance (at 868 nm) of the anionic dopant is extracted and correlated with the measured conductivity of the doped thin films, as seen in Figure 2.9. As expected and shown in Figure 2.9a, there are low concentrations of F4TCNQ in films made from P3HT (AA+BB) at all doping levels. Again, this is attributed to the irregular micro-organization which hinders effective doping, consistent with Hynynen et al.18 The spectrum for P3HT (AB) (Figure 2.9b) and each of the copolymers (Figure 2.9c-2.9f) show that as the doping level increases, both the concentration of F4TCNQ and the conductivity increase. Although the axes of each plot in Figure 2.9 were scaled consistently to facilitate comparison, the increase in normalized F4TCNQ absorbance as a function of doping level is most apparent with the expanded designs of P5 and P6. Nevertheless, the results obtained from the sets of solution-doped thin films show that there is a clear increase in the amount of F4TCNQ- as follows: P4 ≤ P3 < P5 < P6. This trend generally correlates with the increase in spacing length between the alkyl side chains on the comonomer used to create each copolymer. Specifically, as the spacing length increases from one (P3) to
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[bookmark: _Toc199408126][bookmark: _Toc199409387][bookmark: _Ref199416739][bookmark: _Toc199847349]Figure 2.9. Comparison of conductivity and F4TCNQ absorbance in solution-doped thin films of (a) P3HT (AA+BB), (b) P3HT (AB), (c) P3, (d) P4, (e) P5, and (f) P6 as a function of doping level. The F4TCNQ absorbance is taken as the local maximum at 868 nm obtained from UV-Vis-NIR measurements and is normalized by film thickness. As a result, the normalized absorbance is proportional to F4TCNQ concentration.



two (P5) to three (P6) thiophene units, the steric demand is decreased, which allows F4TCNQ to access the polymeric backbone, enabling electron transfer (i.e., doping). In turn, this results in the formation of F4TCNQ, which enhances conductivity. It is also observed that the normalized absorbance of F4TCNQ for P4 is very similar to that of P3, despite the conductivity of solution-doped films of P4 being approximately one order-of-magnitude lower than solution-doped films made from P3. This suggests that the difference in conductivity is significantly impacted by repeat unit design in addition to doping efficiency. As previously described, the fused ring thieno[3:2,b]thiophene in P4 decreases the persistence length compared to P3, which is known to reduce electron delocalization which can reduce film conductivity.47 This result again shows the importance of efficient doping and structural organization on film conductivity. Lastly, with P3 and P4, the absorbance of F4TCNQ− appears to remain relatively constant after 10 mol% doping, which indicates that the higher concentrations of dopant are not resulting in more doping events. This is consistent with the plateau in conductivity observed after 10 mol%.
2.4.4. [bookmark: _Toc199835118]Sequential Doping of Thiophene-Based Copolymers
Although it is a more complex process, sequential doping is viewed favorably because it circumvents issues of aggregation that are inherent to solution doping and typically leads to enhanced levels of electrical conductivity.6,13 Efficient sequential doping requires a solvent that is a good solvent for the dopant but a marginal solvent for the polymer – the solvent must swell, but not dissolve, the polymer film to allow for effective integration of the dissolved dopant molecule.14 Therefore, an array of solvents and solvent blends were studied to determine the optimum solvent for sequential doping of the thiophene-based copolymers. Six specific solvents were selected based on their solubility parameter distance between the solvent and the corresponding copolymer, Ra. The Ra value for each solvent-copolymer pair was calculated using Equation 1.1, where the lowercase subscripts on the three HSPs correspond to either the polymer, p, or to the solvent, s.24,38
	
	
	(Eq. 1.1)


The corresponding Ra values for the six solvents used – THF, DCM, 50:50 Acetone:DCM, 75:25 Acetone:DCM, acetone, and DMF – and each copolymer are summarized in Table 2.5. With these solvents, Ra values range from approximately 5.45 to 14.00 MPa1/2, with lower numbers indicating greater solubility of the polymer and higher numbers indicating poorer solubility. This range of solvent character enables insights into how polymer-solvent interaction energy impacts the resultant thin film conductivity. For all sequential doping studies, the concentration of F4TCNQ was fixed at 1 mg/mL.
As was done for solution-doped thin films, the surface roughness of sequentially-doped films was measured to assess film topology and potential aggregation. As summarized in Table 2.6, the surface roughness values are rather high and display a large sample-to-sample variation, especially compared to solution-doped thin films. These traits are indicative of aggregation or non-uniformity in the film. The AFM images presented in Figure A.31-A.36 show the presence of aggregates across the film surfaces. These aggregate structures are believed to be excess dopant that did not integrate into the polymer film. This contention is supported by results from imaging P3HT (AB) films that were


[bookmark: _Ref199417223][bookmark: _Toc199408209][bookmark: _Toc199409078][bookmark: _Toc199409256][bookmark: _Toc199835184]Table 2.5. Calculated solubility parameter distance, Ra, of each polymer-solvent pair.
	
	Ra (MPa1/2)

	Polymer
	THF
	DCM
	50:50 Act:DCM
	75:25 Act:DCM
	Acetone (Act)
	DMF

	P3
	5.48
	6.45
	8.39
	9.47
	10.57
	13.38

	P4
	6.45
	7.21
	9.17
	10.27
	11.37
	14.00

	P5
	5.45
	6.45
	8.43
	9.52
	10.63
	13.19

	P6
	6.45
	7.12
	9.17
	10.30
	11.42
	13.17

	P3HT (AB)
	5.92
	6.17
	7.90
	8.92
	9.97
	13.38

	P3HT (AA+BB)
	6.45
	6.45
	7.73
	8.59
	9.50
	13.89










[bookmark: _Ref199417467][bookmark: _Toc199408219][bookmark: _Toc199409088][bookmark: _Toc199409266][bookmark: _Toc199835185]Table 2.6. Surface roughnesses of sequentially-doped thin films as a function of the solvent used for doping.
	
	Surface Roughness (nm)

	Polymer
	THF
	DCM
	50:50 Act:DCM
	75:25 Act:DCM
	Acetone (Act)
	DMF

	P3
	16.1 ± 3.2
	18.1 ± 6.7
	21.3 ± 5.8
	21.2 ± 7.6
	36.7 ± 6.6
	15.5 ± 5.1

	P4
	7.4 ± 3.5
	34.1 ± 5.3
	10.5 ± 6.8
	15.2 ± 7.6
	7.0 ± 3.6
	2.0 ± 1.6

	P5
	21.6 ± 3.4
	31.6 ± 16.0
	22.9 ± 9.4
	15.5 ± 1.8
	8.6 ± 5.1
	3.6 ± 0.7

	P6
	27.3 ± 15.8
	32.2 ± 15.5
	5.3 ± 1.1
	28.1 ± 8.7
	38.4 ± 6.8
	10.2 ± 6.5

	P3HT (AB)
	20.1 ± 6.8
	20.2 ± 8.9
	26.5 ± 15.8
	5.9 ± 1.0
	19.1 ± 7.2
	9.2 ± 7.0

	P3HT (AA+BB)
	17.9 ± 5.5
	16.2 ± 9.0
	28.2 ± 9.0
	6.0 ± 2.7
	15.4 ± 8.4
	3.2 ± 0.8





 sequentially-doped with F4TCNQ using acetone as the dopant solvent and then rinsed with methanol, which dissolves F4TCNQ but does not dissolve or swell P3HT (AB) (Ra > 20 MPa1/2). As shown in Figure 2.10, prior to rinsing, the surface was populated with large aggregates and had a measured roughness of 19.1 ± 7.2 nm. After rinsing with methanol, the surface was smooth and uniform with a roughness of 1.9 ± 1.4 nm. These results indicate that aggregates of excess F4TCNQ were the cause of the increased roughness and irregular topography observed for the sequentially-doped thin films. This finding is consistent with results from Jacobs et al., who reported phase segregated F4TCNQ domains on thin films when sequentially doping P3HT with F4TCNQ in acetonitrile at 1 mg/mL.6 Due to the surface roughness being largely dominated by the presence of excess dopant, the images and surface roughness values do not offer much insight into the uniformity/topology of the underlying doped film. However, because the films are thin (< 30 nm) and to prevent removal of dopant from the upper region or from the entirety of the thin film, the methanol washing was not implemented as part of the process used to generate sequentially-doped thin films. 
As with solution-doped thin films, after measuring the I-V curve of each sequentially-doped sample, film thicknesses were measured (Table A.3) and used to calculate the resultant conductivity. Figure 2.11 shows the conductivity of each sequentially-doped copolymer thin film as a function of the Ra value that characterizes the dopant solvent-copolymer pair. First and as seen in Figure 2.11a, P3HT (AA+BB) again shows low conductivity across the spectrum of solvents used for doping, which suggests
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[bookmark: _Toc199408127][bookmark: _Toc199409388][bookmark: _Ref199417561][bookmark: _Toc199847350]Figure 2.10. Representative AFM height images of P3HT (AB) thin films sequentially-doped with F4TCNQ at 1 mg/mL in acetone. Images correspond to (a) an as-cast film and (b) the film after a methanol rinse. Each image was obtained in tapping mode over an area of 20 μm × 20 μm. This comparison indicates that the F4TCNQ aggregates appearing in (a) are washed away by methanol and that the underlying film is smooth and homogeneous. 
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[bookmark: _Toc199408128][bookmark: _Toc199409389][bookmark: _Ref199417696][bookmark: _Toc199847351]Figure 2.11. Conductivity of sequentially-doped thin films as a function of the solubility parameter distance between the polymer and solvent used for sequential doping. (a) P3HT (AB) and P3HT (AA+BB) and (b) the expanded thiophene-based copolymers. Doping was performed with six different solvents (THF, DCM, 50:50 acetone:DCM, 75:25 acetone:DCM, acetone, and DMF) at 1 mg/mL. Films were spin cast and doped on 1 in × 1 in glass slides and have film thicknesses ranging from 10-30 nm.


that doping is inefficient in this regio-irregular polymer. In comparison, the conductivity of sequentially-doped P3HT (AB) thin films increases by ~3 orders of magnitude, depending on the dopant solvent used. This conductivity dependence on dopant solvent is consistent with work done by Yoon et al. with P3HT.14 At low Ra values (5-8 MPa1/2) and high Ra values (>12 MPa1/2), the conductivity is low, while at moderate Ra values (8-12 MPa1/2), the conductivity is much higher. This Ra-dependent conductivity is also seen for each copolymer film (Figure 2.11b), though the conductivity values are significantly higher than those measured for the P3HTs. In addition, the pattern of solvent quality-dependence behavior that is based on the thermodynamic interaction between the dopant solvent and polymer appears to be universally shared by all of these thiophene-based copolymers. Specifically, at low Ra values, the solvent can partially dissolve the film, which leads to inconsistent dopant integration. At high Ra values, the solvent is a poor solvent for the copolymer, which results in low levels of dopant integration beyond the polymer-solvent interface, resulting in the dramatic fall-off in conductivity. Lastly, with moderate Ra values, the solvent swells the copolymer chains, which allows for effective integration of the dopant, leading to higher conductivities. 
While the need for a marginal solvent to maximize conductivity has also been demonstrated for other systems54,55, HSPs provide a useful framework for selecting as well as creating a useful solvent system. In this work, solvent mixtures were used to tailor Ra values. Specifically, moderate Ra values were accessed by mixing DCM (low Ra) and acetone (near the high Ra border), resulting in high conductivities. This indicates that binary mixtures of poor or sub-optimal solvents can be used to tailor the Ra value, leading to an optimized conductivity. Additionally, for this series of thiophene-based copolymers, the trend of increasing conductivity with increasing spacing between alkyl side chains is also observed, but the effect is less prominent compared to the films made by solution doping. This indicates that altering the copolymer design by increasing the spacing length between alkyl side chains enhances conductivity by reducing steric demand along the chain backbone, which allows dopant molecules to access the backbone, perhaps without compromising the ability of the conjugated copolymers to organize through π-stacking interactions. 
UV-Vis-NIR measurements of sequentially-doped thin films (Figure A.37-A.42) were used to gain insight into the efficiency of doping. However, unlike the solution-doped thin films, there is a lack of correlation between conductivity and F4TCNQ absorbance (concentration), as shown in Figure 2.12. This indicates that in sequential doping, the amount of F4TCNQ in the doped film is not the main factor that sets the conductivity. Rather, it is believed that micro-organization across multiple length scales plays a more important role,18,56 which heightens the importance of using a marginal solvent to maintain the organization of the polymer film after doping, thereby enhancing conductivity.13 The impact of solvent quality and dopant integration on thin film organization will be addressed in a follow-on study.
2.4.5. [bookmark: _Toc199835119]Comparison of Solution and Sequential Doping
Solution doping is generally considered to be inferior to sequential doping when comparing electrical performance,6,13 however this heuristic was not observed for all of the
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[bookmark: _Toc199408129][bookmark: _Toc199409390][bookmark: _Ref199418025][bookmark: _Toc199847352]Figure 2.12. Comparison of measured conductivity and F4TCNQ absorbance in sequentially-doped thin films of (a) P3HT (AA+BB), (b) P3HT (AB), (c) P3, (d) P4, (e) P5, and (f) P6 as a function of solubility parameter distance, Ra. The F4TCNQ absorbance is taken as the local maximum at 868 nm obtained from UV-Vis-NIR measurement and is normalized by film thickness. This normalized absorbance is proportional to F4TCNQ concentration.


thiophene-based copolymers. The conductivities of the sequentially-doped thin films were very similar to that of the solution-doped films. Therefore, it is insightful to compare the amount of F4TCNQ generated by each doping method to the film conductivity, as shown in Figure 2.13. To facilitate comparisons between the different copolymer designs, a set of common axis scales was used. Figure 2.13a shows that both solution and sequential doping were ineffective for P3HT (AA+BB), as both methods resulted in films of low conductivity due to the regio-irregularity of the polymer. On the other hand, and despite also having overall low concentrations of F4TCNQ, a trend seems to emerge for P3HT (AB): at low F4TCNQ absorbance, a higher conductivity is seen with sequential doping. This indicates that reducing or eliminating aggregation that is prevalent in solution doping is a key element of promoting microstructural organization in the thin film that enhances electron transport. This contention is consistent with studies of doped P3HTs by Jacobs et al.6 and Scholes et al.13, and a comprehensive analysis of a wide variety of conjugated polymers, including P3HTs, by Noriega et al.30 The enhancement of conductivity with sequential doping becomes more apparent with the other copolymers: higher conductivities are reached at lower concentrations of F4TCNQ with sequential doping. Thereby, expanded designs also offer enhanced conductivity at lower concentrations of dopant while also increasing the conductivity by orders-of-magnitude compared to P3HT.
2.4.6. [bookmark: _Toc199835120]Expansion of Core to Dithienothiophene
In an attempt to further explore the effects that chain rigidity and coplanarity have on solubility, morphology, and conductivity, another fused-ring copolymer utilizing
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[bookmark: _Toc199408130][bookmark: _Toc199409391][bookmark: _Ref199418049][bookmark: _Toc199847353]Figure 2.13. Comparison of F4TCNQ absorbance and conductivity for solution and sequentially-doped thin films of (a) P3HT (AA+BB), (b) P3HT (AB), (c) P3, (d) P4, (e) P5, and (f) P6. The F4TCNQ absorbance is taken as the local maximum at 868 nm obtained from UV-Vis-NIR measurement and is normalized by film thickness. This normalized absorbance is proportional to F4TCNQ concentration. For the expanded designs (P3, P4, P5, P6), it is clear that higher conductivities are reached at lower F4TCNQ concentrations.


dithieno[3,2-b:2',3'-d]thiophene as the spacing unit was proposed. The comonomer, M7, was synthesized via Suzuki coupling as shown in Scheme 2.3. This reaction was successful at an overall yield of 55% and confirmed with 1H NMR as shown in Figure 2.14. Polymerization of the comonomer was then attempted via DArP with 2,5-dibromohexyl-thiophene with the same conditions used for the other thiophene-based copolymers, as depicted in Scheme 2.4. As shown in Figure 2.15, the 1H NMR of the resulting product did show signs of polymerization, specifically, the broadening of peaks. However, when the product was characterized via GPC very low molecular weights near the limit of detection were seen. This indicates that the product is mostly oligomeric (i.e., dimers, trimers, etc.) rather than polymeric. Therefore, in an attempt to increase the molecular weight of P7 the same reaction was performed at extended time periods of 48 h and 72 h. These longer reaction times were chosen since the mechanism of DArP is a step-growth polymerization and longer polymerization times generally lead to a greater degree of polymerization. However, with both reaction attempts the same result was seen in which only oligomeric material was formed. It should be noted that an increase in temperature was also considered to ensure more effective polymerization, however, with DArP elevated temperatures may
result in β-coupling and/or homocoupling.22,57,58 This would further disrupt the regioregularity of the resultant polymer; therefore, increased temperatures were not used to increase molecular weight. The lack of polymer formation is attributed to the large, bulky comonomer which could prevent efficient polymerization due to increased sterics. Therefore, to circumvent this potential issue and increase the reactivity of the comonomers


[bookmark: _Ref199418531][bookmark: _Toc199847447]Scheme 2.3. Synthesis of 2,6-bis(3-hexylthiophen-2-yl)di-thieno[3,2-b:2',3'-d]thiophene (M7) via Suzuki-Miyaura cross-coupling.
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[bookmark: _Ref199418649][bookmark: _Toc199847354]Figure 2.14. 1H NMR spectrum of 2,6-bis(3-hexylthiophen-2-yl)di-thieno[3,2-b:2',3'-d]-thiophene (M7) in CDCl3 with the inset highlighting the aromatic region


[bookmark: _Ref199418510][bookmark: _Toc199847448]Scheme 2.4. Synthesis of poly(2-(4,4'-dihexyl-[2,2'-bithiophen]-5-yl)-6-(3-hexyl-thiophen-2-yl)-dithieno[3,2-b:2',3'-d]thiophene) (P7) via DArP.
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[bookmark: _Ref199418774][bookmark: _Toc199847355]Figure 2.15. 1H NMR spectrum of poly(2-(4,4'-dihexyl-[2,2'-bithiophen]-5-yl)-6-(3-hexyl-thiophen-2-yl)dithieno[3,2-b:2',3'-d]thiophene) (P7) in C2D2Cl4.



a new synthetic route was proposed to polymerize P7 as shown in Scheme 2.5. The proposed synthetic route started with the synthesis of the comonomer, M7-R2. This was done successfully at an overall yield of 32% and is confirmed with 1H NMR as shown in Figure 2.16. The proton assignments were confirmed with reports by Ferrari et al. and Barbarella et al.59,60 M7-R2 was then polymerized with 2,6-dibromodithieno[3,2-b:2',3'-d]thiophene. The presence of the halogens on dithienothiophene provided a more reactive halogenated arene than the previous polymerization attempts due to the electron-richness of the fused-ring. Specifically, the proximity of the halogen to the fused ring increases the electrophilicity of the α-carbon which in turn increases its susceptibility to undergo DArP. However, despite this structural advantage only oligomeric products were formed. In a final attempt to synthesize P7 this same reaction was run at elevated temperatures (100 ℃) and longer polymerization time (72 h). As stated earlier, increasing the temperature can cause β-coupling and/or homocoupling, however, a structural advantage of M7-R2 is the “blocking” of the β-site by the hexyl side chains. Therefore, β-coupling will be minimized even at elevated temperatures. Again, despite these changes in reaction conditions no polymer was formed. Therefore, in this study P7 was not able to be compared to the other thiophene-based copolymers. Synthetically, this polymer could likely be formed using more robust polymerization techniques, such as Stille or Suzuki-Miyaura coupling, but would not allow for direct comparison to the copolymers synthesized via DArP. 
2.5. [bookmark: _Toc199835121]Conclusions
Thiophene-based copolymers were synthesized and characterized to evaluate the


[bookmark: _Ref199419031][bookmark: _Toc199847449]Scheme 2.5. Synthesis of (a) 3',4,4''-trihexyl-2,2':5',2''-terthiophene (M7-R2) via Stille cross-coupling and (b) P7 via DArP.
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[bookmark: _Ref199420156][bookmark: _Toc199847356]Figure 2.16. 1H NMR of 3',4,4''-trihexyl-2,2':5',2''-terthiophene (M7-R2) in CDCl3.


impact repeat unit structure has on solubility, film topography, and conductivity. Increasing the spacing length led to an increase in conductivity by multiple orders-of-magnitude (P6 > P5 > P3 ≥ P4) for both solution and sequential doping compared to regioregular P3HT due to reduced steric demand along the backbone. The conductivity of sequentially-doped thin films showed a strong dependence on polymer-solvent interaction energy, as described by the differences in HSPs of the dopant solvent and polymer, Ra. This Ra-dependence appears universal for thiophene-based copolymers, with dopant solvents that give moderate Ra values (8-12 MPa1/2), including solvent mixtures tailored to have moderate Ra values, resulting in the highest thin film conductivities. This universal dependence provides a basis for predicting an optimal solvent or solvent blend for sequential doping of thiophene-based polymers. The heuristic derived from studies of P3HT – that there is a significant increase in conductivity films are sequentially-doped, rather than solution-doped – was not observed in our studies of polythiophene copolymer thin films having decreased steric demand. However, it is clear that sequential doping allows for higher conductivities to be achieved at lower concentrations of dopant for each copolymer. The higher conductivities associated with sequentially-doped thin films are believed to be related to their thin film organization; however, because relations between copolymer design, solvent quality, dopant integration, and thin film organization are known to be complex, those investigations are reserved for a follow-on study. Overall, this study provides detailed insights and expands the understanding of the phenomenon of chemical doping with respect to copolymer design and doping method, which may guide strategies to enhance electrical properties of more sophisticated conjugated polymer systems, rendering them suitable for applications in printed electronics, sensors, and other organic electronic devices.


Chapter 3. [bookmark: _Toc199835122]Enhancing Thin Film Morphology and Conductivity Through Serial Doping of Conjugated Thiophene-Based Copolymers
This chapter in part describes the work submitted to ACS Applied Polymer Materials. I synthesized all polymers described in this work and performed all the structural characterizations. I also performed all characterization including, absorbance, conductivity, and grazing incidence X-ray scattering (GIWAXS) measurements. Coauthors include Prof. Gila Stein, who advised on GIWAXS measurements and analysis, and Prof. S. Michael Kilbey II, who advised this work. 
3.1. [bookmark: _Toc199835123]Abstract
Chemical doping has been widely used to enhance the electrical performance of conjugated polymer thin films for organic electronic devices, with specific attention given to dopant molecule selection, modifications of copolymer design to enhance dopant interactions, and the doping process itself. In this work, a series of thiophene-based copolymers with expanded cores that increase the spacing between side chains are doped via solution, sequential, or “serial” doping processes to investigate the impact of copolymer design and doping method on thin film conductivity and morphology. Results show that serial doping with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), which utilizes solution and sequential doping methods in succession, increases the conductivity of all the thiophene-based copolymers relative to the one-step solution or sequential doping processes. This increase in conductivity of serial-doped films is not attributed to greater levels of incorporation of F4TCNQ; rather, the serial-doped thin films display more ordered crystalline microstructures despite the amorphous character of pristine polymer films. This indicates that serial doping enhances conductivity by inducing crystallization. This study also shows that as the spacing length between alkyl side chains of the expanded core copolymers is increased, the conductivity and the ordering of crystallites increases. Overall, this work provides insight into how copolymer design and doping method impact conductivity through complex and intertwined relationships between dopant integration, effective electron transfer, and thin film microstructure.
3.2. [bookmark: _Toc199835124]Introduction
Conjugated polymers are widely studied for their use in thermoelectric devices, sensors, and printed electronics due to their flexible nature, low cost, processability, and use of naturally abundant elements.1,27,61 The electrical performance of conjugated polymers can be optimized and/or tailored by using molecular dopants, where energetic offsets result in electron transfer that ultimately produces charge carriers. The polymer/dopant pair that has been studied most extensively is poly(3-hexylthiophene) (P3HT) and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), which feature well-aligned highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels, respectively, which allows for effective p-type doping.2,3,6,10,12,13,19 However, it is widely appreciated that the method used to incorporate the dopant significantly impacts processibility, morphology, and conductivity.6,12-14,16,17,62,63
	The most facile method of doping is solution doping, which relies on direct blending of separate solutions of the polymer and the dopant molecules. This method is proven to be effective in enhancing thin film conductivity; however, large amounts of dopant are required and charge transfer leads to a significant amount of aggregation of chains in solution, which can be detrimental to film morphology.6,13 Therefore, a sequential doping process is often used to prevent aggregation. This method requires that a pristine polymer film is created first, and then the dopant is added using a marginal solvent to swell the polymer chains, allowing the dopant to diffuse into the film.6,13,14,64 The use of the pristine polymer film allows the morphology/chain alignment to be set prior to dopant integration and thus avoids the aggregation that arises from charge transfer during solution doping. Sequential doping is considered superior to solution doping because it preserves film morphology and requires less dopant while maintaining or enhancing the conductivity. Within this approach, it has also been shown recently that binary solvent mixtures can be used to strategically tailor polymer-solvent interaction energy in order to optimize film conductivity.64
A few strategies that utilize more than one doping method have been utilized to further improve electrical performance. For example, Chai et al. used a method called “Sequential-Twice-Doping” in which P3HT was solution-doped with F4TCNQ (at 7 mol%) and the resulting film was then sequentially-doped through immersion of the solution-doped film in an iron chloride (FeCl3) solution.16 The films created by this method exhibited an enhanced conductivity compared to films made by either solution- or sequential-doping only. Their assessments of morphology showed that the solution doping step doped the amorphous regions while the sequential doping step improved doping efficiency while maintaining the size of crystalline domains.16 Similarly, Yoon et al. used what they called a “hybrid doping” approach in which P3HT was doped in solution with F4TCNQ at various levels (5-20 wt%), cast into a thin film, and then sequentially-doped by immersion in an F4TCNQ solution.17 This hybrid doping method resulted in higher film conductivity compared to solution or sequential doping alone, which also maximized the thermoelectric power factor.17 These doping methods that combine the use of solution and sequential doping show significant promise in terms of enhancing electrical performance, but thus far have been limited to studies that involve P3HT and dopant concentrations that establish modest or high levels of solution doping, where aggregation of polymer chains due to charge transfer is known to be prevalent.
	Herein, we report “serial” doping, a two-step doping process consisting of both solution and sequential doping, of a series of thiophene-based copolymers that are systematically altered to increase the “space” between alkyl side chains, which is known to improve dopant-backbone interactions due to reduced steric demand.20,21,64 (We choose the term serial doping to clarify the process as having two doping steps that are performed in sequence, rather than hybrid doping, which can signify a blend or mixture.) A distinct aspect of this study is the use of low concentrations of F4TCNQ dopant in the solution doping step (1 mol%, which equates to < 0.40 wt%, depending on the copolymer used) to avoid aggregation. We investigate the impact that copolymer design and doping method have on thin film conductivity, dopant integration, and morphology. We find that serial doping is a superior doping method compared to either solution or sequential doping methods. Specifically, the results show that for this series of thiophene-based copolymers, serial doping produces conductivities that are higher than either of the parent doping processes and promotes the formation of highly ordered crystallites.
3.3. [bookmark: _Toc199835125]Materials and Methods
3.3.1. [bookmark: _Toc199835126]Materials
[bookmark: _Hlk193442443]2,5-bis(trimethylstannyl)thiophene (97%, Sigma), 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene (97%, Sigma), 5,5'-dibromo-2,2'-bithiophene (98%, TCI), 5,5''-dibromo-2,2':5',2''-terthiophene (97%, Sigma), 2-bromo-3-hexylthiophene (97%, Sigma), 3-hexylthiophene-2-boronic acid pinacol ester (95%, Sigma), 3-hexylthiophene (99%, Sigma), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 99%, Sigma), palladium (II) acetate (Pd(OAc)2, 98%, Sigma), potassium carbonate (99.7%, Fisher), neodecanoic acid (NDA, Sigma), magnesium sulfate (MgSO4, 99.5%, Alfa Aesar), 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ, 99%, Ossila), toluene (99.85%, extra dry, Thermo Scientific), diethyl ether (anhydrous, Fisher), ethyl acetate (99%, Fisher), hexanes (98.5%, Fisher), dimethyl formamide (DMF, 99.8%, Thermo Scientific), N,N-dimethylacetamide (DMAc, 99.5%, extra dry, Thermo Scientific), methanol (99%, Fisher), acetone (99%, Fisher), chloroform (98%, Fisher), chlorobenzene (99.8%, anhydrous, Sigma), and graphite conductive adhesive (aqueous based, Alfa Aesar) were used as received. N-bromosuccinimide (NBS, 99%, Sigma) was recrystallized in water and vacuum dried prior to use. 
3.3.2. [bookmark: _Toc199835127]Synthesis of Comonomers and Copolymers Procedures
2,5-dibromo-3-hexylthiophene and the series of expanded core comonomers were synthesized using the methods described in Chapter 2.64 P3HT and the expanded core copolymers were synthesized via direct arylation polymerization (DArP) as described in Chapter 2.64
3.3.3. [bookmark: _Toc199835128]Polymer Characterization
The 1H NMR spectrum of each copolymer, acquired using a Varian VNMRS 500 MHz NMR, is presented in Figure B.1-B.5. Gel permeation chromatography (GPC) was used to determine number-average molecular weight (Mn) and dispersity (Ð) of each copolymer based on universal analysis. An Agilent 1260 Infinity II system was used for these measurements with a mobile phase of THF at 25 ℃ and a flow rate of 1 mL/min. Solutions for GPC measurements were made at a concentration of 4 mg/mL in THF and filtered with a 0.2 PTFE filter. The resultant molecular weights and dispersities are summarized in Table B.1 and the corresponding GPC traces are shown in Figure B.6. 
3.3.4. [bookmark: _Toc199835129]DSC Measurements
Polymer samples were dried overnight in a vacuum oven. DSC samples with sample weights between ~3-7 mg were made in aluminum hermetic pans and an empty aluminum hermetic pan was used as a reference. A TA Instruments Q-2000 DSC was used to measure the thermograms from −50 to 300 °C at a rate of 10 °C/min. Both the heating and cooling cycles were measured twice. The first cycle was used to erase any thermal history of the polymers and analyses were performed on the second heating and cooling cycle. 
3.3.5. [bookmark: _Toc199835130]Thin Film Preparations
Solution Doping. Solutions of 1 mol% F4TCNQ (relative to the total number of moles of thiophene repeat units in the chain, which equates to 0.30-0.40 wt% depending on the copolymer used) were made by mixing separately prepared solutions of the copolymer and F4TCNQ in chlorobenzene. For each solution, the final copolymer concentration after mixing was 30 mg/mL. The resultant polymer/dopant solution was then heated to 70 °C prior to deposition. Glass slides (1 in × 1 in) were cleaned with KimWipesTM, washed with acetone and methanol, and dried with a stream of dry N2 gas. The polymer/dopant solution (200 μL) was spin cast dynamically onto the clean glass slide at 1000 rpm for 40 s. The resultant polymer film was allowed to dry for at least 10 minutes. 
Sequential Doping. The copolymer was dissolved in chlorobenzene (30 mg/mL) at 70 °C while F4TCNQ was dissolved in acetone at 1 mg/mL. Clean glass slides were prepared as described above. Then, the polymer was spin cast onto the clean glass slide by depositing 200 μL of polymer solution dynamically at 1000 rpm for 40 s. Immediately after spin casting, the thin film was submerged in the dopant solution for 30 s. The resulting sequentially-doped copolymer films were allowed to dry for at least 10 minutes. 
Serial Doping. The same procedure described for solution doping was used and immediately after that, a second sequential doping step followed. The sequential doping procedure was performed by submerging the solution-doped thin film in the dopant solution for 30 s. For each step, dopant concentrations were set to be equivalent to the single-step doping processes: In other words, solution doping used an F4TCNQ solution of 1 mol% F4TCNQ and the sequential doping step used an acetone solution at 1 mg/mL F4TCNQ. The resulting serial-doped copolymer films were allowed to dry for at least 10 minutes. 
3.3.6. [bookmark: _Toc199835131]Conductivity Measurements
Conductive graphite adhesive was used to add contact points at each corner of the thin films. A Keithley 2450 Sourcemeter was used to perform current-voltage (I-V) sweeps from 0 to 1 V. Voltage was applied at the contact points across one edge and the current was measured across the contact points on the opposite edge in accordance with the Van der Pauw method, which requires measurement along each edge of the film.34-36 A set of 3 replicate films were measured for each doping method. The sheet resistance (Rs) was calculated using the slope of the I-V curve and the Van der Pauw equation.36 Rs and the film thicknesses, t, obtained from AFM scratch test measurements (described in Appendix B and summarized in Table B.2), were used to calculate the film resistivity, ρ. Conductivity, σ, was subsequently calculated as σ = ρ-1. 
3.3.7. [bookmark: _Toc199835132]Thin Film UV-Vis-NIR Measurements
UV-Vis-NIR spectra over the wavelength range 350 < λ (nm) < 2000 were acquired from thin films using a Cary 5000 UV-Vis-NIR Spectrophotometer. This was done for as-cast and all doped thin films. A background spectrum acquired from a clean glass slide was used to baseline correct the spectra acquired for thin films and the corrected spectra were then normalized by film thickness. The absorbance ratio of F4TCNQ−:polymer was calculated using the absorbance at λ = 868 nm, which corresponds to the anionic form of F4TCNQ, F4TCNQ−, and the absorbance at the λmax for each of the respective polymers.
3.3.8. [bookmark: _Toc199835133]GIWAXS Measurements
Thin films were prepared as described above; however, an ozone treated silicon wafer substrate (critical angle = 0.22°) was used in place of glass. Measurements were performed using a Xenocs Xeuss 3.0 instrument. A Xenocs GeniX3D Cu source with a wavelength of 1.54 Å was used at an incident angle of 0.2°. The detector distance was set at 55 mm and each measurement was performed for 5 min. The resultant 2D images were used to produce 1D spectra based on a line cut in the out-of-plane direction.
3.4. [bookmark: _Toc199835134]Results and Discussion
3.4.1. [bookmark: _Toc199835135]Copolymer Synthesis and Characterization. 
A series of thiophene-based copolymers with expanded cores were used to elucidate the impact that repeat unit design has on morphology and conductivity, with an emphasis on doping method. Inspired in part by the work of Li et al.20, the expanded cores were designed with varying thiophene-based “spacing units” to increase the distance between hexyl side chains in the comonomers, which allows for more effective dopant integration within the copolymer due to reduced steric demand.20,21,64 The expanded core copolymers feature spacing units of thiophene (P3), thieno[3:2,b]thiophene (P4), 2,2'-bithiophene (P5), and 2,2':5':2''-terthiophene (P6), as shown in Figure 3.1. P3HT of high regioregularity (93%) made via AB polymerization is used as a benchmark polymer. The copolymers P3-P6 have a regioregularity of 50% due to the AA+BB polymerization of the symmetric expanded core comonomers with the asymmetric comonomer 2,5-dibromo-3-hexylthiophene. The molecular weights of the (co)polymers range from 6-16 kg/mol (Table B.1). As described in Chapter 2, based on these molecular weights, each polymer is well beyond its effective conjugation length;64 therefore, molecular weight effects that may impact subsequent optoelectronic or conductimetric measurements are believed to be minimized.
To first investigate the impact that spacing units have on thermal properties, DSC
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[bookmark: _Toc199408133][bookmark: _Toc199409394][bookmark: _Ref199487854][bookmark: _Toc199847357]Figure 3.1. Structures of P3HT and the expanded core copolymers containing spacing units of thiophene (P3), thieno[3:2,b]thiophene (P4), 2,2'-bithiophene (P5), and 2,2':5':2''-terthiophene (P6).


measurements were performed to identify the glass transition temperature (Tg), crystallization temperature (Tc), and melting temperature (Tm) of these polymers. The full DSC thermograms are shown in Figure B.7-B.11 and the values of Tg, Tc, and Tm are summarized in Table 3.1. First, P3HT does not exhibit a distinguishable Tg despite reports of P3HT having a weak Tg in the range of ~5-22 °C.65,66 However, a clear Tc and Tm are observed, indicating that this highly regioregular polymer is semicrystalline, as expected. The value of Tm = 196 °C is consistent with reported values of Tm for P3HT, which range from ~190-230 °C depending on regioregularity and molecular weight.67-70 The thermograms acquired for the expanded core copolymers show Tg transitions; however, these copolymers lack crystalline and melting transitions. This indicates that the copolymers P3-P6 are amorphous in nature, which may be due to their inherent regio-irregularity. All have a higher Tg compared to the values reported for P3HT, with P4 having the highest Tg due to the backbone rigidity resulting from its fused ring. The Tg values for the other expanded core copolymers follow the trend of P3 < P5 < P6, which is consistent with the expected impact of increasing the spacing unit length (decreasing the side chain number density), which allows for more π-stacking interactions between the polymer chains. 
3.4.2. [bookmark: _Toc199835136]Preparation and Characterization of Doped Copolymer Thin Films
Various doping methods have been developed to enhance the conductivity of conjugated polymer thin films, with the most prevalent methods being solution doping and sequential doping. These two doping methods are used here along with serial doping to


[bookmark: _Ref199488091][bookmark: _Toc199408210][bookmark: _Toc199409079][bookmark: _Toc199409257][bookmark: _Toc199835186]Table 3.1. Tg, Tc, and Tm for P3HT and the expanded core copolymers.
	Polymera
	Tg (°C)
	Tc (°C)
	Tm (°C)

	P3HT
	n.m.
	161
	197

	P3
	29
	-
	-

	P4
	55
	-
	-

	P5
	35
	-
	-

	P6
	42
	-
	-

	aAll values obtained from DSC thermograms acquired at 10 °C/min.
n.m. - not measured





[bookmark: _Hlk190247995] assess impacts on conductivity and morphology. As shown in Figure 3.2, solution doping entails combining premixed solution of polymer and dopant and then spin casting this polymer/dopant solution onto the substrate to obtain solution-doped thin films. On the other hand, sequential doping involves taking a pristine polymer thin film and then, in a separate step, integrating the dopant by soaking the polymer film in a dopant solution. This method requires the use of a marginal solvent (with respect to the polymer) to ensure effective dopant integration without dissolution of the film. In this study, acetone is utilized because our prior work shows that it has a moderate polymer-solvent interaction energy with P3HT and the expanded core copolymers, which optimizes the conductivity realized by sequential doping.64 While solution and sequential doping methods each add the dopant in a single step, serial doping subjects a solution-doped thin film to a second doping step that is analogous to sequential doping by soaking that film in a dopant solution (that is made using a marginal solvent). These processes are depicted in Figure 3.2. Each of the copolymers, along with P3HT, were doped using these three methods and thin film conductivities were subsequently measured. It should be appreciated that even though consistent solution concentrations and spin casting processes were used, the thin films have inherently different thicknesses, ranging from 62 to 300 nm (depending on the copolymer and doping method, Table B.2), because the polymers have different solubilities (manifests as different Hansen Solubility Parameters64). First and as shown in the inset of Figure 3.3, the solution-doped thin films have low conductivities that are in the range of ~10-4 – 10-1 S/cm. This is attributed to the small amount of dopant used (1 mol% with respect to the number of
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[bookmark: _Toc199408134][bookmark: _Toc199409395][bookmark: _Ref199488377][bookmark: _Toc199847358]Figure 3.2. Schematic drawings illustrate (a) solution, (b) sequential, and (c) serial doping methods. Solution-doped thin films are cast from a solution made by mixing separate solutions of 30 mg/mL polymer and 1 mol% F4TCNQ in chlorobenzene at 70 °C. For sequential doping, a 30 mg/mL polymer solution in chlorobenzene at 70 °C is used to cast a pristine polymer film and then the film is submerged in a 1 mg/mL F4TCNQ solution in acetone for 30 s. Serial doping involves first creating the solution-doped thin film, followed by a second doping step in which the solution-doped thin film is submerged in a 1 mg/mL F4TCNQ solution in acetone for 30 s.
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[bookmark: _Toc199408135][bookmark: _Toc199409396][bookmark: _Ref199488474][bookmark: _Toc199847359]Figure 3.3. Conductivity of solution-, sequential-, and serial-doped thin films of P3HT and each of the expanded core copolymers (P3-P6). The inset shows the solution-doped thin film measurements on a log scale to visualize the data effectively. For solution doping, films were cast from a polymer solution having 1 mol% F4TCNQ. With sequential doping, the polymer thin films were submerged in a 1 mg/mL F4TCNQ solution in acetone for 30 s. Serial doping used a two-step process in which a solution-doped film was made and then submerged in a 1 mg/mL F4TCNQ solution in acetone for 30 s. Clearly, the increase in conductivity resulting from serial doping exceeds what would be expected from a purely additive result.


thiophenes units present in solution). There is a clear trend that as the size of spacing unit increases from thiophene to bithiophene to terthiophene, the conductivity also increases (P3 ≤ P5 < P6). This is attributed to the larger spacing units allowing for more effective dopant integration due to the decreased number density of side chains along the backbone. Notably, solution-doped P4 films have a significantly higher conductivity compared to the other copolymers. This is ascribed to both the fused-ring structure promoting π-interactions and the reduced steric demand offered by the repeat unit design, which was also observed by Li et al. in their study of sequentially-doped thin films of poly(quaterthiophene) having thienothiophene spacing units (PQT-TT).20 A more encompassing description of the thin film microstructure and its relation to conductivity will be presented later. As seen in Figure 3.3, the conductivity measured for all polymer films prepared by sequential doping is three orders-of-magnitude higher than their solution-doped counterparts. This increase in conductivity is largely due to a significant increase in the amount of dopant integrated into the thin film upon sequential doping compared to that resulting from solution doping. This is attributed to the low level of dopant used with solution doping (1 mol% F4TCNQ) and confirmed by measurements of the amount of dopant in the film, which are discussed in more detail later. The conductivities measured from sequentially-doped films again show that as the spacing unit is increased, there is an increase in conductivity: P3 < P5 < P6; however, unlike the solution-doped films, the sequentially-doped P4 film no longer exhibits the highest conductivity. This arises due to changes in film microstructure as evidenced by GIWAXS measurements, which are also presented later. 
Figure 3.3 also clearly shows that serial doping results in a higher conductivity for each of the copolymer and P3HT films compared to sequential doping. The solution-doped thin films start with a very low conductivity, but the subsequent step of sequential doping results in the conductivity surpassing that of sequentially-doped films. This indicates that the two steps of the serial doping process are not additive, which suggests that this increase in conductivity is not directly caused by the amount of dopant introduced into the thin film. Rather, we contend that the increase in conductivity is largely impacted by the microstructure of the film, and this idea is discussed in more detail later.
	One indication of effective doping is the presence of anionic F4TCNQ (F4TCNQ−) in doped systems, whether it be in solution or thin film. The formation of F4TCNQ− signifies an electron transfer from the conjugated polymer backbone to F4TCNQ; therefore, higher levels of F4TCNQ− indicate that more doping events have occurred. UV-Vis-NIR measurements were used to evaluate the amount of dopant, specifically F4TCNQ−, present in the thin films. Figure 3.4 shows spectra from as-cast, solution-, sequential-, and serial-doped thin films of P3HT and each core expanded copolymer (P3-P6). These spectra are normalized by film thickness, which makes the normalized absorbance directly proportional to concentration. The neutral polymer peaks of each polymer is labelled with black circles. The presence of F4TCNQ− is observed in the range of 728-955 nm, with the local maximum at 868 nm identified in each spectrum by an orange star.3,10,64 Notably, the solution-doped thin films of each polymer have the lowest absorbance of F4TCNQ−, indicating that less doping occurs and, as expected, these films 
 

[image: A group of graphs showing different types of data

AI-generated content may be incorrect.]
[bookmark: _Toc199408136][bookmark: _Toc199409397][bookmark: _Ref199488668][bookmark: _Toc199847360]Figure 3.4. UV-Vis-NIR spectra of (a) P3HT, (b) P3, (c) P4, (d) P5, and (e) P6 as-cast films and films doped via solution, sequential, and serial doping methods. The spectra are normalized by film thickness which makes the absorbance signal proportional to concentration. The black circles indicate the λmax of each polymer, while the orange star indicates the peak attributed to F4TCNQ− (868 nm) that is used for analysis. The broad absorbance appearing at λ > 1200 nm signifies polaron formation. 


have the lowest conductivities. Compared to solution-doped thin films, the absorbance of the neutral polymer peaks for sequential- and serial-doped films decreases as the F4TCNQ− peak increases, indicating these doping methods result in a greater occurrence of electron transfer. Although Figure 3.4a shows that sequentially-doped P3HT films have a higher F4TCNQ− absorbance than the corresponding serial-doped films, the conductivity of sequentially-doped P3HT films is lower than that of the serial-doped P3HT films. On the other hand, the serial-doped P3 thin films (Figure 3.4b) have the highest concentration of F4TCNQ−, which is consistent with those films having the higher conductivity. However, this small increase in F4TCNQ− for serial-doped P3 films does not account for the ~3× increase in conductivity measured for serial-doped P3 thin films compared to sequential-doped films, which was seen in Figure 3.3. As shown in Figure 3.4c and 3.4d, P4 and P5 films show a higher absorbance of F4TCNQ− with serial doping compared to sequential doping, while P6 (Figure 3.4e) films show a higher absorbance of F4TCNQ− with sequential doping. The inconsistency in the amount of F4TCNQ− present in serial-doped films further indicates that the amount of F4TCNQ− present in the thin film is not the sole contributor to conductivity, and it may also suggest that not every charge carrier pair that is formed contributes to conduction, as demonstrated by Pingel and Neher in their studies of P3HT and F4TCNQ.71
Additional insight into the doping effectiveness was generated from these spectra by calculating the ratio of absorbance of F4TCNQ− to neutral polymer. The absorbance of F4TCNQ− at 868 nm (identified by the orange star in Figure 3.4) and the absorbance of each polymer at their respective λmax, which was determined from their respective as-cast spectra, were used in this calculation. Figure 3.5 shows the correlation between conductivity and the ratio of F4TCNQ−:neutral polymer for solution-, sequential-, and serial-doped thin films. For solution-doped thin films of P3HT and each core expanded copolymer, the F4TCNQ−:polymer is very low, which is consistent with the low conductivities (~10-4 – 10-1 S/cm) that were seen from the inset in Figure 3.3. Compared to solution-doped films, films made using sequential doping or serial doping have higher F4TCNQ−:polymer absorbance ratios and higher conductivities; however, there is no clear trend between absorbance ratio and conductivity for sequential- and serial-doped films. For P3HT, P3, and P4 the ratio of F4TCNQ−:polymer remains relatively constant despite these films exhibiting an increase in conductivity from sequential doping to serial doping. With P5 and P6, there is a decrease in the F4TCNQ−:polymer ratio when comparing sequentially-doped to serial-doped films, even though an increase in conductivity is observed. These findings indicate that the difference in conductivity between sequential and serial doping is not solely driven by the amount of F4TCNQ− generated during doping and suggests that not all of the F4TCNQ− present in the thin film contributes to charge transport.
The thin films were characterized using GIWAXS to gain insight into how the doping method and copolymer design impacts ordering. Figure 3.6 shows the 1D GIWAXS profiles in the out-of-plane direction for as-cast and solution-doped thin films of each polymer. We focus on the edge-on orientation because in-plane conductivity measurements were performed, and it has been shown that edge-on crystallites facilitate higher in-plane
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[bookmark: _Toc199408137][bookmark: _Toc199409398][bookmark: _Ref199490358][bookmark: _Toc199847361]Figure 3.5. Comparison of conductivity and F4TCNQ−:polymer absorbance ratio for thin films created by each doping method: (a) P3HT, (b) P3, (c) P4, (d) P5, and (e) P6. The ratio of F4TCNQ−: polymer was calculated using the absorbance at 868 nm for F4TCNQ− and the absorbance at the λmax for each of the respective polymers. Common axis scales are used to enable comparisons.
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[bookmark: _Toc199408138][bookmark: _Toc199409399][bookmark: _Ref199490687][bookmark: _Toc199847362]Figure 3.6. Out-of-plane 1D GIWAXS profiles of (a) as-cast and (b) solution-doped thin films. The y-axis is offset on a logarithmic scale to facilitate comparison. 



conductivity due to intermolecular charge transport occurring along the π-stacking direction.72,73 The corresponding 2D images are presented in Figure 3.7and Figure 3.8, respectively. For the as-cast films, P3HT has a well-defined (100) diffraction peak along with a weak (200) diffraction peak in the out-of-plane direction. The narrowness of the (100) peak along the azimuthal direction in the corresponding 2D image indicates that it adopts a predominantly edge-on orientation.73,74 This finding is consistent with DSC measurements that indicate that P3HT is semi-crystalline. The as-cast thin films of the expanded core copolymers (Figure 3.6a) appear to be essentially amorphous, (consistent with DSC measurements exhibiting only a Tg), as there are no crystalline peaks with P3 and only very weak (100) peaks with P4, P5, and P6. In addition, an amorphous halo is observed between 1-2 Å-1 for each of the expanded core copolymers and P3HT. For solution-doped P3HT thin films, the crystalline peak is less defined, indicating the films are more disordered than the as-cast films, which is likely due to aggregation of chains that occurs upon electron transfer. Furthermore, and as summarized in Table 3.2, the out-of-plane d-spacing calculated from the (100) diffraction peak is larger for solution-doped P3HT thin films (18.6 Å) compared to as-cast P3HT films (16.7 Å). This indicates that the dopant is integrated within the lamellae, thus increasing the lamellar distance.15,62 With the expanded core polymers, (100) crystalline peaks become more apparent in the solution-doped thin films, suggesting that the integration of the F4TCNQ dopant induces crystallization. Notably, solution-doped films of P4 have a more well-defined crystalline peak than the other copolymers that feature expanded cores and exhibits the highest
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[bookmark: _Ref199490907][bookmark: _Toc199847363]Figure 3.7. 2D GIWAXS images acquired from as-cast thin films of each polymer. 
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[bookmark: _Ref199491009][bookmark: _Toc199847364]Figure 3.8. 2D GIWAXS images acquired from solution-doped (1 mol% F4TCNQ) thin films of each polymer. 


[bookmark: _Ref199491084][bookmark: _Toc199408211][bookmark: _Toc199409080][bookmark: _Toc199409258][bookmark: _Toc199835187]Table 3.2. Out-of-plane d-spacing of as-cast and doped thin films. 
	Polymer
	Out-of-plane d-spacing (Å)a

	
	As-cast
	Solution
	Sequential
	Serial

	P3HT
	16.7
	18.6
	19.3
	20.1

	P3
	-
	18.6
	20.1
	19.3

	P4
	-
	19.3
	21.0
	18.6

	P5
	-
	15.6
	17.9
	18.6

	P6
	-
	13.9
	17.9
	14.7

	aCalculated from the corresponding 1D GIWAXS profiles using the (100) diffraction peak.





conductivity amongst the films made using this doping method. This indicates that presence of edge-on crystallites results in higher conductivity compared to the other solution-doped copolymer thin films. 
Figure 3.9 shows the out-of-plane 1D GIWAXS profiles of sequential- and serial-doped thin films. The corresponding 2D images are shown in Figure 3.10 and Figure 3.11, respectively. Sequential doping is known to maintain the morphology of the pristine polymer thin films after doping6,13,56 and this phenomenon is seen here with sequentially-doped P3HT. Specifically, sequentially-doped P3HT has a clear (100) peak with weak higher-order reflections, similar to the pristine films. With sequentially-doped P3, P4, and P5, the 1D profiles, which are presented in Figure 3.9a, are largely unchanged compared to their as-cast counterparts (Figure 3.6a) and the 2D images show Debye-Scherrer rings demonstrating that crystallites adopt all possible orientations with respect to the plane of the film. A weak (100) diffraction peak emerges from the 1D profile of P6 suggesting that the incorporation of the dopant promotes some ordering within the film. Also, each of the sequentially-doped thin films shows an increase in the out-of-plane d-spacing compared to solution-doped films (Table 3.2), suggesting that more dopant is integrated into the film. This contention is consistent with both the large increase in F4TCNQ−:polymer absorbance ratio and the increase in conductivity observed for sequentially-doped thin films compared to films prepared by solution doping. With serial doping (Figure 3.9b and Figure 3.11), GIWAXS measurements suggest that P3HT exhibits a microstructure similar to its sequentially-doped films. P3 now shows the presence of a weak (100) peak, which
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[bookmark: _Toc199408139][bookmark: _Toc199409400][bookmark: _Ref199491970][bookmark: _Toc199847365]Figure 3.9. Out-of-plane 1D GIWAXS profiles of (a) sequential- and (b) serial-doped thin films. The y-axis is offset on a logarithmic scale to facilitate comparison.


[image: A blue square with white text

AI-generated content may be incorrect.]
[bookmark: _Ref199491918][bookmark: _Toc199847366]Figure 3.10. 2D GIWAXS images acquired from sequential-doped thin films of each polymer.
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[bookmark: _Ref199491932][bookmark: _Toc199847367]Figure 3.11. 2D GIWAXS images acquired from serial-doped thin films of each polymer.


indicates a slight increase in order due to the second doping step; however, the diffuse (100) peak seen in the 2D image indicates there is no preferred orientation with respect to the substrate. On the other hand, P4, P5, and P6 all show features that support a significant increase in order. Specifically, the out-of-plane 1D profiles obtained from each of these copolymer films display (100) diffraction peaks, similar to the sequentially-doped films; however, weaker (200) peaks are also observed. The appearance of a higher-order peak indicates a significant increase in structural ordering due to the second doping step. The 2D images add additional support to the contention of a more ordered microstructure compared to their sequentially-doped counterparts, as multiple crystalline peaks are seen for P4, P5, and P6. This is most clearly seen with P6, which has very intense, narrow features in the out-of-plane direction, indicating a preferred crystalline orientation of edge-on. This improved microstructural order is believed to be the predominant reason for the higher in-plane conductivity observed for serial-doped thin films compared to sequential-doped films, as seen from Figure 3.3. Additionally, with serial doping the out-of-plane d-spacing decreases with spacer length according to P3HT > P3 > P4 = P5 > P6. This indicates that the expanded core designs reduce steric demand and allow for more intimate interaction between F4TCNQ and repeat units along the backbone. As a result, the need to spatially accommodate the dopant molecules by increasing lamellar distance is lessened.
3.5. [bookmark: _Toc199835137]Conclusions
A series of thiophene-based copolymers featuring expanded cores were used to assess the impact that spacing length between alkyl side chains has on thin film morphology and conductivity, with particular emphasis on the effect of the method of doping. Serial doping, a two-step process consisting of both solution doping and sequential doping steps, increased thin film conductivity in comparison to sequential doping even though the dopant concentrations used in the first step was low. This increase in conductivity with serial doping was not attributed to the amount of dopant or F4TCNQ− present in the film. Rather, this increase in conductivity is largely impacted by enhancements in crystalline content brought on by dopant integration. This is supported by the emergence of distinct (100) diffraction peaks in the serial-doped copolymer thin films, despite the pristine thin films being largely amorphous in character. Moreover, higher-order peaks were also present in the films subjected to serial doping that were made from copolymers with larger spacing units (P4, P5, and P6). This finding suggests that the use of serial doping can overcome the predominantly amorphous character of a conjugated polymer thin film, leading to a more ordered microstructure, which in turn enhances conductivity. With serial-doped P3HT films, the enhancement of ordering and conductivity appears to be minimal, likely due to its intrinsic crystallinity. 
	In addition, this study shows that as the spacing length between alkyl side chains in the expanded core copolymers is increased, the conductivity and the extent of microstructural ordering increases. Overall, this study provides key insights into how conductivity is affected by the complex interplay between dopant integration, efficient electron transfer, and thin film microstructure in thiophene-based polymer thin films. Ultimately, the serial doping process leads to more ordered microstructures despite the pristine polymer thin films exhibiting largely amorphous character, which indicates that polymers that are intrinsically semi-crystalline may not be needed to achieve higher conductivities.


Chapter 4. [bookmark: _Toc199835138]Impact of Analysis Method on Accuracy of Gel Permeation Chromatography Measurements of Thiophene-Based Conjugated Polymers
4.1. [bookmark: _Toc199835139]Abstract
	Gel permeation chromatography (GPC) is a widely used method for characterizing the molecular weight of polymers. However, increased rigidity and poor solubility of conjugated polymers, relative to calibration standards, can lead to inaccurate measurements. In this chapter, we compare molecular weight measurements of a series of thiophene-based copolymers using conventional calibration and universal calibration to assess which method yields the most accurate results. Triple detection does not rely on calibration standards and is therefore considered an absolute method for determining the average molecular weight (Mw) and is used as the known Mw in this study. Results show that conventional calibration overestimates Mw and the error in the Mw measurement correlates with the Mark-Houwink parameters of the polymers highlighting the significant role of polymer–solvent interactions. We also demonstrate that the accuracy of universal calibration depends on whether 100% mass recovery is assumed or the known refractive index increment (dn/dc) is used. Assuming 100% mass recovery leads to overestimated Mw values due to polymer adsorption on the column, which reduces actual mass recovery and results in an underestimated dn/dc. In contrast, using the known dn/dc of the conjugated polymer provides Mw values that closely match those obtained via triple detection. Overall, this study demonstrates that universal calibration is the most accurate GPC method for thiophene-based conjugated polymers provided that the dn/dc of the polymer is known.
4.2. [bookmark: _Toc199835140]Introduction
Molecular weight characterization of polymers is of the utmost importance as it can impact many polymer properties such as solubility, 75 transition temperatures,76 bandgap,77 and conductivity. 78 Therefore, reliable and accurate molecular weight measurements are necessary. Common methods to determine molecular weight of polymers include gel permeation chromatography (GPC), a relative method, and static light scattering (SLS) or nuclear magnetic resonance (NMR) spectroscopy, both absolute methods. 
	With GPC measurements there are three possible methods of molecular weight determination: 1) conventional calibration, 2) universal calibration, and 3) triple detection. Conventional calibration relies on the measurement of the refractive index as a function of time. The elution volume of the polymer sample is used to determine the molecular weight based on the molecular weight of a known standard, typically polystyrene. This method relies entirely on elution volume which is dependent on the size/shape of the polymer; therefore, this method assumes that each polymer has similar coil size and/or swelling characteristics in the mobile phase as the reference polymer. This is not true in many cases, especially with conjugated polymers in which the polymers are significantly stiffer than typical aliphatic reference polymers. Therefore, universal calibration has been used as a method to characterize polymers that are structurally different from reference polymers. Universal calibration utilizes the measurement of viscosity in addition to elution volume. The specific viscosity (ηsp) is measured using a viscometer and then the concentration (determined from the differential refractive index) is used to calculate intrinsic viscosity using the following equation: [η] = ηsp/c. The product of [η] and molecular weight is directly proportional to hydrodynamic volume which correlates to elution volume. This allows for the molecular weight of the sample to be more accurately determined when the sample polymer’s viscosity and/or polymer-solvent interactions are different than that of the reference. However, universal calibration still has its limitations. Specifically, it typically assumes 100% mass recovery to estimate the refractive index increment (dn/dc) of the sample polymer to in turn determine the concentration used to calculate [η]. This assumption is often not valid as many polymers adhere to the GPC column, thereby lowering the mass recovery. Triple detection GPC is used to combat the issues found with both conventional and universal calibration and instead uses refractive index, viscometry, and light scattering to determine molecular weight. The caveat with this method is the dn/dc of the polymer must be well defined otherwise accurate measurements cannot be made. However, this provides the an absolute molecular weight to be obtained as it does not use a reference polymer; rather a partial Zimm plot is utilized to estimate the molecular weight.
Molecular weight characterization is often difficult with conjugated polymers due to their stiffness and low solubility in many solvents and/or mobile phases. Therefore, some work has been done to evaluate the accuracy of the GPC measurements of conjugated polymers. Fair et al. showed that GPC measurements using universal calibration of poly(3-hexylthiophene) (P3HT) and polydioctylflourene (PFO) have reliable accuracy when comparing to SLS measurements, specifically when the dn/dc of the polymer is known.79 Holdcroft found that using Mark-Houwink constants to calibrate GPC columns specifically for P3HT allowed for accurate molecular weights to be determined when compared to those obtained from embulliometry, an absolute method.80 However, to the best of our knowledge not much work has been done to study how structural changes to conjugated polymers impact molecular weight characterization specifically with GPC analysis.
	Herein, we study the molecular weight characterization of a series of thiophene-based copolymers using conventional calibration, universal calibration, and triple detection. Triple detection measurements are considered the absolute measurement in this study since it does not require reference to other polymer. Each method is analyzed to determine the polymer-solvent interaction (i.e., Mark-Houwink parameters, intrinsic viscosity, etc.) that leads to inaccuracy in the measurements. We find that to obtain accurate molecular weights, in comparison to triple detection, universal calibration analysis is sufficient assuming the dn/dc is known. This is true for all the thiophene based-copolymers studied.
4.3. [bookmark: _Toc199835141]Materials and Methods
Each polymer (P3HT, P3, P4, P5, and P6) was synthesized via DArP as described in Chapter 2 and the corresponding 1H NMR are shown in Figures XX-XX. A standard polystyrene sample (Sigma-Aldrich, Mw: 23 kg/mol and Đ: 1.06) was used for comparison.
4.3.1. [bookmark: _Toc199835142]Measurement of dn/dc
The refractive index increment (dn/dc) of each (co)polymer was measured using Wyatt Optilab rEX. Five samples of various concentrations (0.5, 1.0, 1.5, 2.0, and 2.0 mg/mL) were made in HPLC grade THF and filtered with a 0.2 PTFE filter. Pure HPLC grade THF was injected into the refractometer at 0.2 mL/min for 5 min, purged for 5 min, then stabilized for another 5 min. Data collection was then started and pure solvent was injected for another 5 min to establish a baseline. Then the first polymer sample was injected at 0.2 mL/min for 5 min. Pure solvent was then injected at 0.2 mL/min for 5 mins to reestablish the baseline. This process was repeated until all concentrations were measured from lowest to highest. 
4.3.2. [bookmark: _Toc199835143]GPC Measurements
GPC measurements were used to determine number-average molecular weight (Mn), weight-average molecular weight (Mw), and dispersity (Ð) based on conventional analysis, universal analysis, and triple detection as indicated. An Agilent 1260 Infinity II system was used for these measurements with a mobile phase of THF at 25 ℃ and a flow rate of 1 mL/min. Solutions for GPC measurements were made at a concentration of 4 mg/mL in THF and filtered with a 0.2 PTFE filter. GPC traces are shown in Figure C.1-C.6. Mark-Houwink parameters were determined from the viscometry data obtained during the corresponding GPC measurement. 
4.4. [bookmark: _Toc199835144]Results and Discussion
4.4.1. [bookmark: _Toc199835145]GPC Characterization of Expanded Core Copolymers
GPC measurements are commonly used to determine the molecular weight of polymers; however, inaccurate results can be obtained when using relative methods in which the molecular weight of a sample is estimated based on the calibration of a standard, typically polystyrene. This is especially true in the case of conjugated polymers in which their solvent interactions and/or behavior is vastly different from the aliphatic polymers used as standards. Therefore, in this work, conventional and universal calibration analysis, are compared to triple detection as a method of molecular weight determination for a series of polythiophene samples. The thiophene-based copolymers were synthesized as described in Chapter 2 and the structures are depicted in Figure 4.1. Polystyrene (PS) is used as a reference since it is the polymer used for calibration, while P3HT is used as a benchmark thiophene-based polymer. Each expanded core copolymer structure varies through the addition of a spacer unit between the alkyl chains. Specifically, the spacer units are thiophene (P3), thienothiophene (P4), bithiophene (P5), and terthiophene (P6). This alteration of the backbone has been seen to impact polymer-solvent interactions, specifically Hansen solubility parameters (Chapter 2), and thus are expected to show differences in GPC analysis.
For accurate molecular weight determination via triple detection, it is necessary to know the dn/dc of the polymer since this method relies on the generation of a partial Zimm plot. The change in refractive index as a function of concentration was measured for each copolymer in THF at 25 ℃ and is shown in Figure 4.2. The dn/dc value of each polymer was then determined as the slope of the line and is summarized in Table 4.1. It should be noted that measurements of polystyrene were also performed to ensure accuracy and the value shown here agrees with the reported value of 0.185 mL/g.23 P3HT has a large increase in dn/dc compared to polystyrene. This is expected since P3HT has limited chain flexibility and adopts a rod-like conformation, which increases segment density and dn/dc. Additionally, the presence of thiophene units, which are polarizable, is also known in increase dn/dc. Furthermore, with the expanded core copolymers, dn/dc increases
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[bookmark: _Toc199408140][bookmark: _Toc199409401][bookmark: _Ref199504522][bookmark: _Toc199847368]Figure 4.1. Polymer structure of the reference polymer (polystyrene, PS), the benchmark thiophene-based conjugated polymer (poly-3-hexythiophene, P3HT), and the expanded core copolymers (P3, P4, P5, and P6).
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[bookmark: _Toc199408141][bookmark: _Toc199409402][bookmark: _Ref199504559][bookmark: _Toc199847369]Figure 4.2. Refractive index as a function of concentration for PS, P3HT, and each expanded core polymer (P3-P6) where the slope is the dn/dc of the polymer.


[bookmark: _Ref199504616][bookmark: _Toc199408212][bookmark: _Toc199409081][bookmark: _Toc199409259][bookmark: _Toc199835188]Table 4.1. Experimentally determined dn/dc values for PS, P3HT, and each expanded core copolymer (P3-P6) obtained from the slopes of the lines in Figure 4.2.
	Polymer
	dn/dc (mL/g)

	PS
	0.1872 ± 0.0023

	P3HT
	0.3032 ± 0.0014

	P3
	0.3443 ± 0.0049

	P4
	0.3594 ± 0.0073

	P5
	0.3788 ± 0.0020

	P6
	0.4677 ± 0.0125





compared to P3HT, where P3 < P4 < P5 < P6. This is attributed to the spacer unit decreasing the steric demand along the polymer backbone which in turn allows for increased inter-molecular interactions. This results in lower solubility/solvation and increased segment density, thereby further increasing dn/dc. 
Using the measured dn/dc values the molecular weights of each (co)polymer were determined using triple detection. Again, this method does not require calibration or reference polymers since it uses a partial Zimm method analogous to static light scattering measurements, thus it will be used as the absolute method in this work. The weight-average molecular weight (Mw) and dispersities (Đ) are shown in Table 4.2. The Mw of each polymer falls within the range of 19.8 kg/mol to 27.9 kg/mol. This fairly narrow range of molecular weights allows for conclusions to be made without the consideration of molecular weight dependence.
Mw values obtained from conventional calibration analysis are compared to those determined via triple detection in Figure 4.3. Comparison of Mw determined via conventional calibration analysis (y-axis) and triple detection (x-axis). The x=y line is a guide for how an accurate measurement would appear.Figure 4.3. It should be noted that the x = y line is included in the graph to easily guide the reader to what is expected from an accurate measurement, specifically, data points closer to the line indicate that the method is accurate when in comparison to triple detection. For each of the thiophene-based polymers the Mw values estimated from conventional calibration analysis were overestimated compared to triple detection. Conventional calibration depends entirely on elution volume so this overestimation is likely attributed to the hydrodynamic volume of the conjugated polymers. The hydrodynamic volume of the conjugated polymers must be larger than that of the


[bookmark: _Ref199504959][bookmark: _Toc199408213][bookmark: _Toc199409082][bookmark: _Toc199409260][bookmark: _Toc199835189]Table 4.2. Weight-average molecular weight (Mw) and dispersity of PS, P3HT, and each expanded core copolymer (P3-P6) determined via triple detection.
	Polymer
	Mw (kg/mol)
	Đ

	PS
	22.8
	1.1

	P3HT
	29.7
	2.6

	P3
	27.9
	2.1

	P4
	19.8
	1.8

	P5
	29.7
	2.1

	P6
	21.2
	2.2
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[bookmark: _Toc199408142][bookmark: _Toc199409403][bookmark: _Ref199505142][bookmark: _Ref199505149][bookmark: _Toc199847370]Figure 4.3. Comparison of Mw determined via conventional calibration analysis (y-axis) and triple detection (x-axis). The x=y line is a guide for how an accurate measurement would appear.


reference polymers of the same molecular weight which leads to overestimations of molecular weight. To further explore this idea, polymer-solvent interactions were quantified through the Mark-Houwink equation: [η] = KMa. Viscometry measurements were used to make Mark-Houwink plots (Figure C.7-C.12) and determine the resultant Mark-Houwink parameters, which are summarized in Table 4.3. As expected, PS demonstrates a K and a value that indicates a well-solvated, flexible polymer. Then, P3HT shows an increase in K and decrease in a compared to PS. The value of a at 0.52 for P3HT indicates the polymer takes on the shape of a random coil while the much higher K value than PS indicates a more rigid polymer backbone. The expanded cores also have large K values (> 0.16 mL/g), which suggests more rigid behavior than PS, as expected, and a < 0.5, indicative of taking on the shape of a compact coil. These parameters indicate that the expanded core copolymers have decreased solubility in the solvent compared to PS and likely exhibit some aggregation. To evaluate how the shape of the polymer relates to the overestimation of molecular weight seen with conventional calibration analysis, the Mark-Houwink parameter, a, was plotted against the percent error of the conventional molecular weight in comparison to that obtained from triple detection. As seen in Figure 4.4, there is a direct correlation between the a value and precent error of the conventional calibration analysis. As the value of a increases the error in the measurement also increases. This is attributed to the shape/hydrodynamic volume that the conjugated polymer takes on. First, P3HT has the highest a value of 0.52 which is indicative of behavior of a random coil. The
 

[bookmark: _Ref199505757][bookmark: _Toc199408214][bookmark: _Toc199409083][bookmark: _Toc199409261][bookmark: _Toc199835190]Table 4.3. Mark-Houwink parameters, K and a, for PS, P3HT, and each expanded core copolymer (P3-P6).
	Polymer
	K (mL/g)
	a

	PS
	0.014
	0.71

	P3HT
	0.194
	0.52

	P3
	0.666
	0.37

	P4
	0.310
	0.44

	P5
	0.163
	0.42

	P6
	0.989
	0.35
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[bookmark: _Toc199408143][bookmark: _Toc199409404][bookmark: _Ref199505806][bookmark: _Toc199847371]Figure 4.4. Relationship of Mark-Houwink parameter, a, and the error in the conventional calibration analysis determination of Mw (compared to triple detection).


rigid backbone of P3HT, compared to reference polymer PS, indicates that if the polymer takes on a random coil the hydrodynamic value will be larger than expected, thus leading to an overestimation of molecular. With the expanded core copolymers, a values less than 0.5 signify they behave as compact coils due to decreased solubility in THF. When the polymers take on the shape of a compact coil the hydrodynamic volume decreases compared to a random coil, thus it lessens the overestimation of molecular weight. It is believed that if the measurements were repeated in a good solvent, such as chloroform or chlorobenzene, the error in conventional analysis would be larger than seen here with the expanded core copolymers as they would adopt a random coil shape (a > 0.5). Overall, these measurements validate that due to the large differences in backbone structure and polymer-solvent interactions, conventional calibration analysis is not an accurate descriptor of molecular weight for conjugated polymers.
Universal calibration was developed to account for the shape and intrinsic viscosity of polymers, enhancing the accuracy of GPC measurements for polymers that differ from the reference standard. This method typically assumes 100% mass recovery, allowing for the estimation of dn/dc, which is then used to calculate the concentration of the sample throughout the measurement. This concentration is subsequently used to determine the specific viscosity and, ultimately, the molecular weight. In this study, the molecular weight of each polymer was determined using universal calibration in two ways: (1) by assuming 100% mass recovery and (2) by using the experimentally measured dn/dc values (Table 4.1). Figure 4.5 shows the comparison of the universal calibration methods to triple
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[bookmark: _Toc199408144][bookmark: _Toc199409405][bookmark: _Ref199506013][bookmark: _Toc199847372]Figure 4.5. Comparison of Mw measured via triple detection to the Mw measured via universal calibration when (a) assuming 100% mass recovery and (b) using known dn/dc values.


detection. As seen in Figure 4.5a, by assuming 100% mass recovery, the molecular weights are again overestimated even in the case of PS. On the other hand, when the measured dn/dc is used, as seen in Figure 4.5b, the molecular weights are accurate compared to those measured via triple detection; although P5 and P6 have slightly high errors (13% and 11%, respectively), likely due to their decreased solubility in THF.
The disparity in molecular weight measurements between the two universal calibration methods is attributed to the mass recovery of the polymer and subsequently the estimated dn/dc values. Figure 4.6 shows the percent error of the Mw calculated assuming 100 % mass recovery compared to the Mw determined using the known dn/dc related to the percent error of the estimated dn/dc values and mass recovery. First, as the mass recovery (hollow points) decreases the error in the molecular weight measurement increases. This directly relates to an increase in the error of the dn/dc values (filled points). When assuming that the entire sample elutes in a given peak in the GPC trace, the software estimates the dn/dc using the concentration of the sample that was injected; however, in each case, besides P5, the mass recovery is less than 100% meaning that some of the polymer adheres to the column and the concentration of the eluted sample is lower than expected. As a result, the estimated dn/dc values are only accurate when mass recovery is close to 100%. Mass recovery cannot be controlled, therefore universal calibration is more accurate when the known dn/dc of a sample is used, thereby eliminating the need to assume complete mass recovery.
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[bookmark: _Toc199408145][bookmark: _Toc199409406][bookmark: _Ref199506164][bookmark: _Toc199847373]Figure 4.6. Relationship between the percent error in the universal calibration methods and the mass recovery of the polymer (hollow points) and the percent error of the estimated dn/dc (filled points).


4.4.2. [bookmark: _Toc199835146]Absolute Mn and Mw Characterization of P3HT
Thus far, the discussion of molecular weight characterization has been solely focused on Mw; however, with conjugated polymers it is critical to accurately know Mn as well. Mn describes the number of repeat units in a polymer chain which is used to determine if a conjugated polymer is beyond its effective conjugation length. In the previous section, we determined that universal calibration, when the dn/dc is known, is the most accurate for the determination of Mw in comparison to triple detection. However, when comparing the Mn and the dispersities of these two methods, the values vary dramatically, as shown in Table 4.4.
Therefore, a study was initiated to measure the absolute Mn and Mw of a conjugated polymer to obtain an “absolute” dispersity and provide a more complete assessment of the accuracy of GPC measurements. The use of 1H NMR was selected as the method to measure the absolute Mn while static light scattering (SLS) was chosen as the method to measure absolute Mw. First, when determining the molecular weight of a polymer using 1H NMR it is imperative to have end groups with characteristic peaks that can be analyzed. Unfortunately, due to the AA+BB nature of the polymerization of the expanded core copolymers the end groups are essentially unknown as they could either be -H or -Br.
Therefore, for the set of conjugated polymers used in this study, P3HT was the ideal candidate as it is polymerized via AB polymerization and has -Br end groups. Although the -Br end group does not have its own unique 1H NMR signature, the adjacent β-proton does; however, this peak overlaps with the other β-protons in the polymer backbone. Thus,


[bookmark: _Ref199506218][bookmark: _Toc199408215][bookmark: _Toc199409084][bookmark: _Toc199409262][bookmark: _Toc199835191]Table 4.4. Number-average molecular weight and dispersity of P3HT and each core expanded copolymer (P3-P6) measured via universal calibration and triple detection.
	
	Universal Calibration
	Triple Detection

	Polymer
	Mn (kg/mol)
	Đ
	Mn (kg/mol)
	Đ

	P3HT
	8.8
	3.4
	11.6
	2.6

	P3
	9.5
	2.9
	13.2
	2.1

	P4
	8.3
	2.5
	11.3
	1.8

	P5
	9.2
	3.7
	14.1
	2.1

	P6
	5.6
	3.4
	9.8
	2.2






post-polymerization Suzuki coupling was done on P3HT to modify the end group to 4-methoxyphenyl to form P3HT-PhOMe, as shown in Scheme 4.1. With the end group now being 4-methoxyphenyl, the distinct peak from the methoxy protons can be used as the reference end group peak. The resultant 1H NMR of P3HT-PhOMe is shown in Figure 4.7, where the peak at 3.86 ppm corresponds to the methoxy protons of the end group. This peak is normalized to 3 protons and the β-proton of the P3HT repeat unit at 6.98 ppm is observed as ~198 (Xn = 198). This indicates P3HT-PhOMe has an Mn of 33.0 kg/mol. In comparison to the GPC measurements, shown in Table 4.5, the most accurate measurement appears to be from triple detection; however, the difference is ~10 kg/mol. Therefore, for a more comprehensive understanding SLS measurements were attempted. However, due to poor light scattering signals at low concentrations and absorbance of the laser light (633 nm) at high concentrations accurate Zimm plot measurements could not be obtained.
4.4.3. [bookmark: _Toc199835147]Proposed Alternative for Absolute Mn and Mw Characterization
To avoid the issue of absorbing the laser light in SLS measurements, a copolymer containing thiophene and fluorene has been proposed since it is known to have absorbance profiles that end around 500 nm in solution.81 This lower absorbance profile compared to the thiophene-based copolymers and P3HT will allow for accurate SLS measurements. The proposed synthetic scheme is shown in Scheme 4.2, where 9,9-dioctyl-2,7-dibromofluorene is Suzuki coupled with 3-hexylthiophene-2-pinacol ester boronic acid to form the Fl-Th monomer. The resultant AB monomer is polymerized via DArP to obtain the P(Fl-Th) with a -Br end group which can be modified to 4-methoxyphenyl via Suzuki


[bookmark: _Ref199506328][bookmark: _Toc199847450]Scheme 4.1. Post-polymerization end group modification of P3HT with 4-methoxyphenyl.
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[bookmark: _Toc199408146][bookmark: _Toc199409407][bookmark: _Ref199506379][bookmark: _Toc199847374]Figure 4.7. 1H NMR of P3HT-PhOMe where the peak at 3.86 ppm is normalized to 3 protons in correspondence to the methoxy protons of the end group.




[bookmark: _Ref199506431][bookmark: _Toc199408216][bookmark: _Toc199409085][bookmark: _Toc199409263][bookmark: _Toc199835192]Table 4.5. Mn and Đ of P3HT-PhOMe determined via GPC measurements.
	GPC Method
	Mn (kg/mol)
	Đ

	Conventional
	19.9
	2.9

	Universal (w/ dn/dc)
	7.3
	5.7

	Triple Detection
	24.6
	1.9


[bookmark: _Ref199506470][bookmark: _Toc199847451]Scheme 4.2. Proposed synthetic route for a fluorene-thiophene containing copolymer.
[image: ]



coupling. This will allow for the absolute Mn to also be obtained for this polymer via 1H NMR. By determining the absolute Mn and absolute Mw of P(Fl-Th)-PhOMe, the absolute dispersity can be calculated. This will give a more comprehensive insight into the accuracy of GPC measurements of conjugated polymers.
4.5. [bookmark: _Toc199835148]Conclusions
	The accuracy of conventional and universal GPC measurements, in comparison to triple detection, were assessed with P3HT and a series of expanded cores copolymers. Conventional calibration analysis overestimated the Mw of P3HT and each expanded core copolymer (P3-P6). This overestimation was attributed to polymer-solvent interactions, specifically Mark-Houwink parameters, which describe the shape of the polymer in solution. Due to the rigid structure of the conjugated polymers, in comparison to the flexible reference polymer (PS), larger hydrodynamic volumes are achieved at lower molecular weights which leads to a shorter retention time than expected. Furthermore, with universal calibration analysis the accuracy of the determined Mw varies dramatically depending on if 100% mass recovery is used or if the known dn/dc value is used. When 100% mass recovery is used, the error in the measurements is higher due to underestimation of the dn/dc values. This is due to polymer adhering to the column and lowering the actual mass recovery and altering the concentration of the eluted sample. Thus, when the known dn/dc value is used with universal calibration analysis, accurate measurements of Mw are obtained in comparison to triple detection. 
Further work on the analysis of Mn is now needed to give a more comprehensive look into the accuracy of GPC measurements for conjugated polymers. The absolute of Mn of end group modified P3HT (P3HT-PhOMe) was obtained using 1H NMR. It appears that triple detection gives the closest approximation of this value; however, the difference in the Mn values are ~10 kg/mol. Therefore, SLS were attempted to determine how accurate the Mw values were. Unfortunately, with P3HT-PhOMe, at low concentrations the scattering signal was too low and at higher concentrations the polymer absorbed the laser light leading to inconsistent measurements. Thus, future work using a fluorene-thiophene copolymer is proposed to obtain accurate absolute Mn and Mw for a complete comparison to GPC measurements.
[bookmark: _Toc420995910][bookmark: _Toc422997497]

Chapter 5. [bookmark: _Toc199835149]Solvent-Dependent Conductivity of Sequentially-Doped Conjugated Polymers: Universal Relationship Between Solvent-Polymer Interaction Energy and Conductivity
This chapter in part describes the work prepared for submission in ACS Macroletters. I synthesized and characterized P3HT and performed solubility parameter determination, absorbance measurements, conductivity measurements, and grazing incidence wide angle X-ray scattering (GIWAXS) measurements for each polymer. Coauthors include collaborators Vanessa Phan and Prof. Graham S. Collier, who provided the P(EDOT-co-ProDOT) and P(DHPP-co-DPP) samples and performed 1H NMR and GPC characterization of these polymers, and Prof. S. Michael Kilbey II, who advised this work. 
5.1. [bookmark: _Toc199835150]Abstract
Sequential doping enhances the conductivity of conjugated polymer thin films but requires the use of a marginal solvent that allows dopant diffusion without dissolving the film. Identifying such solvents for new, complex conjugated polymers is challenging due to limited solubility data. In this study, a series of conjugated polymers are sequentially doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) using various solvents and solvent blends to investigate how polymer-solvent interaction energies influence thin film conductivity and morphology. Results show that thin film conductivity correlates with the polymer-solvent solubility distance (Ra), with peak conductivities observed at moderate Ra values. Notably, the optimal Ra shifts depending on the polarity of the polymer. This finding correlates with the formation of F4TCNQ⁻ and the crystallinity of the doped films. Overall, this work highlights universal solvent-dependent behavior in sequentially doped thin films and offers a predictive framework for selecting marginal solvents or solvent blends for any conjugated polymer.
5.2. [bookmark: _Toc199835151]Introduction
Conjugated polymers (CPs) are considered highly promising materials for applications in thermoelectric devices, printed electronics, and sensors, owing to their electrical and mechanical properties.1,25,82-84 However, to achieve metal-like electrical performance molecular dopants are used to facilitate the formation of charge carriers which contribute to conduction. One of the most extensively studied p-type systems is that of poly(3-hexylthiophene) (P3HT) and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). F4TCNQ is particularly well suited for p-doping due to its deep LUMO level (-5.24 eV), which aligns well with the HOMO level of P3HT (-5.2 eV).2,3,6,71 This energy level alignment allows for efficient electron transfer from the polymer to the dopant, resulting in the formation of a charged complex.
Significant work has focused on optimizing the method in which the dopant is integrated into thin films to further enhance conductivity.6,12-14,16,17,54,62 Traditional solution doping is a simple method in which polymer and dopant solutions are directly mixed; however, this process requires high levels of dopant and results in aggregation due to the formation of polar charged complexes in organic solvents.3,6 Thus, sequential doping has been employed to prevent aggregate formation by using marginal solvents to dope pristine polymer films, thereby preserving the crystalline microstructure of the parent film. 6,13,14,64 Most sequential doping studies have focused exclusively on P3HT or investigated only a single solvent/solvent blend, prompting increased interest in systematically studying solvent effects on conductivity. For instance, Yoon et al. demonstrated that dopant solvents with moderate solubility for the polymer and good wettability with the thin film led to enhanced charge carrier generation and, consequently, higher conductivities.14 In our work described in Chapter 2, we found that P3HT and thiophene-based copolymers with expanded cores exhibited a universal solvent-dependent conductivity trend, where solvents with moderate solubility parameter distance (Ra) yielded the highest conductivities.64
Here, we extend this concept of universality by comparing the solvent-dependent conductivity of sequentially doped conjugated polymers with varying monomer structures and polarity to that of P3HT, which has been previously reported.64 Specifically, we examine poly(3,4-ethylenedioxythiophene-co-3,4-propylenedioxythiophene) (P(EDOT-co-ProDOT)), composed of electron-rich dioxythiophenes, and poly(1,4-dihydropyrrolo[3,2-b]pyrrole-co-3,6-bis(2-thienyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (P(DHPP-co-DPP)), which incorporates donor–acceptor motifs. Both copolymers exhibit similar solvent-dependent behavior, where solvents with moderate solubility parameter distances (Ra values) yield the highest conductivity, with small changes in the optimal Ra range based on the polarity of polymer.
5.3. [bookmark: _Toc199835152]Materials and Methods

5.4. [bookmark: _Toc199835153]Results and Discussion
The structures of the polymers used in this study are depicted in Figure 5.1. P3HT is used for comparison since it is a benchmark polymer for thiophene-containing polymers and showed clear solvent-dependent behavior in our prior work.64 The synthetic methods for these (co)polymers have been previously reported64,85,86 and are summarized in brief in the Supporting Information. 
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[bookmark: _Ref199515057][bookmark: _Toc199847375]Figure 5.1. Structures of P3HT, P(EDOT-co-ProDOT), and P(DHPP-co-DPP).

	To evaluate the solubility of each of these polymers the Hansen Solubility Parameters (HSPs) were measured by observing the solubility of the respective polymer in various solvents and solvent blends as described by Díaz de los Ríos and Ramos.38 The dispersive, polar, and hydrogen-bonding components, δD, δP, δH, respectively, of the HSPs are summarized in Table 5.1. First, each copolymer has a relatively high δD value which is attributed to the π-interactions enabled by their conjugated backbones. The δP and δH values of P(EDOT-co-ProDOT) are much higher than P3HT and P(DHPP-co-DPP), as expected, due to the presence of ether linkages at the thiophene backbone. These ether linkages allow for S-O interaction which increases the planarity of the backbone and can facilitate more interactions. On the other hand, P(DHPP-co-DPP) has the lowest values for δP and δH which is attributed to the presence of the largely non-polar DHPP comonomer. It must also be appreciated that the solubility sphere radius (Ro) is lower for both P(EDOT-co-ProDOT) and P(DHPP-co-DPP), indicating a significant decrease in overall solubility compared to P3HT. This can be due to the more complex structures of the copolymers as well as the relatively high molecular weight (Table S1) of the copolymers.
[bookmark: _Ref199515164][bookmark: _Toc199835193]Table 5.1. Hansen Solubility Parameters (HSPs), radius of solubility sphere (Ro), and fits for P3HT, P(EDOT-co-ProDOT), and P(DHPP-co-DPP).
	Polymer
	δD (MPa1/2)
	δP (MPa1/2)
	δH (MPa1/2)
	Ro
	Fit

	P3HT
	18.3
	2.8
	3.8
	6.45
	1.0

	P(EDOT-co-ProDOT)
	19.5
	5.1
	7.3
	5.50
	0.90

	P(DHPP-co-DPP)
	19.0
	2.5
	3.5
	3.00
	0.99



[bookmark: _Hlk197415707]	A series of solvents and solvent blends—DCM, THF, acetone, DMF, DMSO, and 50:50 acetone:THF—were used to evaluate the optimal solvent(s) for sequential doping. The solubility parameter distance (Ra) for each solvent-copolymer pair was calculated using Equation 1, where the lowercase subscripts p and s on the three HSP components correspond to the polymer and solvent, respectively.38 The resultant Ra values of each polymer-solvent pair are summarized in Table S2, where lower values indicate greater solubility of the polymer and higher values indicate poorer solubility.
	
	
	(Eq. 1)


	For each sequentially doped thin film, pristine polymer films were first made by spin casting 10 mg/mL polymer solutions in chlorobenzene. The dopant was then spin cast directly onto the polymer film at an F4TCNQ concentration of 1 mg/mL in each solvent. The conductivity of the doped films was measured using the van der Pauw method as and the resultant conductivities are shown in Figure 5.2. First, as previously reported64 and seen here, P3HT shows clear solvent-dependent conductivity. At low Ra values (5.0-6.5 MPa1/2) and high Ra values (>10.0 MPa1/2), the conductivity is lower than at moderate Ra values (6.5-10.0 MPa1/2). This solvent-dependence is also apparent in both copolymers, P(EDOT-co-ProDOT) and P(DHPP-co-DPP), albeit at slightly shifted Ra values. Specifically for P(EDOT-co-ProDOT), at low Ra values (5.0-6.5 MPa1/2) high conductivities similar to those at moderate Ra values (6.5-10.0 MPa1/2) are observed. With P(DHPP-co-DPP), an order-of-magnitude lower conductivity is seen at 7.13 MPa1/2 compared to an Ra value of 7.27 MPa1/2 indicating the need for a slightly higher Ra for optimal conductivity. However, similar to P3HT, both P(EDOT-co-ProDOT) and P(DHPP-co-DPP) exhibit a dramatic fall off in conductivity after 10.0 MPa1/2. 
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[bookmark: _Ref199515768][bookmark: _Toc199847376]Figure 5.2. Conductivity measurements of P3HT, P(EDOT-co-ProDOT), and P(DHPP-co-DPP) thin films doped via sequential doping as a function of Ra values. Ra was calculated for each polymer-solvent pair and the solvents used are DCM, THF, acetone, DMF, DMSO, and 50:50 acetone:THF. Each polymer shows a clear Ra-dependent conductivity in which moderate Ra values yield the highest conductivity.

The higher conductivities at lower Ra for P(EDOT-co-ProDOT) and higher conductivities at higher Ra for P(DHPP-co-DPP) compared to P3HT is likely attributed to the polarity of the dopant solution. Ra values account for solvent-polymer interaction energy, but do not account for the change in polarity of the solvent upon dissolution of F4TCNQ. Thus, it is believed that once F4TCNQ is dissolved, the solvent used for doping becomes more polar due to the high polarity of F4TCNQ. This will increase the interaction between the solvent and polymer for more polar polymers (i.e., P(EDOT-co-ProDOT, δp = 5.1 MPa1/2)) and decrease the interactions for more non-polar polymers (i.e., P(DHPP-co-DPP, δp = 2.5 MPa1/2)). This manifests in a shift of the peak conductivity to lower Ra for polar polymers and higher Ra for non-polar polymers. Furthermore, the conductivity of the sequentially doped polymers follows the trend: P(EDOT-co-ProDOT) > P3HT > P(DHPP-co-DPP). This is attributed to greater integration of the dopant and ultimately more doping events as discussed in the next paragraph.
Further evaluation of the interaction between polymer and dopant solvent was done by observing the amount of doping, or electron transfer from the polymer to the dopant, that occurs in doped thin films. Specifically, UV-Vis absorbance spectra (Figures S7-S9) were obtained to observe the formation of F4TCNQ− (868 nm) and disappearance of the neutral polymer peak (λmax of the respective polymer). The absorbance ratio of F4TCNQ−:Polymer was calculated and correlated to Ra as shown in Figure 5.3. First, when comparing the F4TCNQ−:Polymer absorbance ratio of each of the polymers it follows the same trend seen with conductivity in which P(EDOT-co-ProDOT) > P3HT > P(DHPP-co-DPP). This trend indicates that greater levels of effective doping, as evidenced by the formation of F4TCNQ−, contributes to higher levels of conductivity.
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[bookmark: _Ref199515897][bookmark: _Toc199847377]Figure 5.3. Absorbance ratio of F4TCNQ−:Polymer as a function of Ra value for sequentially doped thin films made from (a) P3HT, (b) P(EDOT-co-ProDOT), and (c) P(DHPP-co-DPP). The absorbance ratio shows the same Ra-dependence as conductivity, indicating the solvent-polymer interaction energy influences dopant integration and formation of F4TCNQ− which largely contributes to conductivity.

Each of the copolymers show the same solvent-dependence for F4TCNQ−:Polymer absorbance as seen with conductivity. Specifically, at low Ra values, partial dissolution of the film by the solvent can lead to inconsistent and lower dopant incorporation. At high Ra values, the solvent interacts poorly with the polymer, limiting dopant penetration beyond the polymer–solvent interface resulting in a significantly lower F4TCNQ−:Polymer absorbance and conductivity. In contrast, moderate Ra values enable the solvent to swell the copolymer chains, promoting effective dopant integration and resulting in high F4TCNQ−:Polymer absorbance and enhanced conductivity. This finding further indicates that the level of effective dopant integration that results in the formation of F4TCNQ− directly correlates with thin film conductivity.  
Sequential doping is known to preserve the morphology of parent polymer thin films,6,13 therefore grazing incidence wide angle x-ray scattering (GIWAXS) is used to investigate how the solvent used in doping impacts this well-defined heuristic. The out-of-plane 1D GIWAXS profiles are shown in Figure 5.4 and the corresponding 2D images are shown in Figures S10-S12. There is some level of crystallinity in each of the as cast films as evidenced by the presence of (100) diffraction peaks. Upon doping, (100) peaks are present for all doped thin films indicating that sequential doping largely maintains the crystalline microstructure of the parent films; however, there are some key points to be made about differences between dopant solvents. First, with P3HT, moderate solvents, acetone and 50:50 acetone:THF, show higher order (200) diffraction peaks, indicating that the incorporation of the dopant slightly enhances the crystalline ordering of the thin film, which has been reported with low concentrations of dopant.62,87 There is also a weak (200) in the DMF profile of P3HT, likely due to some dopant integration at the polymer-solvent interface, as evidenced by its low F4TCNQ−:Polymer absorbance ratio. Also, as summarized in Table 5.2, the d-spacing for each of the doped P3HT films increases compared to the as cast films, indicating that the dopant has integrated into the lamellae.13,15,62 Notably, the increase in d-spacing is smaller for P3HT thin films doped with the solvent DMF, thus signifying a low level of dopant integration, in agreement with F4TCNQ− absorbance, despite weak appearance of the (200) peak. 
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[bookmark: _Ref199516002][bookmark: _Toc199847378]Figure 5.4. Out-of-plane 1D GIWAXS profiles of sequentially doped (a) P3HT, (b) P(EDOT-co-ProDOT), and (c) P(DHPP-co-DPP) thin films with various solvents. Each profile is labeled with the corresponding dopant solvent and the respective Ra values for the solvent-polymer pair are included in parentheses.



[bookmark: _Ref199516175][bookmark: _Toc199835194]Table 5.2. Summary of d-spacing values obtained from the (100) diffraction peaks of the out-of-plane 1D GIWAXS profiles.
	
	d-spacing (Å)

	Dopant Solvent
	P3HT
	P(EDOT-co-ProDOT)
	P(DHPP-co-DPP)

	As Cast
	17.0
	25.8
	24.3

	THF
	21.0
	−*
	24.7

	DCM
	20.0
	21.7
	20.9

	50:50 Acetone:THF
	19.0
	26.3
	26.1

	Acetone
	19.3
	27.4
	27.7

	DMF
	18.4
	25.6
	24.3

	DMSO
	−
	27.9
	−

	*could not be calculated from the 1D profile



Turning to the 1D profiles of P(EDOT-co-ProDOT), there is little change in the appearance of the (100) diffraction peak upon doping, with the exception of the films doped with the solvent DCM (Ra =5.5 MPa1/2). This may be attributed to this solvent being on the edge of the solubility sphere, Ro, thus it can partially dissolve the film allowing for re-organization of polymer chains. The d-spacing for the film doped using DCM decreases compared to the as cast film, thereby indicating the dopant is not present in the lamellae despite the apparent increase in micro-organization. This contention is supported by the lower F4TCNQ−:Polymer absorbance ratio seen in Figure 3. Additionally, when P(EDOT-co-ProDOT) thin films are doped with the moderate solvents, acetone and 50:50 acetone:THF, the d-spacing increases compared to the as cast film, which supports UV-Vis-NIR measurements indicating effective dopant integration. 
As seen in Figure 5.4c, P(DHPP-co-DPP) thin films exhibit a (100) diffraction peak as well as an amorphous peak (1.0 – 2.0 Å), indicating the polymer has some amorphous characteristics. This finding is consistent with previous DSC measurements of this polymer which reveal no thermal transitions.85 When P(DHPP-co-DPP) is doped there is no indication of enhanced crystalline microstructure, rather the microstructure of the as cast film is preserved with each dopant solvent. In Table 5.2, it is seen that P(DHPP-co-DPP) thin films doped with low and high Ra solvents—THF and DMF—exhibit minimal changes in d-spacing, indicating low incorporation of the dopant (further evidenced by UV-Vis-NIR measurements). P(DHPP-co-DPP) thin films doped using the dopant solvent DCM exhibited a small decrease in d-spacing compared to the as cast films despite its relatively high concentration of F4TCNQ−. However, P(DHPP-co-DPP) films doped using acetone and 50:50 acetone:THF, which are moderate Ra solvents, show an increase in d-spacing due to the integration of F4TCNQ in the lamellae which ultimately led to an increase in F4TCNQ− concentration compared to the low and high Ra solvents and improved conductivity.
5.5. [bookmark: _Toc199835154]Conclusions
This work demonstrates universal solvent-dependent conductivity with thin films sequentially doped with F4TCNQ. Specifically, the solvent-dependence is quantified by Ra, a thermodynamic value expressing the polymer-solvent interaction energy, in which lower Ra values indicate good solubility of the polymer and higher Ra values indicates poor solubility. With P3HT, using solvents that give low and high Ra values result in lower conductivity compared to solvents having a moderate Ra. This is attributed to low and high Ra solvents limiting the amount of effective dopant integration into the thin films, thereby lowering the amount of doping events (evidenced by the concentration of F4TCNQ− present in thin films), while moderate solvents swell the polymer chains, which allows for facile dopant integration. Also, the Ra value of a solvent can be tailored by using solvent blends (i.e., 50:50 acetone:THF) to achieve ideal Ra values for enhanced conductivity. The solvent-dependent conductivity is also seen with P(EDOT-co-ProDOT) and P(DHPP-co-DPP); however, for P(EDOT-co-ProDOT) the peak conductivity shifts to lower Ra and for P(DHPP-co-DPP) the peak conductivity shifts to higher Ra. The Ra values do not account for the dissolution of F4TCNQ in the dopant solvents; therefore, the dopant solutions are likely more polar than indicated by their HSPs. This phenomenon results in the peak conductivity shifting to lower Ra for more polar polymers due to increased interactions between the polymer and dopant solvent, while non-polar polymers exhibit a shift to higher Ra due to decreased interactions with the dopant solvent. Overall, this study provides greater insight into the universal solvent-dependent conductivity observed in previous work with the addition of conjugated polymers consisting of dioxythiophene and donor-acceptor motifs, which will guide future strategies for sequentially doping more complex conjugated copolymers.
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Chapter 6. [bookmark: _Toc199835155]Conclusions and Future Work
6.1. [bookmark: _Toc199835156]Conclusions
To enhance the conductivity of conjugated polymers, chemical doping is commonly used; however, no standardized method exists for doping to achieve optimal conductivity across all conjugated polymers. The work described in this dissertation aims to provide a framework for determining optimal doping conditions for thiophene-based copolymers by systematically modifying the polymeric backbone with spacing units. This approach offers insights into the structure–property relationships among solubility, morphology, and conductivity.
In Chapter 2, solution and sequential doping methods were compared for a series of expanded core copolymers. It was found that increasing the length of the spacing unit led to higher conductivity with both doping methods. This increase in conductivity is attributed to enhanced interactions between the dopant and polymer backbone due to reduced steric demand, which facilitates more effective doping. Additionally, sequential doping resulted in higher conductivity at lower doping levels compared to solution doping, indicating that it is a more efficient doping method. Sequential doping was further assessed by measuring the conductivity of thin films doped with F4TCNQ using various solvents. Solvents with moderate Ra values yielded the highest conductivity, due to the solvent’s ability to swell the polymer chains and enable effective dopant integration. This solvent-dependent behavior was consistently observed across all thiophene-based copolymers studied, providing the basis for identifying optimal solvents or solvent blends for doping.
In Chapter 5, this concept of universality in sequential doping was further validated by studying two more complex copolymers: P(EDOT-co-ProDOT), a dioxythiophene-based copolymer, and P(DHPP-co-DPP), a donor–acceptor copolymer. Both systems exhibited similar solvent-dependent conductivity trends, with moderate Ra values yielding the highest conductivities. However, slight shifts in the optimal Ra values were observed, depending on the polarity of the polymer, as estimated from HSPs. Overall, the solvent-dependent conductivity of sequentially doped conjugated polymers appears to be universal, offering a predictive framework for selecting optimal solvents or solvent blends to achieve high conductivity for all conjugated polymers.
The method of doping was further studied in Chapter 3 using the same set of expanded core thiophene-based copolymers. In this chapter, solution and sequential doping were compared to serial doping, which consists of both a solution and sequential doping step. It was found that thin films doped via serial doping exhibited higher conductivities than those doped solely through solution or sequential methods. This enhancement in conductivity was not due to a simple additive effect of increased dopant integration, rather it was attributed to increased crystallinity in the thin film, as evidenced by GIWAXS measurements. Notably, thin films prepared via serial doping displayed enhanced crystalline order despite the pristine polymers exhibiting largely amorphous characteristics. This suggests that the serial doping process induces crystallite formation. These findings demonstrate that serial doping offers a doping strategy to significantly enhance conductivity, particularly for amorphous conjugated polymers.
Lastly, Chapter 4 explores the molecular weight characterization of conjugated polymers. Conjugated polymers are known to behave differently in solution compared to aliphatic polymers; however, GPC measurements typically rely on calibration standards of aliphatic polymers, such as polystyrene. This chapter investigates which GPC calibration methods yield the most accurate Mw values when compared to triple detection. It was demonstrated that conventional calibration overestimates the Mw of conjugated polymers, and the degree of error correlates with the Mark-Houwink parameters of the polymer. Polymers with higher a-values exhibited greater error in the conventional Mw measurements, attributed to their more swollen conformation in solution. As the a-value increases, the polymer's hydrodynamic volume also increases, leading to an overestimation of Mw relative to its true molecular weight. Universal calibration was also evaluated. When assuming 100% mass recovery, the Mw was overestimated due to polymer retention within the column, which reduced the actual mass recovery and led to underestimation of the dn/dc. However, when the known dn/dc value of the polymer was used in universal calibration, the Mw measurements closely matched those obtained by triple detection. Overall, this work shows that universal calibration provides the most accurate Mw estimation when the dn/dc of the polymer is known.
In summary, this dissertation contributes to a deeper understanding of the structure–property relationships linking solubility, morphology, and conductivity, with a strong emphasis on chemical doping. It presents a systematic investigation of how spacing units can be employed to improve conductivity despite variations in solubility. Additionally, it offers a predictive framework for selecting optimal solvents for sequential doping applicable to all conjugated polymers. Finally, serial doping is proposed as a strategy to enhance both conductivity and crystallinity in amorphous conjugated polymers. Collectively, this work lays the foundation for developing doping procedures that can be broadly applied across conjugated polymer systems for use in organic electronic devices.
6.2. [bookmark: _Toc199835157]Future Work
6.2.1. [bookmark: _Toc199835158]Impact of Regioregularity on Conductivity and Morphology
It is well known that regioregularity dramatically impacts the properties of P3HT
in solution and in thin films. This was demonstrated in part in Chapter 2, where P3HT (AA+BB), which is regio-irregular, exhibited a higher Egap, solubility in more solvents, and lower conductivity than its regioregular counterpart. The expanded core copolymers discussed thoughout this dissertation are known to be regio-irregular due to the AA+BB polymerization used. However, despite the inherent regio-irregularity of these polymers they exhibited high performance in terms of conductivity. This leads to a follow up study of how regioregularity in conjugated polymers with extended cores impact solubility, morphology, and conductivity.
	Specifically, it is proposed that regioregular and regio-irregular versions of polymers containing thiophene, bithiophene, and terthiophene, should be synthesized (Figure 6.1). This systematic approach will provide insight into the spacing distance required before regioregularity is no longer required for high conductivity. Additionally, the expanded core copolymers in this work were amorphous, as evidenced by DSC measurements, so this proposed study would indicate whether this amorphous character is due to the presence of the spacing unit or the regio-irregularity.
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[bookmark: _Ref199698363][bookmark: _Toc199847379]Figure 6.1. Proposed structures of regioregular and regio-irregular expanded core polymers 
[bookmark: _Toc420995911][bookmark: _Toc422997498]

6.2.2. [bookmark: _Toc199835159]Additives to Induce Crystallinity
There are many studies utilizing small molecules to induce order within thin films.88,89 One such example is the use of iodoalkanes which are used in solution processing due to their high boiling points. The use of these additives slows the evaporation rate of the processing solvents, thereby allowing the polymer chain more time to self-assemble. In Chapter 3, the enhancement of crystalline order in the thin films through serial doping is seen to greatly improve the conductivity, therefore, it is proposed to use iodoalkanes to induce crystallinity in thin films. 
It is believed that the incorporation of iodoalkanes, such as dioidooctane or dioiodohexane, to conjugated polymer solutions will improve the crystallinity of pristine polymer films and will allow for higher conductivities with sequentially-doped thin film. Additionally, the most prevalent problem with solution doping is the formation of aggregates within solution and the resultant thin film. This proposed study would indicate if small molecule additive could be used to circumvent these issues to improve film morphology and conductivity. Overall, this study would offer understanding in the effect small molecule additives have on thin film morphology and ultimately conductivity, offering insight into methods to improve chemical doping.
6.2.3. [bookmark: _Toc199835160]Extension into Donor-Acceptor Copolymers
The focus of this dissertation was on a set of thiophene-based copolymers to establish a foundation for understanding structure-property relationships with chemical doping. However, extensive research has been devoted to more complex copolymers aimed at further enhancing conductivity. One notable class is donor–acceptor copolymers, in which internal charge transfer occurs due to electron-rich donor moieties “pushing” electrons toward the more electron-deficient acceptor units. The acceptor groups, in turn, “pull” electrons due to their inherent electron deficiency. This push–pull design facilitates intramolecular charge transfer along the polymer backbone5,25,90
Conducting a study analogous to that in Chapter 2 using a donor–acceptor comonomer, such as diketopyrrolopyrrole (DPP), which readily copolymerizes with thiophene, would provide valuable insight into how spacing units and doping methods influence conductivity on a broader scale. Due to the presence of fused ring structures and polar functionalities in DPP, the solubility profiles of these copolymers would differ significantly from those of the thiophene-based systems. This was observed in Chapter 5 with P(DHPP-co-DPP); however, that study was limited to a single DPP-containing copolymer and a single doping method.
A more systematic investigation of donor–acceptor copolymers containing DPP would enhance our understanding of the universality of the doping approaches shown in this work. Additionally, such a study could determine whether serial doping is effective across different polymer systems. Ultimately, this proposed work would lay the groundwork for developing a universal doping methodology, informed by the principles and outcomes established here for thiophene-based copolymers.
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[bookmark: _Toc199408147][bookmark: _Toc199409408][bookmark: _Ref199413333][bookmark: _Toc199847380][bookmark: _Hlk170887589]Figure A.1. 1H NMR spectrum of 3,3''-dihexyl-2,2':5',2''-terthiophene (M3) in CDCl3 with the inset highlighting the aromatic region.
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[bookmark: _Toc199408148][bookmark: _Toc199409409][bookmark: _Toc199847381]Figure A.2. 13C NMR spectrum of 3,3''-dihexyl-2,2':5',2''-terthiophene (M3) in CDCl3.
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[bookmark: _Toc199408149][bookmark: _Toc199409410][bookmark: _Toc199847382]Figure A.3. 1H NMR spectrum of 2,5-bis(3-hexylthiophen-2-yl)thieno[3,2-b]thiophene (M4) in CDCl3 with the inset highlighting the aromatic region.
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[bookmark: _Toc199408150][bookmark: _Toc199409411][bookmark: _Toc199847383]Figure A.4. 13C NMR spectrum of 2,5-bis(3-hexylthiophen-2-yl)thieno[3,2-b]thiophene (M4) in CDCl3.
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[bookmark: _Toc199408151][bookmark: _Toc199409412][bookmark: _Toc199847384]Figure A.5. 1H NMR spectra of 3,3'''-dihexyl-2,2':5',2'':5'',2'''-quaterthiophene (M5) in CDCl3 with the inset highlighting the aromatic region.
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[bookmark: _Toc199409413][bookmark: _Toc199847385]Figure A.6. 13C NMR spectrum of 3,3'''-dihexyl-2,2':5',2'':5'',2'''-quaterthiophene (M5) in CDCl3.
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[bookmark: _Toc199408153][bookmark: _Toc199409414][bookmark: _Toc199847386]Figure A.7. 1H NMR spectrum of 3,3''''-dihexyl-2,2':5',2'':5'',2''':5''',2''''-quinquethiophene (M6) in CDCl3 with the inset highlighting the aromatic region.
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[bookmark: _Toc199408154][bookmark: _Toc199409415][bookmark: _Toc199847387]Figure A.8. 13C NMR spectrum of 3,3''''-dihexyl-2,2':5',2'':5'',2''':5''',2''''-quinquethiophene (M6) in CDCl3.
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[bookmark: _Toc199408155][bookmark: _Toc199409416][bookmark: _Ref199414495][bookmark: _Toc199847388]Figure A.9. 1H NMR spectrum of 2,5-dibromo-3-hexylthiophene in CDCl3
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[bookmark: _Toc199408156][bookmark: _Toc199409417][bookmark: _Toc199847389]Figure A.10. 13C NMR spectrum of 2,5-dibromo-3-hexylthiophene in CDCl3.
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[bookmark: _Toc199408157][bookmark: _Toc199409418][bookmark: _Ref199413758][bookmark: _Toc199847390]Figure A.11. 1H NMR spectrum of poly(3,3'',4'''-trihexyl-2,2':5',2'':5'',2'''-quaterthiophene) (P3) in CDCl3.
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[bookmark: _Toc199408158][bookmark: _Toc199409419][bookmark: _Toc199847391]Figure A.12. 1H NMR spectrum of poly(2-(4,4'-dihexyl-[2,2'-bithiophen]-5-yl)-5-(3-hexyl-thiophen-2-yl)thieno[3,2-b]thiophene) (P4) in C2D2Cl4.
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[bookmark: _Toc199408159][bookmark: _Toc199409420][bookmark: _Toc199847392]Figure A.13. 1H NMR spectrum of poly(3,3''',4''''-trihexyl-2,2':5',2'':5'',2''':5''',2'''' quinque-thiophene) (P5) in CDCl3
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[bookmark: _Toc199409421][bookmark: _Toc199408160][bookmark: _Toc199847393]Figure A.14. 1H NMR spectrum of poly(3,3'''',4'''''-trihexyl-2,2':5',2'':5'',2''':5''',2'''':5'''',2'''''-sexi-thiophene) (P6) in CDCl3. Note the high integration for the aromatic peak is attributed to the regio-irregularity of the polymer as described by Qu et al.91
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[bookmark: _Toc199408161][bookmark: _Toc199409422][bookmark: _Ref199413837][bookmark: _Toc199847394]Figure A.15. 1H NMR spectrum of poly(3-hexylthiophene) (AB) (P3HT (AB)) in CDCl3. Peaks at 2.8 ppm (labeled b) and 2.6 ppm (labeled b’) are used to compute the regioregularity, which is found to be 93%.
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[bookmark: _Toc199409423][bookmark: _Toc199408162][bookmark: _Toc199847395]Figure A.16. 1H NMR spectrum of poly(3-hexylthiophene) (AA+BB) (P3HT (AA+BB)) in CDCl3. Peaks at 2.8 ppm (labeled b) and 2.6 ppm (labeled b’) are used to compute the regioregularity, which is found to be 57%. Note the high integration for the aromatic peak is attributed to the regio-irregularity of the polymer as described by Qu et al.91 
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[bookmark: _Toc199408163][bookmark: _Toc199409424][bookmark: _Ref199413692][bookmark: _Toc199847396]Figure A.17. GPC traces of P3HT (AA+BB), P3HT (AB), P3, P4, P5, and P6 acquired using THF as the mobile phase at a flow rate of 1 mL/min.
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[bookmark: _Toc199408164][bookmark: _Toc199409425][bookmark: _Ref199414058][bookmark: _Toc199847397]Figure A.18. Absorbance spectra of P3HT (AA+BB), P3HT (AB), P3, P4, P5, and P6 in CHCl3 (<1 mg/mL). Spectra are normalized by the absorbance measured at λmax for each polymer/copolymer. A red-shift is observed as the spacing length increases.
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[bookmark: _Toc199408165][bookmark: _Toc199409426][bookmark: _Toc199847398]Figure A.19. Absorbance spectra of P3HT (AA+BB), P3HT (AB), P3, P4, P5, and P6 thin films. Spectra are normalized by the absorbance measured at λmax. Thin films were made by spin casting from chlorobenzene (at 2 mg/mL), and thicknesses range from 10-16 nm. A red-shift is observed compared to solution measurements and red-shifts are also observed as the spacing length increases.




[bookmark: _Ref199414812][bookmark: _Toc199408217][bookmark: _Toc199409086][bookmark: _Toc199409264][bookmark: _Toc199835195]Table A.1. Observed solubility of each polymer or copolymer in various solvents at a concentration of 1 mg/mL. A score of 0 indicates not soluble while a score of 1 indicates soluble.
	Solvent
	P3
	P4
	P5
	P6
	P3HT (AB)
	P3HT (AA+BB)

	Acetone
	0
	0
	0
	0
	0
	0

	Acetonitrile
	0
	0
	0
	0
	0
	0

	Benzene
	1
	1
	1
	1
	1
	1

	Chloroform
	1
	1
	1
	1
	1
	1

	Chlorobenzene (CB)
	1
	1
	1
	1
	1
	1

	Diethyl Ether
	0
	0
	0
	0
	0
	0

	Dimethyl Sulfoxide (DMSO)
	0
	0
	0
	0
	0
	0

	Ethyl Acetate
	0
	0
	0
	0
	0
	0

	Hexanes
	0
	0
	0
	0
	0
	1

	Methanol
	0
	0
	0
	0
	0
	0

	Methylene Chloride
	1
	0
	1
	0
	1
	1

	N,N-Dimethyl Acetamide
	0
	0
	0
	0
	0
	0

	N,N-Dimethyl Formamide (DMF)
	0
	0
	0
	0
	0
	0

	2-Propanol
	0
	0
	0
	0
	0
	0

	Tetrahydrofuran (THF)
	1
	1
	1
	1
	1
	1

	Toluene
	1
	1
	1
	1
	1
	1

	1,2-dichloroethane
	0
	0
	0
	0
	1
	1

	1,1,2,2-tetrachloroethane
	1
	1
	1
	1
	1
	1

	25:75 Hexanes:Chlorobenzene
	1
	1
	1
	1
	1
	1

	40:60 Hexanes:Chlorobenzene
	1
	1
	1
	0
	1
	1

	50:50 Hexanes:Chlorobenzene
	1
	1
	1
	0
	1
	1

	60:40 Hexanes:Chlorobenzene
	1
	0
	0
	0
	1
	1

	75:25 Hexanes:Chlorobenzene
	0
	0
	0
	0
	1
	1
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[bookmark: _Toc199408166][bookmark: _Toc199409427][bookmark: _Ref199415265][bookmark: _Toc199847399]Figure A.20. Representative AFM height images of P3 thin films solution-doped at a) 0 mol%, b) 6 mol%, c) 10 mol%, d) 17 mol%, and e) 23 mol% F4TCNQ. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.
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[bookmark: _Toc199408167][bookmark: _Toc199409428][bookmark: _Toc199847400]Figure A.21. Representative AFM height images of P4 thin films solution-doped at a) 0 mol%, b) 6 mol%, c) 10 mol%, d) 17 mol%, and e) 23 mol% F4TCNQ. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.
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[bookmark: _Toc199408168][bookmark: _Toc199409429][bookmark: _Toc199847401]Figure A.22. Representative AFM height images of P5 thin films solution-doped at a) 0 mol%, b) 6 mol%, c) 10 mol%, d) 17 mol%, and e) 23 mol% F4TCNQ. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.
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[bookmark: _Toc199408169][bookmark: _Toc199409430][bookmark: _Toc199847402]Figure A.23. Representative AFM height images of P6 thin films solution-doped at a) 0 mol%, b) 6 mol%, c) 10 mol%, d) 17 mol%, and e) 23 mol% F4TCNQ. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.
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[bookmark: _Toc199408170][bookmark: _Toc199409431][bookmark: _Toc199847403]Figure A.24. Representative AFM height images of P3HT (AB) thin films solution-doped at a) 0 mol%, b) 6 mol%, c) 10 mol%, d) 17 mol%, and e) 23 mol% F4TCNQ. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.
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[bookmark: _Toc199408171][bookmark: _Toc199409432][bookmark: _Toc199847404]Figure A.25. Representative AFM height images of P3HT (AA+BB) thin films solution- doped at a) 0 mol%, b) 6 mol%, c) 10 mol%, d) 17 mol%, and e) 23 mol% F4TCNQ. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.

[bookmark: _Ref199416269][bookmark: _Toc199408218][bookmark: _Toc199409087][bookmark: _Toc199409265][bookmark: _Toc199835196]Table A.2. Film thicknesses of solution-doped thin films as a function of doping level, as determined from AFM scratch tests.
	
	Film Thickness (nm)

	Polymer
	0 mol%
	6 mol%
	10 mol%
	17 mol%
	23 mol%

	P3
	14.9 ± 4.0
	14.6 ± 3.8
	16.9 ± 3.9
	20.5 ± 3.0
	17.9 ± 2.4

	P4
	10.1 ± 2.5
	14.0 ± 4.4
	13.6 ± 2.5
	15.4 ± 5.3
	13.4 ± 4.5

	P5
	11.0 ± 2.1
	22.1 ± 8.3
	23.5 ± 9.3
	16.4 ± 5.6
	16.1 ± 4.2

	P6
	10.0 ± 2.4
	10.6 ± 3.2
	12.1 ± 3.0
	12.1 ± 3.0
	11.9 ± 3.1

	P3HT (AB)
	11.8 ± 4.3
	14.3 ± 8.7
	15.8 ± 4.8
	19.5 ± 7.8
	16.4 ± 1.4

	P3HT (AA+BB)
	16.0 ± 0.7
	9.2 ± 1.6
	14.6 ± 4.1
	13.1 ± 1.9
	10.9 ± 4.2
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[bookmark: _Toc199408172][bookmark: _Toc199409433][bookmark: _Ref199416713][bookmark: _Toc199847405]Figure A.26. UV-Vis-NIR spectra of solution-doped P3HT (AB) thin films. The absorbance is normalized by film thickness, and thicknesses range from 11 to 20 nm.
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[bookmark: _Toc199408173][bookmark: _Toc199409434][bookmark: _Toc199847406]Figure A.27. UV-Vis-NIR spectra of solution-doped P3HT (AA+BB) thin films. The absorbance is normalized by film thickness, and thicknesses range from 9 to 16 nm.
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[bookmark: _Toc199408174][bookmark: _Toc199409435][bookmark: _Toc199847407]Figure A.28. UV-Vis-NIR spectra of solution-doped P3 thin films. The absorbance is normalized by film thickness, and thicknesses range from 14 to 21 nm.
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[bookmark: _Toc199408175][bookmark: _Toc199409436][bookmark: _Toc199847408]Figure A.29. UV-Vis-NIR spectra of solution-doped P4 thin films. The absorbance is normalized by film thickness, and thicknesses range from 10 to 16 nm.
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[bookmark: _Toc199408176][bookmark: _Toc199409437][bookmark: _Toc199847409]Figure A.30. UV-Vis-NIR spectra of solution-doped P5 thin films. The absorbance is normalized by film thickness, and thicknesses range from 11 to 24 nm.
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[bookmark: _Toc199408177][bookmark: _Toc199409438][bookmark: _Ref199417523][bookmark: _Toc199847410]Figure A.31. Representative AFM height images of P3 thin films sequentially-doped with F4TCNQ dissolved at 1 mg/mL in a) THF, b) DCM, c) 50:50 acetone:DCM, d) 75:25 acetone:DCM, e) acetone and f) DMF. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.
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[bookmark: _Toc199408178][bookmark: _Toc199409439][bookmark: _Toc199847411]Figure A.32. Representative AFM height images of P4 thin films sequentially-doped with F4TCNQ dissolved at 1 mg/mL in a) THF, b) DCM, c) 50:50 acetone:DCM, d) 75:25 acetone:DCM, e) acetone and f) DMF. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.



[image: A collage of images of different shapes

AI-generated content may be incorrect.]
[bookmark: _Toc199408179][bookmark: _Toc199409440][bookmark: _Toc199847412]Figure A.33. Representative AFM height images of P5 thin films sequentially-doped with F4TCNQ dissolved at 1 mg/mL in a) THF, b) DCM, c) 50:50 acetone:DCM, d) 75:25 acetone:DCM, e) acetone and f) DMF. Each image was obtained in tapping mode over area of 20 μm × 20 μm.
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[bookmark: _Toc199408180][bookmark: _Toc199409441][bookmark: _Toc199847413]Figure A.34. Representative AFM height images of P6 thin films sequentially-doped with F4TCNQ dissolved at 1 mg/mL in a) THF, b) DCM, c) 50:50 acetone:DCM, d) 75:25 acetone:DCM, e) acetone and f) DMF. Each image was obtained in tapping mode over an area of 20 × 20 μm.
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[bookmark: _Toc199408181][bookmark: _Toc199409442][bookmark: _Toc199847414]Figure A.35. Representative AFM height images of P3HT (AB) thin films sequentially-doped with F4TCNQ dissolved at 1 mg/mL in a) THF, b) DCM, c) 50:50 acetone:DCM, d) 75:25 acetone:DCM, e) acetone and f) DMF. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.
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[bookmark: _Toc199847415]Figure A.36. Representative AFM height images of P3HT (AA+BB) thin films sequentially-doped with F4TCNQ dissolved at 1 mg/mL in a) THF, b) DCM, c) 50:50 acetone:DCM, d) 75:25 acetone:DCM, e) acetone and f) DMF. Each image was obtained in tapping mode over an area of 20 μm × 20 μm.

As mentioned in Chapter 2, the surface roughnesses of sequentially-doped films shown in Table S4 are high and display high variation. This is attributed to excess dopant on the surface of the polymer film. It should be noted that these aggregates of excess F4TCNQ do not contribute to the film thicknesses reported in Table A.3. Rather, film thickness is defined as the height difference between the polymer film and glass substrate; and care was taken to avoid aggregates during this measurement to prevent overestimation of film thickness. As a result and as seen in some cases, surface roughnesses measured for the sequentially-doped thin films are greater than or equal to the film thickness. 


[bookmark: _Ref199417673][bookmark: _Toc199408220][bookmark: _Toc199409089][bookmark: _Toc199409267][bookmark: _Ref199493035][bookmark: _Toc199835197]Table A.3. Film thicknesses of sequentially-doped thin films obtained from AFM scratch tests.
	
	Film Thickness (nm)

	Polymer
	THF
	DCM
	50:50 Act:DCM
	75:25 Act:DCM
	Acetone
	DMF

	P3
	16.2 ± 4.1
	14.9 ± 4.8
	27.6 ± 8.0
	17.4 ± 5.4
	16.6 ± 2.8
	16.7 ± 7.2

	P4
	9.8 ± 4.0
	14.7 ± 8.0
	17.6 ± 6.6
	12.4 ± 3.5
	18.8 ± 3.7
	9.6 ± 4.9

	P5
	8.5 ± 3.4
	21.6 ± 9.5
	14.2 ± 7.7
	17.5 ± 6.7
	17.2 ± 4.6
	12.0 ± 3.5

	P6
	14.5 ± 4.7
	24.9 ± 5.7
	14.7 ± 6.3
	29.0 ± 11.9
	15.9 ± 5.4
	20.2 ± 8.0

	P3HT (AB)
	14.0 ± 3.2
	12.3 ± 2.2
	16.8 ± 5.6
	14.4 ± 6.1
	10.1 ± 4.7
	10.2 ± 5.3

	P3HT (AA+BB)
	23.9 ± 7.8
	17.1 ± 7.2
	14.2 ± 2.9
	19.7 ± 8.0
	17.5 ± 4.4
	10.9 ± 2.9













[bookmark: _Toc187309820][bookmark: _Toc199835169]UV-Vis-NIR Characterization of Sequentially-doped Thin Films
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[bookmark: _Ref199417994][bookmark: _Toc199408183][bookmark: _Toc199409444][bookmark: _Toc199847416]Figure A.37. UV-Vis-NIR spectra of sequentially-doped P3HT (AB) thin films. The absorbance is normalized by film thickness, and thicknesses range from 10 to 17 nm. All films were doped using solutions at 1 mg F4TCNQ /mL.
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[bookmark: _Toc199408184][bookmark: _Toc199409445][bookmark: _Toc199847417]Figure A.38. UV-Vis-NIR spectra of sequentially-doped P3HT (AA+BB) thin films. The absorbance is normalized by film thickness, and thicknesses range from 10 to 24 nm. All films were doped using solutions at 1 mg F4TCNQ /mL.
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[bookmark: _Toc199408185][bookmark: _Toc199409446][bookmark: _Toc199847418]Figure A.39. UV-Vis-NIR spectra of sequentially-doped P3 thin films. The absorbance is normalized by film thickness, and thicknesses range from 14 to 28 nm. All films were doped using solutions at 1 mg F4TCNQ /mL
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[bookmark: _Toc199408186][bookmark: _Toc199409447][bookmark: _Toc199847419]Figure A.40. UV-Vis-NIR spectra of sequentially-doped P4 thin films. The absorbance is normalized by film thickness, and thicknesses range from 9 to 19 nm. All films were doped using solutions at 1 mg F4TCNQ /mL.
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[bookmark: _Toc199408187][bookmark: _Toc199409448][bookmark: _Toc199847420]Figure A.41. UV-Vis-NIR spectra of sequentially-doped P5 thin films. The absorbance is normalized by film thickness, and thicknesses range from 8 to 22 nm. All films were doped using solutions at 1 mg F4TCNQ /mL.
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[bookmark: _Toc199408188][bookmark: _Toc199409449][bookmark: _Toc199847421]Figure A.42. UV-Vis-NIR spectra of sequentially-doped P6 thin films. The absorbance is normalized by film thickness, and thicknesses range from 14 to 29 nm. All films were doped using solutions at 1 mg F4TCNQ /mL.



[bookmark: _Toc199835170]
[bookmark: _Toc199835171] 1H NMR Spectra of P3HT and Expanded Core Copolymers
[bookmark: _Toc420995913][bookmark: _Toc422997500][bookmark: _Toc427156485]
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[bookmark: _Ref199494075][bookmark: _Toc199847422]Figure B.1. 1H NMR spectra of poly(3-hexylthiophene) (P3HT) in CDCl3. Peaks at 2.8 ppm and 2.6 ppm were used to calculate the regioregularity of 93%.






[image: A black background with a black square

AI-generated content may be incorrect.]
[bookmark: _Toc199847423]Figure B.2. 1H NMR spectrum of poly(3,3'',4'''-trihexyl-2,2':5',2'':5'',2'''-quaterthiophene) (P3) in CDCl3.
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[bookmark: _Toc199847424]Figure B.3. 1H NMR spectrum of poly(2-(4,4'-dihexyl-[2,2'-bithiophen]-5-yl)-5-(3-hexyl-thiophen-2-yl)thieno[3,2-b]thiophene) (P4) in C2D2Cl4.
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[bookmark: _Toc199847425]Figure B.4. 1H NMR spectrum of poly(3,3''',4''''-trihexyl-2,2':5',2'':5'',2''':5''',2''''-quinque-thiophene) (P5) in CDCl3.
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[bookmark: _Toc199847426]Figure B.5. 1H NMR spectrum of poly(3,3'''',4'''''-trihexyl-2,2':5',2'':5'',2''':5''',2'''':5'''',2'''''-sexi-thiophene) (P6) in CDCl3.

[bookmark: _Toc199835172]GPC Characterization of P3HT and Expanded Core Copolymers
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[bookmark: _Ref199494129][bookmark: _Toc199847427]Figure B.6. GPC traces of (a) differential refractive index and (b) differential pressure (viscosity detector) for each copolymer, which were used to determine molecular weight based on universal analysis


[bookmark: _Ref199494196][bookmark: _Toc199835198]Table B.1. Molecular weight characterization of each copolymer based on universal analysis.
	Polymer
	Mn (kg/mol)
	Mw (kg/mol)
	Đ

	P3HT
	15.4
	26.7
	1.7

	P3
	11.0
	49.4
	4.5

	P4
	9.4
	28.2
	3.0

	P5
	9.1
	33.5
	3.7

	P6
	6.6
	22.1
	3.4




[bookmark: _Toc195612300][bookmark: _Toc199835173]AFM Film Thickness Measurements
An Asylum Atomic Force Microscope was used in tapping mode fitted with an AC200TS tip (spring constant of 9 N/m and resonance frequency of 150 kHz) to acquire images of 20 μm × 20 μm. To measure the thickness of each film, a scratch test was performed. Specifically, a razor was used to scratch the film, thereby displacing the polymer film and exposing the glass substrate. Images were then acquired at the scratch interface and film thickness was taken as the height difference between the polymer film and glass substrate. Thicknesses are used to calculate film conductivity and to normalize the absorbance measured by UV-Vis-NIR spectroscopy. This thickness normalization makes the absorbance across the entire spectra proportional to concentration.

[bookmark: _Ref199494263][bookmark: _Toc199835199]Table B.2. Film thickness of as-cast films and those created using solution, sequential, and serial doping, as determined by AFM measurements.
	Polymer
	As-Cast
	Solution
	Sequential
	Serial

	P3HT
	62.1 ± 11.2
	67.7 ± 23.2
	105.2 ± 33.3
	134.7 ± 21.0

	P3
	163.0 ± 44.8
	131.1 ± 35.8
	123.9 ± 26.9
	168.4 ± 19.2

	P4
	92.5 ± 13.4
	150.5 ± 64.3
	99.3 ± 12.0
	237.1 ± 80.6

	P5
	93.9 ± 26.9
	103.2 ± 18.0
	132.9 ± 17.5
	141.8 ± 15.5

	P6
	85.2 ± 38.3
	271.7 ± 36.9
	150.4 ± 84.2
	299.3 ± 26.6







[bookmark: _Toc195612301][bookmark: _Toc199835174]DSC Thermograms of P3HT and Core Expanded Copolymers
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[bookmark: _Ref199494342][bookmark: _Toc199847428]Figure B.7. DSC thermogram of P3HT. Measurement was performed from −50-300 °C at a rate of 10 °C/min and the 2nd cycle, shown here, was used for analysis.
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[bookmark: _Toc199847429]Figure B.8. DSC thermogram of P3. Measurement was performed from −50-300 °C at a rate of 10 °C/min and the 2nd cycle, shown here, was used for analysis.
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[bookmark: _Toc199847430]Figure B.9. DSC thermogram of P4. Measurement was performed from −50-300 °C at a rate of 10 °C/min and the 2nd cycle, shown here, was used for analysis.
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[bookmark: _Toc199847431]Figure B.10. DSC thermogram of P5. Measurement was performed from −50-300 °C at a rate of 10 °C/min and the 2nd cycle, shown here, was used for analysis.
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[bookmark: _Toc199847432]Figure B.11. DSC thermogram of P6. Measurement was performed from −50-300 °C at a rate of 10 °C/min and the 2nd cycle, shown here, was used for analysis.



[bookmark: _Toc199835175]
[bookmark: _Toc199835176]1H NMR of Expanded Core Copolymers
[bookmark: _Toc199835177]GPC Traces of PS, P3HT, and Expanded Core Copolymers
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[bookmark: _Ref199514422][bookmark: _Toc199847433]Figure C.1. GPC traces of PS corresponding to the light scattering (LS) signal, refractive index (dRI) signal, and differential pressure (DP) signal.
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[bookmark: _Toc199847434]Figure C.2. GPC traces of P3HT corresponding to the light scattering (LS) signal, refractive index (dRI) signal, and differential pressure (DP) signal. 
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[bookmark: _Toc199847435]Figure C.3. GPC traces of P3 corresponding to the light scattering (LS) signal, refractive index (dRI) signal, and differential pressure (DP) signal.
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[bookmark: _Toc199847436]Figure C.4. GPC traces of P4 corresponding to the light scattering (LS) signal, refractive index (dRI) signal, and differential pressure (DP) signal.
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[bookmark: _Toc199847437]Figure C.5. GPC traces of P5 corresponding to the light scattering (LS) signal, refractive index (dRI) signal, and differential pressure (DP) signal.
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[bookmark: _Toc199847438]Figure C.6. GPC traces of P6 corresponding to the light scattering (LS) signal, refractive index (dRI) signal, and differential pressure (DP) signal.
[bookmark: _Toc199835178]Mark-Houwink Plot of PS, P3HT, and Expanded Core Copolymers
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[bookmark: _Ref199514368][bookmark: _Toc199847439]Figure C.7. Mark-Houwink plot of PS. Calibration standards of different molecular weights were used to obtain the plot.
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[bookmark: _Toc199847440]Figure C.8. Mark-Houwink plot of P3HT.
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[bookmark: _Toc199847441]Figure C.9. Mark-Houwink plot of P3.
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[bookmark: _Toc199847442]Figure C.10. Mark-Houwink plot of P4.
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[bookmark: _Toc199847443]Figure C.11. Mark-Houwink plot of P5.
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[bookmark: _Toc199847444]Figure C.12. Mark-Houwink plot of P6.
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