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Abstract 

Organic solar cells (OSCs) are an emerging renewable energy technology with advantages of 

low cost, flexibility, lightweight, and easy processability. High performing OSCs often consist of 

a wide bandgap polymer donor and a small molecule non-fullerene acceptor (NFA) for 

complementary absorption. These materials are usually mixed in solution to form a bulk 

heterojunction (BHJ) structure to achieve efficient charge transfer. Currently, leading materials 

can reach a power conversion efficiency (PCE) greater than 18 %. However, several challenges 

remain before OSCs can be commercially viable including further enhancement of the PCE, 

long-term stability, large area device fabrication, low-cost materials development, and 

environmentally friendly synthesis. It is critical to target solution-processable polymer donors, 

with well-matched opto-electronic properties and morphological compatibility with NFAs 

through effective side chain engineering for further progress in this field. 

This thesis work targets low-cost polymer donor materials through relatively easy synthesis 

routes and low-cost starting materials. Side chains will be selected to target good solubility, low 

EHOMO levels (to match with high performance NFAs like Y6), and good morphology to achieve 

high performing polymer donor materials. In this work, several novel donor polymers are 

developed, which have a donor-acceptor (D-A) structure. D-A polymer building blocks have 

become increasingly important as donor materials in OSCs since the energy levels and bandgaps 

are easily tunable via intramolecular charge transfer. Four novel series of polymers: ethynyl 

thiophene-benzodithiophene (BDT), triazole thiophene-BDT, tetrafluorobenzene-BDT, and 

acetal thiophene-BDT, with a variety of electron withdrawing group (EWG) side chains were 

designed, synthesized, and characterized as wide bandgap polymer donors for OSC applications.  

An ethynyl series of polymers were designed with the goal of extending the conjugation into the 

side chain. This can effectively polarize the polymers and increase the exciton lifetime, resulting 

in improved performance. The ethynyl series included the following side chains: a trimethyl silyl 

group (PSETBDT), an unsubstituted benzene ring (PBETBDT), and an alkyloxime-substituted 

benzene ring (POBETBDT). The solar cell devices based on PSETBDT:Y6 and PSETBDT:IT-

4F had a PCE of 1.44 and 0.77 %, respectively. The poor performance was attributed to low, 

unbalanced mobility, and a high polydispersity index (PDI), indicating that cross-linking 

occurred. Solubility issues and low molecular weight were experienced with polymer 
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PBETBDT; therefore, this polymer was only preliminarily tested for opto-electrochemical 

measurements. POBETBDT had a PCE of 3.65 % with Y6, while only achieving an open circuit 

voltage (Voc) of 0.71 and a fill factor (FF) of 0.33. Low mobility and the bulky side chain are 

potential issues with this material. Future work will look to assess the surface roughness and 

domain size of these polymers using atomic force microscopy (AFM) to further assess 

morphological issues.  

Similarly, a triazole series of polymers were designed with the goal of extending the conjugation 

into the side chain. The triazole series involved converting an aldehyde to a triazole ring, which 

was then substituted at the middle nitrogen with an alkyl chain (PTTBDT), and a carbamate 

chain (PCTBDT). Polymer PTTBDT achieved a PCE of 5.00 % with Y6, while PCTBDT only 

achieved 3.29 % due to lower short circuit current density (Jsc), Voc, and FF. Both polymers 

suffered from low mobility, while PCTBDT had exceptionally low hole mobility (10-7 cm2V-1s-

1). DFT calculations indicated these polymers suffer from backbone and side chain twisting, 

which can negatively affect the charge transfer. Additionally, PCTBDT has a thermally 

removable side chain that could result in extensive hole trapping, which would limit charge 

extraction. Future work will look to assess the surface roughness via AFM and further optimize 

PTTBDT:Y6 devices by altering the donor:acceptor (D:A) ratio to improve the charge mobility. 

A tetrafluorobenzene-BDT (PFBBDT) polymer was designed to improve upon the EHOMO and 

co-planarity characteristics of an unsubstituted benzene-BDT polymer by adding fluorine atoms 

as an electron withdrawing group (EWG). This can help energy level matching with NFAs such 

as Y6 and allow for good charge transfer. PFBBDT achieved a PCE of 5.14 %; however, the 

performance was limited by low molecular weight and strong lamellar stacking interactions. The 

latter is thought to cause potential aggregation in the active layer and contribute to the low and 

unbalanced mobility observed. The lamellar stacking indicates this material has potential for 

future transistor applications.  

Previously, synthesis of a polymer based on BDT and a formaldehyde-substituted thiophene was 

attempted by our group but was unsuccessful. A polymer (PATBDT) was designed with an 

acetal side chain substituted thiophene to facilitate an acid-catalyzed post polymerization 

modification to obtain a soluble formaldehyde-substituted thiophene-BDT polymer (PXTBDT). 
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DFT calculations indicated that both these materials had potential for good organic photovoltaic 

performance (OPV). When PATBDT was paired with Y6, a PCE of 8.20 % was achieved. Low 

electron mobility resulted in unbalanced charge transfer and low FF for this material. PXTBDT 

had a quite low EHOMO of -5.67 eV but still worked well with Y6, achieving a better PCE of 9.97 

%, mainly due to higher Voc and FF. The low FF of these materials leaves room for process 

optimization to improve performance. Furthermore, future work will explore other D units, such 

as bithiophene and thienothiophene, to pair with acetal-protected aldehyde A units to investigate 

if this simple chemistry can produce any other high performing materials.  
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Chapter 1: Introduction 

1.1 Overview of Organic Solar Cells 

The exponential increase in global population and economic development has put stress on the 

world’s current energy production systems. The use of fossil fuels for energy production is 

unsustainable and detrimental to the environment, which has led to an increase in research of 

renewable energy sources.1 Among these, solar energy is a prime candidate for significant 

growth due to low cost and an abundance of the energy source, sunlight.2 A comparison between 

the environmental footprint of different technologies (carbon dioxide and other greenhouse gas 

emissions over the lifespan of each technology) shows that natural gas accounts for 400-500 

g/kWh and coal accounts for 900-1000 g/kWh, whereas silicon solar cells account for 50 

g/kWh.3 Additionally, policy surrounding solar energy is beginning to be implemented; for 

example, beginning in 2020 as part of their building code, California introduced a mandate for 

the installation of solar panels onto new homes.4 These positive movements are encouraging 

early signs for the implementation of solar energy on a significantly larger scale. 

Historically, inorganic silicon has been the industry leader in solar cell technology due to low 

cost, long-term stability, and good performance. However, the rigidity of these materials can lead 

to potential problems for mass production due to the requirement of large amounts of space.5,6 

Organic solar cells (OSCs) have emerged as an intriguing alternative due to their low cost, 

flexibility, lightweight, and easy processability.1 Flexibility will allow for applications where 

silicon solar cells are not possible including curved surfaces and wearable electronics. The 

lightweight, thin film structure of OSCs allows for potential applications in portable electronics. 

Furthermore, OSCs show potential for indoor and semitransparent applications.5 These 

applications provide an avenue for OSCs to enter the current photovoltaic (PV) market, which 

will establish demand for OSCs without direct competition with silicon PV. OSCs also account 

for a significantly lower environmental footprint, with an estimate of 5-9 g/kWh compared to 50 

g/kWh for silicon-based solar cells, making them competitive with other renewables including 

wind and hydro.3 Finally, one of the most intriguing advantages from a manufacturing 

perspective is the solution processability, which will allow for fast, large-scale roll-to-roll 

printing. 



2 

 

Over the past three decades, considerable progress has been made, leading to recent rapid 

performance improvements in OSCs.1 These improvements are largely attributable to the design 

of new acceptor and donor materials, and the optimization of the solar cell structures.7 Currently, 

the best power conversion efficiency (PCE) for OSCs is greater than 18 % (as seen in Figure 1-

1), which still trails the industry leading single crystal silicon solar cells (26.1 %).2 

Commercialization will require improvements to the performance, cost, and stability for the 

development of economically viable OSC products that rival traditional silicon photovoltaics.1  

 

Figure 1-1: Timeline of solar cell efficiency improvements of various types of materials and cell 

structures.2 Reproduced from ref. 2 with permission from NREL. 
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1.2 The Development of the Bulk Heterojunction Solar Cell 

The first OSCs, called monolayer devices, consisted of a thin organic active layer between two 

electrodes.6 Due to the low performance of these devices, Tang et al. developed a bilayer device 

in 1986.6 The concept of this device was to pair an electron donor material and an electron 

acceptor material as two separate layers, where the charges would travel to their respective 

electrodes due to differences in the electron affinity and ionization potential of the two 

materials.6 However, there was a significant issue with these OSC devices: in traditional 

inorganic silicon devices, free charge carriers are generated, whereas in OSC devices, electron-

hole pairs, also known as excitons, which are bound together by Coulomb forces, are generated 

due to low dielectric constants.3,6 Therefore, the high binding energy limits the ability of these 

excitons to dissociate and results in small diffusion lengths, leading to recombination and low 

efficiency.6 

To address these issues, the bulk heterojunction (BHJ) cell was developed by Heeger and 

Holmes’ groups simultaneously in 1995.6 The basic concept of the BHJ is to mix the acceptor 

and donor material, creating a bi-continuous, interpenetrating network of electron acceptor and 

donor phases.6 Figure 1-2 shows the morphology, where the donor and acceptor are separated by 

a distance smaller than the exciton diffusion length, allowing charge dissociation at the 

interface.6 Despite this structure resulting in better efficiencies, the morphology and phase 

separation are difficult to control during lab-scale deposition methods like spin coating.  

 

Figure 1-2: BHJ organic solar cell structure.8 Reproduced from ref. 8 with permission from 

Springer Nature, copyright 2020. 
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1.2.1 Conventional and Inverted BHJ Structures 

OSCs have been tested in two configurations, conventional and inverted, with the difference 

being the direction of charge transport. Conventional devices have holes collected at the indium 

tin oxide (ITO) electrode and electrons collected at the aluminum (Al) electrode, whereas 

inverted devices collect electrons at ITO and holes at silver (Ag). An example of a conventional 

structure for OSCs is ITO/PEDOT:PSS/acceptor:donor/LiF/Al where the slash denotes a change 

in the layer and colons indicate a two component layer.9 An example of an inverted structure is: 

ITO/ZnO/donor:acceptor/PEDOT:PSS/Ag.9 Inverted structures are often preferred due to better 

stability from a reduction in degradation effects caused by oxygen and moisture.10 The 

conventional and inverted structures can be seen in Figure 1-3.  

 

Figure 1-3: (a) Conventional device structure; (b) Inverted device structure.11 Reproduced from 

ref. 11 with permission from John Wiley and Sons, copyright 2018. 

1.2.2 Working Principal of BHJ Active Layer 

As seen in Figure 1-4, the process of generating electricity from OSCs can be broken down into 

five simple steps.1,12 Initially, the light is absorbed by the active layer materials (step 1). Light 

absorption results in exciton formation (step 2). The excitons then travel to the interface between 

the acceptor and donor material, which must be closer than the diffusion length to avoid 

recombination (step 3). At the interface, the excitons can dissociate into free electrons and holes 

(step 4). Finally, the electrons and holes can move through the acceptor and donor phases until 

they reach the cathode and anode, respectively (step 5). In a normal BHJ device there are thin 

hole and electron blocking layers, which assist with the direction of charge migration.12 Once the 

charges reach the electrodes, the process is complete and energy is produced by the OSC 

device.1,6 
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Figure 1-4: Working principal of a BHJ OSC device.12 Reproduced from ref. 12, Dracula 

Technologies’ website. 
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1.3 OSC Performance Metrics 

In terms of design requirements, Eq. 1 can be used to calculate the power conversion efficiency 

(PCE) of OSCs, which describes the performance of the donor and acceptor materials:7 

𝑃𝐶𝐸 =
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑖𝑛
 𝑬𝒒. 𝟏

where JSC is the short circuit current density, VOC is the open circuit voltage, FF is the fill factor, 

and Pin is the input power.7 

JSC is a measure of the current when the voltage is zero. Several factors affect Jsc including the 

light source spectrum and intensity, and the cell area. However, if the light source is calibrated to 

represent one sun, the Jsc is affected by the absorption characteristics of the active material, as 

well as exciton diffusion, dissociation, and collection.1,13,14 

VOC is the maximum voltage from the cell when the current is zero. This characteristic is 

determined by the difference between the highest occupied molecular orbital (HOMO) of the 

donor and lowest unoccupied molecular orbital (LUMO) of the acceptor, where a lower HOMO 

level of the donor corresponds to higher Voc.
1 Furthermore, large dielectric constants increase the 

occurrence of exciton dissociation, resulting in high Voc with a smaller energy level difference.1 

As seen in Figure 1-5, FF is a measure of how square the J-V curve is for a solar cell.15,16 

Ideally, the FF value would be 100 %; however, in practice inorganic solar cells have a FF of 

around 90 % and OSCs are in the range of 50-70 %.16 Since FF is determined by the relative ease 

of charge extraction, it will be lower than 42 % if space charge limited current (SCLC) 

dominates.16 There are three main factors that affect the FF: series resistance (Rs), shunt 

resistance (Rsh), and the diode. Series resistance is a measure of the bulk and contact resistances 

of the active layer and electrode materials.16 This value should be as low as possible. In contrast, 

shunt resistance is ideally infinite because it measures current leakage through a pinhole or edge 

of a device.16 The diode is where the excitons are first created. Therefore, high mobility helps 

maximize FF because it limits the opportunity for recombination. In some devices, an “S-kink” is 

seen, which means there is a carrier accumulation on the interior of the device. This indicates 

that some factor is limiting charge extraction, which inherently decreases the FF.16 Overall, FF is 

the most complicated factor to understand but focus should be on ensuring the interface between 
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materials is smooth and charges can be effectively removed from the system by having high 

mobility active layer materials and effective blocking layers. 

 
Figure 1-5: Solar cell I-V curve, indicating key parameter’s locations.15 Reproduced from ref. 15 

with permission from author Stuart Bowden. 
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1.4 Brief History of Acceptor and Donor Materials for OSCs 

The active layer of OSCs consists of an electron acceptor and an electron donor. Although 

research on all-polymer OSC devices is also ongoing, these devices suffer from poor 

morphology due to difficulties in preventing overly crystalline films.6 Thus, historically, research 

has focused on pairing small molecule acceptors with polymer donors.1,6 The following sections 

will introduce the breakthrough materials for acceptors and donors, respectively. 

1.4.1 Acceptor Materials 

Historically, fullerene-based acceptors were used due to their fast electron transfer, highly 

organized three-dimensional shape, good phase separation, small reorganization energy, high 

electron affinity, and slow back transfer of electrons.17 The best fullerene-based OSCs achieved a 

PCE of 12.1% in 2017.17 However, due to the limited absorption of fullerene materials, non-

fullerene acceptors (NFAs) have become an important area of research since their performance 

has significantly exceeded the performance of fullerenes (see Figure 1-6).17 

 
Figure 1-6: Timeline for efficiency improvements of fullerene and non-fullerene based OSC 

devices (1986-2020).17 Reproduced from ref. 17 with permission from John Wiley and Sons, 

copyright 2021. 

NFA materials are of interest because they can be designed with better electrochemical 

properties.17 Unlike fullerene acceptors, NFAs are the component of the active layer with the 

narrower bandgap and are generally planar instead of spherical.17 However, NFAs often have 
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problems with crystallization that must be addressed to maximize the performance.18 In 2015, 

relatively high-efficiency NFA OSCs were developed and in 2017, the performance of solar cells 

based on NFAs surpassed the best fullerene-based devices.17  

Research regarding NFAs started to gain popularity between 2000 to 2012. The first NFAs were 

based on perylene tetracarboxydiimide (PDI). PDI’s have a low lying LUMO, strong absorption, 

strong π-π intermolecular interactions, and decent charge mobility.17,19,20 However, the planarity 

of these NFA molecules resulted in poor morphology due to excessive aggregation, and 

inherently, poor efficiency.17 Thus, between 2013 to 2016, research focused on adapting the 

NFA planar materials into three-dimensional-like molecules.17 For example, Zhao et al. used a 

spirobifluorene to connect two PDI molecules (SF-PDI2), which limited aggregation.17 In 2014, 

thiophene was used as a π-bridge to connect two fused-ring tetraazabenzodifluoranthene 

tetracarboxydiimides (BFI), which resulted in an impressive performance of 5% PCE.17 This was 

further improved to 8.52% by using 3,4-ethylenedioxythiophene (EDOT) as the connecting π-

bridge molecule and increasing the backbone twisting.17 Other discoveries during this period 

include SF(DPPB)4, which included a spirobifluorene with 4 diketopyrrolopyrrole (DPP) units, 

providing efficiency of 9.5% when blended with SF-PDI2, and a selenium annulated triperylene 

hexamide (TPH-Se).17 The most important discovery during these four years was in 2015 when 

ITIC was synthesized by Zhan et al..17 ITIC has strong light absorption, bulky side chains that 

led to good morphology and solubility, and a narrow bandgap, leading to a PCE of 6.8% when 

paired with PTB7-Th.17 The synthesis of ITIC provided PCEs around 11%, which met a key 

milestone where NFA materials were performing as well as the top fullerene acceptors.17 

From 2017 to 2020, the focus shifted to A-D-A systems, with molecular engineering becoming 

important.17,19 For example, Hou et al. made the first OSC system that exceeded 13% PCE by 

adding difluorinated end units to ITIC to create the acceptor IT-4F.17 This modification allowed 

for a smaller bandgap and better light absorption.17 Ding et al. synthesized a new type of carbon-

oxygen bridged ladder units that have strong electron-donating cores, which resulted in better 

light absorption and electron mobility than carbon-bridged options (IDT, IDTT).17 The first 

example, CO5IC, had a PCE of 7.5%; however, this has been improved to over 17% by 

modifying the structure.17 In 2019, Yuan et al. developed a high performance material, Y6, 

which had high electron affinity and low Eg
opt, resulting in a record performance of 15.7 % when 
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blended with a commercial donor, PM6.21 The advantages of Y6 include an electron-deficient 

centre (benzothiadiazole), with two alkyl chains attached at the outside thiophene, and two alkyl 

chains attached at the inner pyrrole rings.21 Recently, a record PCE of 18.22 % was achieved by 

Ding et al. by blending Y6 with a polymer donor, D18.17  

Currently, star-shaped molecules are the most promising acceptor materials.17 These include Y6 

and IT-4F.17 The advantageous properties that have allowed for high PCEs include efficient 

packing, high charge transport, narrow bandgaps, good visible to near-infrared light absorption, 

and compatibility with many donors.17 However, these materials have complex synthesis routes, 

which limits their potential for commercial applications due to long and expensive processes.17 

In search of better acceptor materials with easier synthesis methods, research on simple fused-

ring A-D-A systems has increased.17 There are several examples including MO-IDIC-2F 

acceptor and PTQ10 low-cost donor, and BTzO-4F acceptor with PBDB-T donor, which have 

shown PCEs greater than 13%.17 This is a promising development; however, the PCE is 5% 

lower than the star-shaped molecules so further research is required to find ways of modifying 

the structures to get better performance.17 

1.4.2 Donor Materials 

Donor materials have advanced through several stages over the past few decades. Originally, 

polyphenylene vinylenes were the focus in the 1990s, with alkoxy group additions allowing for 

solubility; however, low Jsc and large bandgaps limited the performance to 3.3%.22–24 Thiophene-

containing materials became a promising donor due to good stability, good electron-donating 

properties, and low steric hindrance to allow for good morphology.1 Research began to focus on 

poly(3-hexylthiophene) (P3HT) because of higher Jsc and hole mobility, low bandgap, and better 

morphology, which led to higher PCEs of 5%.22 P3HT is still one of the leaders for large-area 

OSCs because of low fabrication costs; however, the performance is relatively poor compared to 

other donor materials due to a high HOMO level limiting the Voc, and poor light 

absorption.22,25,26 This has led to an increase in research for other options that can potentially 

provide a similar low cost of P3HT, with significantly better performance.  
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Since NFAs are designed with small bandgaps, it is beneficial to have wide-bandgap donor 

materials for complementary light absorption.1 Donor-acceptor (D-A) polymer building blocks 

have become increasingly important as donor materials in OSCs since the energy levels and 

bandgaps are easily tunable via intramolecular charge transfer.1 Benzodithiophene (BDT) 

derivatives are a well established D unit for donor polymers due to the planar structure, stability, 

and good electron donating effect.1 The highest PCE (13.91%) for an OSC with ITIC as the 

acceptor was achieved for a system using a BDT-FBTA D-A setup.1 BDT based donors have 

also been examined with IT-4F as the acceptor material. BDT with an ester substituted thiophene 

as the A unit achieved a PCE of 14.2%.1 This OSC system had high and balanced mobility, and 

high exciton dissociation; however, the backbone is twisted due to steric effects and would 

benefit from increased planarity.1 

Y6 was also used to evaluate the performance of various BDT-based donor materials. Among 

BDT-based D-A donor polymers, PM6 developed by Zhang et al., was a break through material, 

which achieved high performance (15.7 %) with Y6.27 The advantageous structure of PM6, with 

a fluorine atom on the BDT structure at the top and bottom thiophene units, lowers the EHOMO 

and allows for face-on packing, while maintaining a wide bandgap.27 BDT with imide 

derivatives as the A unit displayed a wider light absorption range, face-on orientation, and good 

morphology, resulting in a PCE of 16.02%.1 Furthermore, systems with diketone as the A unit 

had high FF, Voc, external quantum efficiency (EQE), and Jsc, resulting in a high PCE of 

16.42%.1 Finally, Y6 with a BDT (D unit) and Qx derivative (A unit) resulted in a PCE of 

15.4%.1 All these combinations are achieving high performance and with continual 

improvements, the 20% PCE barrier could be broken shortly. 

To improve the performance of BDT, continued substituent manipulation and testing are 

required. The A unit should continue to be researched to improve the D-A system for the BDT-

based donor materials, which is what this thesis will target. 
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1.5 Design Principles of Polymer Donors 

To design effective donor materials, five essential factors must be considered: light absorption, 

exciton mobility, energy level difference, solubility, and morphology.7 Balanced maximization 

of these design principles will allow for high performance.28 It is also critical to ensure the 

synthesis route is simple and inexpensive.  

1.5.1 Light Absorption 

The absorption spectrum of OSCs is a very important area of research because the narrow 

absorption range of polymer materials is limiting the PCE since the JSC value is generally lower 

than desired.7 Therefore, the absorption spectrum of newly designed polymer donor and acceptor 

materials needs to align with the solar irradiation spectrum in the visible and near-infrared 

wavelengths.7,28 This can be achieved by developing donor materials with high absorption 

coefficients (>105 cm-1) to allow for broad and intense absorption of sunlight.7 Increasing the 

degree of conjugation is one of the main strategies employed to improve absorption.29 

Furthermore, optimal matching of acceptor and donor materials can increase the absorption 

spectrum range and intensity.30 Achieving good, complementary absorption will allow for high 

Jsc, which will contribute to improved PCE. 

1.5.2 Charge Mobility 

The ratio of hole-to-electron mobility has a direct impact on the FF and Voc.
7 Thus, having 

polymers with balanced mobility results in better performance.7 To match hole mobility with 

typical electron mobility, the hole mobility should be ≥10-4 (cm2V-1s-1), with higher mobility 

resulting in better Jsc, Voc, and FF.7,28,30 

1.5.3 Energy Levels 

The energy level difference affects the VOC, which is shown in Eq. 2: 

𝑉𝑂𝐶 =
(𝐸𝐻𝑂𝑀𝑂 − 𝐸𝐿𝑈𝑀𝑂 − 0.3 𝑒𝑉)

𝑒
 𝑬𝒒. 𝟐 

where EHOMO is the energy of the HOMO for the donor material, ELUMO is the energy of the 

LUMO for the acceptor material, and e is the elementary charge.7 For efficient charge separation, 
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0.3 eV is an empirical value for exciton binding energy.7 Therefore, the difference between the 

donor HOMO energy and the acceptor LUMO energy must be larger than the exciton binding 

energy for efficient charge separation to occur.7 However, NFAs have made it possible to have 

smaller energy gaps (0.1 to 0.3 eV) while still achieving good performance.6 The higher Voc 

allows for excitons to dissociate to charge carriers.28 This is an important parameter since the 

electrodes are in competition with bulk and surface recombination for the electrons and holes.31 

To maximize the energy difference, the donor HOMO and acceptor LUMO should be as far apart 

as possible.20 However, a balance is required to avoid energy loss issues.32 

1.5.4 Solubility 

Good solubility of polymer donors in common organic solvents allows for solution 

processability, which can bring down the manufacturing costs of OSCs.7,28 Furthermore, 

solubility affects the film formation and interconnectivity of the charge transport network within 

the nanoscale polymers.7 A highly penetrable network allows for high JSC and FF, which 

contribute to high PCE. The solubility of polymer materials can be altered by manipulating the 

intermolecular interactions, backbone rigidity, degree of polymerization, the polarity of the 

attached substituents, structure perturbation, and length of aromatic groups.7,33 Likewise, the side 

group type, length, and branch point can improve or decrease solubility.17 

1.5.5 Morphology 

The morphology of the polymer active layer in OSCs strongly impacts the charge transfer, 

transport, and collection.7 This can have a substantial affect on the FF. Crystallinity, domain 

purity, and size all play a role in the morphology of the polymer materials. Donor and acceptor 

nano-scale phase separation and morphology control allow for a charge transport network that is 

bicontinuous.28 Annealing (solvent or thermal) allows for morphology control.7 Furthermore, for 

certain types of polymers, mixing solvents can improve the morphology, and subsequently the 

PCE of the OSCs. The advantage of the BHJ structure for OSCs is it allows for an 

interpenetrating network, which promotes charge dissociation at the interface between donor and 

acceptor domains.6 However, the morphology and phase separation remain difficult to control 

due to methods such as spin coating, making this an area where optimization is necessary.  
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1.6 Characterization Methods for OSC Materials and Devices 

The following sections will detail the characterization techniques used to obtain the chemical, 

physical, opto-electrochemical, and morphological properties of the materials in this thesis. 

1.6.1 Chemical Structure 

Nuclear magnetic resonance (NMR) is the main tool used for structural characterization of 

organic molecules. The benefits of NMR include identification of atom position, isomerization, 

and conformation.34–37 As seen in Figure 1-7, peaks will appear in different locations depending 

on the functional groups. Using the peak positions, splitting, and integration in a spectrum, the 

product structure and purity can be verified. For this thesis, 1H NMR was used to confirm the 

structures of intermediate materials, and two polymers involved in a post polymerisation 

modification. 

 
Figure 1-7: 1H NMR chemical shifts based on the functionality of the atoms involved.38 

Reproduced from ref. 38 with permission from Chemistry Steps. 
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1.6.2 Physical Properties 

Gel permeation chromatography (GPC) is important for the determination of a polymer’s 

molecular weight and distribution, which can have an effect on solubility, morphology, and 

optical properties.36,39 The basic function of GPC is a column filled with a porous material of 

various pore sizes, which allows for the separation of molecules. A dilute solution of a polymer 

is eluted by a constant flow of a solvent. The retention time of the polymer is proportional to the 

molecular weight, and the polymer is detected via light scattering.40 For optimal results, this 

process can be calibrated to a flexible polymer standard; however, for the purpose of this thesis, 

polystyrene was used as a reference, with 1,2,4-trichlorobenzene as the eluent at an operation 

temperature of 150o.39 There are several important values obtained from GPC measurements 

including weight-average molecular weight (Mw), number-average molecular weight (Mn), and 

polydispersity index (PDI). If the PDI is equal to one, the polymer is considered uniform; 

however, it is more likely that the PDI is greater than one, although it is usually preferential to 

have a relatively low PDI.36 The mathematical definitions of these three metrics are shown in 

Eq. 3, Eq. 4, and Eq. 5: 

𝑀𝑛 =  
𝛴𝑁𝑖𝑀𝑖

𝛴𝑁𝑖
 𝑬𝒒. 𝟑 

𝑀𝑤 =  
𝛴𝑊𝑖𝑀𝑖

𝛴𝑊𝑖
 𝑬𝒒. 𝟒 

𝑃𝐷𝐼 =  
𝑀𝑤

𝑀𝑛
 𝑬𝒒. 𝟓 

 

where N is the number of molecules with M weight, whereas W is the weight fraction of 

molecules in a polymer sample. 

Thermogravimetric analysis (TGA) measures the sample mass versus temperature, providing an 

indication of the thermal stability of the polymer.36,37 Typically, the system is programmed to 

continually increase the temperature at a constant rate over time, with a scale measuring any 

changes in mass. The mass loss is usually stepwise where a significant portion is lost within a 

small range of temperature. Information on chemical and physical events can be interpreted 

including volatile component loss, thermal degradation, oxidation, and desorption.36,37 For this 

thesis, a heating rate of 10 ℃/min under nitrogen was used over a range of 50 to 600 oC. 
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Differential scanning calorimetry (DSC) is another thermal analysis technique, which is used to 

plot heat flux versus temperature.36 The operation of DSC includes having the sample and a 

blank reference sample under the same conditions with a programmable temperature cycle. The 

advantage of DSC is the polymer is subjected to a broad dynamic range of heating and cooling 

instead of methods that have fast thermal scans that result in changes to the polymer.37,41 From 

DSC, the glass transition temperature (Tg), cold crystallization temperature (Tc), and melting 

temperature (Tm), along with enthalpy and entropy changes can be observed.36,41,42 However, due 

to the rigid backbone and semicrystalline nature of D-A polymers, often the Tg is not clear.42 For 

this thesis, a scanning rate of 10 ℃/min under nitrogen was used, where the first cycle went until 

50 oC lower than the second cycle, and the second cycle went until 0.5% polymer weight was 

lost in TGA. 

1.6.3 Opto-Electrochemical Properties 

Ultraviolet-visible spectroscopy (UV-vis) refers to absorption of wavelengths in part of the UV 

range (200-400 nm) and the visible spectrum (400-800 nm), as well as usually including some 

near infrared radiation (800-1100 nm).36 When a photon is absorbed by a molecule, an electron is 

excited from the ground state. Conjugated polymers allow for electron transition from π→π* and 

n→π* due to their double bonds.36 From UV-vis, a relationship between the concentration of the 

polymer in solution and the absorbance can be described by Beer’s Law shown in Eq. 6 below:43 

𝐴 = 𝜀ℓ𝑐 𝑬𝒒. 𝟔 

where ε is the molar absorptivity coefficient, ℓ is the optical path length, and c is the 

concentration. UV-vis can also be taken for thin films and due to different orientations in 

solution versus in film, the spectrum may have different features present. An important data 

point from UV-vis is the optical bandgap, which can be obtained using Eq. 7. 

𝐸𝑔(𝑒𝑉) = ℎ𝑓 = ℎ
𝑐

𝜆𝑜𝑛𝑠𝑒𝑡
≈

1240

𝜆𝑜𝑛𝑠𝑒𝑡
 𝑬𝒒. 𝟕 

For this thesis, the range of 350 to 1100 nm was measured for UV-vis due to excessive noise 

below 350 nm. Samples of both thin films on glass substrates and solutions in chloroform were 

measured.  
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Cyclic voltammetry (CV) is an electrochemical technique used to measure current (I) versus 

voltage (V), which can provide the HOMO and LUMO energy levels with respect to a reference. 

CV is measured using a thin film of polymer on a working electrode, with a reference such as 

ferrocene, in a moderately polar solvent (e.g., acetonitrile) with an organic salt electrolyte.44 

Using Eq. 8 and Eq.9, the EHOMO and ELUMO can be calculated, respectively. 

𝐸𝐻𝑂𝑀𝑂(𝑒𝑉) = −𝑒(𝐸𝑜𝑥
𝑜𝑛𝑠𝑒𝑡) − 4.8 𝑒𝑉      𝑬𝒒. 𝟖 

𝐸𝐿𝑈𝑀𝑂(𝑒𝑉) = −𝑒(𝐸𝑟𝑒𝑑
𝑜𝑛𝑠𝑒𝑡) − 4.8 𝑒𝑉      𝑬𝒒. 𝟗 

For this thesis, an I-V curve from -1.2 eV to 1.2 eV was obtained to see both the oxidation and 

reduction regions. 

Photoluminescence (PL) spectroscopy uses light energy to measure the emission of photons. For 

OSCs, it is important to measure the PL quenching efficiency (PLQE) to determine if the 

excitons are effectively dissociated in the active layer.45 If effective results are obtained, the 

peaks of the donor and acceptor will become flat lines when the mixed active layer is measured. 

The PLQE can be calculated with Eq. 10, where it is a measure of the number of photons emitted 

versus the number absorbed. 

𝑃𝐿𝑄𝐸 = 1 −
𝑃𝐿𝑏𝑙𝑒𝑛𝑑

𝑃𝐿𝑛𝑒𝑎𝑡
 𝑬𝒒. 𝟏𝟎 

This method involved preparing thin film samples of pristine polymer, pristine acceptor, and a 

blend film to observe quenching. 

1.6.4 Morphological Properties 

X-ray diffraction (XRD) uses x-ray radiation to investigate the crystal structure of the polymer 

and polymer:acceptor films. Both one-dimensional (1D) and two-dimensional (2D) setups can be 

used for XRD.46 From this technique the crystal form, degree of crystallinity, and interplanar 

spacing can be obtained.36,46 Bragg’s law (Eq. 11) can be used to calculate the interplanar 

spacing (d-spacing):36 

𝑑 =
𝜆

2𝑠𝑖𝑛𝜃
 𝑬𝒒. 𝟏𝟏 

This technique allows for the observation of π-π stacking peaks, lamellar peaks, and backbone 

stacking.46 This is particularly important for OSCs since the orientation of the polymer chains 
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effects the charge mobility and separation. If peaks are observed, the polymer either has a face-

on or edge-on orientation depending on where the peak is located in the data; however, if there 

are no peaks the polymer adopts an amorphous orientation (see Figure 1-8).1 For this thesis, 

samples were prepared by spin coating solutions of pristine polymer donor and a blend of donor 

and acceptor onto silicon substrates. For each polymer and blend film, five samples were 

prepared and were annealed at the following temperatures: not annealed, 50, 100, 150, and 200 

oC to see the affect of annealing on the morphology of the polymers. 

 

Figure 1-8: a) Edge-on orientation vs. b) Face-on orientation with P3HT as model compound.47 

Reproduced from ref. 47 with permission from author Youngmin Lee, copyright 2021. 

Atomic force microscopy (AFM) is a scanning probe method, where attractive forces between 

the sample and probe tip result in contact between the two surfaces.48 As seen in Figure 1-9, 

based on the surface influence on the deflection of the probe tip, a topographic image of the 

surface at the nanoscale is obtained. AFM is an effective method for measuring surface 

roughness, as well as domain size and phase segregation of the acceptor and donor in OSCs. 

Surface roughness is quite important in OSCs since there are several layers in contact with each 

other; smooth films result in better interfaces, which positively effects charge transfer.49 One 

important metric obtained from AFM is the rough mean square surface roughness (rms). AFM 

was not measured for the materials in this thesis but remains a key area of future work. 
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Figure 1-9: Basic operating principle of AFM.50 Reproduced from ref. 50, Wikipedia. 
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1.7 Thesis Structure and Objectives 

To achieve high performance with NFAs, polymer donor design has targeted D-A donor 

polymers with low EHOMO levels and wide bandgaps for good energy level matching and 

complementary absorption. BDT is a commonly used D unit in polymer donor backbones due to 

its stability, planarity, and electron-donating ability. Therefore, the work detailed in this thesis 

aimed to synthesize simple thiophene and benzene-based A units to co-polymerise with BDT for 

novel wide bandgap D-A polymer donor materials with low cost, and relatively low synthetic 

complexity. These polymers were paired with high performing NFAs including Y6 and IT-4F to 

assess their performance. 

In Chapter 2, a series of polymers were designed and synthesized, with the goal of extending the 

conjugation into the side chain to effectively polarize the polymers and allow for extended 

exciton lifetimes. This series used ethynyl bonds to link the side chain to a thiophene, which is 

co-polymerized with BDT, forming polymers PSETBDT, PBETBDT, and POBETBDT. The 

thermal, optical, and electrochemical properties were characterized using GPC, TGA, DSC, UV-

vis, CV, and PL quenching. PSETBDT was tested with Y6 and IT-4F for OPV performance, 

while POBETBDT was tested with Y6 for OPV performance. PBETBDT was not tested further 

due to solubility issues during synthesis. The charge mobilities and film morphology of the neat 

polymers and blend films were studied using SCLC mobility and XRD, respectively. 

In Chapter 3, a second series of polymers was developed with a similar goal of extending the 

conjugation into the side chain. This series incorporated a triazole ring side chain into the 

thiophene-BDT structure, with different functionalization to form an alkyl-substituted triazole 

ring (PTTBDT) and a carbamate-substituted triazole ring (PCTBDT). Both PTTBDT and 

PCTBDT were blended with Y6 for OPV testing and were characterized similarly to Chapter 2. 

In Chapter 4, the focus was on synthesizing a wide bandgap D-A polymer with a simple 

synthetic route, which effectively lowered the EHOMO level of a benzene-BDT polymer by 

introducing fluorine groups on the benzene ring. This chapter includes a tetrafluorobenzene-BDT 

polymer (PFBBDT). This polymer was tested with Y6 as the NFA material in OPV devices and 

characterized with the same methods as Chapter 2. 
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In Chapter 5, the focus was on easy synthesis and low-cost materials, where the functionalization 

could be easily changed via a post polymerization modification. This chapter includes two 

polymers: an acetal-substituted thiophene-BDT polymer (PATBDT), and a formaldehyde-

substituted thiophene-BDT polymer (PXTBDT). The acetal group is easily cleaved by adding a 

drop of hydrochloric acid (HCl) to a solution of PATBDT in chloroform, forming PXTBDT. 

Both polymers were tested with Y6 for OPV performance and were characterized using the same 

techniques as Chapter 2. 

Finally, Chapter 6 summarizes the work detailed in this thesis and provides future directions for 

improving the performance of these polymers.  
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Chapter 2: Development of BDT-Based Donor Polymers Containing Novel 

Thiophene Comonomers with Ethynyl Side Chains 

2.1 Introduction 

For OSCs, considerable research has been conducted developing novel polymer donor materials 

to pair with commercial NFAs. For good performance, it is critical to have good energy level 

matching between the polymer donor and NFA, as well as good morphology when in a blended 

film.1 The best performing NFA materials, including ITIC, IT-4F, and Y6, have narrow 

bandgaps; therefore, to achieve complementary absorption a wide bandgap donor is required.1 

P3HT is a polymer donor that has been extensively studied in this field; however, the high 

EHOMO results in low Voc and low PCE. Recent research has focused on D-A polymer donors, 

allowing for tuning of the energy levels and optical bandgaps through monomer design and 

effective D-A unit pairing.1 Thiophene moieties are extensively implemented as the D unit due to 

their good planarity, stability, and electron-donating effect.1 Specifically, BDT is of interest as a 

D unit since the fused ring structure provides good hole transport and induces the preferred face-

on orientation.1 Since the inclusion of BDT has resulted in high-performing polymers, the 

research in this thesis will focus on developing novel A units, which can be co-polymerized with 

BDT to provide polymers with effective energy level matching with IT-4F and Y6. 

There are several important parameters to target when designing effective D-A polymers for 

OSCs. Overall, it is important to target inexpensive, wide bandgap materials with a low lying 

EHOMO. To achieve an acceptable EHOMO while minimizing cost, thiophene has been used as the 

base A unit. Although thiophene on its own is a D unit, the addition of a moderately electron 

withdrawing group (EWG) can produce an effective A unit.51 Examples of common EWGs 

include fluorine, chlorine, esters, trifluoromethyl, and alkoxy groups.1 However, although the 

addition of side chains is necessary for lowering the EHOMO and solubility, they inherently 

increase the amount of twisting in the polymer backbone, which can negatively effect charge 

carrier mobility.1 Therefore, side chain engineering is important for minimizing twisting while 

maintaining good energy levels and solubility. 
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Our group has previously synthesized polymers: poly(3-(([2,2′:5′,2′′-terthiophen]-3-yl-5,5“-

diyl)methylene)-1-(2-octyldodecyl)indolin-2-one) (PTIBT)51 and poly{(4,8-bis(5-(2-

ethylhexyl)thiophen-3-yl)benzo[1,2-b:4,5-b']dithiophen-2,6-diyl)-co-[methyl(E)-thiophene-3-

acrylate-2,5-diyl] (PBDT-TA)52, which have incorporated a double bond spacer connecting the 

EWG side chain to the base unit. The advantage of this double bond connection is the π-

conjugation is extended perpendicular to the backbone, resulting in effective polarization of the 

polymer.52 Our group has shown that this can increase the dielectric constant, which reduces the 

exciton binding energy, allowing for longer exciton lifetimes, and ultimately, better 

performance.51,52 For example, PBDT-TA with an acrylate (double bond) side chain 

outperformed a carboxylate equivalent with a PCE of 10.47 % compared with 9.68 %, mainly 

due to higher Jsc.
52 Therefore, this chapter will focus on side chains that extend the π-conjugation 

to assess the impact on the polymer’s properties and performance. 

Specifically, in this chapter, a series of ethynyl-substituted thiophene-BDT polymers was 

investigated. This series of polymers uses triple bonds instead of the previously mentioned 

double bonds as a π-extender into the side chain to determine if it is an effective design method 

for D-A polymers. The ethynyl side chain is rigid and should allow for good charge mobility due 

to good co-planarity, while also increasing the polarization, which could result in high 

performance materials.  
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2.2 Polymer Structure Design 

To evaluate the effectiveness of the ethynyl series of polymers, different functional groups 

substituted on a thiophene unit were explored, which were paired with a commercial BDT for co-

polymerisation. Initially, a trimethyl silyl side chain was proposed due to its low cost; however, 

this was a new side chain structure for OSCs, so the performance was unknown. To provide a 

comparison, two other polymers were proposed with more common side chains in OSC 

applications: one with a benzene ring and another with a benzene ring and an alkyloxime chain 

substituted at the para-position. The benzene ring was thought to provide good co-planarity with 

BDT. The alkyloxime chain was proposed due to solubility concerns with the unsubstituted 

benzene ring and because in the past our group has demonstrated that the alkyloxime side chain 

can contribute to high performance.53 The ethynyl series of polymers are shown in Figure 2-10 

below. 

 

Figure 2-10: Structures of reference polymer (PTBDT), and polymers containing thiophene 

comonomers with ethynyl side chains (PSETBDT, PBETBDT, and POBETBDT). 

2.2.1 Density Functional Theory (DFT) Simulations 

To evaluate the proposed polymer structures, DFT was used to provide computational analysis. 

To assist with the DFT calculations, Avogadro software was used to calculate an initial energy 

minimization; however, the computation time for this is minutes compared to days for the more 

sophisticated and accurate DFT software. In Avogadro, the Universal Force Field (UFF) 

approach was used with the algorithm set as ‘steepest descent’. These files were then input into 
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Gaussview 6.0.16, which in partnership with Gaussian 09, was used to calculate the DFT 

outputs. The input into Gaussview to govern the calculation was opt freq b3lyp/6-31g(d) 

geom=connectivity. Any long alkyl side chains were replaced with a methyl group to minimize 

the computation time. 

DFT is useful for a comparison of the EHOMO, ELUMO, and bandgaps. Since a dimer is being used 

to represent a polymer, the values obtained from DFT calculations are not quantitatively 

accurate, rather they provide a basis for comparison between different materials. Therefore, to 

make a good comparison, a reference structure was simulated, which contained a dimer 

consisting of BDT and an unsubstituted thiophene (PTBDT). Based on the results, a relative 

sequence of HOMO energy levels provides insight into the materials that will be best suited for 

OSCs with Y6 (or IT-4F). Furthermore, from DFT the dihedral angle can be obtained. In 

comparison with the unsubstituted thiophene dimer, the amount of twisting caused by each side 

chain can be determined. This information provides insight into whether the polymer can be 

expected to have good charge transport and morphology. For the purpose of this thesis, DFT is 

used to provide justification for the potential of these materials but does not guarantee good 

performance or morphology. The results for each polymer structure can be seen in Figure 2-11. 

Figure 2-11a shows a dimer of the reference polymer, PTBDT. For the ethynyl polymers, the 

triple bond EWG side chains show lower EHOMO levels than the reference PTBDT, indicating 

these polymers could be well suited for pairing with Y6. Particularly, PSETBDT is predicted to 

have the lowest lying EHOMO, which indicates it could have a high Voc. Furthermore, for 

PSETBDT, PBETBDT, and POBETBDT, the electrons appear to be evenly delocalized, 

indicating there could be good charge carrier transfer. Compared with PTBDT, PSETBDT has a 

10 degrees larger dihedral angle; however, this angle still provides quite good co-planarity. 

POBETBDT has a slightly larger dihedral angle of 25 degrees which should be acceptable. 

PBETBDT is approaching 30 degrees, which means the twisting could have negative effects on 

the polymerization degree and performance since it limits the ability for π-π stacking.54 The 

reference material, PTBDT, has previously been synthesized with a reported EHOMO of -5.27 

eV.55 These polymers, should have lower lying EHOMO levels than this, which is beneficial for 

energy level matching with NFAs like Y6 for high performance. The results of the DFT 

calculations are summarized in Table 2-1 below.  
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Figure 2-11: DFT calculation results showing overall structure, HOMO, LUMO, and dihedral 

angle for polymers: a) reference PTBDT; b) PSETBDT; c) PBETBDT; d) POBETBDT.  

c) 

Dihedral angle: 25.26 degrees HOMO: -4.83 eV LUMO: -2.11 eV 

b) 

)Dihedral angle: 23.00 degrees )HOMO: -4.90 eV LUMO: -2.16 eV 

a) 

Dihedral angle: 12.29 degrees HOMO: -4.79 eV LUMO: -2.02 eV 
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Table 2-1: DFT results for reference polymer, PTBDT, and proposed polymers PSETBDT, 

PBETBDT, and POBETBDT. 

Polymer DFT EHOMO  

(eV) 

DFT ELUMO  

(eV) 

DFT Bandgap 

(eV) 

DFT Dihedral 

Angle (degrees) 

PTBDT -4.79 -2.02 2.77 12.29 

PSETBDT -4.90 -2.16 2.74 23.00 

PBETBDT -4.83 -2.11 2.72 25.26 

POBETBDT -4.88 -2.25 2.63 29.56 

 

2.2.2 Synthesis Scheme  

Polymer PSETBDT was synthesized using a 3-step scheme. First, 2,5-dibromothiophene was 

iodized at the 3-position. Next, a Sonogashira coupling reaction was used to add the trimethyl 

silyl ethynyl side chain at the 3-position, replacing the iodine.56 After confirming purity via 

NMR, a Stille coupling polymerization was performed with a commercial BDT derivative using 

anhydrous chlorobenzene as the solvent, a catalytic amount of DMF, temperature of 130 oC, and 

a catalyst/ligand system of Pd(PPh3)4. Similarly, PBETBDT was synthesized using the 2,5-

dibromo-3-iodothiophene reagent under the same Sonogashira coupling conditions to add 

phenylacetylene. Less harsh Stille coupling conditions using Pd2(dba3)/P(tol)3 at 90 oC were used 

to co-polymerize with BDT. POBETBDT followed a similar reaction scheme to PBETBDT, with 

one additional step before polymerization, which converted an aldehyde chain attached to the 

benzene ring to an alkyloxime chain. The synthesis overview of these three polymers can be seen 

in Scheme 2-1 below and further synthesis details can be found in Section 2.8.3. 

 

Scheme 2-1: Synthesis scheme for ethynyl polymers: PSETBDT, PBETBDT, and POBETBDT. 
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2.3 Physical Properties 

The molecular weights of the polymers were measured using HT-GPC. Polystyrene was used as 

a reference, with 1,2,4-trichlorobenzene as the eluent at an operation temperature of 150o. The 

Mn values were 32.1, 11.2, and 18.1 kDa, whereas the Mw values were 269.6, 30.0, and 49.2 kDa 

for polymers PSETBDT, PBETBDT, and POBETBDT, respectively. The PDIs were determined 

to be 8.41, 2.68, and 2.71, respectively. In Figure 2-12a, a long tail can be seen at the right edge 

of the distribution for PSETBDT. The shape of the curve, along with the high Mw and PDI 

values indicate there is cross-linking.57,58 Trimethylsilyl is a common protection group for 

alkynes and can be cleaved with an acid or base. Additionally, a study used a titanium catalyst to 

selectively cross-couple trimethylsilyl-protected alkynes to form pyrrole derivatives.59 

Potentially, the palladium catalyst can initiate cross-coupling between the ethynyl side chains of 

subsequent polymer chains through removal of the trimethylsilyl group. Extensive cross-linking 

is detrimental to organic photovoltaic (OPV) performance due to its effects on charge transport 

and morphology.60 Furthermore, many studies show that there is an optimal molecular weight for 

each polymer, where exceeding this point results in worse performance.61–63 Some polymers are 

quite susceptible to significant performance losses if this optimal molecular weight is 

exceeded.61 Therefore, the high molecular weight and PDI both could contribute to poor 

performance for PSETBDT. The low molecular weight of PBETBDT could be detrimental to 

performance due to negative effects on the active layer morphology and charge transfer. A 

summary of the GPC data is in Table 2-2 below. 

 
Figure 2-12: HT-GPC molecular weight distribution of polymers: a) PSETBDT; b) PBETBDT; 

c) POBETBDT.  

b

) 

a

) 

c

) 
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Table 2-2: HT-GPC molecular weight and polydispersity data summary. 

Polymer Mn (kDa) Mw (kDa) PDI 

PSETBDT 32.1 269.6 8.41 

PBETBDT 11.2 30.0 2.68 

POBETBDT 18.1 49.2 2.71 

Thermal analysis was conducted using TGA and DSC for thermal stability and information on 

crystalline transitions, respectively. TGA was acquired using a heating rate of 10 ℃/min under 

nitrogen (see Figure 2-13). The ethynyl polymers showed 1 % weight loss at 228, 182, and 270 

oC for PSETBDT, PBETBDT, and POBETBDT, respectively. Additionally, the first 

decomposition step occurred at 356, 231, and 330 oC, respectively. It is suspected that the lower 

temperatures for PBETBDT are caused by low molecular weight. A second step decomposition 

for PBETBDT occurs at 335 oC. PSETBDT and POBETBDT show good thermal stability, 

making them candidates for applications where exposure to high temperatures is possible.  

DSC was acquired using a scanning rate of 10 ℃/min under nitrogen, where the first cycle went 

50 oC lower than the second cycle and the second cycle went until the polymer lost 0.5 % of its 

weight in TGA (see Figure 2-14). All the polymers have a glass transition around 36 oC. 

Polymers PSETBDT and POBETBDT did not display any additional significant peaks. 

PBETBDT had a first melting point at 63 oC and a second at 81 oC, which is most likely a result 

of lower molecular weight. A crystallization peak was observed at 54 oC in the cooling cycle.  

0 100 200 300 400 500 600 700

50

60

70

80

90

100

W
e
ig

h
t 
(%

)

Temperature (oC)

 PSETBDT

 PBETBDT

 POBETBDT

 
Figure 2-13: TGA curves for polymers: PSETBDT, PBETBDT, and POBETBDT. 
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Figure 2-14: DSC curves for polymers: a) PSETBDT; b) PBETBDT; c) POBETBDT. 
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2.4 Opto-Electrochemical Properties 

UV-vis absorption spectra were taken for the ethynyl polymers, in both solution and thin film 

phases (see Figure 2-16). A solution of each polymer in chloroform with a concentration of 5 

mg/mL was prepared. For the solution spectra, 15 μL of the 5 mg/mL solution was added to 3 

mL of chloroform in a cuvette to ensure a maximum absorbance intensity of approximately one 

was obtained. The thin film samples were prepared by spin coating 50 μL of polymer solution at 

a speed of 1000 rpm for 60 s. For each polymer, one sample was left at room temperature, and 

another was annealed at 100 oC for 20 minutes. 

Polymer PSETBDT had a maximum wavelength in solution (λmax,s) of 508 nm. A red shift to 516 

nm was observed from solution to thin film, which indicated more ordered packing of the 

polymer in solid state. Similarly, polymers PBETBDT and POBETBDT had λmax,s values of 531 

and 537 nm, which were redshifted to 542 and 549 nm, respectively, for thin films. PBETBDT 

and POBETBDT showed more clear shoulder peaks than PSETBDT, especially when cast as 

thin films. The broad shoulder peaks and longer maximum absorbance wavelength for the thin 

films indicated these polymers have extended backbone conjugation and better planarity than 

PSETBDT. For all three polymers, there is a slight redshift when the thin film is annealed, 

indicating a slight improvement on the polymer morphology. From the UV-vis spectra the 

optical bandgap was obtained by substituting the onset wavelength (λonset) into Eq. 7. The optical 

bandgaps obtained were 2.05, 1.97, and 1.95 eV, for PSETBDT, PBETBDT, and POBETBDT, 

respectively. The overall range of absorption makes these polymers ideal candidates to pair with 

NFAs for complementary absorption. 

CV was obtained for each polymer using a solution of acetonitrile with 0.1 M [n-Bu4N]+[PF6]
- 

and a scan rate of 0.1 V/s. The solution was bubbled with nitrogen for 2 minutes to deoxygenate. 

A three-electrode system was used to obtain the measurement with a silver electrode as a 

reference, a working platinum electrode, and an auxiliary platinum electrode. Using the same 5 

mg/mL solution of polymer in chloroform as UV-vis, a polymer thin film was cast on the 

working electrode by depositing ~5 μL and allowing the chloroform to evaporate.  

CV was used to obtain the EHOMO of each polymer by substituting the onset potential into Eq. 8 

(see Figure 2-17). The polymers had EHOMO levels of -5.63, -5.55, and -5.51 eV for PSETBDT, 
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PBETBDT, and POBETBDT, respectively. Interestingly, the low lying EHOMO of PSETBDT 

indicated that this silicon-based side chain is a relatively strong EWG; however, the high 

molecular weight of the polymer could also have an effect.64 The ELUMO level of the polymers 

was calculated by adding the optical bandgap obtained from UV-vis to the EHOMO obtained from 

CV since there are no reduction peaks in the CV curves. All the opto-electrochemical 

information is summarized in Table 2-3. 

Figure 2-18 shows a comparison between the energy levels obtained from CV and DFT. DFT 

correctly predicted that PSETBDT would have the lowest lying EHOMO level. However, 

POBETBDT had a higher EHOMO from CV than PBETBDT, which was opposite of DFT.  

Due to the low lying EHOMO of the ethynyl polymers, Figure 2-15 shows that ITIC does not have 

well matched energy levels. IT-4F and Y6 are candidates for pairing with these polymers; 

however, PSETBDT has a similar EHOMO level to these commercial acceptors. Although some 

polymers have worked well with minimal energy gap with NFAs, further investigation is 

required.  

 

Figure 2-15: Energy diagrams for ITIC, IT-4F, and Y6.1 
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Figure 2-16: UV-vis absorption spectra of as-cast thin film, annealed thin film, and chloroform 

solution for polymers: a) PSETBDT; b) PBETBDT; c) POBETBDT. 
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Figure 2-17: CV profiles of polymers: a) PSETBDT; b) PBETBDT; c) POBETBDT. 

Table 2-3: Optical and electrochemical properties of polymers: PSETBDT, PBETBDT, and 

POBETBDT. 

Polymer λmax,s 

(nm) 

λmax,fRT 

(nm) 

λmax,f100C 

(nm) 

λonset  

(nm) 

Eg
opt  

(eV) 

EHOMO 

(eV) 

ELUMO 

(eV) 

PSETBDT 508 516 519 605 2.05 -5.63 -3.58 

PBETBDT 531 542 546 630 1.97 -5.55 -3.58 

POBETBDT 537 549 550 635 1.95 -5.51 -3.56 
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Figure 2-18: Comparison of DFT predicted HOMO and LUMO levels with CV obtained HOMO 

and LUMO levels for polymers PSETBDT, PBETBDT, and POBETBDT. 

There are three extensively studied NFA candidates: ITIC, IT-4F, and Y6, which have achieved 

high performance OSCs when paired with polymer donor materials. In particular, Y6 has a 

higher maximum absorption coefficient and narrower bandgap than ITIC and IT-4F.1 According 

to the Shockley-Queisser limit, the bandgap of Y6 (1.33 eV) is nearly the ideal value (1.34 eV) 

for maximizing the PCE of single junction OSCs.1 These factors have made Y6 a promising 

acceptor material, which has achieved a PCE of 18.22 % in an OSC BHJ device.1 For this 

reason, Y6 was selected as the NFA material to pair with the polymers in this thesis for OPV 

testing, except for PSETBDT, which was tested with IT-4F and Y6 due to better PL quenching 

with IT-4F. 

PL measurements were used to investigate exciton diffusion and dissociation in the acceptor and 

donor phases of the blend films (see Figure 2-19). To acquire the PL signals, a neat polymer 

film was excited from its respective λmax,RT to 1000 nm. Likewise, a neat Y6 (or IT-4F) film was 

excited at its respective λmax,RT until 1000 nm. Blend films containing equal parts donor and 

acceptor by weight were prepared and excited at both the polymer λmax,RT until 1000 nm and the 

acceptor λmax,RT until 1000 nm. Through integration of the curves and substituting values into 

Eq. 10, the PLQE was calculated. For the blend film, ideally all light is quenched.  
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For PSETBDT:Y6, in the donor phase excellent quenching occurred (99.8 %); however, 86.9 % 

was quenched in the acceptor region. Although 86.9 % is not poor, there is room for 

improvement. For PSETBDT, IT-4F resulted in 99.9 % quenching in both the acceptor and 

donor regions. For this reason, IT-4F was also selected for OPV testing as an ideal candidate for 

PSETBDT due to excellent exciton dissociation. PBETBDT showed good quenching with Y6, 

with 99.9 % in the donor region and 94 % in the acceptor. However, due to the poor synthetic 

yield of this polymer and the low molecular weight, caused by an insufficient side chain, 

PBETBDT was not evaluated for OPV performance. PL for POBETBDT and Y6 resulted in 

good quenching in the acceptor region (96.9 %); however, quite poor quenching in the donor 

region was observed (71.1 %). Thus, POBETBDT was tested with IT-4F. Although the same 

quenching (96.9 %) occurred in the acceptor region, worse quenching was observed in the donor 

region (63.3 %). It is worth noting that POBETBDT had a maximum PL intensity that was one to 

two magnitudes smaller than the other polymers. This indicated that it may not perform well as 

an OSC material. The PL results showed that PSETBDT has good exciton dissociation 

performance with IT-4F and Y6, whereas POBETBDT displays poor exciton dissociation in the 

donor phase. PBETBDT also shows good quenching with Y6; however, the synthesis must be 

improved before OPV measurements can be obtained, which is difficult due to the side chain 

limiting the solubility of the polymer. 
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Figure 2-19: PL spectra of a) PSETBDT with IT-4F; b) PSETBDT with Y6; c) PBETBDT with 

Y6; d) POBETBDT with Y6; e) POBETBDT with IT-4F. 
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2.5 OPV Performance and Charge Mobility 

An inverted structure consisting of the following layers was used for the polymers in this thesis: 

ITO/ZnO/Active layer/MoO3/Ag, where the active layer was a BHJ structure, containing a 1:1 

donor:acceptor ratio by mass. The electron transport layer, ZnO is deposited via spin coating. 

The active layer materials are placed in a glovebox under nitrogen, dissolved in chloroform, and 

mixed, before depositing via spin coating. The hole transport layer and metal electrode are 

deposited using physical vapour deposition under high vacuum. The OSC devices were 

characterized under 1 sun illumination (AM 1.5G, 100 mW/cm2). Further details for sample 

preparation can be found in Section 2.8.2.  

Important note: Polymer PSETBDT was tested with our previous system. All other polymers 

were tested with a new ITO pattern and testing system. In the past devices have achieved a FF of 

0.56 by Yuan et al. and as high as 0.71 by Jiang et al. in our lab52,53. Furthermore, a shunt 

resistance of 883 ohm•cm2 and a series resistance of 2.84 ohm•cm2 have been reported by our 

group53. However, after switching to the new system, the FF is lower than previously achieved 

(~0.51 is best achieved currently), which is related to issues with low shunt resistance and high 

series resistance. This indicates that there is a problem with one or more of the layers and/or 

interfaces between layers, which is still being investigated by our group. Therefore, the data 

presented below might not represent the best data possible for these polymers.  

Summaries of the performance of each polymer can be found in Table 2-4 to Table 2-9 and a 

comparison of the best J-V curves for each polymer is shown in Figure 2-20. Since PSETBDT 

was tested with the previous system, the data can be compared to previous standards. PSETBDT 

was tested with both Y6 and IT-4F because IT-4F showed exceptional PL quenching. With Y6, 

PSETBDT achieved a highest PCE of 1.44 % (Jsc = 6.47 mA/cm2, Voc = 0.72 V, and FF = 0.31) 

when annealed at 100 oC. Low Jsc, Voc, and FF all contribute to the low PCE. The performance 

improved slightly when the annealing temperature was increased due to increased Jsc. As 

mentioned previously, the high MW and large PDI measured by GPC indicates the polymer is 

crosslinked, which can negatively affect the charge carrier mobility and morphology of the active 

layer. This could contribute to the low Jsc, FF, and Voc. The high Rs and low Rsh indicate there 

are problems with layer interfaces, which could potentially be due to a rough active layer. When 

paired with IT-4F, the best cell achieved a PCE of 0.77 % (Jsc = 3.67 mA/cm2, Voc = 0.72 V, and 
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FF = 0.29) when annealed at 50 oC. Although the PL quenching was better with IT-4F, the PCE 

was only around half of what was achieved with Y6. The cause of this was a nearly 50 % 

reduction in Jsc and a small reduction in FF as compared with the Y6 devices. The potential cause 

of this is the superior properties of Y6 (absorption coefficient and slightly smaller bandgap) 

overcoming the relatively lower PL quenching with PSETBDT compared with IT-4F. 

Furthermore, lamellar packing (“edge-on”) is shown in the XRD with IT-4F (explained later), 

which is opposite of the desired π-π, “face-on” orientation for OSCs. 

POBETBDT was also tested with Y6 and achieved a best performance of 3.65 % (Jsc = 15.55 

mA/cm2, Voc = 0.71 V, and FF = 0.33) when annealed at 100 oC. Annealing this polymer resulted 

in improved Jsc and a minor improvement in FF. For POBETBDT, the Jsc is acceptable; 

however, the Voc and FF are still quite low. Although the EHOMO of POBETBDT is at a good 

level for matching with Y6 (-5.51 eV), there could be higher voltage losses than the normally 

assumed 0.5 V empirical losses.65 Using Eq. 12: 

𝑉𝑙𝑜𝑠𝑠 = (𝐸𝐿𝑈𝑀𝑂,𝐴 − 𝐸𝐻𝑂𝑀𝑂,𝐷) − 𝑉𝑜𝑐 𝑬𝒒. 𝟏𝟐 

a voltage loss of 0.7 V is calculated for POBETBDT. The additional losses might be due to 

nongeminate recombination at the D:A interface due to structural defects.65 From PL, the 

quenching in the donor phase is relatively low compared to other polymers, reiterating potential 

recombination issues. Although an alkyloxime side chain has worked well as an EWG by our 

group in the past, the benzene ring between the backbone and alkyloxime functionalization could 

negatively affect exciton lifetimes. Voltage losses can also be a result of aggregates or impure 

domains, and this can also negatively affect the FF, which could contribute to the low 

performance in this polymer. Overall, the ethynyl polymers did not perform well as OSC 

devices, indicating the ethynyl side chain structure is not ideal for high OPV performance.  

EQE was also measured for the polymers paired with Y6, which provides a ratio of the electrons 

in the circuit compared to photons in the incident light. This also provides a visual representation 

of the photocurrent generation efficiency under a range of different wavelengths. PSETBDT 

achieved a highest EQE at 380 nm and displayed extremely low EQE values at the maximum 

absorbance wavelengths of PSETBDT and Y6. Polymer POBETBDT achieved a highest EQE of 

48 % at 810 nm. Table 2-10 compares the Jsc obtained from OPV and EQE. The values for 
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PSETBDT have high agreeance (1.33 %). However, POBETBDT had 16.31 % error, which is 

quite high. This indicates that OPV overestimates Jsc and/or EQE underestimates. This error also 

might relate to the new devices and measurement system. Optimization of this system could 

reduce the error to an acceptable amount (<10 %), considering with the previous system the 

percent error was consistently less than 10 %. 

Table 2-4: Summary of OSC device parameters for PSETBDT:Y6. 

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1000 113.73 (±2.36) 

2 No annealing 1500 98.43 (±1.23) 

3 No annealing 2000 92.45 (±0.85) 

4 50 1000 112.97 (±6.34) 

5 50 1500 96.87 (±1.44) 

6 50 2000 91.73 (±1.27) 

7 100 1000 111.00 (±1.40) 

8 100 1500 103.67 (±1.62) 

9 100 2000 91.13 (±5.31) 

 

Table 2-5: Summary of OSC performance for PSETBDT:Y6. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 5.60 

(5.42±0.16) 

0.71 

(0.70±0.01) 

0.31 

(0.31±0.01) 

1.23 

(1.15±0.05) 

169  

(±5) 

24.00 

(±2.32) 

2 5.22 

(5.43±0.17) 

0.70 

(0.66±0.05) 

0.32 

(0.31±0.01) 

1.17 

(1.10±0.09) 

163 

(±20) 

16.54 

(±3.25) 

3 5.92 

(5.93±0.01) 

0.69 

(0.69±0.01) 

0.31 

(0.31±0) 

1.27 

(1.26±0.01) 

173  

(±12) 

15.10 

(±0.30) 

4 5.29 

(5.13±0.14) 

0.70 

(0.70±0.01) 

0.32 

(0.32±0.01) 

1.17 

(1.13±0.03) 

187  

(±6) 

19.00 

(±0.54) 

5 5.99 

(5.99±0) 

0.70  

(0.70±0) 

0.31 

(0.31±0) 

1.29 

(1.29±0) 

161  

(±0) 

15.68  

(±0) 

6 5.88 

(5.96±0.14) 

0.70 

(0.69±0.01) 

0.32 

(0.31±0.01) 

1.31 

(1.28±0.04) 

160  

(±10) 

13.00 

(±1.05) 

7 5.18 

(5.05±0.15) 

0.70 

(0.70±0) 

0.32 

(0.32±0) 

1.16 

(1.13±0.03) 

191  

(±4) 

18.35 

(±0.70) 

8 6.11 

(5.83±0.24) 

0.70 

(0.70±0.01) 

0.32 

(0.31±0.01) 

1.34 

(1.27±0.06) 

163  

(±5) 

15.76 

(±1.94) 

9 6.47 

(6.25±0.18) 

0.72 

(0.69±0.03) 

0.31 

(0.31±0) 

1.44 

(1.35±0.07) 

156  

(±3) 

13.86 

(±0.91) 
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Table 2-6: Summary of OSC device parameters for PSETBDT:IT-4F. Note: the thickness of 

these devices was not tested (aside from device 1) and the values listed are estimates based on 

the other results obtained.  

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1000 112.2 (±2.06) 

2 No annealing 1500 ~100 

3 No annealing 2000 ~90 

4 50 1000 ~110 

5 50 1500 ~100 

6 50 2000 ~90 

7 100 1000 ~110 

8 100 1500 ~100 

9 100 2000 ~90 

 

Table 2-7: Summary of OSC performance for PSETBDT:IT-4F. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 3.01 

(3.04±0.20) 

0.69 

(0.66±0.04) 

0.29 

(0.29±0) 

0.59 

(0.57±0.03) 

112  

(±14) 

40.69 

(±5.21) 

2 3.05 

(2.90±0.21) 

0.73 

(0.67±0.06) 

0.29 

(0.29±0) 

0.64 

(0.55±0.06) 

115  

(±14) 

45.58 

(±11.20) 

3 3.78 

(3.78±0) 

0.68 

(0.68±0) 

0.29 

(0.29±0) 

0.75 

(0.75±0) 

97  

(±0) 

21.82  

(±0) 

4 3.20 

(3.01±0.13) 

0.72 

(0.73±0.01) 

0.29 

(0.29±0) 

0.67 

(0.64±0.03) 

127  

(±6) 

40.42 

(±4.42) 

5 3.67 

(3.51±0.12) 

0.72 

(0.70±0.02) 

0.29 

(0.29±0) 

0.77 

(0.71±0.05) 

106  

(±3) 

32.09 

(±2.79) 

6 3.59 

(3.26±0.32) 

0.70 

(0.70±0) 

0.29 

(0.29±0) 

0.73 

(0.66±0.08) 

128  

(±30) 

32.41 

(±7.24) 

7 2.41 

(2.17±0.27) 

0.74 

(0.72±0.01) 

0.28 

(0.28±0.01) 

0.51 

(0.44±0.07) 

167  

(±14) 

81.10 

(±24.58) 

8 3.47 

(3.43±0.04) 

0.70 

(0.70±0) 

0.29 

(0.30±0.01) 

0.70 

(0.70±0) 

109  

(±1) 

27.45 

(±2.42) 

9 3.73 

(3.71±0.07) 

0.69 

(0.64±0.07) 

0.29 

(0.29±0) 

0.75 

(0.70±0.06) 

92  

(±10) 

21.48 

(±2.62) 

 

Table 2-8: Summary of OSC device parameters for POBETBDT:Y6. 

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1000 75.65 (±0.45) 

2 No annealing 1500 66.55 (±0.35) 

3 100 1000 75.75 (±0.85) 

4 100 1500 65.55 (±0.45) 
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Table 2-9: Summary of OSC performance for POBETBDT:Y6. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 14.43 

(14.25±0.36) 

0.71 

(0.71±0.01) 

0.32 

(0.32±0.01) 

3.27 

(3.17±0.08) 

100  

(±4) 

15.98 

(±1.20) 

2 13.92 

(13.87±0.37) 

0.71 

(0.71±0.02) 

0.32 

(0.31±0.01) 

3.19 

(3.08±0.14) 

98  

(±12) 

17.00 

(±2.84) 

3 15.26 

(14.52±0.47) 

0.70 

(0.68±0.02) 

0.33 

(0.33±0) 

3.51 

(3.23±0.17) 

112  

(±6) 

14.58 

(±4.41) 

4 15.55 

(14.70±0.43) 

0.71 

(0.70±0.03) 

0.33 

(0.33±0) 

3.65 

(3.37±0.22) 

106  

(±18) 

15.64 

(±2.81) 
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Figure 2-20: J-V curve of PSETBDT:Y6 (100 oC), PSETBDT:IT-4F (50 oC), and 

POBETBDT:Y6 (100 oC). 
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Figure 2-21: EQE of best performing OSCs based on a) PSETBDT:Y6; b) POBETBDT:Y6. 
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Table 2-10: Comparison of Jsc obtained from OPV and EQE measurements for PSETBDT:Y6, 

and POBETBDT:Y6. 

Polymer Jsc from OPV 

(mA/cm2) 

Jsc from EQE 

(mA/cm2) 

Error  

(%) 

PSETBDT 6.11 6.03 1.33 

POBETBDT 15.55 13.37 16.31 

 

For further insight into the photovoltaic properties of these polymer donors, the mobility of these 

materials, both as neat films and blend films, with commercial NFAs must be measured. SCLC is 

a commonly used technique to measure hole and electron mobility for OSC applications due to 

its simplicity and ability to measure the vertical mobility using a sandwich structure similar to 

OPV devices.66 The hole-only devices are prepared with the following structure: 

ITO/PEDOT:PSS/active layer/MoO3/Ag. The electron-only devices are prepared using the 

following structure: ITO/ZnO/active layer/LiF/Al. SCLC devices were measured under an 

applied voltage range of 0 to 6 V in the dark. The respective charge carrier mobilities, μ, can be 

calculated by plotting the natural logarithm of current density versus the natural logarithm of 

voltage, locating the point where the slope of the curve is 2, and substituting the y-intercept into 

the rearranged Mott-Gurney equation below:1 

𝑒|𝑦−𝑖𝑛𝑡| =
9𝜀𝜀0𝜇

8𝑙3
 13 

where ε is the dielectric constant of the material (assumed to be 3 for D:A active layer), ε0 is the 

vacuum dielectric constant (8.85x10-12 F/m), 𝑙 is the active layer thickness, and μ is the mobility. 

Table 2-11 summarizes the calculated hole and electron mobilities, with both the best and 

average values. For good devices, the SCLC mobility should be greater than 10-4 cm2V-1s-1 and 

the ratio between electron and hole mobilities should be 1.1 For neat PSETBDT, a good hole 

mobility of 1.58x10-4 cm2V-1s-1 was measured. However, this value sharply decreased when 

PSETBDT was mixed with Y6 to 2.63x10-7 cm2V-1s-1. The electron mobility was poor, with a 

value of 4.73x10-6 cm2V-1s-1, which indicates the charge mobility is quite low and unbalanced. 

Therefore, this inhibits charge transport, which negatively impacts the Jsc and FF. The low 

mobility and large ratio potentially indicate aggregation occurred. When paired with IT-4F, a 

much better hole mobility is observed: 7.99x10-5 cm2V-1s-1. A similar electron mobility to the 
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devices with Y6 of 7.87x10-5 cm2V-1s-1 was observed with IT-4F. This also leads to an 

unbalanced mobility ratio of ~0.1. Potential causes of this include cross-linking, aggregation, and 

the lamellar packing discussed in the next section, which is not ideal for vertical charge 

transport. Polymer POBETBDT showed a good mobility of 1.60x10-4 cm2V-1s-1 as a neat 

polymer. However, a decrease to 1.94x10-6 cm2V-1s-1 is observed when blended with Y6. The 

electron mobility is 3.87x10-6 cm2V-1s-1, corresponding to a moderate mobility ratio of 1.99. The 

low mobility values obtained for POBETDT can limit Jsc and FF. The bulky side chain of this 

polymer might negatively affect the packing, resulting in morphology issues that limit mobility. 

Furthermore, extensive recombination may occur with this polymer. Since both polymers had 

good hole mobility as neat films, there are potential issues with mixing, and/or these acceptors 

might not be suitable candidates for pairing with these polymers. Further investigation into what 

is causing the drop in mobility is required to determine how to improve the performance of 

devices based on these polymers. 

Table 2-11: SCLC hole and electron mobilities for neat polymers and D:A blend films of 

PSETBDT, and POBETBDT. 

Polymer μe (x10-4 cm2V-1s-1) μh (x10-4 cm2V-1s-1) μe/μh 

PSETBDT N/A 1.58 (1.58) N/A 

PSETBDT:Y6 0.0473 (0.0431) 0.00263 (0.00251) 17.98 (17.17) 

PSETBDT:IT-4F 0.787 (0.433) 0.799 (0.687) 0.098 (0.063) 

POBETBDT N/A 1.60 (0.797) N/A 

POBETBDT:Y6 0.0387 (0.0239) 0.0194 (0.00792) 1.99 (3.02) 
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Figure 2-22: a) electron mobility I-V curves for PSETBDT:Y6, PSETBDT:IT-4F, and 

POBETBDT:Y6; b) hole mobility I-V curves for PSETBDT, PSETBDT:Y6, PSETBDT:IT-4F, 

POBETBDT, and POBETBDT:Y6. 
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2.6 Crystallinity 

Figure 2-23 shows the 1D and 2D XRD for PSETBDT as a neat polymer and a blend film with 

IT-4F. As a neat film, there are no obvious peaks observed for the in-plane data; however, a very 

weak peak appears around 2θ = 22.37o when annealed at 150 oC. This weak π-π stacking peak 

appears in both the in-plane and out-of-plane figures for the neat and blend films when annealed 

at 150 oC and corresponds to a d-spacing of 0.4 nm. The in-plane blend film showed no other 

obvious peaks. For the out-of-plane neat and blend films, a peak corresponding to lamellar 

stacking appears when annealed at temperatures equal to or greater than 100 oC. For the neat film 

this occurs at 2θ = 2.75 (d = 3.21 nm), which was slightly shifted to 2θ = 2.62 (d = 3.37 nm) for 

the blend film. For the neat film, the lamellar peaks after annealing at 100 and 200 oC have 

greater intensity than when annealed at 150 oC, whereas in the blend film the peak intensity 

appears to increase with annealing temperature. It appears that the film at 50 oC is amorphous 

and could explain why the performance is slightly better when annealed at this temperature since 

it does not have an edge-on orientation, which is not favoured for OSCs. 

The 1D and 2D XRD for POBETBDT as a neat and blend film with Y6 is shown in Figure 2-24. 

Both as a neat polymer and in a blend film, POBETBDT did not show any obvious peaks, and 

therefore, is an amorphous polymer. This is most likely caused by the bulky side chain consisting 

of a benzene ring and an ethylhexyl branched alkyl chain. 
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e  

Figure 2-23: GIXD patterns of films at different annealing temperatures: a) in-plane neat 

PSETBDT; b) out-of-plane neat PSETBDT; c) in-plane PSETBDT:IT-4F blend; d) out-of-plane 

PSETBDT:IT-4F blend; e) 2D images of the best performing material (annealed at 50 oC), where 

the left is neat PSETBDT and the right is PSETBDT:IT-4F. 
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Figure 2-24: GIXD patterns of films at different annealing temperatures: a) in-plane neat 

POBETBDT; b) out-of-plane neat POBETBDT; c) in-plane POBETBDT:Y6 blend; d) out-of-

plane POBETBDT:Y6 blend; e) 2D images of the best performing material (annealed at 100 oC), 

where the left is neat POBETBDT and the right is POBETBDT:Y6. 

 



48 

 

2.7 Summary and Future Direction 

In summary, three novel donor polymers were synthesized based on a thiophene-BDT backbone. 

PSETBDT, PBETBDT, and POBETBDT were synthesized with a trimethyl silyl, benzene, and 

alkyloxime para-substituted-benzene side chain, respectively, which were all connected to 

thiophene using an ethynyl bridge. The ethynyl side chains were used to extend the conjugation 

perpendicular to the backbone and polarize the polymer for good electron-withdrawing 

capabilities of the A unit in the D-A donor polymer. DFT calculations predicted the side chains 

would effectively lower the EHOMO level for good energy level matching with NFA materials. 

GPC results showed a higher Mw and a substantial PDI for PSETBDT, which indicates cross-

linking has occurred. All three polymers were thermally stable past 200 oC, with wide bandgaps, 

and low lying EHOMO levels. Due to solubility issues when synthesizing PBETBDT and low 

molecular weight, it was not tested for OPV performance. Polymer PSETBDT was tested with 

Y6, achieving a best PCE of 1.44 % (Jsc = 6.47 mA/cm2, Voc = 0.72 V, and FF = 0.31) when 

annealed at 100 oC, while only achieving a PCE of 0.77 % (Jsc = 3.67 mA/cm2, Voc = 0.72 V, and 

FF = 0.29) when annealed at 50 oC with IT-4F. POBETBDT achieved a higher best PCE of 3.65 

% (Jsc = 15.55 mA/cm2, Voc = 0.71 V, and FF = 0.33) when annealed at 100 oC. PSETBDT 

showed high SCLC hole mobility as a neat film and with IT-4F; however, the hole mobility was 

exceptionally low with Y6 (10-7 cm2V-1s-1). With both acceptors, the SCLC mobility was 

unbalanced, which can negatively affect the performance. The suspected crosslinking for 

PSETBDT can negatively affect charge mobility due to morphological issues. PSETBDT had an 

edge-on orientation when paired with IT-4F, which is not ideal for vertical charge transfer. 

POBETBDT had low hole and electron mobility, with a moderate mobility balance. This 

polymer had an amorphous structure and due to the low mobility and large bulky side chain, the 

performance was not as high as other polymers synthesized by our group that incorporated an 

alkyloxime side chain. In terms of OSC D-A polymer donor materials, the use of ethynyl side 

chains on thiophene was not an effective choice when co-polymerizing with BDT. 

For future work, the surface roughness of the active layers can be examined using AFM. AFM 

can also provide the domain sizes to assess if there are any issues with aggregation that may be 

limiting the performance. Research into the application of these materials for toxic metal 

complex detection could be examined since this is an area of opportunity for chemical sensors, 
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where triple bonds could be a key component for detection.67,68 For OSC applications, 

optimization of the active layer (different acceptor, solvent additive, etc.) is necessary to improve 

the performance of these materials. Furthermore, a different ratio between the donor polymer and 

NFA could be used to improve the mobility ratio. Finally, to minimize the need for high vacuum 

deposition, a different hole transfer layer, such as Brilliant Matters BM-HTL-1, could be used, 

which can be printed, or spin coated onto the substrate. 
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2.8 Experimental Section 

2.8.1 Materials Characterization 

The common chemicals and solvents used for synthesis were purchased from commercial 

vendors including Fluka, Armstrong, Sigma-Aldrich, TCI, and VWR without further 

purification. For the reactions included in this thesis, anhydrous solvents purchased from Sigma-

Aldrich were used. NFAs, Y6 and IT-4F, were purchased from 1-Material. Additionally, 1,1’-

[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-

trimethylstannane] (BDT derivative) was purchased from 1-Material. Specific synthesis details 

will be shown in Section 2.8.3 below. NMR spectra (1H and 13C) were obtained using CDCl3 as 

the solvent and a Bruker DPX 300-MHz machine. High temperature-GPC was acquired with an 

Aligent PL-GPC220 system at a column temperature of 110 oC using 1,2,4-trichlorobenzene 

(TCB) as eluent at a flow rate of 1 mL/min and polystyrene as standard. UV-vis data was 

acquired via a Cary 7000 Universal Measurement Spectrophotometer. Both solution-phase in 

chloroform and thin film-phase on glass substrates were obtained. CV was obtained using a 

solution of 0.1 M n-Bu4NPF6 in acetonitrile with a CHI600E potentiostat at a sweeping rate of 

100 mV/s. The system was purged with nitrogen. The auxiliary and working electrodes were 

platinum, and Ag/AgCl was used as the reference electrode. For calculations of the polymer 

energy levels, ferrocene, with an EHOMO of -4.80 eV, was used. PL data was acquired via a 

Horiba PTI QuantaMaster TM 8000 Series Fluorimeter. Polymer thin film thickness for UV-vis 

and OSC was verified using an Alpha-Step D-500 Profilometer. XRD measurements were 

obtained using a Bruker D8 Advance diffractometer with Cu Kα radiation (λ = 0.15418 nm). 

Dodecyltrichlorosilane modified SiO2/p
++Si substrates were used for spin coating polymer 

solutions, which were then annealed at different temperatures in a nitrogen-filled glovebox. DSC 

measurements were obtained using a TA Instruments Q20 Differential Scanning Calorimeter. A 

scan rate of 10 °C/min for two heating and two cooling cycles in nitrogen was used. TGA was 

acquired using a TA Instruments TGA Q500 with a heating rate of 10 ℃/min under nitrogen and 

a temperature range of 50 to 600 oC. 
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2.8.2 OSC Device Fabrication and Characterization 

BHJ OSC devices were fabricated using an inverted structure: ITO/ZnO/Active layer/MoO3/Ag. 

This cell structure has ITO as the cathode and Ag as the anode. The ITO glass was commercially 

obtained from Ossila. Initially, the ITO glass was cleaned using a series of solvents: de-ionized 

water, acetone, and isopropanol (IPA), which were each sonicated for 20 minutes. After washing, 

the ITO glass was dried using nitrogen. The substrates were then treated with oxygen plasma for 

fifteen minutes under vacuum. A ZnO solution was prepared the previous day and stirred 

overnight. The recipe included 200 mg of zinc acetate dihydrate, mixed with 54 μL of 

ethanolamine stabilizer, and 2 mL of 2-methoxyethanol. Prior to use, the solution was filtered 

through a 0.22 μm PTFE filter. The ZnO layer was applied via spin coating, using 2700 rpm and 

60 s (~35 nm thick). The ZnO was removed from the top and bottom edge of the ITO glass using 

a cotton swab with acetone to reveal the electrodes. This layer was annealed at a temperature of 

200 oC for 1 h. The active layer was then added via spin coating in a nitrogen-filled glovebox. 

The D-A solution was prepared the previous day and stirred overnight with a concentration of 16 

mg/mL (1:1 mass ratio of donor and acceptor – e.g., 8 mg of acceptor and 8 mg of donor in 1 mL 

of solvent). Before spin coating, the D-A solution was filtered using a 0.22 μm PTFE filter. The 

spin coating inputs were 60 s, and an acceleration and rpm that varied between 1000 and 2500 to 

assess different film thicknesses. Some samples were then annealed at different temperatures (50, 

100, 150 oC) for 10 minutes to assess the affect of annealing temperature on performance. The 

samples were then loaded into the Angstrom Engineering COVAP physical vapour deposition 

system to deposit a 10 nm MoO3 layer (which must be highly pure (>99.9 %)), followed by a 

100 nm Ag layer under a vacuum pressure of 1x10-7 torr. A solar cell I-V test system from 

Ossila, paired with a Science Tech SLB300-A Solar simulator and a 450 W xenon lamp light 

source with an AM 1.5 filter, was used to produce I-V curves for the OSC devices. A mask was 

used to concentrate the light on a known sample area of 0.0256 cm2. 
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2.8.3 Synthesis Routes 

Synthesis of 2,5-dibromo-3-iodothiophene 

 

To a 25 mL two-neck round bottom flask, N-iodosuccinimide (2.47 g, 11 mmol) was added 

along with a magnetic stir bar. The reaction system was covered in aluminum foil to eliminate 

light, purged of oxygen, put under nitrogen, and placed in an ice bath. 2,5-dibromothiophene 

(2.42 g, 10 mmol) was added to the system. Precooled BF3∙H2O∙Et2O, prepared from 5 mL 

BF3∙Et2O and 737 µL of water, was added dropwise to the system. The ice bath was removed, 

and the reaction mixture was then let to warm to room temperature and stirred for 24 hours. After 

24 hours, the reaction mixture was poured into 100 mL of cold water and mixed with 150 mL of 

diethyl ether. The organic phase was washed with water, sodium thiosulfate solution, saturated 

sodium bicarbonate solution, and brine, then dried using sodium sulfate. After evaporation of the 

solvent, the crude product was obtained as a brown oil. This was further purified using a short 

plug column with pure hexanes as the eluent, where the product was forced through the column 

using air to avoid decomposition. (Yield: 1.5 g, 41 %). 1H NMR (300 MHz, CDCl3, δ/ppm): 6.91 

(s, 1H).56 
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Synthesis of [(2,5-dibromothiophen-3-yl)ethynyl](trimethyl)silane 

 

To a 25 mL two-neck round-bottom flask, 2,5-dibromo-3-iodothiophene (1 equiv.) and a 

catalytic amount of CuI were added, along with a stir bar. The system was placed under nitrogen 

and vacuumed for three cycles. An ice bath was prepared and used to cool the system to zero 

degrees. A glove bag was used under nitrogen to measure the palladium catalyst. 1 mL of THF 

was used to dissolve the catalyst and add to the reaction. The remaining 2 mL of THF and 3 mL 

of triethylamine was added to the system. Once the total system was cooled, the trimethylsilyl 

acetylene (1 equiv.) was added dropwise. The reaction was stirred for 24 hours, and the ice was 

allowed to gradually melt. After stopping the reaction, diethyl ether was used to extract. The 

organic phase was washed with 1 M HCl, water, saturated sodium bicarbonate solution, and 

brine. The organic phase was dried with sodium sulfate and then filtered through a Celite plug. 

The solvent was evaporated, and the product was purified via column chromatography (hexane) 

to yield a clear liquid. (Yield: 277.4 mg, 80.5 %). 1H NMR (300 MHz, CDCl3, δ/ppm): 6.92 (s, 

1H), 0.23 (s, 9H).69 
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Synthesis of [(2,5-dibromothiophen-3-yl)ethynyl]benzene 

 

To a 25 mL two-neck round-bottom flask, 2,5-dibromo-3-iodothiophene (1 equiv.) and a 

catalytic amount of CuI were added along with a stir bar. The system was placed under nitrogen 

and vacuumed for three cycles. An ice bath was prepared and used to cool the system to zero 

degrees. A glove bag was used under nitrogen to measure the palladium catalyst. 1 mL of THF 

was used to dissolve the catalyst and add to the reaction. The remaining 2 mL of THF and 3 mL 

of triethylamine was added to the system. Once the total system was cooled, the phenylacetylene 

(1 equiv.) was added dropwise. The reaction was stirred for 24 hours, and the ice was allowed to 

gradually melt. After stopping the reaction, diethyl ether was used to extract. The organic phase 

was washed with 1 M HCl, water, saturated sodium bicarbonate solution, and brine. The organic 

phase was dried with sodium sulfate and then filtered through a Celite plug. The solvent was 

evaporated, and the product was purified via column chromatography (hexane) to yield a clear 

liquid. (Yield: 223.9 mg, 74 %). 1H NMR (300 MHz, CDCl3, δ/ppm): 7.51 (m, 2H), 7.35 (m, 

3H), 7.0 (s, 1H).69 

  



55 

 

Synthesis of [(2,5-dibromothiophen-3-yl)ethynyl]benzaldehyde 

 

To a 25 mL two-neck round-bottom flask, 2,5-dibromo-3-iodothiophene (1 equiv.) and a 

catalytic amount of CuI were added along with a stir bar. The system was placed under nitrogen 

and vacuumed for three cycles. An ice bath was prepared and used to cool the system to zero 

degrees. A glove bag was used under nitrogen to measure the palladium catalyst. 1 mL of THF 

was used to dissolve the catalyst and add to the reaction. The remaining 2 mL of THF and 3 mL 

of triethylamine was added to the system. Once the total system was cooled, the 4-

ethynylbenzaldehyde (1 equiv.) was added dropwise. The reaction was stirred for 24 hours, and 

the ice was allowed to gradually melt. After stopping the reaction, diethyl ether was used to 

extract. The organic phase was washed with 1 M HCl, water, saturated sodium bicarbonate 

solution, and brine. The organic phase was dried with sodium sulfate and then filtered through a 

Celite plug. The solvent was evaporated, and the product was purified via column 

chromatography (hexane) to yield a clear liquid. (Yield: 284.5 mg, 74.6 %). 1H NMR (300 MHz, 

CDCl3, δ/ppm): 10.01 (s, 1H), 7.87 (d, 2H), 7.68 (d, 2H), 7.02 (s, 1H).69 
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Synthesis of [(2,5-dibromothiophen-3-yl)ethynyl](2-ethylhexyl oxime)benzene 

 

To a 25 mL two-neck round-bottom flask, 2,5-dibromo-3-formaldehyde benzene ethynyl 

thiophene (1 equiv.) was added to a solution of ethylhexyloxyamine hydrochloride (1.2 equiv.) 

and pyridine (4 equiv.) in DCM. The reaction was stirred for 2 hours at room temperature. The 

solvent was evaporated using the rotary evaporator. The remaining residue was dissolved in a 

minimal amount of DCM and purified via a column in 50:50 DCM:hexanes. (Yield: 284.5 mg, 

74.6 %). 1H NMR (300 MHz, CDCl3, δ/ppm): 8.04 (s, 1H), 7.56 (q, 4H), 7.00 (s, 1H), 4.09 (d, 

2H), 1.7 (m, 1H), 1.31 (m, 8H), 0.89 (m, 6H).70 

  



57 

 

Synthesis of polymer PSETBDT 

 

The monomer (1 equiv.) and 1,1’-[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-

b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] (BDT) (1 equiv.) were added to a 2-neck 25 

mL round-bottom flask with a small stir bar. The system was purged with argon by performing 3 

vacuum cycles. Anhydrous chlorobenzene was added (4 mL). 

Tetrakis(triphenylphosphine)palladium(0) catalyst (Pd(PPh3)4) (0.04 equiv.) was measured in an 

inert atmosphere such as a nitrogen filled glove bag. A 1 mL solution of the catalyst dissolved in 

chlorobenzene was prepared and added to the flask. 2 drops of DMF were added to the system. 

The reaction was set at 130 oC for 48 hours. After completion, the reaction contents were cooled 

to room temperature and then stirred in 150 mL of methanol for 30 minutes to an hour. The solid 

was collected via vacuum filtration and then washed with solvents in the following order: 

acetone, hexane, chloroform, and chlorobenzene in a Soxhlet extractor. (Yield: 92.2 mg, 70.4 % 

in chloroform). 
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Synthesis of polymer PBETBDT 

 

The monomer (1 equiv.), tri(o-tolyl)phosphine ((P(tol)3) (0.08 equiv.), and 1,1’-[4,8-bis[5-(2-

ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] BDT 

(1 equiv.) were added to a 2-neck 25 mL round-bottom flask with a small stir bar. The system 

was purged with argon by performing 3 vacuum cycles. Anhydrous chlorobenzene was added (4 

mL). Tris(dibenzylideneacetone)dipalladium(0) catalyst (Pd2dba3) (0.04 equiv.) was measured in 

an inert atmosphere such as a nitrogen filled glove bag. A 1 mL solution of the catalyst dissolved 

in chlorobenzene was prepared and added to the flask. The reaction was set at 90 oC for 24 hours. 

After, the reaction vessel was cooled to room temperature and the contents were stirred in 150 

mL of methanol for 30 minutes or an hour. The solid was collected via vacuum filtration and 

then washed with solvents in the following order: acetone, hexane, chloroform, and 

chlorobenzene in a Soxhlet extractor. (Yield: 27.6 mg, 23 % in chloroform). 
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Synthesis of polymer POBETBDT 

 

The monomer (1 equiv.), tri(o-tolyl)phosphine ((P(tol)3) (0.08 equiv.), and 1,1’-[4,8-bis[5-(2-

ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] BDT 

(1 equiv.) were added to a 2-neck 25 mL round-bottom flask with a small stir bar. The system 

was purged with argon by performing 3 vacuum cycles. Anhydrous chlorobenzene was added (4 

mL). Tris(dibenzylideneacetone)dipalladium(0) catalyst (Pd2dba3) (0.04 equiv.) was measured in 

an inert atmosphere such as a nitrogen filled glove bag. A 1 mL solution of the catalyst dissolved 

in chlorobenzene was prepared and added to the flask. The reaction was set at 90 oC for 24 hours. 

After, the reaction vessel was cooled to room temperature and the contents were stirred in 150 

mL of methanol for 30 minutes or an hour. The solid was collected via vacuum filtration and 

then washed with solvents in the following order: acetone, hexane, chloroform, and 

chlorobenzene in a Soxhlet extractor. (Yield: 78.4 mg, 65.3 % in chloroform). 



60 

 

Chapter 3: Development of BDT-Based Donor Polymers Containing Novel 

Thiophene Comonomers with Triazole Side Chains  

3.1 Introduction 

Due to various stability, mobility, and morphological issues with the ethynyl series, poor 

performance was obtained. However, as previously mentioned, our group has synthesized 

polymers PTIBT and PBDT-TA, which have shown that double bonds can effectively extend the 

conjugation into the side chain, polarizing the polymers, and enhancing the performance.51,52  

The discovery of click chemistry by Sharpless et al. has resulted in many opportunities to expand 

chemistry methods through simple, near quantitative yield reactions.71 One application of click 

chemistry is to convert triple bonds into heterocyclic rings.71 Specifically, several materials have 

been developed using a triazole ring for dye-sensitized solar cells, which involves a reaction 

between an azide and a triple bond, resulting in a five-membered ring consisting of two carbons 

and three nitrogen atoms.72–74 This triazole ring has three potential benefits: 1) the nitrogen 

atoms act as an EWG, where a side chain can be attached to one of these atoms to stabilize the 

ring; 2) the ring can allow for good co-planarity with BDT; 3) the carbon-carbon double bond 

extends the π-conjugation.  

Overall, the work in this thesis targets easy synthesis routes for low-cost D-A polymer donors 

that have wide bandgaps and low lying EHOMO levels to effectively pair with high performance 

NFAs like Y6. An alternative synthesis route uses 3-carboxaldehyde to react an azide with the 

carbonyl to form a triazole ring. This method results in lower cost starting materials and fewer 

synthetic steps than if the trimethylsilyl group from Chapter 2 was cleaved to react the ethynyl 

group with an azide through click chemistry. Therefore, this chapter will also investigate a click 

chemistry-inspired strategy for extending the π-conjugation of the polymer through triazole ring 

side chain formation. This structure has the potential to increase charge transport and allow for 

good morphology. Since BDT is a well-studied D unit that has achieved good performance, 

triazole-substituted thiophene A units will be co-polymerized with BDT to form novel D-A 

polymer donors. 
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3.2 Polymer Structure Design 

For the triazole series, two structures were proposed: one with an alkyl chain substituted at the 

middle nitrogen and another with a carbamate chain substituted at the middle nitrogen. The 

middle nitrogen substitution was desired to minimize steric effects of the side chains. Carbamate 

chains are thermally removable groups that have been used in our group to try to produce green 

solvent soluble polymers; however, for the purpose of this work, the higher polarity compared to 

an alkyl chain is why carbamate was selected.75 The triazole series of polymers are shown in 

Figure 3-25 below. 

 
Figure 3-25: Reference polymer (PTBDT) and proposed triazole-substituted thiophene-BDT 

polymer structures (PTTBDT and PCTBDT). 

3.2.1 Density Functional Theory (DFT) Simulations 

Like Chapter 2, DFT was used as a tool to assess the relative energy levels to determine the 

proposed polymers’ potential for OSCs, along with their dihedral angles. The same process was 

used for calculating DFT: Avogadro software for the initial energy minimization estimate, and 

Gaussian software for the DFT calculation, using the same settings: opt freq b3lyp/6-31g(d) 

geom=connectivity. 

The unsubstituted dimer, PTBDT, was used as a reference for comparing the proposed polymers. 

The triazole polymers, PTTBDT and PCTBDT, are predicted to have lower lying EHOMO levels 

than the ethynyl series, which could lead to improved Voc. However, it is worth noting that the 

triazole polymers are predicted to have larger optical bandgaps, which indicates a smaller range 

of light will be absorbed by these polymers. Furthermore, the triazole polymers, especially 

PTTBDT, are predicted to be quite twisted, with angles of 47.78 and 33.25 degrees for PTTBDT 
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and PCTBDT, respectively. This could negatively affect the charge transport capabilities of these 

materials since it limits the ability for π-π orbitals to overlap. The reference material, PTBDT, 

has previously been synthesized with a reported EHOMO of -5.27 eV, which means these polymers 

should have lower lying EHOMO levels.55 This will be beneficial for energy level matching with 

NFAs like Y6 for high performance. The results of the DFT calculations are summarized in 

Table 3-12 below. 

 

 

 
Figure 3-26: DFT calculation results showing overall structure, HOMO, LUMO, and dihedral 

angle for polymers: a) PTTBDT; b) PCTBDT. 

 

Table 3-12: DFT results for reference polymer, PTBDT, and proposed polymers PTTBDT, and 

PCTBDT. 

Polymer DFT EHOMO  

(eV) 

DFT ELUMO  

(eV) 

DFT Bandgap 

(eV) 

DFT Dihedral 

Angle (degrees) 

PTBDT -4.79 -2.02 2.77 12.29 

PTTBDT -4.95 -1.91 3.04 47.78 

PCTBDT -5.02 -2.14 2.88 33.25 

 

b) 

Dihedral angle: 33.25 degrees HOMO: -5.02 eV LUMO: -2.14 eV 
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3.2.2 Synthesis Scheme  

Although polymer PTTBDT could be synthesized by cleaving the trimethylsilyl group (from 

Chapter 2) and reacting at the triple bond, a different path was developed to minimize the 

number of synthetic steps and cost. This reaction scheme began with 3-

thiophenecarboxaldehyde. The initial step was where sodium azide was reacted with the 

aldehyde to form a triazole ring.76 This ring was not stable due to the hydrogen attached to one of 

the nitrogen atoms. Therefore, the subsequent alkylation step resulted in three isomers; however, 

only one isomer could be isolated (middle nitrogen substitution).77 The centre position was 

favourable since it would cause minimal steric repulsion when polymerized with BDT. Before 

polymerisation, a bromination reaction using N-bromosuccinimide (NBS) was done. The 

polymerisation followed the same Stille coupling method mentioned previously for PBETBDT 

and POBETBDT. PCTBDT was synthesized in a similar fashion. However, for the addition of 

the carbamate chain, the reaction was conducted at a lower temperature for a longer time to 

avoid thermal cleavage of this side chain. The other steps of the synthesis were the same as for 

PTTBDT. The synthesis overview of these two polymers can be seen in Scheme 3-2 below and 

further synthesis details can be found in Section 3.8.3. 

 

Scheme 3-2: Synthesis scheme for triazole polymers: PTTBDT, and PCTBDT. 
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3.3 Physical Properties 

The molecular weights of the polymers were measured using HT-GPC. Polystyrene was used as 

a reference, with 1,2,4-trichlorobenzene as the eluent at an operation temperature of 150o. The 

Mn values were 18.8, and 17.5 kDa, whereas the Mw values were 50.0, and 46.7 kDa for 

PTTBDT and PCTBDT, respectively. The PDI are 2.66, and 2.70, respectively. A summary of 

the GPC data is in Table 3-13 below. 

 

Figure 3-27: HT-GPC molecular weight distribution of polymer: a) PTTBDT; b) PCTBDT. 

Table 3-13: HT-GPC molecular weight and PDI data summary for PTTBDT and PCTBDT. 

Polymer Mn (kDa) Mw (kDa) PDI 

PTTBDT 18.8 50.0 2.66 

PCTBDT 17.5 46.7 2.70 

Thermal analysis was conducted using TGA and DSC for thermal stability and information on 

crystalline transitions, respectively. TGA was acquired using a heating rate of 10 ℃/min under 

nitrogen (see Figure 3-28). PTTBDT showed 1 % weight loss at 280 oC and a first 

decomposition step at 399 oC, demonstrating high thermal tolerance. For PCTBDT, 1 % weight 

loss occurred at 203 oC and a first decomposition step occurred at 256 oC. The thermally 

removable carbamate side chain is expected to be removed at temperatures around 150-200 oC; 

however, previously our group has annealed at 250 oC to ensure removal.75 Due to the relatively 

ba
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quick heating rate, the side chain is removed continuously as the temperature was increased. At 

the end of the first step decomposition (381 oC), 17.8 % of the weight was lost, which 

corresponds to the percentage of the polymer’s weight contained by the carbamate side chain. 

This confirms that the side chain is thermally removable and indicates why the thermal 

decomposition occurs earlier than PTTBDT. A second step decomposition was observed at 381 

oC for PCTBDT. 

DSC was acquired using a scanning rate of 10 ℃/min under nitrogen, where the first cycle went 

50 oC lower than the second cycle and the second cycle went until the polymer lost 0.5 % of its 

weight in TGA (see Figure 3-29). Both polymers have a glass transition around 36 oC. PTTBDT 

exhibits a melting temperature at 63 oC in the first heating scan, but it is not observed in the 

second. Similarly, PCTBDT has a melting temperature of 64 oC. These melting temperatures 

most likely correspond to the side chain, which after cooling is in a different configuration, 

resulting in no melting peak in the second cycle.78 
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Figure 3-28: TGA curves for polymers PTTBDT, and PCTBDT. 
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Figure 3-29: DSC curves for polymers: a) PTTBDT; and b) PCTBDT. 
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3.4 Opto-Electrochemical Properties 

UV-vis absorption spectra were taken using the methods described in Section 2.4 (see Figure 3-

30). Polymers PTTBDT and PCTBDT had large redshifts from solution to thin film. PTTBDT 

shifted from 478 nm to 521 nm (43 nm) and PCTBDT shifted from 470 nm to 510 nm (40 nm). 

This indicates a strong shift to better co-planarity and extended conjugation when the polymer is 

cast as a thin film, compared with noticeable twisting of the backbone and side chain in solution. 

This is also reflected in the colour changing from orange in solution to light red as a thin film. 

For both polymers, there is a redshift when the thin film is annealed, indicating a slight 

improvement on the polymer morphology. PCTBDT showed a larger red shift (13 nm) after 

annealing, likely caused by rearrangement of the side chain, resulting in better co-planarity and 

improved conjugation. The optical bandgaps obtained were 2.05, and 2.07 eV for PTTBDT, and 

PCTBDT, respectively. The overall range of absorption makes these polymers good candidates 

to pair with NFAs to achieve complementary absorption. 

CV was obtained using the same methods described in Section 2.4. The polymers had the 

following EHOMO levels: PTTBDT (-5.51 eV), and PCTBDT (-5.60 eV). PCTBDT has a 0.09 eV 

deeper EHOMO than PTTBDT due to the carbamate chain acting as a stronger EWG than the alkyl 

side chain. Figure 3-32 shows a comparison between the energy levels obtained from CV and 

DFT. DFT correctly predicted that PCTBDT would have a lower EHOMO than PTTBDT. The 

opto-electrochemical information is summarized in Table 3-14. 
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Figure 3-30: UV-vis absorption spectra of as-cast thin film, annealed thin film, and chloroform 

solution for polymers: a) PTTBDT; and b) PCTBDT. 



68 

 

a

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.0004

-0.0002

0.0000

0.0002

0.0004

0.0006

0.0008
C

u
rr

e
n
t 

(A
)

Voltage (V)

 PTTBDT

 b

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.0002

-0.0001

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

C
u
rr

e
n
t 
(A

)

Voltage (V)

 PCTBDT

 

Figure 3-31: CV profiles of polymers: a) PTTBDT; and b) PCTBDT. 

Table 3-14: Optical and electrochemical properties of polymers PTTBDT, and PCTBDT. 

Polymer λmax,s 

(nm) 

λmax,fRT 

(nm) 

λmax,f100C 

(nm) 

λonset  

(nm) 

Eg
opt  

(eV) 

EHOMO 

(eV) 

ELUMO 

(eV) 

PTTBDT 478 521 524 605 2.05 -5.51 -3.46 

PCTBDT 470 510 523 600 2.07 -5.60 -3.53 
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Figure 3-32: Comparison of DFT predicted HOMO and LUMO energy levels with CV obtained 

HOMO and LUMO levels for polymers PTTBDT, and PCTBDT. 
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For PL measurements, Y6 was selected as the NFA material to pair with the triazole polymers 

due to its well-matched energy levels and superior properties compared with IT-4F and ITIC. PL 

measurements were obtained using the same methods described in Section 2.4 (see Figure 3-33). 

PTTBDT had excellent quenching in the donor region (99.98 %) and good quenching in the 

acceptor region (91.3 %). PCTBDT showed great quenching in both the donor (97.2 %) and 

acceptor (98.8 %) regions. The PL results indicated that PTTBDT and PCTBDT have good 

exciton dissociation with Y6 and have potential for OSC applications.  
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Figure 3-33: PL spectra of a) PTTBDT with Y6; and b) PCTBDT with Y6. 
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3.5 OPV Performance and Charge Mobility 

Details for sample preparation and testing can be found in Section 2.8.2.  

Important note: The triazole polymers were tested with a new device ITO pattern and testing 

system. In the past devices have achieved a FF of 0.56 by Yuan et al. and as high as 0.71 by 

Jiang et al. in our lab.52,53 Furthermore, a shunt resistance of 883 ohm•cm2 and a series 

resistance of 2.84 ohm•cm2 have been reported by our group.53 However, after switching to the 

new system, the FF is lower than previously achieved (~0.51 is best achieved currently), which is 

related to issues with low shunt resistance and high series resistance. This indicates that there is 

a problem with one or more of the layers and/or interfaces between layers, which is still being 

investigated by our group. Therefore, the data presented below might not represent the best data 

possible for these polymers.  

Summaries of the performance of each polymer can be found in Table 3-15 to Table 3-18 and a 

comparison of the best J-V curves for each polymer is shown in Figure 3-34. PTTBDT achieved 

a highest PCE of 5.00 % (Jsc = 17.01 mA/cm2, Voc = 0.83 V, and FF = 0.35) without annealing. 

Annealing did not improve the results, and slightly thinner cells (~80 nm) showed better 

performance than ~90 to ~100 nm devices. PTTBDT achieved a moderate Jsc and relatively high 

Voc, comparable with a high performing polymer PD2, which also has an EHOMO of -5.5 eV.1 

However, the FF is quite low for this device. Considering devices in Chapters 4 and 5 of this 

thesis (tested under the same conditions) achieved an FF ranging from 0.39 to 0.51, there is some 

room for improvement once the device fabrication and testing are optimized but it is limited due 

to higher FF achieved for other materials. For example, if an FF of 0.56 was achieved, the PCE 

would improve to 8.00 % if all other factors remained the same. A more reasonable improvement 

to 0.4 would result in a slight PCE improvement to 5.75 %. The low FF is affected by the high 

series resistance and low shunt resistance. Potentially there are issues with surface roughness of 

the active layer or one of the other layers of the OSC device, which is negatively affecting the 

performance. As seen in the DFT calculations, the dihedral angle of this polymer was quite high. 

From UV-vis there is a substantial redshift when going from solution to thin film; however, it is 

difficult to know how much the dihedral angle changes. Therefore, this polymer potentially still 

suffers from backbone and side chain twisting, restricting its ability to achieve good charge 

transport and morphology, which can negatively impact the FF. 
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PCTBDT performed worse than PTTBDT, with a best PCE of 3.29 % (Jsc = 13.58 mA/cm2, Voc 

= 0.76 V, and FF = 0.32). A reduction in Jsc, Voc, and FF was observed compared to PTTBDT. 

Similar to POBETBDT, the carbamate EWG side chain has a triazole ring between the 

backbone, which could negatively affect the exciton lifetimes and result in recombination. 

Furthermore, annealing was not helpful for this polymer and resulted in a reduction in PCE, 

where 150 oC was slightly better than 50 and 100 oC. Due to the thermally removable side chain, 

an unsubstituted nitrogen in the triazole ring results in instability and could potentially be a 

problem for hole trapping. Additionally, like PTTBDT, PCTBDT was predicted to have a 

relatively high dihedral angle by DFT calculations, which could be negatively affecting the 

charge transfer and morphology of the polymer. Although the triazole polymers showed better 

performance than the ethynyl polymers, barring a significant improvement to the FF of 

PTTBDT, the performance is still quite low for OSC applications, making the triazole ring a 

questionable choice for side chain functionalization in OSCs.  

EQE was also measured, which provides a ratio of the electrons in the circuit compared to 

photons in the incident light. This also provides a visual representation of the photocurrent 

generation efficiency under a range of different wavelengths. PCTBDT achieved a highest EQE 

of 48 % at 810 nm, whereas PTTBDT achieved a best EQE of 56 %. Table 3-19 compares the Jsc 

obtained from OPV and EQE. The values for PCTBDT have high agreeance of 0.16 %. 

However, PTTBDT showed 14.55 % error. This indicates that as the Jsc values increase, the error 

becomes greater. Therefore, OPV overestimates Jsc and/or EQE underestimates. This error could 

be caused by the unoptimized new devices and measurement system. Optimization of this system 

could reduce the error to an acceptable amount (<10 %), considering under the previous system 

the percent error was consistently less than 10 %. 
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Table 3-15: Summary of OSC device parameters for PTTBDT:Y6. 

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1000 102.95 (±0.45) 

2 No annealing 1500 92.35 (±2.25) 

3 No annealing 2000 78.95 (±0.65) 

4 50 1000 99.05 (±0.65) 

5 50 1500 89.20 (±0.20) 

6 50 2000 78.20 (±1.50) 

7 100 1000 104.00 (±0.50) 

8 100 1500 89.90 (±0.30) 

9 100 2000 80.75 (±0.45) 

10 150 1000 100.00 (±0.30) 

11 150 1500 90.55 (±0.85) 

12 150 2000 80.35 (±0.55) 

 

Table 3-16: Summary of OSC performance for PTTBDT:Y6. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 14.32 

(13.69±0.48) 

0.81 

(0.80±0.01) 

0.30 

(0.30±0.01) 

3.54 

(3.30±0.19) 

112  

(±14) 

34.67 

(±1.58) 

2 15.84 

(15.50±0.54) 

0.82 

(0.80±0.01) 

0.32 

(0.32±0) 

4.19 

(3.91±0.24) 

113  

(±4) 

26.52 

(±0.96) 

3 17.01 

(16.23±0.68) 

0.83 

(0.80±0.02) 

0.35 

(0.34±0.01) 

5.00 

(4.42±0.40) 

133  

(±8) 

22.05 

(±1.35) 

4 15.46 

(14.28±0.94) 

0.80 

(0.79±0.01) 

0.31 

(0.31±0) 

3.81 

(3.45±0.31) 

107  

(±1) 

30.24 

(±3.60) 

5 15.37 

(14.56±0.88) 

0.82 

(0.79±0.02) 

0.32 

(0.31±0.02) 

4.03 

(3.56±0.36) 

112  

(±10) 

30.38 

(±6.89) 

6 16.03 

(15.84±0.29) 

0.81 

(0.79±0.01) 

0.34 

(0.33±0.01) 

4.41 

(4.13±0.21) 

131  

(±8) 

23.22 

(±1.26) 

7 12.33 

(11.33±0.71) 

0.81 

(0.80±0.01) 

0.30 

(0.29±0.01) 

3.00 

(2.63±0.22) 

110  

(±1) 

45.80 

(±5.19) 

8 16.55 

(15.93±0.70) 

0.81 

(0.79±0.01) 

0.33 

(0.33±0.01) 

4.49 

(3.94±0.40) 

118  

(±4) 

23.38 

(±1.22) 

9 17.14 

(16.17±0.64) 

0.79 

(0.79±0.01) 

0.34 

(0.33±0) 

4.53 

(4.20±0.27) 

125  

(±5) 

22.57 

(±0.81) 

10 15.54 

(14.80±0.87) 

0.78 

(0.77±0.01) 

0.31 

(0.31±0) 

3.73 

(3.54±0.20) 

102  

(±5) 

26.50 

(±2.63) 

11 16.93 

(16.16±0.45) 

0.76 

(0.76±0.01) 

0.32 

(0.32±0) 

4.12 

(3.93±0.14) 

103  

(±6) 

22.59 

(±1.44) 

12 18.04 

(17.49±0.51) 

0.77 

(0.74±0.03) 

0.35 

(0.34±0.01) 

4.83 

(4.36±0.27) 

104  

(±20) 

14.69 

(±3.65) 
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Table 3-17: Summary of OSC device parameters for PCTBDT:Y6. 

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1500 85.00 (±2.00) 

2 No annealing 2000 73.95 (±0.55) 

3 No annealing 2500 66.35 (±1.35) 

4 50 1500 81.80 (±0.10) 

5 50 2000 63.00 (±1.10) 

6 50 2500 59.25 (±0.55) 

7 100 1500 79.55 (±0.85) 

8 100 2000 67.80 (±0.60) 

9 100 2500 62.20 (±2.20) 

10 150 1500 85.25 (±0.65) 

11 150 2000 69.15 (±0.85) 

12 150 2500 65.25 (±1.05) 

 

Table 3-18: Summary of OSC performance for PCTBDT:Y6. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 11.40 

(10.46±0.64) 

0.75 

(0.71±0.02) 

0.29 

(0.28±0) 

2.50 

(2.10±0.22) 

105  

(±5) 

19.27 

(±5.01) 

2 11.83 

(10.54±0.79) 

0.70 

(0.71±0.03) 

0.29 

(0.29±0) 

2.43 

(2.15±0.15) 

109  

(±5) 

24.65 

(±12.28) 

3 13.58 

(12.74±1.22) 

0.76 

(0.73±0.02) 

0.32 

(0.31±0.01) 

3.29 

(2.91±0.46) 

138  

(±17) 

17.85 

(±0.47) 

4 10.18 

(9.54±0.90) 

0.75 

(0.72±0.01) 

0.28 

(0.28±0) 

2.10 

(1.88±0.23) 

117  

(±8) 

36.40 

(±4.41) 

5 11.99 

(10.75±0.92) 

0.76 

(0.73±0.02) 

0.29 

(0.29±0) 

2.66 

(2.25±0.28) 

128  

(±5) 

29.22 

(±1.90) 

6 11.39 

(10.69±1.01) 

0.73 

(0.70±0.04) 

0.29 

(0.29±0.01) 

2.43 

(2.17±0.22) 

122  

(±14) 

24.46 

(±10.66) 

7 11.07 

(9.55±1.02) 

0.75 

(0.72±0.02) 

0.29 

(0.28±0.01) 

2.44 

(1.93±0.31) 

129  

(±8) 

35.26 

(±4.93) 

8 12.45 

(12.08±1.13) 

0.74 

(0.82±0.02) 

0.29 

(0.33±0) 

2.64 

(2.39±0.30) 

134  

(±5) 

32.29 

(±2.80) 

9 11.64 

(10.77±0.62) 

0.73 

(0.71±0.02) 

0.29 

(0.29±0) 

2.41 

(2.15±0.19) 

86  

(±53) 

45.22 

(±7.32) 

10 11.41 

(9.68±1.09) 

0.76 

(0.73±0.02) 

0.29 

(0.28±0.01) 

2.49 

(1.95±0.30) 

127  

(±5) 

38.85 

(±4.24) 

11 11.67 

(9.87±1.15) 

0.73 

(0.71±0.01) 

0.29 

(0.28±0.01) 

2.45 

(1.95±0.29) 

116  

(±10) 

35.33 

(±5.02) 

12 12.59 

(11.28±1.16) 

0.75 

(0.72±0.01) 

0.30 

(0.29±0.01) 

2.78 

(2.39±0.31) 

127  

(±10) 

27.94 

(±3.18) 
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Figure 3-34: J-V curve of best performing OPV devices: PTTBDT:Y6 (RT), PCTBDT:Y6 (RT). 
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Figure 3-35: EQE of best performing OSCs based on a) PTTBDT:Y6; and b) PCTBDT:Y6. 

Table 3-19: Comparison of Jsc obtained from OPV and EQE measurements for PTTBDT:Y6, 

and PCTBDT:Y6. 

Polymer Jsc from OPV 

(mA/cm2) 

Jsc from EQE 

(mA/cm2) 

Error  

(%) 

PTTBDT 16.93 14.78 14.55 

PCTBDT 12.59 12.61 0.16 
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SCLC mobility was obtained following the methods described in Section 2.5. Table 3-20 

summarizes the calculated hole and electron mobilities, with both the best and average values. 

For good devices, the SCLC mobility should be greater than 10-4 cm2V-1s-1 and the ratio between 

electron and hole mobilities should be 1.1 The neat triazole polymers, PTTBDT and PCTBDT 

had low hole mobilities with values of 6.27x10-5 cm2V-1s-1 and 4.70x10-6 cm2V-1s-1, respectively. 

For PTTBDT a significant decrease in hole mobility to 2.43x10-6 cm2V-1s-1 was observed when 

blended with Y6. However, the electron mobility is 3.40x10-6 cm2V-1s-1, providing a relatively 

balanced ratio of 1.40. Unfortunately, although the mobility is relatively balanced, it is quite low 

compared to the best performing materials. Backbone twisting could be negatively impacting the 

charge mobility, and therefore, the performance of the material. PCTBDT also has a substantial 

decrease in hole mobility when mixed with Y6, with a value of 5.23x10-7 cm2V-1s-1 obtained. 

The electron mobility is two magnitudes larger (10-5 cm2V-1s-1), resulting in extremely 

unbalanced charge mobility (25.62). This polymer has several flaws, which could explain the 

low mobility: 1) the backbone is predicted to be moderately twisted by DFT; 2) partial removal 

of the side chain could impact the morphology of the polymer; 3) the thermally removable side 

chain might result in hole traps at the negatively charged unsubstituted nitrogen. The unbalanced 

mobility can contribute to the lower Jsc compared with PTTBDT and the low FF. 

Table 3-20: SCLC hole and electron mobilities for neat polymers and D:A blend films of 

PTTBDT, and PCTBDT with Y6. 

Polymer μe (x10-4 cm2V-1s-1) μh (x10-4 cm2V-1s-1) μe/μh 

PTTBDT N/A 0.627 (0.555) N/A 

PTTBDT:Y6 0.0340 (0.0204) 0.0243 (0.0166) 1.40 (1.23) 

PCTBDT N/A 0.0470 (0.0221) N/A 

PCTBDT:Y6 0.134 (0.124) 0.00523 (0.00433) 25.62 (28.64) 
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Figure 3-36: a) electron mobility I-V curves for PTTBDT:Y6, and PCTBDT:Y6; b) hole 

mobility I-V curves of neat PTTBDT, PTTBDT:Y6, neat PCTBDT, and PCTBDT:Y6. 
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3.6 Crystallinity 

Figure 3-37 shows the 1D and 2D XRD for PTTBDT as a neat polymer and when blended with 

Y6. PTTBDT displays no obvious peaks both in-plane and out-of-plane, indicating it forms an 

amorphous film. The probable cause of this is twisting in the backbone and/or triazole ring side 

chain, resulting in an inability to form strong π-π stacking interactions.  

Similarly, Figure 3-38 shows the 1D and 2D XRD for PTTBDT as a neat polymer and when 

blended with Y6. As a neat film, PTTBDT shows weak π-π stacking in both the in-plane and out-

of-plane measurements when annealed at 150 oC. This corresponds to a d-spacing of 0.376 nm. 

This peak is likely caused by the carbamate removal process beginning. However, no other 

temperatures display any significant peaks for the neat polymer. The blend film shows no peaks 

in the in-plane or out-of-plane measurements, indicating the active layer adopts an amorphous 

morphology. 
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Figure 3-37: GIXD patterns of films at different annealing temperatures: a) in-plane neat 

PTTBDT; b) out-of-plane neat PTTBDT; c) in-plane PTTBDT:Y6 blend; d) out-of-plane 

PTTBDT:Y6 blend; e) 2D images of the best performing material (no annealing), where the left 

is neat PTTBDT and the right is PTTBDT:Y6. 
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Figure 3-38: GIXD patterns of films at different annealing temperatures: a) in-plane neat 

PCTBDT; b) out-of-plane neat PCTBDT; c) in-plane PCTBDT:Y6 blend; d) out-of-plane 

PCTBDT:Y6 blend; e) 2D images of the best performing material (no annealing), where the left 

is neat PCTBDT and the right is PCTBDT:Y6. 
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3.7 Summary and Future Direction 

In summary, two novel donor polymers were synthesized based on a thiophene-BDT backbone. 

PTTBDT, and PCTBDT, were synthesized by adding a triazole ring side chain to thiophene, 

which had an alkyl and carbamate chain attached at the middle nitrogen atom in the triazole ring, 

respectively. The triazole rings were used to extend the conjugation perpendicular to the 

backbone and polarize the polymer for good electron-withdrawing capabilities of the A unit in 

the D-A donor polymer. DFT calculations predicted the side chains would effectively lower the 

EHOMO for good energy level matching with Y6. However, PTTBDT and PCTBDT had dihedral 

angles greater than thirty degrees, indicating substantial twisting that could negatively affect the 

performance. PTTBDT appeared to be highly thermally stable, while both polymers had wide 

bandgaps and low lying EHOMO levels. The polymers displayed good PL quenching with Y6, 

indicating light could be effectively captured. PTTBDT had a best PCE of 5.00 % (Jsc = 17.01 

mA/cm2, Voc = 0.83 V, and FF = 0.35) without annealing, while PCTBDT had a best PCE of 

3.29 % (Jsc = 13.58 mA/cm2, Voc = 0.76 V, and FF = 0.32). PTTBDT had low, relatively 

balanced mobility and an amorphous structure. It is suspected that this polymer is too twisted to 

achieve satisfactory performance. Finally, PCTBDT had extremely low hole mobility, resulting 

in an unbalanced mobility ratio. PCTBDT has potential issues including backbone twisting, and 

a thermally removable side chain, which when removed potentially results in hole trapping, 

limiting the performance of this material. For OSC D-A polymer donor materials, the use of 

triazole ring side chains on a thiophene unit was not an effective choice when co-polymerizing 

with BDT. 

In terms of future direction, the surface roughness and domain sizes of the active layers can be 

examined using AFM to identify any potential morphology issues. For OSC applications, it is 

necessary to optimize the active layer to improve the FF. Furthermore, a different ratio between 

the donor polymer and NFA could be used to improve the mobility ratio, which could be 

especially effective in pushing the performance limits of PTTBDT since it was the best 

performing material and had slightly unbalanced mobility. For PTTBDT, the donor polymer can 

also be tuned by introducing halogen atoms (F, Cl) onto the BDT unit, which would lower the 

EHOMO, potentially leading to improved Voc and PCE, and  has been shown to improve 

crystallinity.79 For PCTBDT, organic field-effect transistor mobility could be compared with 
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PTTBDT to assess potential hole-trapping issues, especially upon thermal removal of the 

carbamate side chain. Finally, to minimize the need for high vacuum deposition and to eliminate 

potential problems associated with MoO3, a different hole transfer layer, such as Brilliant 

Matters BM-HTL-1, could be used, which can be printed, or spin coated onto the substrate. 
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3.8 Experimental Section 

3.8.1 Materials Characterization 

The chemicals and solvents used for synthesis were purchased from commercial vendors 

including Fluka, Armstrong, Sigma-Aldrich, TCI, and VWR without further purification. All 

anhydrous solvents were purchased from Sigma-Aldrich. Y6 and 1,1’-[4,8-bis[5-(2-ethylhexyl)-

2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] (BDT) were 

purchased from 1-Material. Specific synthesis details will be shown in Section 3.8.3 below. The 

characterization and testing of polymers were done using the same equipment as specified in 

Section 2.8.1. 

3.8.2 OSC Device Fabrication and Characterization 

The OSC fabrication and characterization was completed according to the information provided 

in Section 2.8.2. 
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3.8.3 Synthesis Routes 

Synthesis of 5-(thiophen-3-yl)-1H-1,2,3-triazole 

 

A stir bar was placed in a 500 mL two-neck round bottom flask and the system was evacuated to 

purge with nitrogen. The reagents were added into the flask with sodium azide added last (3-

thiophenecarboxaldehyde: 1 equiv.; nitromethane: 3 equiv.; sodium azide: 2.5 equiv.; ammonium 

acetate: 1 equiv.; acetic acid: 0.5 equiv.) . The reaction was stirred at 100 oC for 1 hour. TLC was 

checked; if complete, the reaction was cooled to room temperature, quenched with water, and 

extracted with diethyl ether. The organic phase was dried with sodium sulfate and the solvent 

was evaporated under vacuum. The product was purified with a column under air, with an initial 

eluent of hexane:ethyl acetate (5:1), which was increased to 3:1 once the initial compounds were 

exiting. A white solid is obtained. (Yield: 1.519 g, 56 %). 1H NMR (300 MHz, CDCl3, δ/ppm): 

7.85 (s, 1H), 7.68 (d, 1 H), 7.48 (d, 1H), 7.40 (m, 1H).76  
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Synthesis of 2-methyl-4-(thiophen-3-yl)-2H-1,2,3-triazole 

 

To a solution of triazole thiophene (1 equiv.), potassium carbonate (2 equiv.) and acetonitrile 

were added. Iodomethane (1.5 equiv.) was added dropwise. The reaction was heated to 80 oC and 

stirred for 2.5 hours. The flask was then cooled, and the contents were filtered. The solvent was 

evaporated using the rotary evaporator and purified via a column using hexane:ethyl acetate 4:1. 

Three isomers are expected during this reaction; however, the two undesirable isomers are 

obtained in a mixture at a lower yield than the middle substitution. (Yield: 205.5 mg, 38 % 

desired product, 158.1 mg, 29 % mixture of other isomers). 1H NMR (300 MHz, CDCl3, δ/ppm): 

7.70 (s, 1H), 7.59 (m, 1H), 7.43 (m, 1H), 7.37 (m, 1H), 4.2 (s, 3H).77 
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Synthesis of 4-(2,5-dibromothiophen-3-yl)-2-methyl-2H-1,2,3-triazole 

 

In a 25 mL 2-neck round-bottom flask, methyl triazole thiophene (1 equiv.) and half of the DMF 

were added. The reaction vessel was wrapped in aluminum foil to avoid light. Next, a mixture of 

NBS (2.5 equiv.) in the remaining DMF was made and added dropwise to the solution. The 

solution was stirred for 24 hours in the dark. The mixture was then poured into water and 

extracted with ether. The organic phase was dried with sodium sulfate and the solvent was 

removed via rotary evaporator. The crude product was purified via column with the eluent as 

hexane:ethyl acetate 6:1, yielding a white solid. (Yield: 115.2 mg, 30 %). 1H NMR (300 MHz, 

CDCl3, δ/ppm): 8.1 (s, 1H), 7.35 (s, 1H), 4.21 (s, 3H). 
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Synthesis of 2-ethylhexyl 4-(thiophen-3-yl)-2H-1,2,3-triazole-2-carboxylate 

 

To a solution of triazole thiophene (1 equiv.), potassium carbonate (2 equiv.) and DCM were 

added. The system was placed in an ice bath. Ethylhexyl chloroformate (1.5 equiv.) was added 

dropwise. The reaction was heated to 45 oC and stirred for 4 hours. The flask was then cooled to 

room temperature, and water was added. DCM was used to extract the product. The solvent was 

evaporated using the rotary evaporator and purified via a column using hexane:ethyl acetate 4:1. 

(Yield: 212.1 mg, 41.8 % middle substitution, 134.1 mg, 26.5 % undesired outer nitrogen 

substitution). 1H NMR (300 MHz, CDCl3, δ/ppm): 8.02 (s, 1H), 7.82 (m, 1H), 7.59 (m, 1H0, 

7.43 (m, 1H), 4.47 (d, 2H), 1.85 (m, 1H), 1.33 (m, 8H), 0.89 (m, 6H).77 
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Synthesis of 2-ethylhexyl 4-(2,5-dibromothiophen-3-yl)-2H-1,2,3-triazole-2-carboxylate 

 

In a 25 mL 2-neck round-bottom flask, carbamate triazole thiophene (1 equiv.) and half of DMF 

were added. The reaction vessel was wrapped in aluminum foil to avoid light. Next, a mixture of 

NBS (2.5 equiv.) in the remaining DMF was made and added dropwise to the solution. The 

solution was stirred for 24 hours in the dark at 40 oC. The mixture was then cooled, poured into 

water, and extracted with ether. The organic phase was dried with sodium sulfate and the solvent 

was removed via rotary evaporator. The crude product was purified via column with the eluent 

DCM:hexane 3:1, yielding a white solid. (Yield: 148.6 mg, 49 %). 1H NMR (300 MHz, CDCl3, 

δ/ppm): 8.45 (s, 1H), 7.51 (s, 1H), 4.47 (d, 2H), 1.86 (m, 1H), 1.31 (m, 8H), 0.89 (m, 6H). 
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Synthesis of polymer PTTBDT 

 

The monomer (1 equiv.), tri(o-tolyl)phosphine ((P(tol)3) (0.08 equiv.) and 1,1’-[4,8-bis[5-(2-

ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] 

(BDT) (1 equiv.) were added to a 2-neck 25 mL round-bottom flask with a small stir bar. The 

system was purged with argon by performing 3 vacuum cycles. Anhydrous chlorobenzene was 

added (4 mL). Tris(dibenzylideneacetone)dipalladium(0) catalyst (Pd2dba3) (0.04 equiv.) was 

measured in an inert atmosphere such as a nitrogen filled glove bag. A 1 mL solution of the 

catalyst dissolved in chlorobenzene was prepared and added to the flask. The reaction was set at 

90 oC for 24 hours. After, the reaction was cooled to room temperature and then stirred in 150 

mL of methanol for 30 minutes to an hour. The solid was collected via vacuum filtration and 

then washed with solvents in the following order: acetone, hexane, chloroform, and 

chlorobenzene in a Soxhlet extractor. (Yield: 115.7 mg, 96.4 % in chloroform). 
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Synthesis of polymer PCTBDT 

 

The monomer (1 equiv.), tri(o-tolyl)phosphine ((P(tol)3) (0.08 equiv.) and 1,1’-[4,8-bis[5-(2-

ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] 

(BDT) (1 equiv.) were added to a 2-neck 25 mL round-bottom flask with a small stir bar. The 

system was purged with argon by performing 3 vacuum cycles. Anhydrous chlorobenzene was 

added (4 mL). Tris(dibenzylideneacetone)dipalladium(0) catalyst (Pd2dba3) (0.04 equiv.) was 

measured in an inert atmosphere such as a nitrogen filled glove bag. A 1 mL solution of the 

catalyst dissolved in chlorobenzene was prepared and added to the flask. The reaction was set at 

90 oC for 24 hours. After, the reaction was cooled to room temperature and then stirred in 150 

mL of methanol for 30 minutes to an hour. The solid was collected via vacuum filtration and 

then washed with solvents in the following order: acetone, hexane, and chloroform in a Soxhlet 

extractor. (Yield: 88.8 mg, 74 % in chloroform). 
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Chapter 4: Synthesis, Characterization, and Performance of a Wide Bandgap 

Tetrafluorobenzene-BDT D-A Polymer  

4.1 Introduction 

The discovery of Y6, by Zou et al. has led to major breakthroughs in PCE for OSCs, with the 

leading materials approaching 19 %.21 A lot of resources have been applied to research on wide 

bandgap D-A polymer donors, which can achieve complementary absorption, balanced charge 

mobility, and good morphology when paired with Y6. For commercialization, it is important to 

target inexpensive materials with low synthetic complexity and good solubility for easy 

processability. This chapter discusses the synthesis, characterization, and testing of a novel 

polymer, which is synthesized with the goal of an inexpensive, wide bandgap D-A polymer. This 

polymer should have a low lying EHOMO that matches well with Y6, while maintaining good co-

planarity to potentially achieve face-on orientation for good charge transfer. 

In 2019, Zhang et al. synthesized a polymer with the repeat unit BDT-benzene to function as a 

hole transport layer in perovskite solar cells.55 This polymer had an EHOMO of -5.16 eV, and an 

ELUMO of -2.89 eV, rendering a bandgap of 2.27 eV.55 Furthermore, a dihedral angle of 22.4 

degrees was predicted by DFT.55 In comparison with other BDT-thiophene based materials 

tested by Zhang et al., the SCLC hole mobility was an order of magnitude less for the BDT-

benzene polymer, with a value of 3x10-5 cm2/V-1s-1.55 However, the reason for worse hole 

mobility was due to the more twisted structure when BDT was paired with benzene as opposed 

to thiophene.55 Despite the different application, the structure was interesting for applications in 

the active layer of OSCs. However, some of its limitations need to be overcome to ensure the 

opto-electrochemical properties favour good OPV performance. The HOMO energy level of the 

benzene-BDT polymer is similar to P3HT; thus, it is too high for applications with NFAs like 

Y6. One potential reason is that the BDT-benzene structure is a D-D polymer. Therefore, 

substitution of the benzene ring with EWGs could help lower the EHOMO and make an effective 

D-A polymer for OSC applications. This chapter will investigate one polymer where the benzene 

ring is fluorinated to assess the potential of this new structure. 

  



91 

 

4.2 Polymer Structure Design 

To address the addition of EWG substituents onto the benzene ring, a 1,4-

dibromotetrafluorobenzene ring was commercially available. This is a promising candidate for 

OSC applications for two reasons: 1) fluorine atoms are a good EWG, which will help polarize 

the benzene unit and lower the EHOMO level;1 2) the fluorine atoms could promote better co-

planarity through a conformation lock due to hydrogen bonding. Since the reason for poor 

mobility of the unsubstituted benzene-BDT polymer synthesized by Zhang et al. was twisting, a 

more co-planar molecule with EWGs could help with increasing the hole mobility, resulting in a 

good D-A donor polymer for OSCs. Therefore, this structure was investigated with DFT 

calculations, before proceeding to synthesize and characterize this material for OPV applications. 

This chapter will investigate the polymer, PFBBDT, seen in Figure 4-39 to assess its 

applicability as a wide bandgap D-A polymer for OSC devices. 

 

Figure 4-39: Reference polymer (PBBDT) and proposed fluorinated BDT-benzene polymer 

(PFBBDT) structures. 

4.2.1 Density Functional Theory (DFT) Simulations 

As summarized in Section 2.2.1, Avogadro software was used for the initial energy minimization 

estimate, and Gaussian software was used for the DFT calculation. The same settings were used 

for Gaussview: opt freq b3lyp/6-31g(d) geom=connectivity. 

Since the polymer in this chapter has a fluorinated benzene A unit, a DFT calculation for an 

unsubstituted BDT-benzene dimer (PBBDT) was completed to provide a better comparison to 
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the fluorinated polymer (PFBBDT). The results for each polymer can be seen in Figure 4-40. 

This reference polymer (PBBDT) was previously reported to have an EHOMO of -5.16 eV and a 

very wide bandgap of 2.27 eV.55 DFT showed that PFBBDT is predicted to have a lower EHOMO 

than the reference PBBDT, which means a HOMO level lower than -5.16 eV can be expected. 

This will positively impact the energy level matching of PFBBDT with Y6 and can allow for 

better Voc. The predicted smaller bandgap could also help with energy level matching between 

PFBBDT and Y6. Interestingly, the dihedral angle of PFBBDT is 6 degrees less than the 

reference with an unsubstituted benzene.55 Using Avogadro software, the distances between the 

fluorine atoms on the benzene ring and the hydrogen atoms on the subsequent thiophenes in the 

BDT structure were measured to be 2.21 and 2.22 Å. This distance coincides with hydrogen 

bonding and can explain why the structure is highly co-planar.80 A highly co-planar structure 

will allow for extended conjugation, good morphology, and potentially improved charge 

transport. The DFT calculated values are summarized in Table 4-21. 

 

 

Figure 4-40: DFT calculation results showing overall structure, HOMO, LUMO, and dihedral 

angle for polymers: a) reference PBBDT; b) PFBBDT. 
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Table 4-21: DFT results for the reference polymer (PBBDT) and the proposed benzene-BDT 

polymer (PFBBDT). 

Polymer DFT EHOMO  

(eV) 

DFT ELUMO  

(eV) 

DFT Bandgap 

(eV) 

DFT Dihedral 

Angle (degrees) 

PBBDT -4.97 -1.90 3.07 22.21 

PFBBDT -5.16 -2.30 2.86 16.26 

4.2.2 Synthesis Scheme 

Part of the merit of PFBBDT is the synthetic simplicity since the commercial monomer is 

already dibrominated. Therefore, the synthesis only involved a Stille coupling polymerisation 

step using anhydrous chlorobenzene as the solvent and a catalyst/ligand system of 

tris(dibenzylideneacetone)dipalladium(0) catalyst (Pd2dba3)/ tri(o-tolyl)phosphine ((P(tol)3) 

reacted at 90 oC for 24 hours. The synthesis overview of this polymer can be seen in Scheme 4-3 

below and further synthesis details can be found in Section 4.8.3. 

 

Scheme 4-3: Synthesis scheme for polymer PFBBDT. 
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4.3 Physical Properties 

The molecular weight of PFBBDT was measured using HT-GPC. Polystyrene was used as a 

reference, with 1,2,4-trichlorobenzene as the eluent at an operation temperature of 150o. The Mn 

value was 4.41 kDa, whereas the Mw value was 6.01 kDa. This molecular weight is quite low, 

indicating an oligomer is formed. Studies have shown that low molecular weight leads to worse 

Jsc and FF, resulting in worse PCE.81,82 In comparison, the reference polymer, PBBDT, was 

obtained with a Mn of 15.7 kDa.55 Therefore, the fluorine atoms limit the solubility of this 

material, resulting in a lower degree of polymerization. Although the fluorine atoms have 

benefits for performance, including their strong EWG nature, the resulting low molecular weight 

will also negatively affect the performance. The performance of the OPV devices will provide 

insight into which aspect has the greater effect. A summary of the GPC data is in Table 4-22 

below. 

 

Figure 4-41: HT-GPC molecular weight distribution of polymer PFBBDT. 

Table 4-22: HT-GPC molecular weight and PDI data summary for PFBBDT. 

Polymer Mn (kDa) Mw (kDa) PDI 

PFBBDT 4.41 6.01 1.36 
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TGA for polymer PFBBDT was acquired using a heating rate of 10 ℃/min under nitrogen (see 

Figure 4-42). A weight loss of 1 % was observed at 336 oC and the first step decomposition 

occurred at 408 oC. PFBBDT displayed excellent thermal stability, making it an ideal candidate 

for elevated temperature OSC applications.  

DSC was acquired using a scanning rate of 10 ℃/min under nitrogen, where the first cycle went 

50 oC lower than the second cycle and the second cycle went until the polymer lost 0.5 % of its 

weight in TGA (see Figure 4-43). PFBBDT displayed a glass transition temperature around 36 

oC and a melting temperature at 113 oC in the first heating cycle. The melting temperature 

increased to 152 oC in the second heating cycle. The melting temperatures could be visible in this 

region due to the low molecular weight of this material. Furthermore, PFBBDT showed a cold 

crystallization in the first heating cycle at 100 oC. These peaks indicate this polymer has some 

crystalline characteristics, which is abnormal for this type of conjugated polymer and can be 

detrimental to OPV performance. 
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Figure 4-42: TGA curve for polymer PFBBDT. 
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Figure 4-43: DSC curve for polymer PFBBDT. 
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4.4 Opto-Electrochemical Properties 

UV-vis and CV samples were prepared according to the procedure outlined in Section 2.4. 

Polymer PFBBDT had a trimodal absorption spectrum (see Figure 4-44), which reflected the 

benzene-BDT base unit structure, and was also observed by Zhang et al..55 PFBBDT had a λmax,s 

of 490 nm. A redshift of λmax to 543 nm was observed for a PFBBDT thin film. However, in 

solution the middle peak has the maximum absorption, whereas as a thin film the right peak has 

the maximum absorption. Therefore, the right peak in solution was at 533 nm, corresponding to 

an actual spectrum redshift of 10 nm when applied as a thin film. The increase in absorption 

intensity of the right peak indicated the polymer adopts a more co-planar orientation as a thin 

film, which subsequently results in improved conjugation. The optical bandgap for PFBBDT was 

calculated as 2.13 eV, which could potentially be too wide for good energy level matching with 

Y6.  

From CV, an EHOMO level of -5.52 eV was obtained for PFBBDT. From Figure 2-15, the EHOMO 

appears to be well matched with Y6; however, due to the relatively large bandgap, the ELUMO of   

-3.39 eV might be too low for good matching with Y6. Figure 4-46 shows a comparison 

between the DFT calculated energy levels and the energy levels obtained from CV. DFT agreed 

with CV for PFBBDT since the EHOMO was lower and the bandgap was smaller than the 

reference polymer, PBBDT, which is promising for OSC applications. 
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Figure 4-44: UV-vis absorption spectra of as-cast thin film, annealed thin film, and chloroform 

solution for polymer PFBBDT. 
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Figure 4-45: CV profile of polymer PFBBDT. 

Table 4-23: Optical and electrochemical properties of polymer PFBBDT. 

Polymer λmax,s  

(nm) 

λmax,fRT 

(nm) 

λmax,f100C 

(nm) 

λonset  

(nm) 

Eg
opt  

(eV) 

EHOMO 

(eV) 

ELUMO 

(eV) 

PFBBDT 490 543 544 582 2.13 -5.52 -3.39 
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Figure 4-46: Comparison of DFT predicted HOMO and LUMO energy levels with CV obtained 

HOMO and LUMO levels for PFBBDT. 
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PL was acquired using the same method described in Section 2.4 (see Figure 4-47). Due to the 

favourable characteristics and strong performance of Y6 for OSC applications, Y6 was used as 

the commercial NFA for pairing with PFBBDT. PFBBDT showed good quenching in the donor 

region (99.9 %); however, the acceptor region resulted in insufficient quenching (71.5 %). This 

result reflected the energy level concerns for PFBBDT due to the abnormally large optical 

bandgap resulting in a very high ELUMO.  
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Figure 4-47: Photoluminescence spectrum of PFBBDT with Y6. 
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4.5 OPV Performance and Charge Mobility 

A detailed device fabrication procedure can be found in Section 2.8.2.  

Important note: The polymer in this chapter was tested with a new device ITO pattern and 

testing system. In the past devices have achieved a FF of 0.56 by Yuan et al. and as high as 0.71 

by Jiang et al. in our lab.52,53 Furthermore, a shunt resistance of 883 ohm•cm2 and a series 

resistance of 2.84 ohm•cm2 have been reported by our group.53 However, after switching to the 

new system, the FF is lower than previously achieved, which is related to issues with low shunt 

resistance and high series resistance. This indicates that there is a problem with one or more of 

the layers and/or interfaces between layers, which is still being investigated by our group. 

Therefore, the data presented below might not represent the best data possible for this polymer.  

Summaries of the performance of PFFBDT with Y6 can be found in Table 4-24 and Table 4-25, 

and the best J-V curve is shown in Figure 4-48. It is worth noting that the active layer was quite 

thin for these polymers, likely caused by the low molecular weight. Therefore, further testing 

with a higher concentration in the active layer solution is necessary. Polymer PFBBDT achieved 

a highest PCE of 5.14 % (Jsc = 16.77 mA/cm2, Voc = 0.74 V, and FF = 0.41) with the active layer 

annealed at 50 oC. A slight increase in PCE was observed for this polymer with moderate 

annealing temperatures; however, higher annealing temperatures did not provide improvements. 

Presence of the melting point in DSC could explain why annealing at higher temperatures did not 

improve performance. The Jsc for this polymer is adequate but the Voc and FF are low. Voltage 

losses for this polymer is calculated as 0.68 V according to Eq. 12. The high voltage losses and 

low FF are potentially caused by the highly intense lamellar stacking observed for this polymer, 

which will be explained further in Section 4.6. Due to the hydrogen bonding between the 

fluorine and hydrogen atoms in the polymer backbone (as shown in the DFT calculations), the 

polymer strongly packs with an edge-on orientation. This might result in large domain sizes and 

aggregates forming due to the strong attraction of fellow polymer chains, which could lead to 

surface roughness that would negatively affect the charge transfer, resulting in more 

recombination (lowering FF and Voc). Furthermore, the low molecular weight is not ideal for 

OPV performance and could be contributing to the poor FF and Voc.
81 



101 

 

EQE of the polymer was measured, where PFBBDT had a maximum EQE of 64 % at 540 nm. 

The error for PFBBDT between OPV and EQE for Jsc was 6.05 %, which is reasonable.  

Table 4-24: Summary of OSC device parameters for PFBBDT:Y6. 

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1500 68.90 (±0.60) 

2 No annealing 2000 59.20 (±0.90) 

3 No annealing 2500 50.00 (±0.20) 

4 50 1500 66.35 (±0.45) 

5 50 2000 55.85 (±0.95) 

6 50 2500 50.05 (±0.35) 

7 100 1500 68.60 (±0.60) 

8 100 2000 60.60 (±0.60) 

9 100 2500 55.05 (±0.55) 

10 150 1500 69.35 (±0.35) 

11 150 2000 55.65 (±0.65) 

12 150 2500 49.65 (±0.55) 

 

Table 4-25: Summary of OSC performance for PFBBDT:Y6. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 16.52 

(15.68±0.85) 

0.74 

(0.74±0.01) 

0.37 

(0.37±0.01) 

4.61 

(4.27±0.26) 

128  

(±22) 

9.20  

(±4.27) 

2 16.52 

(16.57±0.45) 

0.75 

(0.74±0.01) 

0.40 

(0.39±0.01) 

5.00 

(4.76±0.20) 

160 

(±13) 

7.13  

(±1.46) 

3 16.33 

(15.86±0.63) 

0.74 

(0.73±0.02) 

0.40 

(0.38±0.02) 

4.84 

(4.44±0.46) 

182  

(±10) 

11.31 

(±6.71) 

4 16.72 

(15.61±0.76) 

0.75 

(0.74±0.01) 

0.37 

(0.36±0.01) 

4.61 

(4.12±0.30) 

116  

(±11) 

12.95 

(±5.18) 

5 16.28 

(15.40±0.78) 

0.73 

(0.73±0.01) 

0.39 

(0.37±0.02) 

4.62 

(4.16±0.39) 

146  

(±24) 

11.56 

(±6.95) 

6 16.77 

(14.94±1.49) 

0.74 

(0.73±0.01) 

0.41 

(0.41±0.02) 

5.14 

(4.49±0.37) 

232  

(±31) 

9.57  

(±2.00) 

7 16.71 

(15.97±0.61) 

0.73 

(0.73±0.01) 

0.38 

(0.37±0.01) 

4.64 

(4.35±0.24) 

124  

(±7) 

8.62  

(±2.94) 

8 16.69 

(16.29±0.47) 

0.75 

(0.73±0.01) 

0.40 

(0.39±0.01) 

5.02 

(4.63±0.29) 

160  

(±10) 

6.45  

(±1.65) 

9 17.20 

(15.52±0.85) 

0.75 

(0.73±0.01) 

0.40 

(0.40±0.02) 

5.08 

(4.48±0.34) 

185  

(±37) 

8.65  

(±3.30) 

10 16.76 

(16.17±0.52) 

0.71 

(0.70±0.01) 

0.39 

(0.38±0) 

4.62 

(4.37±0.21) 

122  

(±2) 

6.38  

(±1.03) 

11 15.80 

(15.62±0.19) 

0.71 

(0.70±0.02) 

0.40 

(0.39±0.01) 

4.50 

(4.23±0.27) 

141  

(±14) 

6.41  

(±0.42) 

12 16.43 

(15.62±0.50) 

0.72 

(0.70±0.02) 

0.41 

(0.40±0.01) 

4.86 

(4.31±0.32) 

163  

(±7) 

4.86  

(±0.41) 
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Figure 4-48: J-V curve for PFBBDT:Y6 (50 oC). 
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Figure 4-49: EQE of best performing OSC based on PFBBDT:Y6. 

Table 4-26: Comparison of Jsc values obtained from OPV and EQE measurements for PFBBDT. 

Polymer Jsc from OPV 

(mA/cm2) 

Jsc from EQE 

(mA/cm2) 

Error  

(%) 

PFBBDT 17.19 16.21 6.05 

 

  



103 

 

Devices for SCLC mobility were prepared and tested as previously described in Section 2.5. 

Polymer PFBBDT showed a hole mobility of 7.53x10-5 cm2V-1s-1 as a neat polymer film, which 

decreased to 1.59x10-6 cm2V-1s-1 when mixed with Y6. The electron mobility was 6.28x10-6 

cm2V-1s-1, resulting in a mobility ratio of 3.95. The low mobility and considerable ratio could be 

caused by the intense lamellar packing of PFBBDT as described in Section 4.6 below, which is 

not ideal for vertical charge transfer and could result in considerable aggregation. Furthermore, 

the low molecular weight could also be causing issues with mobility. 

Table 4-27: SCLC hole and electron mobilities for the neat polymer and D:A blend film of 

PFBBDT and Y6. 

Polymer μe (x10-4 cm2V-1s-1) μh (x10-4 cm2V-1s-1) μe/μh 

PFBBDT N/A 0.753 (0.689) N/A 

PFBBDT:Y6 0.0628 (0.0300) 0.0159 (0.00989) 3.95 (3.03) 
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Figure 4-50: Left: electron mobility I-V curve of PFBBDT:Y6; Right: hole mobility I-V curves 

of PFBBDT and PFBBDT:Y6. 
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4.6 Crystallinity 

Figure 4-51 shows the 1D and 2D XRD plots and images for PFBBDT as a neat polymer and as 

a blend film with Y6. The in-plane plots of the neat and blend films display no obvious peaks. 

However, the neat polymer shows very intense lamellar peaks in the out-of-plane plot. A ring 

can also be seen in the 2D image indicating this lamellar peak. The peak appears when 2θ = 4.37, 

which corresponds to a d-spacing of 2.02 nm. As seen in Figure 4-51, the most intense peak 

occurs when annealed at 100 oC for the neat polymer, followed by 200, and 150 oC. The intensity 

of the peaks for room temperature and 50 oC is much less than when annealed at higher 

temperatures. Lamellar peaks can also be observed in the blend film out-of-plane plot; however, 

the intensity is much less. These peaks are slightly shifted to 2θ = 4.52, corresponding to a d-

spacing of 1.95 nm. For the blend film, the peak intensity appears to increase with annealing 

temperature, aside from 150 oC, which is less intense than 100 oC. The lamellar packing results 

in an edge-on orientation, which is not preferred for OSCs. Strong lamellar packing can cause 

large domains, which could be limiting the performance of this material. Due to the intense 

lamellar features, especially in the neat polymer film, charge transfer in the horizontal direction 

could be much better than the vertical, which could make this material a strong candidate for 

transistor applications instead of OSCs. 
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e  

Figure 4-51: GIXD patterns of films at different annealing temperatures: a) in-plane neat 

PFBBDT; b) out-of-plane neat PFBBDT; c) in-plane PFBBDT:Y6 blend; d) out-of-plane 

PFBBDT:Y6 blend; e) 2D images of the best performing material (annealed at 50 oC), where the 

left is neat PFBBDT and the right is PFBBDT:Y6. 
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4.7 Summary and Future Direction 

In summary, a novel D-A polymer consisting of a benzene-BDT backbone was synthesized in a 

single-step reaction scheme. PFBBDT was inspired by a related benzene-BDT-based polymer, 

which was used as a hole transfer layer in perovskite solar cells. The addition of fluorine groups 

was used to lower the EHOMO, resulting in a promising material for OSC applications. DFT 

calculations predicted this polymer to have a lower EHOMO and smaller dihedral angle than the 

reference polymer PBBDT. PFBBDT had quite low molecular weight, indicating an oligomer 

structure. This polymer was thermally stable, displaying a wide bandgap, and low EHOMO. 

PFBBDT showed good PL quenching in the donor region but only moderate quenching in the 

acceptor region. In terms of OPV performance, PFBBDT achieved a best PCE of 5.14 % (Jsc = 

16.77 mA/cm2, Voc = 0.74 V, and FF = 0.41) with the active layer annealed at 50 oC. PFBBDT 

had low electron and hole SCLC mobility, while also having non-ideal mobility balance. This 

polymer showed very intense lamellar stacking peaks indicating the active layer has an edge-on 

structure. Due to hydrogen bonding in the polymer donor, the highly intense lamellar stacking 

could cause aggregation, and potentially contributes to the low mobility and performance of this 

material. Furthermore, the low molecular weight can negatively effect the OPV performance 

Based on the results obtained, this polymer structure is not good for OPV applications but has 

potential for transistor applications due to the lamellar packing structure. 

For future work, the surface roughness of the active layer can be examined using AFM. AFM 

can also provide the domain sizes to assess if there are any issues with aggregation caused by the 

intense lamellar stacking that may be limiting the performance. Optimization of the 

polymerization is necessary to improve the molecular weight through various strategies 

including a different catalyst, higher temperature, longer reaction time, catalytic amount of 

copper iodide, etc. A spacer molecule such as thiophene, with a solubilizing side chain could be 

used to improve the solubility of the polymer, which could result in higher molecular weight. 

Finally, PFBBDT can be tested as a transistor since the strong edge-on orientation should result 

in high horizontal charge transfer.  
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4.8 Experimental Section 

4.8.1 Materials Characterization 

The chemicals and solvents used for synthesis were purchased from commercial vendors 

including Fluka, Armstrong, Sigma-Aldrich, TCI, and VWR without further purification. The 

reaction used anhydrous chlorobenzene purchased from Sigma-Aldrich. Y6 and 1,1’-[4,8-bis[5-

(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] 

(BDT) were both purchased from 1-Material. Specific synthesis details will be shown in Section 

4.8.3 below. The characterization and testing of the polymer were done using the same 

equipment as specified in Section 2.8.1. 

4.8.2 OSC Device Fabrication and Characterization 

The OSC fabrication and characterization was completed according to the information provided 

in Section 2.8.2. 
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4.8.3 Synthesis Routes 

Synthesis of polymer PFBBDT 

 

The monomer (1 equiv.), tri(o-tolyl)phosphine ((P(tol)3) (0.08 equiv.), and 1,1’-[4,8-bis[5-(2-

ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] 

(BDT) (1 equiv.) were added to a 2-neck 25 mL round-bottom flask with a small stir bar. The 

system was purged with argon by performing 3 vacuum cycles. Anhydrous chlorobenzene was 

added (4 mL). Tris(dibenzylideneacetone)dipalladium(0) catalyst (Pd2dba3) (0.04 equiv.) was 

measured in an inert atmosphere such as a nitrogen filled glove bag. A 1 mL solution of the 

catalyst was dissolved in chlorobenzene and added to the flask. The contents were reacted at 90 

oC for 24 hours. After, the reaction was cooled to room temperature and then stirred in 150 mL 

of methanol for 30 minutes or an hour. The solid was collected via vacuum filtration and then 

washed with solvents in the following order: acetone, hexane, chloroform, and chlorobenzene in 

a Soxhlet extractor. (Yield: 75.7 mg in chloroform, 50.5 %).  
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Chapter 5: Study of an Acid-Catalyzed Post Polymerization Modification on 

an Acetal to Yield a Simple, Low-Cost Aldehyde-Substituted BDT-Based 

Polymer  

5.1 Introduction 

Research on OSCs has largely focused on improving performance, which has driven 

considerable progress in the field of OSCs. However, commercialization will also require long-

term stability, large area device fabrication, low-cost materials development, and 

environmentally friendly synthesis. Therefore, the research focus in the field of OSCs must 

expand to target other crucial factors.  

Simple, cost-effective synthesis routes are critical for developing materials that can be profitable. 

Research has been increased in this area with example systems of an MO-IDIC-2F acceptor and 

PTQ10 low-cost donor, and BTzO-4F acceptor with PBDB-T donor, which have shown PCEs 

greater than 13%.17 In Chapters 2 and 3, a common, simple but effective backbone structure of 

BDT co-polymerised with thiophene was implemented. As previously mentioned, side chain 

engineering is critical for balancing solubility with performance. Inexpensive side chain 

substitution on the thiophene unit, through synthetically simple reactions could lead to 

marketable technology.  

Carbonyl groups are commonly used EWGs for D-A polymer donor design. An inexpensive, 

commercially available thiophene option with a carbonyl substitution is 3-

thiophenecarboxaldehyde. Previously, our group has attempted to dibrominate this material and 

co-polymerise with BDT directly; however, this Stille Coupling reaction resulted in an insoluble 

polymer in common chlorinated processing solvents (e.g., chloroform, chlorobenzene, etc.).  

Developing an alternative synthesis route to obtaining the aldehyde-substituted thiophene-BDT 

polymer is of interest to take advantage of the formaldehyde EWGs potential properties. Alkoxy 

chains are another well known EWG.1 Aldehyde groups can be converted to acetals through 

simple chemistry using alcohols, and can be easily reverted back to an aldehyde via an acid or 

base. This method has potential to synthesize a soluble form of the aldehyde-substituted 

thiophene-BDT polymer, while also providing a second novel polymer with an acetal side chain. 
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Therefore, this chapter will investigate the use of an acetal side chain on thiophene for a novel D-

A polymer donor, as well as a post polymerization modification to form another novel polymer, 

where the acetal chain is converted to an aldehyde using an acid. The aldehyde will potentially 

have better co-planarity, leading to better properties and performance. 
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5.2 Polymer Structure Design 

The proposed acetal-substituted thiophene-BDT polymer was studied via DFT to confirm its 

potential for OSC applications using the methods described in Section 2.2. Not only is the acetal 

a good EWG, but it should also provide sufficient solubility in chloroform for polymer extraction 

and processing. Furthermore, this group can be cleaved via acid to form an aldehyde. Previously 

our group has had solubility issues when trying to prepare a polymer directly from 2,5-dibromo-

3-carboxaldehyde thiophene with BDT; therefore, if after acid cleavage the polymer is soluble in 

chloroform, it is a way to make a second novel material using a post polymerization 

modification. This chapter will investigate the two novel polymers seen in Figure 5-52 to assess 

their applicability as wide bandgap D-A polymers for OSC devices. 

 

Figure 5-52: Polymer structures of a reference polymer (PTBDT) and two proposed polymers: 

an acetal-substituted (PATBDT) and a formaldehyde-substituted (PXTBDT) thiophene-BDT, 

where the “X” indicates the acetal has been cleaved and converted to an aldehyde. 

5.2.1 Density Functional Theory (DFT) Simulations 

DFT simulations were completed using Avogadro software for the initial energy minimization 

estimate, and Gaussian software for the DFT calculation. The same settings as previous chapters 

were used for Gaussview: opt freq b3lyp/6-31g(d) geom=connectivity. 

Both the acetal (PATBDT) and aldehyde (PXTBDT) substituted thiophene-BDT dimers were 

assessed by comparing with an unsubstituted thiophene-BDT dimer, PTBDT. The results for 

each polymer can be seen in Figure 5-53. Both polymers were predicted to have lower EHOMO 
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levels, with the aldehyde group of PXTBDT showing strong EWG capabilities due to its 

substantially lower calculated EHOMO. PATBDT is calculated to have a larger bandgap than 

PTBDT and the electrons look evenly delocalized, which suggests good charge transfer and 

potential for π-π stacking. PXTBDT shows an uneven delocalization of electrons, favouring the 

right side of the molecule. This could potentially have negative effects on charge transfer and 

performance of this material. The DFT calculated values are summarized in Table 5-28. 

 

 

Figure 5-53: DFT calculation results showing overall structure, HOMO, LUMO, and dihedral 

angle for polymers: a) PATBDT; b) PXTBDT. 

Table 5-28: DFT results for the reference polymer, PTBDT, and proposed polymers, PATBDT 

and PXTBDT. 

Polymer DFT EHOMO  

(eV) 

DFT ELUMO  

(eV) 

DFT Bandgap 

(eV) 

DFT Dihedral 

Angle (degrees) 

PTBDT -4.79 -2.02 2.77 12.29 

PATBDT -4.94 -1.99 2.95 32.53 

PXTBDT -5.09 -2.50 2.59 22.92 

 

  

b) 
Dihedral angle: 22.92 degrees HOMO: -5.09 eV LUMO: -2.50 eV 

a) 

Dihedral angle: 32.53 degrees HOMO: -4.94 eV LUMO: -1.99 eV 
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5.2.2 Synthesis Scheme 

The synthesis of PATBDT was a two-step process. First, an acid-catalyzed acetal formation 

reaction was completed starting from 2,5-dibromo-3-carboxaldehyde thiophene, where methanol 

was used as both a solvent and reagent. This monomer was then co-polymerised with BDT using 

the same Stille coupling conditions mentioned in Chapter 4 to yield the polymer, PATBDT. 

From PATBDT, the polymer PXTBDT can be produced via a post polymerisation modification 

in which acid is used to convert the acetal group back to an aldehyde. This polymer was then 

neutralized with pyridine in a methanol solution. Figure 5-54 shows 1H NMR of both PATBDT 

and PXTBDT. In the PATBDT spectrum, there is a peak at 3.47 ppm, which corresponds to the 

hydrogen attached to the carbons neighbouring the oxygen atoms in the acetal side chain. In the 

PXTBDT spectrum, this peak is nearly completely removed, indicating the acetal chain was 

successfully cleaved. 

   

Figure 5-54: a) 1H NMR of PATBDT; b) 1H NMR of PXTBDT. 

The synthesis overview of these two polymers can be seen in Scheme 5-4 below and further 

synthesis details can be found in Section 5.8.3. 

a) b) 
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Scheme 5-4: Synthesis scheme for polymers PATBDT, and PXTBDT. 
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5.3 Physical Properties 

The molecular weights of the polymers were measured using HT-GPC. Polystyrene was used as 

a reference, with 1,2,4-trichlorobenzene as the eluent at an operation temperature of 150o. The 

Mn values were 22.2, and 24.0 kDa, whereas the Mw values were 47.5, and 49.3 kDa for 

PATBDT and PXTBDT, respectively. The PDIs are 2.14, and 2.06, respectively. A summary of 

the GPC data is in Table 5-29 below. 

 

 

Table 5-29: HT-GPC molecular weight and PDI data summary for PATBDT and PXTBDT. 

Polymer Mn (kDa) Mw (kDa) PDI 

PATBDT 22.2 47.5 2.14 

PXTBDT 24.0 49.3 2.06 

 

Like Chapters 2 through 4, TGA for polymers PATBDT, and PXTBDT was acquired using a 

heating rate of 10 ℃/min under nitrogen (see Figure 5-56). A weight loss of 1 % was observed 

at 313, and 265 oC for PATBDT, and PXTBDT, respectively. The first step decomposition 

occurred at 376, and 358 oC, respectively. These polymers displayed excellent thermal stability 

making them ideal candidates for high temperature OSC applications.  

DSC was acquired using a scanning rate of 10 ℃/min under nitrogen, where the first cycle went 

50 oC lower than the second cycle and the second cycle went until the polymer lost 0.5 % of its 

weight in TGA (see Figure 5-57). Both polymers displayed a glass transition temperature around 

a) b)

Figure 5-55: HT-GPC molecular weight distribution of polymer: a) PATBDT; b) PXTBDT. 
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36 oC. PATBDT and PXTBDT do not show any additional significant peaks in their respective 

DSC curves. However, PXTBDT shows an irreversible transition in the first heating cycle 

beginning around 106 oC. 
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Figure 5-56: TGA curves for polymers: PATBDT, and PXTBDT. 
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Figure 5-57: DSC curves for polymers: PATBDT, and PXTBDT. 
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5.4 Opto-Electrochemical Properties 

UV-vis and CV samples were prepared according to the procedure outlined in Section 2.4. 

PATBDT had a λmax,s of 505 nm, which shifted to 517 nm when cast as a thin film. Furthermore, 

in solution there was a very weak shoulder peak, which became nearly as intense as the 

maximum absorption peak for a thin film. This indicated a strong shift to better co-planarity and 

improved conjugation, likely caused by a better orientation of the acetal side chain. Unlike 

PATBDT, PXTBDT only had one peak in its spectra. The λmax,s for PXTBDT was 532 nm, 

which was redshifted to 550 nm as a thin film. PXTBDT had an optical bandgap of 1.94 eV, 

which was not as wide as PATBDT (2.06 eV).  

From CV, an EHOMO level of -5.55 eV was obtained for PATBDT, while PXTBDT had a much 

lower EHOMO of -5.67 eV. This indicated that the aldehyde side chain is a strong EWG and 

resulted in an energy level that is quite close to Y6 (<0.1 eV HOMO offset), which could have a 

negative effect on the performance. However, studies have shown that good PCE can be obtained 

with minimal HOMO level offset. For example, Li et al. studied the effect of the HOMO offset 

and showed that even with an offset of 0 eV, a PCE of 10.42 % was achieved, while with an 

offset of 0.06 eV, a PCE of 11.75 % was achieved.83 Furthermore, Chen et al. showed a PCE of 

10.4 % could be achieved with their material despite a HOMO offset of 0.09 eV.84 As the 

HOMO level offset decreases, the energy losses typically decrease; however, since the offset is 

the driving force, the driving force is also reduced. 83 A strong EWG, like the aldehyde in 

PXTBDT, can help overcome this small driving force.83 Furthermore, Li et al. found that only a 

small offset was required to have good hole transfer.83 Therefore, although the HOMO offset 

with Y6 is quite low for PXTBDT, previous studies indicate that it still could have potential for 

OSC applications.  

The opto-electrochemical data is summarized in Table 5-30. Figure 5-60 shows a comparison 

between the DFT calculated energy levels and the energy levels obtained from CV. DFT 

correctly predicted that the EHOMO of PXTBDT would be significantly lower than PATBDT. 

Likewise, the bandgap for PXTBDT was smaller, which agreed with DFT.  
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Figure 5-58: UV-vis absorption spectra of as-cast thin film, annealed thin film, and chloroform 

solution for polymers: a) PATBDT, and b) PXTBDT. 
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Figure 5-59: CV profiles of polymers: a) PATBDT, and b) PXTBDT. 

Table 5-30: Optical and electrochemical properties of polymers PATBDT, and PXTBDT. 

Polymer λmax,s  

(nm) 

λmax,fRT 

(nm) 

λmax,f100C 

(nm) 

λonset  

(nm) 

Eg
opt  

(eV) 

EHOMO 

(eV) 

ELUMO 

(eV) 

PATBDT 505 517 519 602 2.06 -5.55 -3.49 

PXTBDT 532 550 553 640 1.94 -5.67 -3.73 
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Figure 5-60: Comparison of DFT predicted HOMO and LUMO energy levels with CV obtained 

HOMO and LUMO levels for polymers PATBDT, and PXTBDT. 

PL was acquired using the same method described in Section 2.4 (see Figure 5-61). Due to the 

favourable characteristics and strong performance of Y6 for OSC applications, Y6 was used as 

the commercial small molecule NFA for pairing with the polymer donors outlined in this 

chapter. PATBDT showed excellent quenching with Y6, with 99.4 and 99.85 % in the donor and 

acceptor regions, respectively, making it a good candidate for OSC applications. PXTBDT had 

98.6 % quenching in the donor region and 89 % in the acceptor region. The exceptionally low 

EHOMO might have contributed to the worse exciton dissociation performance when compared to 

PATBDT; however, the quenching is still promising for OSC applications. 

600 700 800 900 1000

0

500000

1000000

1500000

2000000

2500000

3000000

P
L
 I
n
te

n
s
it
y

Wavelength (nm)

 Y6

 PATBDT

 Blend (D)

 Blend (A)

99.4%

99.85%

600 700 800 900 1000

0

50000

100000

150000

200000

250000

300000

P
L
 I
n
te

n
s
it
y

Wavelength (nm)

 Y6

 PXTBDT

 Blend (A)

 Blend (D)
98.6 %

89 %

 
Figure 5-61: Photoluminescence spectra of PATBDT with Y6, and PXTBDT with Y6.  
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5.5 OPV Performance and Charge Mobility 

A detailed device fabrication procedure can be found in Section 2.8.2.  

Important note: The polymers in this chapter were tested with a new device structure and 

testing system. In the past devices have achieved a FF of 0.56 by Yuan et al. and as high as 0.71 

by Jiang et al. in our lab.52,53 Furthermore, a shunt resistance of 883 ohm•cm2 and a series 

resistance of 2.84 ohm•cm2 have been reported by our group.53 However, after switching to the 

new system, the FF is lower than previously achieved, which is related to issues with low shunt 

resistance and high series resistance. This indicates there is a problem with one or more of the 

layers and/or interfaces between layers, which is still being investigated by our group. 

Therefore, the data presented below might not represent the best data possible for these 

polymers.  

Summaries of the performance of each polymer can be found in Table 5-31 to Table 5-34, and a 

comparison of the best J-V curves for each polymer is shown in Figure 5-62. PATBDT achieved 

a best PCE of 8.20 % (Jsc = 24.00 mA/cm2, Voc = 0.77 V, and FF = 0.46) when annealed at 100 

oC. The main reasons for the better performance compared with the other polymers presented in 

this thesis are significantly better Jsc and FF. If the FF could be improved to previous levels 

(~0.56), a PCE around 10 % could be possible (if the other metrics remain the same). From DFT, 

this polymer was predicted to have a dihedral angle of 32.5 degrees due to the relative bulkiness 

of the acetal sidechain, with the methoxy groups repelling each other and bending in different 

directions. This could have a negative affect on charge transfer and morphology, which might 

explain why the Voc is lower than high performing polymers with similar EHOMO levels.85 In 

comparison to other polymers in this thesis, the shunt resistance has noticeably increased for 

PATBDT, and the series resistance has noticeably decreased, although they are still not at the 

previously reported levels. This explains why the FF has improved for these devices. 

PXTBDT achieved the best performance of the polymers reported within this thesis, with a best 

PCE of 9.97 % (Jsc = 24.20 mA/cm2, Voc = 0.84 V, and FF = 0.49) without annealing. Compared 

with PATBDT, the Voc and FF have noticeably improved. The EHOMO level for PXTBDT is 

significantly lower than PATBDT, which will help increase the Voc. Furthermore, removal of the 

acetal chains results in a rigid aldehyde side chain, which decreases the dihedral angle 
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significantly to 23 degrees. Reduction of the dihedral angle can allow for better charge transport 

along the backbone of the polymer, and potentially better morphology, allowing for improved FF 

as compared to PATBDT. If the FF could be increased to 0.56, a PCE of approximately 11.5 % 

could be achieved, which is decent performance for OSCs. The improvement of FF from 

PATBDT to PXTBDT can be seen in Figure 5-62, where PXTBDT appears significantly more 

“square-shaped” resulting in better series and shunt resistances, as well as Voc.  

EQE of the polymers was also measured. PATBDT had a maximum EQE of 72 % and 

maintained greater than 50 % EQE in the range of 430 to 600 nm and 700 to 860 nm. Similarly, 

PXTBDT had a maximum EQE of 72 % and maintained greater than 50 % EQE in the range of 

440 to 860 nm. However, PATBDT and PXTBDT had large errors of 26.18 and 26.92 %, 

respectively when comparing the Jsc obtained from OPV and EQE. This error is unacceptable, 

and like Chapters 2 and 3, it suggests that OPV is overestimating Jsc and/or EQE is 

underestimating Jsc. Optimization of the solar cell fabrication and testing with the new devices 

and testing station is required to determine the cause of the error and potential solutions to this 

problem. 

Table 5-31: Summary of OSC device parameters for PATBDT:Y6. 

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1000 98.80 (±0.40) 

2 No annealing 1500 89.95 (±0.05) 

3 No annealing 2000 74.65 (±0.85) 

4 50 1000 99.45 (±0.35) 

5 50 1500 86.70 (±0.40) 

6 50 2000 80.65 (±0.15) 

7 100 1000 100.20 (±0.30) 

8 100 1500 83.90 (±0.20) 

9 100 2000 75.00 (±0.30) 

10 150 1000 99.10 (±0.50) 

11 150 1500 85.90 (±0.20) 

12 150 2000 76.90 (±0.40) 
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Table 5-32: Summary of OSC performance for PATBDT:Y6. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 23.18 

(22.78±0.37) 

0.76 

(0.76±0.01) 

0.39 

(0.39±0) 

6.90 

(6.69±0.14) 

153  

(±5) 

11.84 

(±0.61) 

2 23.12 

(22.61±0.48) 

0.77 

(0.76±0.01) 

0.43 

(0.41±0.01) 

7.75 

(7.08±0.37) 

186  

(±14) 

10.41 

(±0.82) 

3 22.86 

(22.02±0.75) 

0.77 

(0.77±0.01) 

0.46 

(0.45±0.01) 

8.16 

(7.67±0.42) 

229  

(±26) 

8.17  

(±0.52) 

4 23.60 

(22.32±1.00) 

0.76 

(0.75±0.01) 

0.40 

(0.39±0.01) 

7.05 

(6.49±0.42) 

167  

(±10) 

11.51 

(±0.47) 

5 22.97 

(22.62±0.32) 

0.76 

(0.75±0.01) 

0.43 

(0.43±0) 

7.55 

(7.21±0.23) 

211 

(±6) 

9.63  

(±0.50) 

6 23.10 

(21.96±0.87) 

0.75 

(0.75±0.01) 

0.44 

(0.44±0.01) 

7.67 

(7.19±0.41) 

227  

(±18) 

8.84  

(±0.46) 

7 23.43 

(23.19±0.52) 

0.78 

(0.76±0.01) 

0.43 

(0.41±0.01) 

7.76 

(7.26±0.29) 

183 

 (±14) 

9.88  

(±0.34) 

8 24.00 

(24.20±0.20) 

0.77 

(0.77±0.01) 

0.45 

(0.44±0.01) 

8.20 

(8.15±0.05) 

213  

(±7) 

8.19  

(±0.03) 

9 22.82 

(21.88±0.76) 

0.77 

(0.76±0.01) 

0.46 

(0.45±0.01) 

8.02 

(7.46±0.44) 

228  

(±43) 

8.83  

(±0.40) 

10 24.86 

(23.73±0.68) 

0.77 

(0.76±0.01) 

0.41 

(0.40±0) 

7.76 

(7.24±0.36) 

174  

(±9) 

9.94  

(±0.37) 

11 23.99 

(22.84±0.74) 

0.73 

(0.73±0) 

0.42 

(0.42±0) 

7.36 

(7.00±0.25) 

202  

(±8) 

9.51  

(±0.62) 

12 22.87 

(21.87±0.68) 

0.74 

(0.73±0.01) 

0.45 

(0.43±0.01) 

7.51 

(6.87±0.53) 

225  

(±20) 

9.21  

(±0.57) 

 

Table 5-33: Summary of OSC device parameters for PXTBDT:Y6. 

Device Annealing Temperature 

(oC) 

RPM Thickness 

(nm) 

1 No annealing 1000 111.75 (±2.05) 

2 No annealing 1500 83.90 (±1.70) 

3 No annealing 2000 67.40 (±1.00) 

4 50 1000 95.05 (±0.95) 

5 50 1500 80.85 (±1.65) 

6 50 2000 67.25 (±0.35) 

7 100 1000 92.20 (±1.10) 

8 100 1500 78.90 (±1.60) 

9 100 2000 69.50 (±1.90) 

10 150 1000 90.90 (±0.70) 

11 150 1500 80.75 (±2.55) 

12 150 2000 70.80 (±0.80) 
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Table 5-34: Summary of OSC performance for PXTBDT:Y6. 

Device Jsc 

(mA/cm2) 

Voc 

(V) 

FF PCE 

(%) 

Avg. Rsh 

(ohm•cm2) 

Avg. Rs 

(ohm•cm2) 

1 22.81 

(21.05±1.57) 

0.81 

(0.81±0.01) 

0.39 

(0.38±0.01) 

7.20 

(6.46±0.47) 

181  

(±47) 

11.80 

(±3.21) 

2 25.54 

(23.95±1.16) 

0.82 

(0.80±0.01) 

0.44 

(0.42±0.01) 

9.21 

(8.12±0.64) 

213  

(±24) 

7.32  

(±0.49) 

3 24.20 

(23.84±0.78) 

0.84 

(0.81±0.01) 

0.49 

(0.47±0.01) 

9.97 

(9.19±0.56) 

285  

(±28) 

6.47  

(±0.14) 

4 25.20 

(24.42±1.11) 

0.80 

(0.79±0.01) 

0.41 

(0.40±0.01) 

8.34 

(7.71±0.55) 

166  

(±17) 

5.66  

(±2.33) 

5 24.75 

(23.94±0.93) 

0.82 

(0.80±0.01) 

0.47 

(0.45±0.01) 

9.49 

(8.65±0.62) 

235  

(±79) 

6.48  

(±0.26) 

6 24.98 

(23.39±1.11) 

0.82 

(0.80±0.01) 

0.47 

(0.45±0.02) 

9.59 

(8.38±0.66) 

237  

(±31) 

7.19  

(±1.49) 

7 24.68 

(23.51±1.15) 

0.81 

(0.79±0.01) 

0.41 

(0.40±0.01) 

8.19 

(7.47±0.59) 

178  

(±23) 

7.73  

(±0.52) 

8 24.76 

(23.97±1.26) 

0.82 

(0.80±0.02) 

0.48 

(0.45±0.02) 

9.63 

(8.61±0.84) 

238  

(±34) 

6.34  

(±0.22) 

9 23.25 

(22.91±1.00) 

0.82 

(0.80±0.02) 

0.47 

(0.45±0.02) 

9.08 

(8.22±0.76) 

248  

(±52) 

7.01  

(±0.60) 

10 24.34 

(23.66±0.65) 

0.80 

(0.79±0.01) 

0.41 

(0.39±0.01) 

8.06 

(7.21±0.56) 

166  

(±39) 

7.07  

(±1.66) 

11 24.31 

(23.49±0.74) 

0.81 

(0.78±0.01) 

0.43 

(0.40±0.01) 

8.35 

(7.31±0.54) 

176  

(±28) 

7.98  

(±0.75) 

12 23.26 

(22.99±1.00) 

0.82 

(0.80±0.02) 

0.51 

(0.48±0.02) 

9.68 

(8.83±0.75) 

302  

(±84) 

6.12  

(±0.23) 
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Figure 5-62: J-V curves for PATBDT:Y6 (100 oC), and PXTBDT:Y6 (RT). 
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Figure 5-63: EQE of best performing OSCS based on PATBDT:Y6, and PXTBDT:Y6. 

Table 5-35: Comparison of Jsc values obtained from OPV and EQE measurements for PATBDT, 

and PXTBDT. 

Polymer Jsc from OPV 

(mA/cm2) 

Jsc from EQE 

(mA/cm2) 

Error  

(%) 

PATBDT 24.39 19.33 26.18 

PXTBDT 24.99 19.69 26.92 

 

Devices for SCLC mobility were prepared and tested as described in Section 2.5. PATBDT and 

PXTBDT had good hole mobilities as neat films with values of 1.63x10-4 and 1.43x10-4 cm2V-1s-

1, respectively. PATBDT had even better hole mobility when mixed with Y6 (2.82x10-4 cm2V-1s-

1); however, the electron mobility was low (2.50x10-5 cm2V-1s-1), resulting in an unbalanced ratio 

of 0.0887. The electron mobility is too low and could be the cause of the lower FF. Potentially a 

different acceptor or different donor:acceptor ratio is necessary to get balanced charge mobility 

and improve the performance. For PXTBDT, a decrease in hole mobility is observed when 

blended with Y6 (4.64x10-5 cm2V-1s-1); however, the electron mobility is still lower than the hole 

mobility, resulting in a ratio of 0.319. The moderately unbalanced and low mobility is limiting 

the performance of this material; however, the better mobility ratio for PXTBDT might 

contribute to its better performance than PATBDT. To achieve higher performance, a different 

donor:acceptor ratio or a different NFA material should be tested with PATBDT and PXTBDT 

to improve the electron SCLC mobility. 
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Table 5-36: SCLC hole and electron mobilities for neat polymers and D:A blend films of 

PATBDT, and PXTBDT with Y6. 

Polymer μe (x10-4 cm2V-1s-1) μh (x10-4 cm2V-1s-1) μe/μh 

PATBDT N/A 1.63 (1.52) N/A 

PATBDT:Y6 0.250 (0.199) 2.82 (1.02) 0.0887 (0.195) 

PXTBDT N/A 1.43 (1.28) N/A 

PXTBDT:Y6 0.148 (0.134) 0.464 (0.359) 0.319 (0.373) 
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Figure 5-64: Left: electron mobility I-V curves for PATBDT:Y6, and PXTBDT:Y6; Right: hole 

mobility I-V curves of neat PATBDT, PATBDT:Y6, neat PXTBDT, and PXTBDT:Y6. 
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5.6 Crystallinity 

Figure 5-65 does not contain any significant peaks for PATBDT as a neat film and as a blend 

with Y6, both for the in-plane and out-of-plane measurements. This indicates the polymer is 

quite amorphous. Similarly, no significant peaks are observed for PXTBDT in Figure 5-66, 

which indicates it also adopts a disordered packing structure.  
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e  

Figure 5-65: GIXD patterns of films at different annealing temperatures: a) in-plane neat 

PATBDT; b) out-of-plane neat PATBDT; c) in-plane PATBDT:Y6 blend; d) out-of-plane 

PATBDT:Y6 blend; e) 2D images of the best performing material (annealed at 100 oC), where 

the left is neat PATBDT and the right is PATBDT:Y6. 
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Figure 5-66: GIXD patterns of films at different annealing temperatures: a) in-plane neat 

PXTBDT; b) out-of-plane neat PXTBDT; c) in-plane PXTBDT:Y6 blend; d) out-of-plane 

PXTBDT:Y6 blend; e) 2D images of the best performing material (no annealing), where the left 

is neat PXTBDT and the right is PXTBDT:Y6. 
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5.7 Summary and Future Direction 

In summary, two novel D-A polymers were synthesized, with PATBDT and PXTBDT consisting 

of a thiophene-BDT backbone. PATBDT was designed due to its low-cost, easy synthesis, and 

ability to modify the structure after polymerization using an acid to form PXTBDT. DFT 

calculations predicted these polymers to have low EHOMO levels, while PATBDT was predicted 

to have a slightly high dihedral angle which could negatively affect the performance. 1H NMR 

was used to show the acetal group was successfully converted to an aldehyde upon the addition 

of HCl, forming PXTBDT. These polymers were thermally stable, displaying wide bandgaps, 

and low EHOMO levels. The EHOMO of PXTBDT was especially low (-5.67 eV) indicating the 

aldehyde was a very strong EWG. PATBDT and PXTBDT showed good PL quenching when 

mixed with Y6. In terms of OPV performance, PATBDT achieved a decent PCE of 8.20 % (Jsc = 

24.00 mA/cm2, Voc = 0.77 V, and FF = 0.46) when annealed at 100 oC, while PXTBDT achieved 

a better PCE of 9.97 % (Jsc = 24.20 mA/cm2, Voc = 0.84 V, and FF = 0.49) without annealing. 

The increase in Voc and FF for PXTBDT compared to PATBDT are likely due to the lower 

EHOMO and probable reduction in backbone twisting. PATBDT had a high hole mobility, but a 

magnitude lower electron mobility resulted in unbalanced charge transfer. PXTBDT had low 

electron and hole mobility (10-5) and moderately unbalanced transfer due to three times lower 

electron mobility than hole mobility. Both PATBDT and PXTBDT formed amorphous films 

with Y6. PATBDT and PXTBDT are promising materials with room to improve the FF by 

optimizing the OPV fabrication and testing processes. 

For future work, similar to Chapters 2 through 4, the surface roughness of the active layers can 

be examined using AFM to determine if there are any issues with the film. This can also provide 

the domain sizes to assess if there are issues with aggregation that may be limiting the 

performance. The device stability could also be tested to determine if the performance is stable, 

which could provide insight into potential polymer structures that can enhance stability in OSCs. 

Solvent additives and/or a different acceptor could be used to try to control the crystallinity for 

better OPV performance. The donor:acceptor ratio can be optimized to try to improve and 

balance the SCLC mobility ratios by increasing the portion of Y6 added in the active layer blend, 

which could lead to better PCE for PATBDT and PXTBDT. Furthermore, optimization of the 

solar cell fabrication and/or testing is required to improve the FF of these materials, which will 
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result in more accurate and better performance of these materials. For PATBDT, halogens could 

be introduced to the BDT portion to lower the EHOMO, which could increase the Voc. Different 

post polymerization modifications could be examined; for example, exchanging of the aldehyde 

oxygen to a sulfur atom in the thiophene side chain. Finally, different D units such as 

bithiophene or thienothiophene could be implemented into the polymer backbone to try to find 

other polymers which can take advantage of the good performance and simple chemistry of the 

acetal/aldehyde-substituted thiophene A unit.  
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5.8 Experimental Section 

5.8.1 Materials Characterization 

The chemicals and solvents used for synthesis were purchased from commercial vendors 

including Fluka, Armstrong, Sigma-Aldrich, TCI, and VWR without further purification. The 

reactions used anhydrous solvents which were obtained from Sigma-Aldrich. 1,1’-[4,8-bis[5-(2-

ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]bis[1,1,1-trimethylstannane] 

(BDT) and Y6 were purchased from 1-Material. Specific synthesis details will be shown in 

Section 5.8.3 below. The characterization and testing of polymers were done using the same 

equipment as specified in Section 2.8.1. 

5.8.2 OSC Device Fabrication and Characterization 

The OSC fabrication and characterization was completed according to the information provided 

in Section 2.8.2. 

5.8.3 Synthesis Routes 

Synthesis of 2,5-dibromo-3-(dimethoxymethyl)thiophene 

 

To a 25 mL two-neck round bottom flask, PTSA (3.27 mg, 0.019 mmol) and 2,5-dibromo-3-

acetal thiophene (170.95 mg, 0.63 mmol) were added along with a magnetic stir bar. The 

reaction system was purged of oxygen. Anhydrous methanol (10 mL) was added, and the 

reaction mixture was refluxed overnight. After 16 hours, the reaction mixture was poured into 

diethyl ether and washed with saturated sodium bicarbonate solution 3 times (50 mL each). Then 

it was dried using sodium sulfate. After evaporation of the solvent, the crude product was 

obtained as a yellow oil. (Yield: 168.1 mg, 84 %). 1H NMR (300 MHz, CDCl3, δ/ppm): 7.02 (s, 

1H), 5.28 (s, 1H), 3.33 (s, 6H).86 
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Synthesis of polymer PATBDT 

 

2,5-dibromo-3-(dimethoxymethyl)thiophene (81.1 mg, 0.256 mmol, 1.0 equiv.) was added to the 

system with 1,1’-[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-

diyl]bis[1,1,1-trimethylstannane] (BDT-derivative) (231.6 mg， 0.256 mmol, 1.0 equiv.), and 

tri(o-tolyl)phosphine ((P(tol)3) (6.2 mg, 0.02 mmol, 0.08 equiv.) into a 25 mL two-neck round 

bottom flask along with a stir bar. The system was purged with argon for three 10-minute cycles. 

A solution of tris(dibenzylideneacetone)dipalladium(0) catalyst (Pd2dba3) (9.15 mg, 0.01 mmol, 

0.04 equiv.) in 1 mL chlorobenzene was obtained using a glove bag under nitrogen, by 

measuring out the solid catalyst, before adding 1 mL of solvent. This catalyst solution was added 

with a syringe. 4 additional mL of chlorobenzene were added as solvent. The reaction mixture 

was then heated at 90 oC under argon atmosphere for 24 hours. After cooling down to room 

temperature, the mixture was poured into a stirring methanol (150 mL) with several drops of 

triethylamine. The solid was collected by filtration, dried, and further purified through Soxhlet 

extraction using acetone, hexane, chloroform, and chlorobenzene. (Yield: 179.7 mg, 95.6 % in 

chloroform). 
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Synthesis of polymer PXTBDT 

 

The polymer PATBDT was dissolved in chloroform (20 mg in 4 mL) and a stir bar was added. 1-

2 drops of HCl were added to the solution and the solution was stirred for 30 minutes. The 

solution changed colours from bright red to dark purple. The solution was then worked up using 

water and extracted with chloroform. The chloroform was evaporated using the rotary 

evaporator. The polymer was stirred in 150 mL methanol with 1 mL of pyridine to neutralize the 

polymer for 30 minutes. The polymer was acquired by vacuum filtration, rinsed with methanol, 

and was dried under high vacuum. (Yield: ~100 %). 
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Chapter 6: Summary and Future Direction 

The work in this thesis aimed to design, synthesize, and test eight novel donor polymers for OSC 

applications. After exploring the design ideas with DFT calculations, the opto-electrochemical 

properties were measured. Based on this information, an acceptable commercial small molecule 

NFA was selected for OPV testing in BHJ inverted solar cells. The polymers were assessed for 

OSC performance, SCLC mobility, and crystallinity to determine the positive attributes as well 

as the drawbacks of the materials contained in this thesis. The work described in this thesis 

targeted low-cost polymer donor materials through relatively easy synthesis routes and low-cost 

starting materials. Side chains were selected to target good solubility, low EHOMO levels (to 

match with high performance NFAs like Y6), and good morphology to achieve high performing 

polymer donor materials. Although the ethynyl, triazole, and tetrafluorobenzene polymers were 

synthesized with low-cost materials, low EHOMO levels, and good solubility in chloroform 

(excluding PBETBDT), the performance was quite low. However, PATBDT and PXTBDT 

achieved decent performance (PCE of 8.20 % (Jsc = 24.00 mA/cm2, Voc = 0.77 V, and FF = 0.46) 

and PCE of 9.97 % (Jsc = 24.20 mA/cm2, Voc = 0.84 V, and FF = 0.49), respectively), while 

using simple synthesis routes that require low-cost materials (e.g., methanol used as both a 

solvent and a reagent, HCl, NBS, etc.). This performance is expected to increase when the solar 

cell fabrication and testing is optimized in our lab due to improvements to the FF. 

Chapter 2 focused on an ethynyl series of wide bandgap D-A polymers based on a BDT-

thiophene repeat unit. The goal of this series was to extend the conjugation into the side chain 

perpendicular to the backbone. This provides advantages including effective polarization of the 

polymer, which can increase the dielectric constant, resulting in reduced exciton binding energy, 

and allowing for longer exciton lifetimes. This series implemented triple bonds to attach the side 

chain, incorporating a trimethyl silyl group (PSETBDT), a benzene ring (PBETBDT), and an 

alkyloxime attached to a benzene ring at the para position (POBETBDT). PSETBDT was 

difficult to polymerize, and the polymer had a high PDI, indicating cross-linking occurred. This 

polymer performed quite poorly with Y6 (1.44 %) and even worse with IT-4F (0.77 %). Cross-

linking, and lamellar packing with IT-4F contributed to unbalanced mobilities, which resulted in 

poor performance. The polymerization of PBETBDT had a poor yield due to the side chain 

providing insufficient solubility in common processing solvents (chloroform and chlorobenzene), 
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which resulted in a low molecular weight. Therefore, preliminary electrochemical data was 

acquired but further testing, including OPV, was not. POBETBDT incorporated an alkyloxime 

side chain, which has been shown to help provide good performance by our group in the past; 

however, POBETBDT only achieved a best PCE of 3.65 % due to low Voc and FF. This polymer 

had low SCLC mobility and the bulkiness and distance of the alkyloxime side chain to the 

backbone were suspected to negatively impact the charge transfer characteristics. Potential future 

work includes examining the surface roughness and domain sizes via AFM to identify issues that 

contributed to the low performance of this series. Additionally, exploring other applications for 

the ethynyl polymers such as metal complex detection is possible since there is a current market 

for chemical sensors in this area.  

Chapter 3 examined a different method of extending the conjugation into the side chain by using 

triazole rings. This series reacted an azide with a carbonyl group to form a triazole ring, where an 

alkyl chain (PTTBDT) and a carbamate chain (PCTBDT) were added at the middle nitrogen 

atom in the ring. PTTBDT achieved a PCE of 5.00 %; however, low mobility and FF were 

limiting the performance of this material. As indicated by DFT, side chain and/or backbone 

twisting are suspected to negatively impact the performance of this polymer. PCTBDT achieved 

a worse PCE of 3.29 % due to worse Jsc, Voc, and FF, while having exceptionally low hole 

mobility and unbalanced charge mobility. Twisting and the thermally removable carbamate side 

chain, which when removed potentially results in hole trapping, were suspected as the main 

reasons for low performance of this material. Potential future work includes increasing the D:A 

ratio in the active layer to improve mobility and performance, which is especially relevant for 

PTTBDT since it had the most promising performance. Furthermore, an investigation into hole 

trapping issues associated with the thermally removable carbamate chain can be done using 

OTFT mobility. Finally, the active layer must be optimized to improve the FF for these 

materials. 

Chapter 4 studied a wide bandgap D-A polymer, where improved molecular design and ease of 

synthesis were the goals. A polymer with a benzene-BDT repeating unit, PFBBDT, was designed 

to adapt a previously reported perovskite hole transfer material (unsubstituted benzene-BDT) for 

OSC active layer applications. From DFT, the addition of fluorine atoms lowered the EHOMO and 

increased the co-planarity, which was promising for good OPV performance. This material 
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achieved a PCE of 5.14 % due to low Voc and FF. PFBBDT had strong lamellar packing 

interactions, likely caused by hydrogen bonding in the backbone making this polymer very co-

planar and its low molecular weight. This resulted in low mobility, potentially due to 

morphology issues with domain sizes. Furthermore, PFBBDT had an exceptionally low 

molecular weight, which has been shown to negatively impact Jsc, FF, and Voc. Therefore, future 

work includes optimizing the Still Coupling polymerization conditions to increase the molecular 

weight of this polymer. Additionally, AFM measurements on the thin film from the PFBBDT:Y6 

blend can be performed to investigate aggregation associated with the strong lamellar stacking. 

PFBBDT should be tested as a transistor since the strong lamellar packing means that horizontal 

charge transfer should be high, making this a promising material for this application. Finally, a 

spacer molecule, such as thiophene, with a solubilizing side chain could be added to try to 

improve the molecular weight. 

Chapter 5 described two wide bandgap D-A polymers, where improved molecular design, ease 

of synthesis, and opportunity for a post polymerization modification were the goals. Polymer 

PATBDT was designed with an acetal side chain on the thiophene unit of a thiophene-BDT 

based polymer with the intention of examining an acid-catalyzed post polymerization 

modification to yield a formaldehyde-substituted polymer. PATBDT showed a low lying EHOMO 

and wide bandgap, which also made it a candidate for OSC applications. When paired with Y6, a 

PCE of 8.20 % was achieved. Low electron mobility resulted in unbalanced charge transfer and 

low FF. In a post polymerization modification, the acetal side chain was converted back to an 

aldehyde using HCl. Previously, synthesis of a polymer based on BDT and this formaldehyde 

substituted thiophene was attempted by our group but was unsuccessful due to solubility issues. 

This post polymerization modification method successfully resulted in a soluble polymer, 

PXTBDT, which had a quite low EHOMO of -5.67 eV. This polymer worked well with Y6, 

achieving a decent PCE of 9.97 %, which was mainly hindered by low FF. Future optimization 

of our solar cell system could result in an increase in FF, and subsequently PCE. In terms of 

future work, polymers PATBDT and PXTBDT could be mixed with a different D:A ratio to try 

to improve the SCLC mobility balance by increasing the Y6 portion since the electron mobilities 

were less than the hole mobilities. The device stability could also be tested to determine if the 

performance is stable, which could provide insight into potential polymer structures that can 

enhance stability in OSCs. For PATBDT, halogens could be introduced to the BDT portion to 
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lower the EHOMO, which could increase the Voc. Solvent additives such as 1,8-diiodooctane 

and/or a different acceptor could be used to try to control the crystallinity for face-on orientation 

to achieve better OPV performance. Other post polymerization modifications could be explored 

to see the effects on the performance including conversion of the aldehyde to a sulfonyl 

functional group. Finally, incorporation of different D units instead of BDT, such as bithiophene 

and thienothiophene, could be explored to discover new polymers that can take advantage of the 

simple chemistry and promising performance of the acetal and aldehyde-substituted thiophene A 

units.   
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