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Influence of an Ester Directing-Group on Defect Formation in the 
Synthesis of Conjugated Polymers via Direct Arylation 
Polymerization (DArP) using Sustainable Solvents  

Robert M. Pankowa, Liwei Yea, and Barry C. Thompson*a 

 

Direct arylation polymerization (DArP) is a synthetic methodology that allows for the preparation of conjugated polymers 

via C-H activation, facilitating a streamlined synthetic pathway for accessing monomers, while providing a reduction in the 

number of synthetic steps, hazardous waste, and toxic reagents. Improving the aspects of sustainability by changing the 

solvent or transition metal catalyst to a more sustainable alternative has recently garnered attention, and constitutes great 

importance for establishing DArP as an appealing alternative to commonly employed polymerization methods. Interestingly, 

while directing-groups are often employed for various small-molecule C-H couplings, use of these moeities have remained 

relatively unexplored despite their potential to enhance the reactivity of a given monomer. Towards these ends, we explore 

the use of the sustainable solvents cyclopentyl methyl ether (CPME) and anisole for the synthesis of a diester functionalized 

bithiophene using DArP to afford the copolymer poly[5,5′‐bis(2‐butyloctyl)‐(2,2′‐bithiophene)‐4,4′‐dicarboxylate‐alt‐5,5′‐

2,2′‐bithiophene] (PDCBT) with a molecular weight (Mn) of 13.8 kDa and a yield of 59%. However, we observe the likely 

presence of branching (β) defects through analysis of 1H-NMR spectroscopy, GIXRD, and UV-vis absorption spectroscopy 

measurements. In order to determine if defect formation can be avoided, we study the occurance of defect formation as a 

function of the aryl spacer by employing the electron rich thieno[3,2-b]thiophene (PDCTT) and electron deficient 2,2’-

bithiazole (PDCBTz). We find the optimal conditions provide PDCTT and PDCBTz with molecular weights of 26.4 and 4.9 kDa 

and yields of 90% and 46%, respectively, where PDCBTz was prone to form insoluble, branched polymer. This demonstrates 

that PDCBTz has a heightened reactivity towards defect formation, relative to PDCBT, while PDCTT does not, and indicates 

that such defect formation can be controlled through the appropriate selection of monomers. This study provides valuable 

insight regarding functional group tolerance and the capacity for esters to potentially function as directing-groups, leading 

to the undesired couplings of distal protons.

Introduction 

 Interest in conjugated polymers is ever increasing, due to 

the wide-range of potential applications these materials can be 

used for.1,2 Primarily, their inclusion in organic electronic 

applications, such as light-emitting diodes, thin-film transistors, 

and photovoltaics is of considerable interest since they offer a 

low-cost alternative to their inorganic counterparts.3–5 In 

particular, bulk-heterojunction polymer solar cells have 

experienced a renaissance of sorts due to the optimization of 

non-fullerene acceptors (NFA).6–8 Power conversion efficiencies 

(PCE) in excess of 15% have been achieved in these devices, 

providing strong motivation to further advance this technology 

as a viable alternative energy source.9,10 A polymer of interest 

in such solar cells is poly[5,5′‐bis(2‐butyloctyl)‐(2,2′‐

bithiophene)‐4,4′‐dicarboxylate‐alt‐5,5′‐2,2′‐bithiophene] 

(PDCBT), which is shown in Scheme 1. This polymer has great 

potential, given its relative ease of synthesis (Scheme 2 and 3) 

and the performance in both fullerene (PCE of >7%) and non-

a. Department of Chemistry and Loker Hydrocarbon Research Institute, University of 
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Electronic Supplementary Information (ESI) available: [Monomer synthesis and 
characterization, Polymer characterization]. See DOI: 10.1039/x0xx00000x 

Scheme 1. Investigation of DArP using sustainable solvents towards the synthesis of 

PPDTBT (top), and the application of such solvents towards the synthesis of PDCBT, 

PDCBTT, and PDCBTz (bottom). 
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fullerene (PCE of >10%) solar  cells is very desirable.11–15The 

short synthetic procedure for PDCBT, based on only a few steps 

from commercial starting materials, is consistent with 

scalability, a key guiding principle of sustainability in conjugated 

polymers.16,17 Another guiding principle is the avoidance of 

highly hazardous reagents, e.g. pyrophoric or acute toxicants, 

However, the synthesis of PDCBT, and almost all conjugated 

polymers used in solar cells are still reliant on Migita-Stille 

(Stille) polymerizations, which invoke the use of an 

alkylstannane moiety for transmetallation, or Suzuki-Miyaura 

(Suzuki) polymerizations, which require the inclusion of an 

organoboronate on the monomer. This undermines the 

sustainability of conjugated polymers, through the use of highly 

hazardous reagents, cryogenic conditions, and a large 

accumulation of toxic byproducts.  

 In contrast, direct arylation polymerization (DArP) provides 

an avenue for conjugated polymer synthesis that is streamlined 

and sustainable, via the direct functionalization of C-H bonds 

during the polymerization.18–24 Research efforts towards further 

improving the sustainability of DArP protocols has increased, 

with studies that investigate changing the solvent or transition 

metal catalyst to more sustainable alternatives.25–28 This change 

to sustainable sources, be it the solvent or transition metal 

catalyst, present major challenges as the chemistry associated 

with the desired chemical transformation can be highly 

dependent on the solvent or catalyst employed.29,30 To further 

develop and improve upon such changes, a paradigm shift has 

occurred within organic chemistry to develop more sustainable 

reaction conditions.31–33 Extension of this field to conjugated 

polymer synthesis, or polymer synthesis in general, is not a 

straightforward pursuit, as mentioned above.30,34 This is why 

the focus on this area has expanded, since there are many 

challenges still to be faced with regards to finding broadly 

applicable, truly sustainable conditions for conjugated polymer 

synthesis. Recently, we have reported DArP conditions using 

cyclopentyl methyl ether (CPME), which is a sustainable solvent 

allowing for the synthesis of conjugated polymers with a 

minimized environmental impact.26 CPME is advantageous for 

large scale applications because it can be prepared in a waste-

free process with starting materials sourced from biomass, it is 

not classified as a reproductive toxin or carcinogen, and it is not 

a peroxide former like 2-methyltetrahydrofuran (2-MeTHF).35,36  

 From our previous study, the reaction conditions using 

CPME required extended times (72 hours) compared to 

comparable DArP protocols (16 hours). In regards to donor-

acceptor copolymer synthesis, only a single copolymer, 

poly[(2,5-bis(2-hexyldecyloxy)phenylene)-alt-(4,7-di(thiophen-

2-yl)benzo[c][1,2,5]thiadiazole) (PPDTBT), which is shown in 

Scheme 1 (top), was reported. Furthermore, the sustainable 

solvent anisole, which can be derived from biomass, does not 

form peroxides, and has been utilized for the fabrication of 

polymer solar cells with good efficiencies (PCE > 11%), was not 

studied.37–40 With this in mind, we were emboldened to explore 

improved reaction conditions with sustainable solvents and 

apply them to a broader scope of monomers that have not been 

studied with DArP. 

 Herein, we report the synthesis of PDCBT using the 

sustainable solvents CPME and anisole, with a goal of 

elucidating the influence of monomer structure, specifically an 

ester directing group, on the capacity for defect formation, 

which is described below. We find that the most effective 

conditions with CPME allow for the rapid synthesis of PDCBT in 

less than 1 hour (Mn =13.6 kDa and yield of 59%, shown in Table 

1), which is a significantly lower reaction time than the 

previously reported for PPDTBT (reaction time of 72 hours).26 It 

was observed, however, that gelation of the polymerization can 

occur leading to insoluble material if the timing of the reaction 

is further extended. This is believed to be potentially due to the 

formation of crosslinking or branching (β) defects, which has 

been observed for bithiophene based copolymers prepared via 

DArP.41 Through analysis using GIXRD, UV-vis absorption 

spectroscopy, and 1H-NMR spectroscopy we show that 

branching (β) defects are the likely cause of this gelation. We 

propose that activation of β-protons on the bithiophene 

comonomer and subsequent defect formation is likely 

enhanced by the coordinative and directing ability of the ester 

moiety on the acceptor unit of PDCBT.42–44 While many studies 

have been conducted to determine the formation of defects 

with DArP, the effect of a directing-group, such as an ester, has 

not been accounted for or previously realized.45  

 In order to explore the impact of the ester directing groups 

on the adjacent β-protons, we applied the polymerization 

conditions used for PDCBT towards the synthesis of poly[5,5′‐

bis(2‐butyloctyl)‐(2,2′‐bithiophene)‐4,4′‐dicarboxylate‐alt‐2,5‐

[3,2-b]thienothiophene] (PDCTT) and poly[5,5′‐bis(2‐

butyloctyl)‐(2,2′‐bithiophene)‐4,4′‐dicarboxylate‐alt‐5,5′‐2,2′‐

bithiazole] (PDCBTz), which are shown in Scheme 1. The 

thieno[3,2-b]thiophene (TT) and 2,2’bithiazole (BTz) provide 

simple model compounds to study how a more electron rich 

monomer or electron deficient monomer may inhibit or 

accelerate the formation of branching defects, respectively. We 

find that branching occurs excessively with PDCBTz, preventing 

the isolation of high Mn polymer, but not PDCTT. This 

investigation and the findings herein provide valuable insight 

regarding functional group tolerance for DArP.  

Experimental 

General Methods.  

 All reagents were purchased from VWR and used as 

received, unless otherwise noted. Pd(PPh3)2Cl2 was purchased 

from Beantown Chemical and used as received. Pd2dba3 was 

purchased from Matrix Scientific and used as received. P(o-

anisyl)3 was purchased from TCI and used as received. Cs2CO3 

and K2CO3 were ground to a fine powder and dried in a vacuum 

oven (120 °C) overnight then stored in a desiccator before use. 

Anhydrous cyclopentyl methyl ether (CPME) was purchased 

from Acros Organics and used as received.  Compounds 2-12 

were prepared following literature procedures. See ESI for 

complete synthetic details in regards to monomer synthesis. 

5,5’-bis(trimethylstannyl)-2,2’-bithiophene (13) used for Stille 

polymerization was previously prepared following literature 

procedure.46  
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 All NMR were recorded at 25 °C using CDCl3 on either a 

Varian Mercury 400 MHz, Varian VNMRS-500 MHz, or a Varian 

VNMR-600 MHz. All spectra were referenced to CHCl3 (7.26 

ppm), unless otherwise noted. Number average molecular 

weight (Mn) and polydispersity (Ð) were determined by size 

exclusion chromatography (SEC) using a Viscotek GPC Max VE 

2001 separation module and a Viscotek Model 2501 UV 

detector, with 60 °C HPLC grade 1,2-dichlorobenzene (o-DCB) as 

eluent at a flow rate of 0.6 mL/min on one 300 × 7.8 mm TSK-

Gel GMHHR-H column (Tosoh Corp). The instrument was  

calibrated vs. polystyrene standards (1050−3,800,000 g/mol), 

and data were analysed using OmniSec 4.6.0 software. Polymer 

samples were dissolved in HPLC grade o-dichlorobenzene at a 

concentration of 0.5 mg ml−1, stirred at 65 °C until dissolved, 

cooled to room temperature, and filtered through a 0.2 μm 

PTFE filter. 

 For polymer thin-film measurements, solutions were spin-

coated onto pre-cleaned glass slides from chloroform solutions 

at 7 mg/mL, which were then annealed at 150 °C for 30 minutes 

under N2. UV−vis absorption spectra were obtained on a Perkin-

Elmer Lambda 950 spectrophotometer. Thicknesses of the 

samples and grazing incidence X-ray diffraction (GIXRD) 

measurements were obtained using Rigaku diffractometer 

Ultima IV using a Cu Kα radiation source (λ = 1.54 Å) in the 

reflectivity and grazing incidence X-ray diffraction mode, 

respectively. Crystallite size was estimated using Scherrer’s 

equation, shown with equation 1: 

      τ = Kλ/(β cosθ)  (1) 

where τ is the mean size of the ordered domains, K is the 

dimensionless shape factor (K = 0.9), λ is the x-ray wavelength, 

β is the line broadening at half the maximum intensity (FWHM) 

in radians, and θ is the Bragg angle. 
Synthesis of PDCBT via Stille. 

To a 3-neck round bottom flask equipped with a stir-bar, 

nitrogen inlet, glass-stopper, Teflon septum, condenser, and 

under an inert, nitrogen atmosphere was added 5,5’-

bis(trimethylstannyl)-2,2’-bithiophene (104 mg, 0.14 mmol, 1 

equiv.) and 5 (68.5 mg, 0.14 mmol, 1 equiv.). Toluene (4.5 mL) 

was then added and the mixture degassed with N2 for 20 

minutes. Pd(PPh3)4 (11 mg, 0.007 mmol, 5 mol%) was added 

quickly to the flask, and it was then degassed again for 20 

minutes. The Teflon septum was replaced with a glass stopper, 

Entry Polymer Pd sourcea Solvent (M) Base (equiv.) Temp. (°C) Time (hours) Yield (%)b Mn (kDa)b  Ðb 

1 PDCBT Pd2dba3 THF (0.2) Cs2CO3 (3) 120 16 NP NP NP 

2 PDCBT Pd2dba3 CPME (0.2) Cs2CO3 (3.2) 110 16 72 7.9 2.08 

3 PDCBT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 2 insoluble insoluble insoluble 

4 PDCBT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 0.72 59 13.8 3.30 

5c PDCBT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (2) 110 16 NP NP NP 

6 PDCBT PdCl2(PPh3)2 CPME (0.2) K2CO3 (3.2) 110 16 NP NP NP 

7 PDCBT PdCl2(PPh3)2 Anisole (0.2) Cs2CO3 (3.2) 110 16 77 8.3 2.13 

8 PDCTT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 16 90 26.4 2.33 

9 PDCBTz PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 1.1 46 4.9 4.09 

10 PDCBTz PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 1 54 3.4 2.62 

Stille PDCBT Pd(PPh3)4 Toluene (0.06) - 110 72 95 24.0 3.08 

a2 mol% loading for when Pd2dba3 is employed and 4 mol% for when PdCl2(PPh3)2 is employed.b Determined after purification of the polymers via Soxhlet extraction. cCatalyst 

loading lowered from 4 mol% to 2 mol%. NP indicates an unsatisfactory or no precipitation from the reaction mixture prohibiting further purification. 

Scheme 2. Synthesis of PDCBT via Stille (top), and PDCBT, PDCTT, and PDCBTz via DArP (bottom). 

Table 1 Detailed conditions and polymerization outcomes for the synthesis of PDCBT, PDCTT, and PDCBTz.  

Scheme 3. Monomer synthesis. 

Page 3 of 42 Polymer Chemistry



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

and the mixture was then heated at 110 °C for 72 hours. CHCl3 

(5 mL) was added with gentle heating to dissolve the solids, and 

the mixture was precipitated into a chilled 10% NH4OH/MeOH 

solution with high-stirring. The solids were then filtered into a 

Soxhlet thimble and purified via Soxhlet extraction (MeOH, 

hexanes, and CHCl3). The CHCl3 fraction was concentrated, 

transferred to a tared vial, the solvent stripped, and the 

polymer further dried overnight under vacuum (~100 mtorr). 
1H-NMR (500 MHz, CDCl3): 1H-NMR (500 MHz, CDCl3): δ(ppm) 

7.56-7.46 (br, 4H), 7.20 (br, 2H), 4.21 (d, J = 5.0 Hz, 4H), 1.75 (br, 

2H), 1.32-1.28 (br, 32H), 0.91-0.86 (br, 12H). Consistent with 

literature reports.47 
Synthesis of PDCBT via DArP (Entry 3 of Table 1) 

An oven dried, high-pressure vessel (15 mL) was capped with an 

inverted red-rubber septum and cooled under a stream of 

nitrogen for 15 minutes. Compound 4 (100 mg, 0.17 mmol, 1 

equiv.), neodecanoic acid (29 mg, 0.17 mmol, 1 equiv), 5,5’-

dibromo-2,2’-bithiophene (55 mg, 0.17 mmol, 1 equiv.), P(o-

anisyl)3 (9.5 mg, 0.16 equiv), PdCl2(PPh3)2 ( 4.77 mg, 0.0068 

mmol, 0.04 equiv), and Cs2CO3 (180 mg, mmol, 3.2 equiv) was 

added. The vessel was then sparged with a stream of nitrogen 

for 10 minutes. CPME (1.7 mL), which was from a 5 mL stock 

that had been degassed prior with N2 for 15 minutes, was 

quickly added and the rubber septum quickly replaced with a 

Teflon screwcap equipped with a rubber o-ring. The sealed vial 

was the placed into a preheated oil bath (110 °C) and stirred for 

43 minutes. The vial was then removed from heat, CHCl3 (5 mL) 

was added with gentle heating to dissolve the solids, and the 

mixture was precipitated into a chilled 10% NH4OH/MeOH 

solution with high-stirring. The solids were then filtered into a 

Soxhlet thimble and purified via Soxhlet extraction (MeOH, 

hexanes, and CHCl3). The CHCl3 fraction was concentrated, 

transferred to a tared vial, the solvent stripped, and the 

polymer further dried overnight under vacuum (~100 mtorr). 
1H-NMR (500 MHz, CDCl3): δ(ppm) 7.54-7.46 (br, 4H), 7.20 (br, 

2H), 4.21 (d, J = 5.0 Hz, 4H), 1.75 (br, 2H), 1.32-1.28 (br, 32H), 

0.91-0.86 (br, 12H). Consistent with literature reports.47 
Synthesis of PDCTT via DArP (Entry 6 of Table 1). 

Similar to that of PDCBT but with 5,5’-dibromo-2,2’-bithizaole ( 50.7 

mg, 0.17 mmol, 1 equiv.) in place of 5,5’-dibromo-2,2’-bithiophene. 

   1H-NMR (500 MHz, CDCl3): δ(ppm) 7.76-7.57 (br, 4H), 4.19 (br, 

4H), 1.76 (br, 2H), 1.29-0.79 (br, 44H). Consistent with literature 

reports.47 

Synthesis of PDCBTz via DArP (Entry 7 of Table 1). 

Similar to that of PDCBT but with 5,5’-dibromo-2,2’-bithizaole ( 55.4 

mg, 0.17 mmol, 1 equiv.) in place of 5,5’-dibromo-2,2’-bithiophene. 
1H-NMR (600 MHz, CDCl3): δ(ppm) 8.20-8.18 (br, 2H), 7.62-7.59 (br, 

2H), 4.21 (br, 4H), 1.75 (br, 2H), 1.31-1.27 (br, 32H), 0.90-0.86 (br, 

12H). 

Results and Discussion 

Polymer Synthesis of PDCBT via DArP 

  As depicted in Scheme 3 (see ESI for complete details), the 

monomer syntheses follow similar routes to those found in the 

literature with the exception of compound 4. It was found that 

the nickel-catalysed reductive homocoupling was low yielding 

(20-30%) in our hands, impeding the necessary scale-up to allow 

for the optimization of the polymerization step. Recently, 

Suzuki-Miyura conditions have been used for the preparation of 

similar compounds, albeit with simpler alkyl chains on the ester 

moiety, such as methyl or ethyl, and so these were successfully 

adapted to allow for a highly scalable synthesis of compound 4. 

As reported by others, the bromination of compound 4, which 

is required for Stille polymerization, proceeds with low levels of 

regio-selectivity leading to an inseparable byproduct if not 

performed carefully.47 Due to these complications with the 

synthesis of monomer 5, it was deemed that the donor should 

be halogenated for DArP studies considering that halogenation 

of the donor-units can proceed much more simply without 

harsh conditions, such as trifluoroacetic acid for a solvent. 

Furthermore, the high-pressure DArP conditions originally 

developed by Ozawa et al. and Leclerc et al., which we have 

demonstrated to be compatible with sustainable solvents, 

employ a halogenated donor-unit leaving the site for C-H 

activation on the acceptor-unit.22,41 Thus, the functionalization 

pattern shown in Scheme 2, with the donor-unit being 

halogenated, was deemed the best route for polymer synthesis 

in general. Compounds 7, 9, and 12 were all prepared following 

their respective literature procedures.  

 As depicted in Scheme 2, with the results in Table 1 (Entry 

Stille), PDCBT was prepared via Stille polymerization following 

literature procedure with a Mn of 24 kDa in 95% yield.11 An initial 

attempt for polymerization via DArP was performed using THF 

as a solvent, in order to see how polymerization proceeds using 

a more general and often applied set of conditions (Entry 1 of 

Table 1).48,49 Interestingly, no polymer precipitate was formed 

after the reaction. This led us to conclude that the solvent, Pd-

source, and temperature could be having an unforeseen, 

adverse effect on the synthesis of the polymer via DArP. 

Specifically, in regards to solvent, PDCBT prepared via Stille 

polymerization proceeds exclusively in toluene, directing us to 

believe that a more non-polar solvent may be beneficial. With 

this in mind, we chose CPME as the next solvent for study, given 

its development as a sustainable solvent for conjugated 

polymer synthesis and that it is less-polar than THF. As shown in 

Entry 2 of Table 1, changing the solvent from THF to CPME 

afforded polymer product in 72% yield with an Mn of 7.9 kDa. 

 As a next step, we chose to optimize the identity of the Pd-

source, and we selected PdCl2(PPh3)2 since it has been shown to 

provide an effective catalyst for DArP and other cross-coupling 

methodologies.41,50–52 With the changes in solvent and Pd-

source, we found that the polymerization mixture completely 

gelled in 2 hours, to yield a polymer product that was 

prohibitively insoluble (Entry 3 of Table 1). Specifically, the 

material isolated from the polymerization could not be isolated 

from the CHCl3 or chlorobenzene (CB) Soxhlet fractions. This 

insolubility could be from achievement of a very high-Mn 

polymer product or from the introduction of defects due to 

undesired couplings, such as donor-donor homocouplings or 

branching (β) defects.24,41,53 The cause of this observed catalyst 

dependence, can likely be traced to the higher reactivity for 
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PdCl2(PPh3)2 in certain cross-coupling reactions and within 

DArP for certain monomers. Specifically, Leclerc et al. have 

reported conditions for the polymerization of substituted 

bithiophene based monomers using PdCl2(PPh3)2 with P(o-

anisyl)3, achieving Mn of 52 kDa and a yield of 90%.41 The results 

presented here as well as those described by Leclerc et al, 

indicate a preference for PdCl2(PPh3)2 over Pd2dba3 when using 

bithiophene based monomers (Entries 2 and 4 of Table 1, 

respectively). Based on previous studies, PdCl2(PPh3)2 has been 

shown to form anionic species (Pd0(L)2(X)-1) from the highly 

reactive intermediate Pd0(L)2, both of which exhibit faster rates 

of oxidative addition than the Pd0(L)4 likely formed from 

Pd2dba3.52,54 Formation of such a species, however, requires the 

in situ  reduction of the PdII-precatalyst (PdCl2(PPh3)2), which 

may only be a favorable process for only certain monomers, 

such as functionalized bithiophenes.55 Furthermore, the dba 

ligand (from Pd2dba3) has been reported to stabilize the Pd0 

species to the point that it impedes catalysis or that it can 

interfere with the desired catalytic transformation, which may 

be occurring with the polymerizations described here.55,56 While 

such reactivity is dependent on the monomers under study, 

such a heightened reactivity for PdCl2(PPh)3 is interesting given 

the prevalence of Pd2dba3 in donor-acceptor copolymer 

synthesis via DArP. To see if a soluble polymer product could be 

obtained that would allow for structural characterization, the 

reaction time was shortened and the polymerization was closely 

monitored so that it can be stopped just at the onset of gelation, 

where the polymerization changes from a red to violet-red 

color. It was found that after 43 minutes, or 0.72 hours, the 

onset of gelation occurs and a polymer product that exhibits 

good solubility (allowing for complete purification and isolation 

via Soxhlet extraction) is obtained (Entry 4 of Table 1) with a 

satisfactory Mn (13.8 kDa) and yield (59%). These conditions 

provide significant improvement from the original high-

pressure THF based conditions originally used (no polymer 

product after 16 hours), and also the polymerizations reported 

in our previous study, where 72 hours was required to provide 

optimal results with CPME.26 Additional efforts were made to 

control the observed high reactivity, by lowering the 

equivalents of Cs2CO3 from 3.2 to 2.0 and the catalyst loading 

Figure 1. 1H-NMR (CDCl3, 25 °C) of PDCBT prepared via DArP using the conditions outlined in Table 1: entry 4 (top), entry 7 (middle), and the Stille reference (bottom). End-group 

assignments are denoted by the lowercase letters (a-n) and the major resonances by the uppercase (A-C). For polymers prepared via DArP, acceptor-acceptor and donor-donor 

homocouplings are denoted by the characters, α and δ, respectively. Resonance labels with an asterisk (*) are not distinctly observed due to potential overlap (f* at 7.26 and c* at 

7.55 ppm). All spectra referenced to CHCl3 at 7.26 ppm. 
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from 4 mol% to 2 mol% (Entry 5 of Table 1) and changing the 

base to K2CO3 (Entry 6 of Table 1). However, these changes did 

not provide a satisfactory polymer precipitate from their 

respective reaction mixtures. With regards to changing the 

equivalents of base (Entry 5), the result of no polymer product 

forming is likely due to only 1 equivalent of reactive base 

(Cs2CO3) being present, with the remainder being quenched to 

CsHCO3, as previously discussed by Ozawa et al.22,57 Although 

the catalyst loading has been lowered, going from 4 to 2 mol% 

will likely not have as detrimental of effect as lowering the base. 

This is because many DArP protocols, using similar conditions, 

use a catalyst loading of 1 to 2 mol%. In our previous study 

regarding sustainable solvents, we found that lowering the 

catalyst loading from 4 to 1 mol% actually led to an increase in 

Mn (from 31 to 41 kDa) for PPDTBT.26 Furthermore, Leclerc’s 

study regarding the DArP of dialkyl bithiophenes shows that the 

inherent reactivity of the monomer protons, such as the α or β 

protons, is what determines the propensity for defect formation 

for a given condition set, which is further discussed below.41 

Therefore, monomers with a greater potential for defect 

formation, such as those with an ester directing group, should 

be tailored or functionalized so as to prohibit the undesired 

activation of branching sites, since the tuning of reaction 

conditions, such as equivalents or identity of base and loading 

of catalyst, cannot necessarily allow for the exclusion of defects.  

 We were then interested to see the effect of changing the 

solvent, specifically with anisole. Anisole is less polar than THF 

with a dielectric constant of 4.33 versus 7.58 and, as described 

earlier, can be used as a more sustainable solvent for 

conjugated polymer synthesis and processing.39,58,59 The 

dielectric constant is closer to that of CPME as well, which is at 

4.76.36 Interestingly, anisole was found to slow the rate of 

polymerization, by observation, since no gelation was observed 

(Entry 7 of Table 1). Consequentially, this led to a polymer with 

lower Mn (8.3 kDa), but an improved yield (77%). The 

dependence of the reaction on the choice of solvent is difficult 

to determine given the critical role of the solvent within this 

type of transformation, e.g. solubility of the base, coordination 

to palladium, and potential activation of halogens.52,60,61 Given 

this, it is possible that the slight increase in polarity for CPME 

over anisole (4.76 versus 4.33, respectively) may help to 

stabilize transition states, intermediates, or provide improved 

solubility of the growing polymer chain. It is likely that through 

more extensive optimization or with a different copolymer the 

reaction time and outcome of the polymerization using anisole 

can be improved, and so anisole should not be discounted as a 

sustainable solvent for DArP. 

 
1H-NMR Characterization of DArP-PDCBT 

 To determine if the structure of the DArP-synthesized 

polymers match that of the known Stille synthesized PDCBT, 1H-

NMR spectroscopy was used, which is shown in Figure 1. The 

polymers, both those prepared using DArP and Stille, exhibited 

excellent solubility in chloroform allowing for well-defined 

resonances to be obtained in the spectra. As shown in Figure 1 

(bottom spectrum), the Stille polymer shows three well defined 

resonances centered at 7.54, 7.46, and 7.20 ppm (A-C). These 

are in agreement with the observed literature values.11,47 End-

group assignments are based on the observed resonances for 

monomers and model compounds collected in CDCl3 with 

identical or similar structure.11,47,62 Interestingly, end-groups 

associated with destannylated bithiophene are observed at 

7.25 ppm (label h, Figure 1). This is likely due to destannylation, 

which has been observed for electron-rich heterocyclic 

stannanes.63  

 For the polymers prepared via DArP (Figure 1, top and 

middle), the major resonances (A, B, and C) align very well with 

the Stille-reference polymer. Also, the smaller, distinct 

resonances (a-h, Figure 1) can be assigned to the expected end-

groups of either the ester functionalized bithiophene or 

bithiophene, indicating good structural fidelity for the DArP 

polymers. Importantly, acceptor-acceptor homocoupling peaks 

(α), which can occur via an oxidative coupling and has been 

reported for monomers of similar structure, e.g. ester-

functionalized thiophenes, are not observed at 7.66 ppm 

(Figure 1, top and middle).50,64 An expanded view of this region 

(7.75-7.60 ppm) in the ESI (Figure S13), shows that acceptor-

acceptor homocouplings are not present and that the small 

resonances near this point are also in the Stille-PDCBT. These 

smaller resonances present in both DArP-PDCBT and Stille-

PDCBT likely correspond to the penultimate protons near the 

terminus of the polymer. Also, donor-donor homocouplings (δ) 

are not observed at 6.98 ppm.65 End-groups corresponding to 

the bithiophene end-group are easily apparent (d-h, Figure 1). 

As with the Stille-reference, resonances corresponding to f* are 

not observed, likely due to overlap with the major resonance 

from solvent (CHCl3) at 7.26 ppm. Shoulders near 7.45 ppm 

corresponding to proton d, are better defined in the DArP 

PDCBT polymers, compared with the Stille-reference. These 

results indicate that the conditions employed for entry 4 and 7 

of Table 1 provide polymer product with good structural fidelity 

with regards to an absence of α and δ homocouplings, as 

observed by 1H-NMR. Of the two homocoupling defects, δ 

homocouplings would be the likely cause of insoluble material 

to form, since no solubilizing alkyl chains are present on the 

bithiophene donor. Given their absence, in the case of Entry 4, 

this indicates that gelation and formation of insoluble material 

is likely occurring through crosslinking or β-defect formation, 

although these structural features are challenging to observe 

via 1H-NMR.24,41,66,67  

 This conclusion on potential β-defect formation for PDCBT is 

reached based on previous DArP studies we have performed, 

which describe the defect free synthesis of P3HT and PPDTBT 

using similar conditions (Figure 2a).26,68 Similar conditions were 

also applied towards the synthesis of PPDBTTPD (Figure 2a), 

which possesses numerous, unobstructed β-protons.49 In each 

of these studies, no prohibitively insoluble material was 

obtained (even when precipitation during the polymerization 

was observed), and thorough characterization of these 

polymers confirmed an absence of β-defects. In the case of the 

aforementioned polymers (P3HT, PPDTBT, and PPDBTTPD), 

neodecanoic acid (NDA) inhibits β-defect formation by sterically 

shielding the β-protons (Hβ1-Hβ4) from the Pd-catalyst.69 Since 

NDA is present (1 equiv.) in the DArP conditions reported here, 
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β-defect formation must either be overcoming the steric 

hindrance or displacement of the NDA coordinated to Pd by the 

ester moiety is occurring. Esters, specifically, have been shown 

by Yu et al. to allow for the C-H activation of distal protons, via 

a seven-membered cyclopalladation, on electron rich arenes.43 

In the aforementioned study, the ester moiety displaced the 

carboxylic acid ligand used, allowing for C-H functionalization to 

occur. This type of reactivity is analogous to what we propose 

for PDCBT. Specifically, the ester directing group likely displaces 

the NDA and then the palladium metal center can form a seven-

membered palladacycle with the adjacent thiophene aryl group 

(Figure 2b), which is based on the findings by Yu’s 

aforementioned study. While directing groups (not carbonyl 

based) have been used in the synthesis of conjugated polymers 

via DArP, this mechanism of defect formation has not been 

explicitly observed to our knowledge.70  

Synthesis of PDCTT and PDCBTz via DArP 

 As mentioned prior, the primary method for preventing β-

defect formation in DArP is the use of a bulky carboxylic acid, 

such as NDA, but if carbonyl groups along the backbone can 

displace NDA then defect formation can occur. Applying the 

conditions then to a more reactive (BTz) and less reactive (TT) 

monomer would offer insight regarding how β-proton reactivity 

effects the propensity for defect formation (Figure 2b). Using 

these monomers for their respective copolymer synthesis, we 

expect to see an enhanced or uncontrollable level of defects 

with BTz and a suppression of such defects with TT relative to 

BT. 

 Describing BTz and TT as more and less reactive towards β-

defect formation is based on previous studies in DArP and small-

molecule C-H activation.  Specifically, based on the previous 

studies by Leclerc et al. regarding the Gibbs free energy 

(ΔG‡
298K) associated with C-H bond cleavage at the concerted 

metalation deprotonation (CMD) transition state (TS), the 

reactivity of β-protons for BTz (ΔG‡
298K = 26.7 kcal) should be 

greater than that of BT (ΔG‡
298K = 28.3 kcal).41,71 This type of 

calculation has not been performed for TT. However, low-

reactivity for TT has been observed, where no polymerization 

proceeded via DArP unless a substituted TT was used to 

enhance its reactivity.72 Furthermore, previous studies 

regarding the C-H activation of thieno[3,2-b]thiophene have 

concluded that Pd-catalysed oxidative conditions, which differ 

greatly from the ones employed here, are required for 

activation of the HβTT proton (Figure 2b), and that conditions 

reliant on the pKa of the proton, such as the ones employed for 

this study, do not provide coupled products in HβTT position.73–

75 In addition to a diminished reactivity, studies on the 

conformation of a TT unit flanked by carboxylate containing 

thiophenes, such as with PDCBT and PDCTT, have shown that 

twisting along the conjugated backbone occurs in the case of TT 

where BT is considered to be coplanar.76 This twisting, which 

may be due to steric congestion brought upon by the more 

compact structure of the TT ring,  leads to a large dihedral angle 

(>60°), which may inhibit formation of the seven-membered 

palladacycle intermediate (PDCBTβ, Figure 2b). Since BTz is 

structurally and spatially similar to BT, it is presumed that 

backbone twisting will not occur and that it should possess a 

nearly coplanar conformation as with PDCBT. 

 Confirming the ideas above, when the DArP conditions 

(Entry 4 of Table 1) that led to gelation with PDCBT were applied 

to PDCTT, we found that the polymerization mixture did not gel 

after 2 hours (Entry 8 of Table 1), and so the polymerization was 

left to go overnight (16 hours). After purification, it was found 

that the PDCTT obtained from this reaction provided a greater 

Mn (26 kDa) and yield (90%), relative to the same conditions for 

PDCBT. It should be noted that no CHCl3-insoluble material was 

left-over after Soxhlet purification. It is likely that the extended 

reaction time contributes to the increase in yield and Mn, 

relative to PDCBT.47 These results demonstrate that a monomer 

relatively with inert β-protons, compared to BT, can be 

employed when directing groups are present within the 

copolymer to successfully afford the desired copolymer. 

 When 2,2’-bithiazole was used, a reactivity for this 

monomer like that of bithiophene was observed. Specifically, 

onset of gelation of the reaction mixture was observed after 70 

minutes leading to oligomeric material (Mn of 4.9 kDa with a 

yield of 46%) that could be isolated in the CHCl3 fraction of the 

Figure 2. (a) Polymers (P3HT and PPDTBT) for which the DArP conditions were 

optimized allowing for the exclusion of defects (α, β, and δ), allowing for the 

application of these conditions to polymers with a greater potential for β-defect 

formation (PPDBTTPD). (b) Depiction of the directing group effect of the ester on 

PDCBT forming PDCBTβ, and the suppression or enhancement for β-defect formation 

when biaryls with different β-protons (PDCTT and PDCBTz) are used compared with 

PDCBT. 
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Soxhlet (Entry 9 of Table 1), but with a small portion that was 

prohibitively insoluble in the chloroform fraction of the Soxhlet. 

In order to see if a more soluble polymer product could be 

isolated with a decreased reaction time, as was observed with 

PDCBT, the polymerization was repeated but was stopped at 60 

minutes (Entry 10 of Table 1). This afforded an oligomeric 

product that was entirely soluble in the CHCl3 fraction of the 

Soxhlet (Mn of 3.4 kDa and 54% yield) with an improved yield 

albeit lower molecular weight. Based on these results, it is clear 

that the reaction conditions, which affords isolable polymer 

products for PDCBT and PDCTT with good molecular weights 

and yields, are not optimal or controllable for a more electron 

deficient monomer prone to activation of the β-proton, such as 

bithiazole. C-H activation of this proton (HβBTz, Figure 2b) is 

presumed to be highly favourable, and as the concentration of 

the monomers decreases in the reaction mixture defect 

formation, such as crosslinking and branching, will likely 

become more favourable. This would make cross-linking or β-

couplings highly competitive relative to the desired coupling for 

PDCBTz, leading to insoluble materials before polymer products 

of desirable molecular weights and yields can be obtained, as 

with PDCTT. 

 Although somewhat intuitive, this correlation between 

structure and reactivity provides a general guide for in applying 

this methodology towards the synthesis of other copolymers. 

Specifically, electron deficient monomers used in concert with 

directing groups may invoke undesired couplings when protons 

that can undergo C-H activation are within a reasonable 

proximity. Based on these results, it is presumed that this type 

of directing group effect is possible with PDCBT, causing the 

activation of undesired protons and leading to the observed 

gelation during the polymerization. The NMR spectra for all of 

the synthesized polymers is provided in the ESI and referenced 

to polymers of known structure, but 1H-NMR is not a general 

method for determining the presence of β-defects. Therefore, 

we confirm their presence using GIXRD and UV-vis absorption 

spectroscopy. 

GIXRD and UV-vis Characterization of Polymer Films 

 The inclusion of β-defects within a conjugated polymer 

backbone has pronounced effects on the thin-film structural 

and electronic properties. As a consequence of the disorder 

caused by the β-defect, coherent, periodic structure can be 

disrupted since ideal alignment of the polymer chains is 

inhibited by the inclusion of a defect. This can be observed, as 

mentioned previously, using GIXRD and UV-vis absorption 

spectroscopy. With P3HT (Figure 2a) prepared via DArP as an 

example, β-defect content as little as 0.16% can shift d100-

spacing by 0.5 Å and noticeably decrease the intensity of the 

vibronic shoulder and the magnitude of the absorption 

coefficient in the UV-vis absorption spectrum in comparison to 

Stille-P3HT.67 A similar trend is expected for the polymer PDCBT 

prepared via DArP, which is expected to contain β-defects. 

 As depicted in Figure 3 and shown in Table 2, the semi 

crystallinity and photophysical properties of the polymer thin- 

Table 2. GIXRD and UV-vis absorbance data for PDCBT, PDCTT, and PDCBTz. 
aMeasured on polymer films prepared from a 7 mg/mL chloroform solution and 
annealed at 150 °C for 30 minutes 

films vary, which can be attributed to differences in the polymer 

structure, molecular weights (Mn), and inclusion of β-defects. 

Specifically, the PDCBT prepared via Stille (Entry 1 of Table 2), 

which has a Mn of 26 kDa (Table 1) possess a peak absorption 

(max) at 556 nm and an absorption coefficient () of 88 × 103 

cm-1 (Figure 3b), while that prepared via the optimal DArP 

conditions (Entry 4 of Table 1), which has a Mn approximately 

half that of the Stille polymer at 13.8 kDa displays a blue shifted 

max at 543 nm and an of 73 × 103 cm-1 (Entry 2 of Table 2). In 

regards to semicrystallinity (Table 2 and Figure 3a), the 

difference between the DArP and Stille PDCBT polymers is clear, 

with a lower degree of crystallinity and crystallite size (13.4 

versus 15.0 nm, respectively) for the PDCBT prepared via DArP. 

The d100-spacing (21.3 and 20.8 Å, respectively) for these 

polymers is also different by 0.5 Å (Table 2 Entries 1 and 2). 

Taken as whole, the diminished intensity of the vibronic 

Entry 

(Polymer) 

Conditions Used 

(Table 1) 

max (nm)a; 

(cm-1)a 

d100 

(Å)a 

Crystallite  

Size (nm)a 

1 (PDCBT) Stille 556; 88 × 103 20.8 15.0 

2 (PDCBT) Entry 4 543; 73 × 103 21.3 13.4 

3 (PDCTT) Entry 8 463; 34 × 103 - - 

4 (PDCBTz) Entry 9 529; 65 × 103 20.8 11.5 

Figure 3. (a) GIXRD diffraction patterns for the polymers PDCBT-Stille, PDCBT-DArP, 

PDCTT, and PDCBTz. (b) Absorption profiles for the polymers PDCBT-Stille, PDCBT-

DArP, PDCTT, and PDCBTz. 
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shoulder, the reduced absorption coefficient, and the increase 

in d100-spacing provide significant evidence for β-defect 

formation.67 While differences in polymer Mn
 could have an 

effect on the aborption profile, the differences are more likely 

ascribed to β-defect formation, since the Mn is greater than 10 

kDa for the DArP-PDCBT (where polythiophenes are known to 

show saturation of their optical properties).77 This conclusion is 

also based on our past observations with DArP and Stille-P3HT, 

as well PPDTBT (Figure 2a).67,68  

  In comparison to PDCBT, PDCTT (Entry 3 of Table 2) 

presents a rather featureless absorption profile (Figure 3b) with 

a blue shifted max at 463 nm, similar to what has been 

previously reported (max at 476 nm).47 A vibronic shoulder was 

not expected with PDCTT since previous reports for this 

polymer depict a featureless absorption profile for the polymer 

prepared via Stille.47 As discussed above, the diminished value 

for (34 × 103 cm-1) indicates a more disordered structure for 

this polymer, where orbital overlap of the π-system along the 

polymer backbone and the π-π interactions between polymer 

chains may be hindered due to twisting caused by steric-

hindrance between the alkyl chains on the accepter unit.76Also, 

no diffraction was observed in the GIXRD measurements for this 

polymer further. As shown with previous studies, this is likely 

because temperatures in excess of 150 °C will be needed to 

induce crystallization and aggregation.47,78 However, 

optimization of the thin-film morphology is not a focus of this 

study. Given that gelation did not occur with PDCTT and no 

insoluble material was observed after Soxhlet with CHCl3, it is 

believed that presence of β-defects is highly minimized, if not 

excluded, for this polymer. 

  PDCBTz (Entry 4 of Table 2) shows an absorption profile 

similar to that of PDCBT (Figure 3b), with the appearance of a 

weak vibronic-shoulder and a max at 529 nm (Figure 3b). It is 

notable that despite the more-electron deficient bithiazole unit 

being employed for this polymer, the blue shift for the polymer 

is rather slight (14 nm) versus the 80 nm observed for PDCTT. 

This provides further indication of how the donor unit for this 

class of polymers influences the planarity and orbital overlap of 

the π-system along the polymer backbone and the π-π 

interactions between polymer chains. In regards to 

semicrystallinity, PDCBTz (Entry 4 of Table 2) has a lamellar 

spacing of 20.8 Å, which is identical to the Stille-PDCBT polymer. 

However, the reduction in crystallite size, coupled with the 

weak vibronic shoulder in the UV-vis spectrum (Figure 3b), 

indicates that the PDCBTz isolated via DArP contains β-defects 

as was observed for PDCBT. These results provides evidence for 

the hypothesis that branching or cross-linking can be controlled 

by employing an electron-rich monomer that is more resilient 

against crosslinking or β-defect formation, such as TT. As 

described above, β-defect formation is supported when all the 

factors are taken into account. Specifically, in the synthesis of 

PDCBT and PDCBTz via DArP (see Table 2 for conditions) both 

lead to insoluble material, which is a major indication of a 

polymer laced with defects. 1H-NMR confirms that δ-

homocouplings, which could lead to insoluble material, are not 

occurring. GIXRD shows a reduction in the degree of crystallinity 

and a shift in the d-spacing consistent with β-defect formation. 

The UV-vis absorption profiles also show a reduction in the 

vibronic shoulder and the absorption coefficient. All of these 

pieces of evidence point to the likelihood of β-defect formation 

for the polymers PDCBT and PDCBTz, which leads to the 

formation of insoluble material during the polymerization.  

 

Conclusions 

 In this study we presented the application of the sustainable 

solvents CPME and anisole towards the synthesis of PDCBT and 

its analogues, PDCTT and PDCBTz, via DArP. We find the diester 

moieties on the acceptor unit can function as directing groups 

enhancing the reactivity of the monomer designated for C-H 

bond functionalization providing a significant reduction in the 

polymerization time. This enhancement in reactivity comes at 

the cost of selectivity, however, since crosslinking or β-defect 

formation occurs leading to the formation of insoluble polymer 

products. This likely occurs through displacement of the NDA, 

which is used to suppress β-defect formation, from the 

palladium catalyst by the ester. Through careful optimization, 

we were able to develop DArP conditions that allowed for the 

synthesis of isolable PDCBT in less than one hour, when CPME 

is used as the solvent, with a molecular weight (Mn) of 13.8 kDa 

and a yield of 59%. Application of the optimal conditions 

towards the relatively electron rich, PDCTT, which contains 

thieno[3,2-b]thiophene, and electron deficient, PDCBTz, which 

contains 2,2’-bithiazole, was performed to investigate the 

occurrence of defect formation by varying the aryl group. 

Specifically, electron deficient monomers may invoke cross-

linking or branching defects due to the higher reactivity of the 

protons in the conjugated backbone of the polymer, which was 

observed with PDCBTz. However, with the electron-rich PDCTT 

a polymer product with a Mn of 26 kDa and a yield of 90% was 

obtained. Characterization using GIXRD and UV-vis absorption 

spectroscopy confirmed the presence of β-defects in PDCBT and 

PDCBTz prepared via DArP. This demonstrates an important 

need for understanding functional group tolerance and a 

guiding principle when developing conditions for DArP. Based 

on our results, a directing group can facilitate C-H activation of 

distal protons on adjacent aryl groups forming undesired 

defects, despite use of a bulky carboxylic acid ligand (NDA). 

Suppression of such defects is possible through the judicious 

selection of a comonomer, which contains a β-proton of low 

reactivity or can inhibit the formation of the intermediate 

metallocycle. Future work will focus on determining conditions 

that allow for the defect-free synthesis of electron deficient of 

conjugated copolymers, such as PDCBTz, using sustainable 

solvents, and determine conditions that allow for a more 

controlled synthesis when directing groups are employed.  
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Influence of an Ester Directing-Group on Defect Formation in the 
Synthesis of Conjugated Polymers via Direct Arylation 
Polymerization (DArP) using Sustainable Solvents 
Robert M. Pankowa, Liwei Yea, and Barry C. Thompson*a

Direct arylation polymerization (DArP) is a synthetic methodology that allows for the preparation of conjugated polymers 
via C-H activation, facilitating a streamlined synthetic pathway for accessing monomers, while providing a reduction in the 
number of synthetic steps, hazardous waste, and toxic reagents. Improving the aspects of sustainability by changing the 
solvent or transition metal catalyst to a more sustainable alternative has recently garnered attention, and constitutes great 
importance for establishing DArP as an appealing alternative to commonly employed polymerization methods. Interestingly, 
while directing-groups are often employed for various small-molecule C-H couplings, use of these moeities have remained 
relatively unexplored despite their potential to enhance the reactivity of a given monomer. Towards these ends, we explore 
the use of the sustainable solvents cyclopentyl methyl ether (CPME) and anisole for the synthesis of a diester functionalized 
bithiophene using DArP to afford the copolymer 
poly[5,5′-bis(2-butyloctyl)-(2,2′-bithiophene)-4,4′-dicarboxylate-alt-5,5′-2,2′-bithiophene] (PDCBT) with a molecular weight 
(Mn) of 13.8 kDa and a yield of 59%. However, we observe the likely presence of branching (β) defects through analysis of 
1H-NMR spectroscopy, GIXRD, and UV-vis absorption spectroscopy measurements. In order to determine if defect formation 
can be avoided, we study the occurance of defect formation as a function of the aryl spacer by employing the electron rich 
thieno[3,2-b]thiophene (PDCTT) and electron deficient 2,2’-bithiazole (PDCBTz). We find the optimal conditions provide 
PDCTT and PDCBTz with molecular weights of 26.4 and 4.9 kDa and yields of 90% and 46%, respectively, where PDCBTz was 
prone to form insoluble, branched polymer. This demonstrates that PDCBTz has a heightened reactivity towards defect 
formation, relative to PDCBT, while PDCTT does not, and indicates that such defect formation can be controlled through the 
appropriate selection of monomers. This study provides valuable insight regarding functional group tolerance and the 
capacity for esters to potentially function as directing-groups, leading to the undesired couplings of distal protons.

Introduction
Interest in conjugated polymers is ever increasing, due to 

the wide-range of potential applications these materials can be 
used for.1,2 Primarily, their inclusion in organic electronic 
applications, such as light-emitting diodes, thin-film transistors, 
and photovoltaics is of considerable interest since they offer a 
low-cost alternative to their inorganic counterparts.3–5 In 
particular, bulk-heterojunction polymer solar cells have 
experienced a renaissance of sorts due to the optimization of 
non-fullerene acceptors (NFA).6–8 Power conversion efficiencies 
(PCE) in excess of 15% have been achieved in these devices, 
providing strong motivation to further advance this technology 
as a viable alternative energy source.9,10 A polymer of interest 
in such solar cells is 
poly[5,5′-bis(2-butyloctyl)-(2,2′-bithiophene)-4,4′-dicarboxylate

-alt-5,5′-2,2′-bithiophene] (PDCBT), which is shown in Scheme 
1. This polymer has great potential, given its relative ease of 

synthesis (Scheme 2 and 3) and the performance in both 

a.Department of Chemistry and Loker Hydrocarbon Research Institute, University of 
Southern California, Los Angeles, California 90089-1661. Email: barrycth@usc.edu

Electronic Supplementary Information (ESI) available: [Monomer synthesis and 
characterization, Polymer characterization]. See DOI: 10.1039/x0xx00000x

Scheme 1. Investigation of DArP using sustainable solvents towards the synthesis of 
PPDTBT (top), and the application of such solvents towards the synthesis of PDCBT, 
PDCBTT, and PDCBTz (bottom).
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fullerene (PCE of >7%) and non-fullerene (PCE of >10%) solar  
cells is very desirable.11–15The short synthetic procedure for 
PDCBT, based on only a few steps from commercial starting 
materials, is consistent with scalability, a key guiding principle 
of sustainability in conjugated polymers.16,17 Another guiding 
principle is the avoidance of highly hazardous reagents, e.g. 
pyrophoric or acute toxicants, However, the synthesis of PDCBT, 
and almost all conjugated polymers used in solar cells are still 
reliant on Migita-Stille (Stille) polymerizations, which invoke the 
use of an alkylstannane moiety for transmetallation, or Suzuki-
Miyaura (Suzuki) polymerizations, which require the inclusion 
of an organoboronate on the monomer. This undermines the 
sustainability of conjugated polymers, through the use of highly 
hazardous reagents, cryogenic conditions, and a large 
accumulation of toxic byproducts. 

In contrast, direct arylation polymerization (DArP) provides 
an avenue for conjugated polymer synthesis that is streamlined 
and sustainable, via the direct functionalization of C-H bonds 
during the polymerization.18–24 Research efforts towards further 
improving the sustainability of DArP protocols has increased, 
with studies that investigate changing the solvent or transition 
metal catalyst to more sustainable alternatives.25–28 This change 
to sustainable sources, be it the solvent or transition metal 
catalyst, present major challenges as the chemistry associated 
with the desired chemical transformation can be highly 
dependent on the solvent or catalyst employed.29,30 To further 
develop and improve upon such changes, a paradigm shift has 
occurred within organic chemistry to develop more sustainable 
reaction conditions.31–33 Extension of this field to conjugated 
polymer synthesis, or polymer synthesis in general, is not a 
straightforward pursuit, as mentioned above.30,34 This is why 
the focus on this area has expanded, since there are many 
challenges still to be faced with regards to finding broadly 
applicable, truly sustainable conditions for conjugated polymer 
synthesis. Recently, we have reported DArP conditions using 
cyclopentyl methyl ether (CPME), which is a sustainable solvent 
allowing for the synthesis of conjugated polymers with a 
minimized environmental impact.26 CPME is advantageous for 
large scale applications because it can be prepared in a waste-
free process with starting materials sourced from biomass, it is 
not classified as a reproductive toxin or carcinogen, and it is not 
a peroxide former like 2-methyltetrahydrofuran (2-MeTHF).35,36 

From our previous study, the reaction conditions using 
CPME required extended times (72 hours) compared to 
comparable DArP protocols (16 hours). In regards to donor-
acceptor copolymer synthesis, only a single copolymer, 
poly[(2,5-bis(2-hexyldecyloxy)phenylene)-alt-(4,7-di(thiophen-
2-yl)benzo[c][1,2,5]thiadiazole) (PPDTBT), which is shown in 
Scheme 1 (top), was reported. Furthermore, the sustainable 
solvent anisole, which can be derived from biomass, does not 
form peroxides, and has been utilized for the fabrication of 
polymer solar cells with good efficiencies (PCE > 11%), was not 
studied.37–40 With this in mind, we were emboldened to explore 
improved reaction conditions with sustainable solvents and 
apply them to a broader scope of monomers that have not been 
studied with DArP.

Herein, we report the synthesis of PDCBT using the 
sustainable solvents CPME and anisole, with a goal of 
elucidating the influence of monomer structure, specifically an 
ester directing group, on the capacity for defect formation, 
which is described below. We find that the most effective 
conditions with CPME allow for the rapid synthesis of PDCBT in 
less than 1 hour (Mn =13.6 kDa and yield of 59%, shown in Table 
1), which is a significantly lower reaction time than the 
previously reported for PPDTBT (reaction time of 72 hours).26 It 
was observed, however, that gelation of the polymerization can 
occur leading to insoluble material if the timing of the reaction 
is further extended. This is believed to be potentially due to the 
formation of crosslinking or branching (β) defects, which has 
been observed for bithiophene based copolymers prepared via 
DArP.41 Through analysis using GIXRD, UV-vis absorption 
spectroscopy, and 1H-NMR spectroscopy we show that 
branching (β) defects are the likely cause of this gelation. We 
propose that activation of β-protons on the bithiophene 
comonomer and subsequent defect formation is likely 
enhanced by the coordinative and directing ability of the ester 
moiety on the acceptor unit of PDCBT.42–44 While many studies 
have been conducted to determine the formation of defects 
with DArP, the effect of a directing-group, such as an ester, has 
not been accounted for or previously realized.45 

In order to explore the impact of the ester directing groups 
on the adjacent β-protons, we applied the polymerization 
conditions used for PDCBT towards the synthesis of 
poly[5,5′-bis(2-butyloctyl)-(2,2′-bithiophene)-4,4′-dicarboxylate
-alt-2,5-[3,2-b]thienothiophene] (PDCTT) and 
poly[5,5′-bis(2-butyloctyl)-(2,2′-bithiophene)-4,4′-dicarboxylate
-alt-5,5′-2,2′-bithiazole] (PDCBTz), which are shown in Scheme 
1. The thieno[3,2-b]thiophene (TT) and 2,2’bithiazole (BTz) 
provide simple model compounds to study how a more electron 
rich monomer or electron deficient monomer may inhibit or 
accelerate the formation of branching defects, respectively. We 
find that branching occurs excessively with PDCBTz, preventing 
the isolation of high Mn polymer, but not PDCTT. This 
investigation and the findings herein provide valuable insight 
regarding functional group tolerance for DArP. 

Experimental

General Methods. 
All reagents were purchased from VWR and used as 

received, unless otherwise noted. Pd(PPh3)2Cl2 was purchased 
from Beantown Chemical and used as received. Pd2dba3 was 
purchased from Matrix Scientific and used as received. P(o-
anisyl)3 was purchased from TCI and used as received. Cs2CO3 
and K2CO3 were ground to a fine powder and dried in a vacuum 
oven (120 °C) overnight then stored in a desiccator before use. 
Anhydrous cyclopentyl methyl ether (CPME) was purchased 
from Acros Organics and used as received.  Compounds 2-12 
were prepared following literature procedures. See ESI for 
complete synthetic details in regards to monomer synthesis. 
5,5’-bis(trimethylstannyl)-2,2’-bithiophene (13) used for Stille 
polymerization was previously prepared following literature 
procedure.46 
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All NMR were recorded at 25 °C using CDCl3 on either a 
Varian Mercury 400 MHz, Varian VNMRS-500 MHz, or a Varian 
VNMR-600 MHz. All spectra were referenced to CHCl3 (7.26 
ppm), unless otherwise noted. Number average molecular 
weight (Mn) and polydispersity (Ð) were determined by size 
exclusion chromatography (SEC) using a Viscotek GPC Max VE 
2001 separation module and a Viscotek Model 2501 UV 
detector, with 60 °C HPLC grade 1,2-dichlorobenzene (o-DCB) as 
eluent at a flow rate of 0.6 mL/min on one 300 × 7.8 mm TSK-
Gel GMHHR-H column (Tosoh Corp). The instrument was 
calibrated vs. polystyrene standards (1050−3,800,000 g/mol), 
and data were analysed using OmniSec 4.6.0 software. Polymer 
samples were dissolved in HPLC grade o-dichlorobenzene at a 
concentration of 0.5 mg ml−1, stirred at 65 °C until dissolved, 
cooled to room temperature, and filtered through a 0.2 μm 

PTFE filter.
For polymer thin-film measurements, solutions were spin-

coated onto pre-cleaned glass slides from chloroform solutions 
at 7 mg/mL, which were then annealed at 150 °C for 30 minutes 
under N2. UV−vis absorption spectra were obtained on a Perkin-

Elmer Lambda 950 spectrophotometer. Thicknesses of the 
samples and grazing incidence X-ray diffraction (GIXRD) 
measurements were obtained using Rigaku diffractometer 
Ultima IV using a Cu Kα radiation source (λ = 1.54 Å) in the 
reflectivity and grazing incidence X-ray diffraction mode, 
respectively. Crystallite size was estimated using Scherrer’s 
equation, shown with equation 1:

τ = Kλ/(β cosθ)  (1)
where τ is the mean size of the ordered domains, K is the 
dimensionless shape factor (K = 0.9), λ is the x-ray wavelength, 
β is the line broadening at half the maximum intensity (FWHM) 
in radians, and θ is the Bragg angle.
Synthesis of PDCBT via Stille.
To a 3-neck round bottom flask equipped with a stir-bar, 
nitrogen inlet, glass-stopper, Teflon septum, condenser, and 
under an inert, nitrogen atmosphere was added 5,5’-
bis(trimethylstannyl)-2,2’-bithiophene (104 mg, 0.14 mmol, 1 
equiv.) and 5 (68.5 mg, 0.14 mmol, 1 equiv.). Toluene (4.5 mL) 
was then added and the mixture degassed with N2 for 20 
minutes. Pd(PPh3)4 (11 mg, 0.007 mmol, 5 mol%) was added 
quickly to the flask, and it was then degassed again for 20 
minutes. The Teflon septum was replaced with a glass stopper, 
and the mixture was then heated at 110 °C for 72 hours. CHCl3 
(5 mL) was added with gentle heating to dissolve the solids, and 
the mixture was precipitated into a chilled 10% NH4OH/MeOH 
solution with high-stirring. The solids were then filtered into a 
Soxhlet thimble and purified via Soxhlet extraction (MeOH, 
hexanes, and CHCl3). The CHCl3 fraction was concentrated, 
transferred to a tared vial, the solvent stripped, and the 
polymer further dried overnight under vacuum (~100 mtorr). 

Entry Polymer Pd sourcea Solvent (M) Base (equiv.) Temp. (°C) Time (hours) Yield (%)b Mn (kDa)b Ðb

1 PDCBT Pd2dba3 THF (0.2) Cs2CO3 (3) 120 16 NP NP NP
2 PDCBT Pd2dba3 CPME (0.2) Cs2CO3 (3.2) 110 16 72 7.9 2.08
3 PDCBT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 2 insoluble insoluble insoluble
4 PDCBT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 0.72 59 13.8 3.30
5c PDCBT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (2) 110 16 NP NP NP
6 PDCBT PdCl2(PPh3)2 CPME (0.2) K2CO3 (3.2) 110 16 NP NP NP
7 PDCBT PdCl2(PPh3)2 Anisole (0.2) Cs2CO3 (3.2) 110 16 77 8.3 2.13
8 PDCTT PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 16 90 26.4 2.33
9 PDCBTz PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 1.1 46 4.9 4.09

10 PDCBTz PdCl2(PPh3)2 CPME (0.2) Cs2CO3 (3.2) 110 1 54 3.4 2.62
Stille PDCBT Pd(PPh3)4 Toluene (0.06) - 110 72 95 24.0 3.08

a2 mol% loading for when Pd2dba3 is employed and 4 mol% for when PdCl2(PPh3)2 is employed.b Determined after purification of the polymers via Soxhlet extraction. cCatalyst 
loading lowered from 4 mol% to 2 mol%. NP indicates an unsatisfactory or no precipitation from the reaction mixture prohibiting further purification.

Scheme 2. Synthesis of PDCBT via Stille (top), and PDCBT, PDCTT, and PDCBTz via DArP (bottom).

Table 1 Detailed conditions and polymerization outcomes for the synthesis of PDCBT, PDCTT, and PDCBTz.

Scheme 3. Monomer synthesis.
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1H-NMR (500 MHz, CDCl3): 1H-NMR (500 MHz, CDCl3): δ(ppm) 
7.56-7.46 (br, 4H), 7.20 (br, 2H), 4.21 (d, J = 5.0 Hz, 4H), 1.75 (br, 
2H), 1.32-1.28 (br, 32H), 0.91-0.86 (br, 12H). Consistent with 
literature reports.47

Synthesis of PDCBT via DArP (Entry 3 of Table 1)
An oven dried, high-pressure vessel (15 mL) was capped with an 
inverted red-rubber septum and cooled under a stream of 
nitrogen for 15 minutes. Compound 4 (100 mg, 0.17 mmol, 1 
equiv.), neodecanoic acid (29 mg, 0.17 mmol, 1 equiv), 5,5’-
dibromo-2,2’-bithiophene (55 mg, 0.17 mmol, 1 equiv.), P(o-
anisyl)3 (9.5 mg, 0.16 equiv), PdCl2(PPh3)2 ( 4.77 mg, 0.0068 
mmol, 0.04 equiv), and Cs2CO3 (180 mg, mmol, 3.2 equiv) was 
added. The vessel was then sparged with a stream of nitrogen 
for 10 minutes. CPME (1.7 mL), which was from a 5 mL stock 
that had been degassed prior with N2 for 15 minutes, was 
quickly added and the rubber septum quickly replaced with a 
Teflon screwcap equipped with a rubber o-ring. The sealed vial 
was the placed into a preheated oil bath (110 °C) and stirred for 
43 minutes. The vial was then removed from heat, CHCl3 (5 mL) 
was added with gentle heating to dissolve the solids, and the 
mixture was precipitated into a chilled 10% NH4OH/MeOH 
solution with high-stirring. The solids were then filtered into a 
Soxhlet thimble and purified via Soxhlet extraction (MeOH, 
hexanes, and CHCl3). The CHCl3 fraction was concentrated, 
transferred to a tared vial, the solvent stripped, and the 
polymer further dried overnight under vacuum (~100 mtorr). 
1H-NMR (500 MHz, CDCl3): δ(ppm) 7.54-7.46 (br, 4H), 7.20 (br, 
2H), 4.21 (d, J = 5.0 Hz, 4H), 1.75 (br, 2H), 1.32-1.28 (br, 32H), 
0.91-0.86 (br, 12H). Consistent with literature reports.47

Synthesis of PDCTT via DArP (Entry 6 of Table 1).
Similar to that of PDCBT but with 5,5’-dibromo-2,2’-bithizaole ( 50.7 
mg, 0.17 mmol, 1 equiv.) in place of 5,5’-dibromo-2,2’-bithiophene.
   1H-NMR (500 MHz, CDCl3): δ(ppm) 7.76-7.57 (br, 4H), 4.19 (br, 
4H), 1.76 (br, 2H), 1.29-0.79 (br, 44H). Consistent with literature 
reports.47

Synthesis of PDCBTz via DArP (Entry 7 of Table 1).
Similar to that of PDCBT but with 5,5’-dibromo-2,2’-bithizaole ( 55.4 
mg, 0.17 mmol, 1 equiv.) in place of 5,5’-dibromo-2,2’-bithiophene. 
1H-NMR (600 MHz, CDCl3): δ(ppm) 8.20-8.18 (br, 2H), 7.62-7.59 (br, 
2H), 4.21 (br, 4H), 1.75 (br, 2H), 1.31-1.27 (br, 32H), 0.90-0.86 (br, 
12H).

Results and Discussion

Polymer Synthesis of PDCBT via DArP

 As depicted in Scheme 3 (see ESI for complete details), the 
monomer syntheses follow similar routes to those found in the 
literature with the exception of compound 4. It was found that 
the nickel-catalysed reductive homocoupling was low yielding 
(20-30%) in our hands, impeding the necessary scale-up to allow 
for the optimization of the polymerization step. Recently, 
Suzuki-Miyura conditions have been used for the preparation of 
similar compounds, albeit with simpler alkyl chains on the ester 
moiety, such as methyl or ethyl, and so these were successfully 
adapted to allow for a highly scalable synthesis of compound 4. 

As reported by others, the bromination of compound 4, which 
is required for Stille polymerization, proceeds with low levels of 
regio-selectivity leading to an inseparable byproduct if not 
performed carefully.47 Due to these complications with the 
synthesis of monomer 5, it was deemed that the donor should 
be halogenated for DArP studies considering that halogenation 
of the donor-units can proceed much more simply without 
harsh conditions, such as trifluoroacetic acid for a solvent. 
Furthermore, the high-pressure DArP conditions originally 
developed by Ozawa et al. and Leclerc et al., which we have 
demonstrated to be compatible with sustainable solvents, 
employ a halogenated donor-unit leaving the site for C-H 
activation on the acceptor-unit.22,41 Thus, the functionalization 
pattern shown in Scheme 2, with the donor-unit being 
halogenated, was deemed the best route for polymer synthesis 
in general. Compounds 7, 9, and 12 were all prepared following 
their respective literature procedures. 

As depicted in Scheme 2, with the results in Table 1 (Entry 
Stille), PDCBT was prepared via Stille polymerization following 
literature procedure with a Mn of 24 kDa in 95% yield.11 An initial 
attempt for polymerization via DArP was performed using THF 
as a solvent, in order to see how polymerization proceeds using 
a more general and often applied set of conditions (Entry 1 of 
Table 1).48,49 Interestingly, no polymer precipitate was formed 
after the reaction. This led us to conclude that the solvent, Pd-
source, and temperature could be having an unforeseen, 
adverse effect on the synthesis of the polymer via DArP. 
Specifically, in regards to solvent, PDCBT prepared via Stille 
polymerization proceeds exclusively in toluene, directing us to 
believe that a more non-polar solvent may be beneficial. With 
this in mind, we chose CPME as the next solvent for study, given 
its development as a sustainable solvent for conjugated 
polymer synthesis and that it is less-polar than THF. As shown 
in Entry 2 of Table 1, changing the solvent from THF to CPME 
afforded polymer product in 72% yield with an Mn of 7.9 kDa. 

As a next step, we chose to optimize the identity of the Pd-
source, and we selected PdCl2(PPh3)2 since it has been shown to 
provide an effective catalyst for DArP and other cross-coupling 
methodologies.41,50–52 With the changes in solvent and Pd-
source, we found that the polymerization mixture completely 
gelled in 2 hours, to yield a polymer product that was 
prohibitively insoluble (Entry 3 of Table 1). Specifically, the 
material isolated from the polymerization could not be isolated 
from the CHCl3 or chlorobenzene (CB) Soxhlet fractions. This 
insolubility could be from achievement of a very high-Mn 
polymer product or from the introduction of defects due to 
undesired couplings, such as donor-donor homocouplings or 
branching (β) defects.24,41,53 The cause of this observed catalyst 
dependence, can likely be traced to the higher reactivity for 
PdCl2(PPh3)2 in certain cross-coupling reactions and within 
DArP for certain monomers. Specifically, Leclerc et al. have 
reported conditions for the polymerization of substituted 
bithiophene based monomers using PdCl2(PPh3)2 with P(o-
anisyl)3, achieving Mn of 52 kDa and a yield of 90%.41 The results 
presented here as well as those described by Leclerc et al, 
indicate a preference for PdCl2(PPh3)2 over Pd2dba3 when using 
bithiophene based monomers (Entries 2 and 4 of Table 1, 
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respectively). Based on previous studies, PdCl2(PPh3)2 has been 
shown to form anionic species (Pd0(L)2(X)-1) from the highly 
reactive intermediate Pd0(L)2, both of which exhibit faster rates 
of oxidative addition than the Pd0(L)4 likely formed from 
Pd2dba3.52,54 Formation of such a species, however, requires the 
in situ  reduction of the PdII-precatalyst (PdCl2(PPh3)2), which 
may only be a favorable process for only certain monomers, 
such as functionalized bithiophenes.55 Furthermore, the dba 
ligand (from Pd2dba3) has been reported to stabilize the Pd0 
species to the point that it impedes catalysis or that it can 
interfere with the desired catalytic transformation, which may 
be occurring with the polymerizations described here.55,56 While 
such reactivity is dependent on the monomers under study, 
such a heightened reactivity for PdCl2(PPh)3 is interesting given 
the prevalence of Pd2dba3 in donor-acceptor copolymer 
synthesis via DArP. To see if a soluble polymer product could be 
obtained that would allow for structural characterization, the 
reaction time was shortened and the polymerization was 
closely monitored so that it can be stopped just at the onset of 
gelation, where the polymerization changes from a red to 

violet-red color. It was found that after 43 minutes, or 0.72 
hours, the onset of gelation occurs and a polymer product that 
exhibits good solubility (allowing for complete purification and 
isolation via Soxhlet extraction) is obtained (Entry 4 of Table 1) 
with a satisfactory Mn (13.8 kDa) and yield (59%). These 
conditions provide significant improvement from the original 
high-pressure THF based conditions originally used (no polymer 
product after 16 hours), and also the polymerizations reported 
in our previous study, where 72 hours was required to provide 
optimal results with CPME.26 Additional efforts were made to 
control the observed high reactivity, by lowering the 
equivalents of Cs2CO3 from 3.2 to 2.0 and the catalyst loading 
from 4 mol% to 2 mol% (Entry 5 of Table 1) and changing the 
base to K2CO3 (Entry 6 of Table 1). However, these changes did 
not provide a satisfactory polymer precipitate from their 
respective reaction mixtures. With regards to changing the 
equivalents of base (Entry 5), the result of no polymer product 
forming is likely due to only 1 equivalent of reactive base 
(Cs2CO3) being present, with the remainder being quenched to 
CsHCO3, as previously discussed by Ozawa et al.22,57 Although 

Figure 1. 1H-NMR (CDCl3, 25 °C) of PDCBT prepared via DArP using the conditions outlined in Table 1: entry 4 (top), entry 7 (middle), and the Stille reference (bottom). End-group 
assignments are denoted by the lowercase letters (a-n) and the major resonances by the uppercase (A-C). For polymers prepared via DArP, acceptor-acceptor and donor-donor 
homocouplings are denoted by the characters, α and δ, respectively. Resonance labels with an asterisk (*) are not distinctly observed due to potential overlap (f* at 7.26 and c* at 
7.55 ppm). All spectra referenced to CHCl3 at 7.26 ppm.
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the catalyst loading has been lowered, going from 4 to 2 mol% 
will likely not have as detrimental of effect as lowering the base. 
This is because many DArP protocols, using similar conditions, 
use a catalyst loading of 1 to 2 mol%. In our previous study 
regarding sustainable solvents, we found that lowering the 
catalyst loading from 4 to 1 mol% actually led to an increase in 
Mn (from 31 to 41 kDa) for PPDTBT.26 Furthermore, Leclerc’s 
study regarding the DArP of dialkyl bithiophenes shows that the 
inherent reactivity of the monomer protons, such as the α or β 
protons, is what determines the propensity for defect formation 
for a given condition set, which is further discussed below.41 
Therefore, monomers with a greater potential for defect 
formation, such as those with an ester directing group, should 
be tailored or functionalized so as to prohibit the undesired 
activation of branching sites, since the tuning of reaction 
conditions, such as equivalents or identity of base and loading 
of catalyst, cannot necessarily allow for the exclusion of defects. 

We were then interested to see the effect of changing the 
solvent, specifically with anisole. Anisole is less polar than THF 
with a dielectric constant of 4.33 versus 7.58 and, as described 
earlier, can be used as a more sustainable solvent for 
conjugated polymer synthesis and processing.39,58,59 The 
dielectric constant is closer to that of CPME as well, which is at 
4.76.36 Interestingly, anisole was found to slow the rate of 
polymerization, by observation, since no gelation was observed 
(Entry 7 of Table 1). Consequentially, this led to a polymer with 
lower Mn (8.3 kDa), but an improved yield (77%). The 
dependence of the reaction on the choice of solvent is difficult 
to determine given the critical role of the solvent within this 
type of transformation, e.g. solubility of the base, coordination 
to palladium, and potential activation of halogens.52,60,61 Given 
this, it is possible that the slight increase in polarity for CPME 
over anisole (4.76 versus 4.33, respectively) may help to 
stabilize transition states, intermediates, or provide improved 
solubility of the growing polymer chain. It is likely that through 
more extensive optimization or with a different copolymer the 
reaction time and outcome of the polymerization using anisole 
can be improved, and so anisole should not be discounted as a 
sustainable solvent for DArP.

1H-NMR Characterization of DArP-PDCBT
To determine if the structure of the DArP-synthesized 

polymers match that of the known Stille synthesized PDCBT, 1H-
NMR spectroscopy was used, which is shown in Figure 1. The 
polymers, both those prepared using DArP and Stille, exhibited 
excellent solubility in chloroform allowing for well-defined 
resonances to be obtained in the spectra. As shown in Figure 1 
(bottom spectrum), the Stille polymer shows three well defined 
resonances centered at 7.54, 7.46, and 7.20 ppm (A-C). These 
are in agreement with the observed literature values.11,47 End-
group assignments are based on the observed resonances for 
monomers and model compounds collected in CDCl3 with 
identical or similar structure.11,47,62 Interestingly, end-groups 
associated with destannylated bithiophene are observed at 
7.25 ppm (label h, Figure 1). This is likely due to destannylation, 
which has been observed for electron-rich heterocyclic 
stannanes.63 

For the polymers prepared via DArP (Figure 1, top and 
middle), the major resonances (A, B, and C) align very well with 
the Stille-reference polymer. Also, the smaller, distinct 
resonances (a-h, Figure 1) can be assigned to the expected end-
groups of either the ester functionalized bithiophene or 
bithiophene, indicating good structural fidelity for the DArP 
polymers. Importantly, acceptor-acceptor homocoupling peaks 
(α), which can occur via an oxidative coupling and has been 
reported for monomers of similar structure, e.g. ester-
functionalized thiophenes, are not observed at 7.66 ppm 
(Figure 1, top and middle).50,64 An expanded view of this region 
(7.75-7.60 ppm) in the ESI (Figure S13), shows that acceptor-
acceptor homocouplings are not present and that the small 
resonances near this point are also in the Stille-PDCBT. These 
smaller resonances present in both DArP-PDCBT and Stille-
PDCBT likely correspond to the penultimate protons near the 
terminus of the polymer. Also, donor-donor homocouplings (δ) 
are not observed at 6.98 ppm.65 End-groups corresponding to 
the bithiophene end-group are easily apparent (d-h, Figure 1). 
As with the Stille-reference, resonances corresponding to f* are 
not observed, likely due to overlap with the major resonance 
from solvent (CHCl3) at 7.26 ppm. Shoulders near 7.45 ppm 
corresponding to proton d, are better defined in the DArP 
PDCBT polymers, compared with the Stille-reference. These 
results indicate that the conditions employed for entry 4 and 7 
of Table 1 provide polymer product with good structural fidelity 
with regards to an absence of α and δ homocouplings, as 
observed by 1H-NMR. Of the two homocoupling defects, δ 
homocouplings would be the likely cause of insoluble material 
to form, since no solubilizing alkyl chains are present on the 
bithiophene donor. Given their absence, in the case of Entry 4, 
this indicates that gelation and formation of insoluble material 
is likely occurring through crosslinking or β-defect formation, 
although these structural features are challenging to observe 
via 1H-NMR.24,41,66,67 
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This conclusion on potential β-defect formation for PDCBT is 
reached based on previous DArP studies we have performed, 
which describe the defect free synthesis of P3HT and PPDTBT 
using similar conditions (Figure 2a).26,68 Similar conditions were 
also applied towards the synthesis of PPDBTTPD (Figure 2a), 
which possesses numerous, unobstructed β-protons.49 In each 
of these studies, no prohibitively insoluble material was 
obtained (even when precipitation during the polymerization 
was observed), and thorough characterization of these 
polymers confirmed an absence of β-defects. In the case of the 
aforementioned polymers (P3HT, PPDTBT, and PPDBTTPD), 
neodecanoic acid (NDA) inhibits β-defect formation by sterically 
shielding the β-protons (Hβ1-Hβ4) from the Pd-catalyst.69 Since 
NDA is present (1 equiv.) in the DArP conditions reported here, 
β-defect formation must either be overcoming the steric 
hindrance or displacement of the NDA coordinated to Pd by the 
ester moiety is occurring. Esters, specifically, have been shown 
by Yu et al. to allow for the C-H activation of distal protons, via 
a seven-membered cyclopalladation, on electron rich arenes.43 
In the aforementioned study, the ester moiety displaced the 
carboxylic acid ligand used, allowing for C-H functionalization to 
occur. This type of reactivity is analogous to what we propose 
for PDCBT. Specifically, the ester directing group likely displaces 
the NDA and then the palladium metal center can form a seven-
membered palladacycle with the adjacent thiophene aryl group 
(Figure 2b), which is based on the findings by Yu’s 
aforementioned study. While directing groups (not carbonyl 
based) have been used in the synthesis of conjugated polymers 
via DArP, this mechanism of defect formation has not been 
explicitly observed to our knowledge.70 

Synthesis of PDCTT and PDCBTz via DArP

As mentioned prior, the primary method for preventing β-

defect formation in DArP is the use of a bulky carboxylic acid, 
such as NDA, but if carbonyl groups along the backbone can 
displace NDA then defect formation can occur. Applying the 
conditions then to a more reactive (BTz) and less reactive (TT) 
monomer would offer insight regarding how β-proton reactivity 
effects the propensity for defect formation (Figure 2b). Using 
these monomers for their respective copolymer synthesis, we 
expect to see an enhanced or uncontrollable level of defects 
with BTz and a suppression of such defects with TT relative to 
BT.

Describing BTz and TT as more and less reactive towards β-
defect formation is based on previous studies in DArP and small-
molecule C-H activation. Specifically, based on the previous 
studies by Leclerc et al. regarding the Gibbs free energy 
(ΔG‡

298K) associated with C-H bond cleavage at the concerted 
metalation deprotonation (CMD) transition state (TS), the 
reactivity of β-protons for BTz (ΔG‡

298K = 26.7 kcal) should be 

Figure 2. (a) Polymers (P3HT and PPDTBT) for which the DArP conditions were 
optimized allowing for the exclusion of defects (α, β, and δ), allowing for the 
application of these conditions to polymers with a greater potential for β-defect 
formation (PPDBTTPD). (b) Depiction of the directing group effect of the ester on 
PDCBT forming PDCBTβ, and the suppression or enhancement for β-defect formation 
when biaryls with different β-protons (PDCTT and PDCBTz) are used compared with 
PDCBT.
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greater than that of BT (ΔG‡
298K = 28.3 kcal).41,71 This type of 

calculation has not been performed for TT. However, low-
reactivity for TT has been observed, where no polymerization 
proceeded via DArP unless a substituted TT was used to 
enhance its reactivity.72 Furthermore, previous studies 
regarding the C-H activation of thieno[3,2-b]thiophene have 
concluded that Pd-catalysed oxidative conditions, which differ 
greatly from the ones employed here, are required for 
activation of the HβTT proton (Figure 2b), and that conditions 
reliant on the pKa of the proton, such as the ones employed for 
this study, do not provide coupled products in HβTT position.73–

75 In addition to a diminished reactivity, studies on the 
conformation of a TT unit flanked by carboxylate containing 
thiophenes, such as with PDCBT and PDCTT, have shown that 
twisting along the conjugated backbone occurs in the case of TT 
where BT is considered to be coplanar.76 This twisting, which 
may be due to steric congestion brought upon by the more 
compact structure of the TT ring,  leads to a large dihedral angle 
(>60°), which may inhibit formation of the seven-membered 
palladacycle intermediate (PDCBTβ, Figure 2b). Since BTz is 
structurally and spatially similar to BT, it is presumed that 
backbone twisting will not occur and that it should possess a 
nearly coplanar conformation as with PDCBT.

 Confirming the ideas above, when the DArP conditions 
(Entry 4 of Table 1) that led to gelation with PDCBT were applied 
to PDCTT, we found that the polymerization mixture did not gel 
after 2 hours (Entry 8 of Table 1), and so the polymerization was 
left to go overnight (16 hours). After purification, it was found 
that the PDCTT obtained from this reaction provided a greater 

Mn (26 kDa) and yield (90%), relative to the same conditions for 
PDCBT. It should be noted that no CHCl3-insoluble material was 
left-over after Soxhlet purification. It is likely that the extended 
reaction time contributes to the increase in yield and Mn, 
relative to PDCBT.47 These results demonstrate that a monomer 
relatively with inert β-protons, compared to BT, can be 
employed when directing groups are present within the 
copolymer to successfully afford the desired copolymer.

When 2,2’-bithiazole was used, a reactivity for this 
monomer like that of bithiophene was observed. Specifically, 
onset of gelation of the reaction mixture was observed after 70 
minutes leading to oligomeric material (Mn of 4.9 kDa with a 
yield of 46%) that could be isolated in the CHCl3 fraction of the 
Soxhlet (Entry 9 of Table 1), but with a small portion that was 
prohibitively insoluble in the chloroform fraction of the Soxhlet. 
In order to see if a more soluble polymer product could be 
isolated with a decreased reaction time, as was observed with 
PDCBT, the polymerization was repeated but was stopped at 60 
minutes (Entry 10 of Table 1). This afforded an oligomeric 
product that was entirely soluble in the CHCl3 fraction of the 
Soxhlet (Mn of 3.4 kDa and 54% yield) with an improved yield 
albeit lower molecular weight. Based on these results, it is clear 
that the reaction conditions, which affords isolable polymer 
products for PDCBT and PDCTT with good molecular weights 
and yields, are not optimal or controllable for a more electron 
deficient monomer prone to activation of the β-proton, such as 
bithiazole. C-H activation of this proton (HβBTz, Figure 2b) is 
presumed to be highly favourable, and as the concentration of 
the monomers decreases in the reaction mixture defect 
formation, such as crosslinking and branching, will likely 
become more favourable. This would make cross-linking or β-
couplings highly competitive relative to the desired coupling for 
PDCBTz, leading to insoluble materials before polymer products 
of desirable molecular weights and yields can be obtained, as 
with PDCTT.

Although somewhat intuitive, this correlation between 
structure and reactivity provides a general guide for in applying 
this methodology towards the synthesis of other copolymers. 
Specifically, electron deficient monomers used in concert with 
directing groups may invoke undesired couplings when protons 
that can undergo C-H activation are within a reasonable 
proximity. Based on these results, it is presumed that this type 
of directing group effect is possible with PDCBT, causing the 
activation of undesired protons and leading to the observed 
gelation during the polymerization. The NMR spectra for all of 
the synthesized polymers is provided in the ESI and referenced 
to polymers of known structure, but 1H-NMR is not a general 
method for determining the presence of β-defects. Therefore, 
we confirm their presence using GIXRD and UV-vis absorption 
spectroscopy.

GIXRD and UV-vis Characterization of Polymer Films

The inclusion of β-defects within a conjugated polymer 
backbone has pronounced effects on the thin-film structural 
and electronic properties. As a consequence of the disorder 
caused by the β-defect, coherent, periodic structure can be 
disrupted since ideal alignment of the polymer chains is 
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inhibited by the inclusion of a defect. This can be observed, as 
mentioned previously, using GIXRD and UV-vis absorption 
spectroscopy. With P3HT (Figure 2a) prepared via DArP as an 
example, β-defect content as little as 0.16% can shift d100-
spacing by 0.5 Å and noticeably decrease the intensity of the 
vibronic shoulder and the magnitude of the absorption 
coefficient in the UV-vis absorption spectrum in comparison to 
Stille-P3HT.67 A similar trend is expected for the polymer PDCBT 
prepared via DArP, which is expected to contain β-defects.

As depicted in Figure 3 and shown in Table 2, the semi 
crystallinity and photophysical properties of the polymer thin-

Table 1. GIXRD and UV-vis absorbance data for PDCBT, PDCTT, and PDCBTz. 
aMeasured on polymer films prepared from a 7 mg/mL chloroform solution and 
annealed at 150 °C for 30 minutes

films vary, which can be attributed to differences in the polymer 
structure, molecular weights (Mn), and inclusion of β-defects. 
Specifically, the PDCBT prepared via Stille (Entry 1 of Table 2), 
which has a Mn of 26 kDa (Table 1) possess a peak absorption 
(max) at 556 nm and an absorption coefficient () of 88 × 103 
cm-1 (Figure 3b), while that prepared via the optimal DArP 
conditions (Entry 4 of Table 1), which has a Mn approximately 
half that of the Stille polymer at 13.8 kDa displays a blue shifted 
max at 543 nm and an  of 73 × 103 cm-1 (Entry 2 of Table 2). In 
regards to semicrystallinity (Table 2 and Figure 3a), the 
difference between the DArP and Stille PDCBT polymers is clear, 
with a lower degree of crystallinity and crystallite size (13.4 
versus 15.0 nm, respectively) for the PDCBT prepared via DArP. 

The d100-spacing (21.3 and 20.8 Å, respectively) for these 
polymers is also different by 0.5 Å (Table 2 Entries 1 and 2). 
Taken as whole, the diminished intensity of the vibronic 
shoulder, the reduced absorption coefficient, and the increase 
in d100-spacing provide significant evidence for β-defect 
formation.67 While differences in polymer Mn

 could have an 
effect on the aborption profile, the differences are more likely 
ascribed to β-defect formation, since the Mn is greater than 10 
kDa for the DArP-PDCBT (where polythiophenes are known to 
show saturation of their optical properties).77 This conclusion is 
also based on our past observations with DArP and Stille-P3HT, 
as well PPDTBT (Figure 2a).67,68 

 In comparison to PDCBT, PDCTT (Entry 3 of Table 2) 
presents a rather featureless absorption profile (Figure 3b) with 
a blue shifted max at 463 nm, similar to what has been 
previously reported (max at 476 nm).47 A vibronic shoulder was 
not expected with PDCTT since previous reports for this 
polymer depict a featureless absorption profile for the polymer 
prepared via Stille.47 As discussed above, the diminished value 
for  (34 × 103 cm-1) indicates a more disordered structure for 
this polymer, where orbital overlap of the π-system along the 
polymer backbone and the π-π interactions between polymer 
chains may be hindered due to twisting caused by steric-
hindrance between the alkyl chains on the accepter unit.76Also, 
no diffraction was observed in the GIXRD measurements for this 
polymer further. As shown with previous studies, this is likely 

because temperatures in excess of 150 °C will be needed to 
induce crystallization and aggregation.47,78 However, 
optimization of the thin-film morphology is not a focus of this 
study. Given that gelation did not occur with PDCTT and no 
insoluble material was observed after Soxhlet with CHCl3, it is 
believed that presence of β-defects is highly minimized, if not 
excluded, for this polymer.

 PDCBTz (Entry 4 of Table 2) shows an absorption profile 
similar to that of PDCBT (Figure 3b), with the appearance of a 
weak vibronic-shoulder and a max at 529 nm (Figure 3b). It is 
notable that despite the more-electron deficient bithiazole unit 
being employed for this polymer, the blue shift for the polymer 
is rather slight (14 nm) versus the 80 nm observed for PDCTT. 
This provides further indication of how the donor unit for this 

class of polymers influences the planarity and orbital overlap of 
the π-system along the polymer backbone and the π-π 
interactions between polymer chains. In regards to 
semicrystallinity, PDCBTz (Entry 4 of Table 2) has a lamellar 
spacing of 20.8 Å, which is identical to the Stille-PDCBT polymer. 
However, the reduction in crystallite size, coupled with the 
weak vibronic shoulder in the UV-vis spectrum (Figure 3b), 
indicates that the PDCBTz isolated via DArP contains β-defects 
as was observed for PDCBT. These results provides evidence for 
the hypothesis that branching or cross-linking can be controlled 
by employing an electron-rich monomer that is more resilient 
against crosslinking or β-defect formation, such as TT. As 
described above, β-defect formation is supported when all the 
factors are taken into account. Specifically, in the synthesis of 
PDCBT and PDCBTz via DArP (see Table 2 for conditions) both 
lead to insoluble material, which is a major indication of a 
polymer laced with defects. 1H-NMR confirms that δ-
homocouplings, which could lead to insoluble material, are not 
occurring. GIXRD shows a reduction in the degree of crystallinity 
and a shift in the d-spacing consistent with β-defect formation. 
The UV-vis absorption profiles also show a reduction in the 
vibronic shoulder and the absorption coefficient. All of these 
pieces of evidence point to the likelihood of β-defect formation 
for the polymers PDCBT and PDCBTz, which leads to the 
formation of insoluble material during the polymerization. 

Conclusions
In this study we presented the application of the sustainable 

solvents CPME and anisole towards the synthesis of PDCBT and 
its analogues, PDCTT and PDCBTz, via DArP. We find the diester 
moieties on the acceptor unit can function as directing groups 
enhancing the reactivity of the monomer designated for C-H 
bond functionalization providing a significant reduction in the 

Entry
(Polymer)

Conditions Used 
(Table 1)

max (nm)a; 
  (cm-1)a

d100 
(Å)a

Crystallite 
Size (nm)a

1 (PDCBT) Stille 556; 88 × 103 20.8 15.0
2 (PDCBT) Entry 4 543; 73 × 103 21.3 13.4
3 (PDCTT) Entry 8 463; 34 × 103 - -
4 (PDCBTz) Entry 9 529; 65 × 103 20.8 11.5

Figure 3. (a) GIXRD diffraction patterns for the polymers PDCBT-Stille, PDCBT-DArP, 
PDCTT, and PDCBTz. (b) Absorption profiles for the polymers PDCBT-Stille, PDCBT-
DArP, PDCTT, and PDCBTz.
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polymerization time. This enhancement in reactivity comes at 
the cost of selectivity, however, since crosslinking or β-defect 
formation occurs leading to the formation of insoluble polymer 
products. This likely occurs through displacement of the NDA, 
which is used to suppress β-defect formation, from the 
palladium catalyst by the ester. Through careful optimization, 
we were able to develop DArP conditions that allowed for the 
synthesis of isolable PDCBT in less than one hour, when CPME 
is used as the solvent, with a molecular weight (Mn) of 13.8 kDa 
and a yield of 59%. Application of the optimal conditions 
towards the relatively electron rich, PDCTT, which contains 
thieno[3,2-b]thiophene, and electron deficient, PDCBTz, which 
contains 2,2’-bithiazole, was performed to investigate the 
occurrence of defect formation by varying the aryl group. 
Specifically, electron deficient monomers may invoke cross-
linking or branching defects due to the higher reactivity of the 
protons in the conjugated backbone of the polymer, which was 
observed with PDCBTz. However, with the electron-rich PDCTT 
a polymer product with a Mn of 26 kDa and a yield of 90% was 
obtained. Characterization using GIXRD and UV-vis absorption 
spectroscopy confirmed the presence of β-defects in PDCBT and 
PDCBTz prepared via DArP. This demonstrates an important 
need for understanding functional group tolerance and a 
guiding principle when developing conditions for DArP. Based 
on our results, a directing group can facilitate C-H activation of 
distal protons on adjacent aryl groups forming undesired 
defects, despite use of a bulky carboxylic acid ligand (NDA). 
Suppression of such defects is possible through the judicious 
selection of a comonomer, which contains a β-proton of low 
reactivity or can inhibit the formation of the intermediate 
metallocycle. Future work will focus on determining conditions 
that allow for the defect-free synthesis of electron deficient of 
conjugated copolymers, such as PDCBTz, using sustainable 
solvents, and determine conditions that allow for a more 
controlled synthesis when directing groups are employed. 
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1. General
  All reactions were performed under dry N2 in oven dried glassware, unless otherwise 

noted. Unless otherwise noted, all reagents were purchased and used as received from 

commercial sources. Solvents were purchased from VWR and used without purification, unless 

otherwise noted. Anhydrous, unstabilized cyclopentyl methyl ether (CPME) was purchased and 

used as received. Cs2CO3 was ground into a fine powder and dried at 120 °C in a vacuum oven 

before use. 5,5’-bis(trimethylstannyl)-2,2’-bithiophene was previously prepared following 

literature procedure.1 All NMR were recorded at 25 °C using CDCl3 on either a Varian Mercury 

400 MHz, Varian VNMRS-500 MHz, or a Varian VNMR-600 MHz. All spectra were referenced 

to CHCl3 (7.26 ppm), unless otherwise noted. Number average molecular weight (Mn) and 

polydispersity (Ð) were determined by size exclusion chromatography (SEC) using a Viscotek 

GPC Max VE 2001 separation module and a Viscotek Model 2501 UV detector, with 60 °C 

HPLC grade 1,2-dichlorobenzene (o-DCB) as eluent at a flow rate of 0.6 mL/min on one 300 × 

7.8 mm TSK-Gel GMHHR-H column (Tosoh Corp). The instrument was calibrated vs. 

polystyrene standards (1050−3,800,000 g/mol), and data were analysed using OmniSec 4.6.0 

software. Polymer samples were dissolved in HPLC grade o-dichlorobenzene at a concentration of 

0.5 mg ml−1, stirred at 65 °C until dissolved, cooled to room temperature, and filtered through a 

0.2 μm PTFE filter.

 For polymer thin-film measurements, solutions were spin-coated onto pre-cleaned glass 

slides from o-dichlorobenzene (o-DCB) solutions at 7 mg/mL. UV−vis absorption spectra were 

obtained on a Perkin-Elmer Lambda 950 spectrophotometer. Thicknesses of the samples and 

grazing incidence X-ray diffraction (GIXRD) measurements were obtained using Rigaku 

diffractometer Ultima IV using a Cu Kα radiation source (λ = 1.54 Å) in the reflectivity and 
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grazing incidence X-ray diffraction mode, respectively. Crystallite size was estimated using 

Scherrer’s equation:

τ = Kλ/(β cosθ)  (1)

where τ is the mean size of the ordered domains, K is the dimensionless shape factor (K = 0.9), λ 

is the x-ray wavelength, β is the line broadening at half the maximum intensity (FWHM) in 

radians, and θ is the Bragg angle.

2. Monomer Synthesis

N

S
Br
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Scheme S1. Monomer Synthesis.

S

O
OH

Br

Synthesis of 5-bromothiophene-3-carboxylic acid (2): 
To an Erlenmeyer flask equipped with a stir-bar, 3-thiophene carboxylic acid (10 g, 78 mmol, 1 
equiv) was dissolved in glacial acetic acid (60 mL). To this, a solution of bromine (5.61 g, 35.1 
mmol, 0.9 equiv) in glacial acetic acid (30 mL) was added slowly. The mixture was allowed to 
stir for 1 hour and then it was poured in water (300 mL) and stirred for 15 minutes. The solid 
was filtered off and washed with water. It was then recrystallized from water (300 mL), filtered, 
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and dried in under vacuum (~100 mtorr) overnight. 5.83 g, 41%. 1H-NMR 400 MHz (CDCl3): δ 
(ppm) 8.11 (d, J = 1.6 Hz, 1H), 7.51 (d, J = 1.6 Hz, 1H). Consistent with literature reports.2

S

O
O

Br

C6H13

C4H9

Synthesis of 2-butyloctyl-5-bromothiophene-3-carboxylate (3)
In an oven-dried 3-neck roundbottom flask equipped with a N2 inlet and a stirbar 2 (4.00 g, 19.3 
mmol, 1 equiv), DMAP (0.826 g, 23.16 mmol, 0.35 equiv), and DCC (4.78 g, 23.16 mmol, 1.2 
equiv), were dissolved in anhydrous DCM (50 mL). This mixture was allowed to stir for 30 
minutes. To this, 2-butyloctanol (5.39 g, 28.95 mmol, 1.5 equiv) was added dropwise via 
syringe. The mixture was then stirred for 48 hours. The precipitate was filtered off, it was diluted 
with water (50 mL), and it was extracted with DCM. The organic extracts were then washed with 
brine and dried with Na2SO4. The solvent was stripped and it was purified using column 
chromatography (15% DCM/hexanes). 6.30 g, 87%. 1H-NMR 400 MHz (CDCl3): δ (ppm) 7.97 
(d, J = 1.6, 1H), 7.45 (d, J = 1.6 Hz, 1 H), 4.16 (d, J = 5.6 Hz, 2H), 1.74-1.69 (m, 1H), 1.35-1.28 
(m, 16H), 0.91-0.86 (m, 6H). Consistent with literature reports.3

S

O
O

C6H13

C4H9
S

O
O

C6H13

C4H9

Synthesis of Bis(2-butyloctyl)[2,2’-bithiophene]-4,4’-dicarboxylate (4):
To a 3-neck round bottom flask equipped with a stir-bar, nitrogen inlet, glass-stopper, Teflon 
septum, and condenser was added potassium carbonate ( 9.1 g, 66 mmol, 4 equiv) and 
bispinacolatodiboron ( 2.09 g, 8.23 mmol, 0.5 equiv). The flask was evacuated and refilled with 
N2 3 times. Compound 3 (6.18 g, 16.46 mmol, 1 equiv) and a 50 mL mixture of THF:H2O (3:1) 
was then added, and the mixture was degassed for 20 minutes. Pd(PPh3)2Cl2 ( 693 mg, 0.99 
mmol, 0.06 equiv) was quickly added and the mixture degassed for an additional 20 minutes. 
The Teflon septum was replaced with a glass stopper, and the mixture was then heated at 80 °C 
for 24 hours. The reaction was cooled and extracted with DCM. The extracts were washed with 
brine, dried with Na2SO4, and chromatographed using a solvent gradient of 10% DCM/hexanes 
to 30% DCM/hexanes to afford a pale yellow, viscous oil (69% yield). 1H-NMR 400 MHz 
(CDCl3): δ (ppm) 7.98 (d, J = 1.2 Hz, 2H), 7.57 (d, J = 1.2 Hz, 2H), 4.19 (d, J = 6.0 Hz, 4H), 
1.77-1.73 (m, 2H), 1.39-1.27 (m, 32H), 0.93-0.86 (m, 12H). Consistent with literature reports.3
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S

O
O

C6H13

C4H9
S

O
O

C6H13

C4H9

Br
Br

Synthesis of Bis(2-butyloctyl)[2,2’-bithiophene]-4,4’-dicarboxylate (5): 
To a scintillation vial equipped with a screw cap and stir bar was added 4 ( 267 mg, 0.45 mmol, 
1 equiv.), CHCl3 (2 mL), and trifluoroactetic acid (0.5 mL). The vial was wrapped with foil to 
shield it from light, and NBS (160.2 mg, 0.9 mmol, 2 equiv.) was added portion wise and it was 
allowed to stir for 16 hours. In order to reach completion, an additional 16 mg, 0.2 equiv, of NBS 
and 1.5 mL of TFA were added and it was allowed to stir for an additional 4 hours. The reaction 
mixture was then diluted with water (10 mL) and extracted with CHCl3. The organic extracts 
were then washed with brine and dried with Na2SO4. Purification was performed using column 
chromatography (20% DCM/hexanes). 197 mg, 59%.  1H-NMR 500 MHz (CDCl3): δ (ppm) 7.35 
(s, 2H), 4.21 (d, J = 5.5 Hz, 4H), 1.75-1.73 (m, 2H), 1.41-1.27 (m, 32H), 0.91-0.86 (m, 12H). 
Consistent with literature reports.2,3

S

S

Br

Br

Synthesis of 5,5’-dibromo-2,2’-bithiophene (7):
To 3-neck roundbottom flask equipped with a N2 inlet and a stirbar 6 (2.0 g, 12.0 mmol, 1 equiv) 
was added and dissolved in DMF (50 mL). The mixture was then cooled to 0 °C and NBS (4.28 
g, 24.06 mmol, 2 equiv.) was added in one portion. This was allowed to slowly warm-up to room 
temperature with stirring overnight. The mixture was then poured into water (250 mL) and 
recrystallized from a mixtures of hexanes/CHCl3. 2.84 g, 73%. 1H-NMR 400 MHz (CDCl3): δ 
(ppm) 6.96 (d, J = 4.0 Hz), 2H), 6.85 (d, J = 4.0 HZ, 2H). Consistent with literature reports.4

 

S

S

Br

Br

Synthesis of 2,5-dibromothieno[3,2-b]thienothiophene (9):
Thineno[3,2-b]thiophene (500 mg, 3.57 mmol, 1 equiv) was added to a 3-neck round bottom 
flask equipped with a stir-bar, which was then vacuum-backfilled with N2 three times. DMF (7 
mL) was added and the solution was degassed for 15 minutes. It was then cooled to 0 °C and 
NBS (1.27 g, 7.13 mmol, 2 equiv.) was added in one portion. The mixture was then stirred for 3 
hours, allowing it to warm to room temperature. Water was added (15 mL) and a precipitate 
formed that was then filtered, washed with water, and dried under high-vacuum. The crude 
product was then recrystallized using a mixture of EtOH/CHCl3. 460 mg, 43%.1H-NMR 400 
MHz (CDCl3): δ (ppm) 7.17 (s, 2H). Consistent with literature reports.5

Page 30 of 42Polymer Chemistry



7

N

S

S

N

Synthesis of 2,2’-bithiazole (11):
To an oven-dried 3-neck round-bottom flask cooled under N2 was added Bu4NBr. The flask was 
then vacuum-backfilled three times with N2. 2-bromothiazole (2.60 g, 16 mmol, 1 equiv), Et(i-
Pr)2N (2.07 g, 16 mmol, 1 equiv.), and toluene (6 mL) were added to the flask. It was then 
degassed with N2 for 30 minutes. Pd(OAc)2 (359 mg, 1.6 mmol, 0.1 equiv.) was quickly added 
and the flask was heated at 105 °C overnight. The reaction mixture was cooled, H2O (25 mL) 
was added, and it was extracted with CHCl3. The combined organics were washed with brine and 
dried with Na2SO4. Purification was performed using column chromtagoraphy (20% 
EtOAc/hexanes). 587 mg, 43%. 1H-NMR 400 MHz (CDCl3): δ (ppm) 7.90 (d, J = 3.2 Hz, 2H), 
7.44 (d, J = 3.2 Hz, 2H). Consistent with literature reports.6

N

S

S

NBr

Br

Synthesis of 5,5’-dibromo-2,2’-dithiazole (12):
To an oven-dried 3-neck round-bottom flask cooled under N2 was added 2,2’-dithiazole (11) 
(500 mg, 2.97 mmol, 1 equiv.) and anhydrous DMF (15 mL). NBS (2.14 g, 12 mmol, 4 equiv.) 
was added in one portion, and the reaction mixture was heated at 60 °C overnight. After cooling 
to room temperature, H2O (25 mL) was added and the mixture was stirred for 15 minutes. The 
precipitate was filtered off, and it was then recrystallized with MeOH/CHCl3. 571 mg, 59%. 1H-
NMR 400 MHz (CDCl3): δ (ppm) 7.17 (s, 2H). Consistent with literature reports.6
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3. 1H-NMR for Compounds 2-12.

Figure S1. 1H NMR of compound 2 in CDCl3 at 25 °C and 400 MHz.

Figure S2. 1H NMR of compound 3 in CDCl3 at 25 °C and 400 MHz.
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Figure S3. 1H-NMR of Compound 4 in CDCl3 at 25 °C and 400 MHz.

Figure S4. 1H NMR of Compound 5 in CDCl3 at 25 °C and 400 MHz.
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Figure S5. 1H-NMR of monomer 7 in CDCl3 at 25 °C and 400 MHz.

Figure S6. 1H-NMR of monomer 9 in CDCl3 at 25 °C and 400 MHz.
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Figure S7. 1H-NMR of compound 11 in CDCl3 at 25 °C and 400 MHz.

Figure S8. 1H-NMR of monomer 12 in CDCl3 at 25 °C and 400 MHz.
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Figure S9. 1H-NMR of monomer 13 in CDCl3 at 25 °C and 500 MHz.
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4. Polymer NMR

Figure S10. 1H-NMR of PDCBT (Stille) collected in CDCl3 at 25 °C and 500 MHz.
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Figure S11. 1H-NMR of PDCBT prepared via DArP (entry 3 of Table 1). Collected in CDCl3 at 
25 °C and 500 MHz.
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Figure S12. 1H-NMR of PDCTT (entry 8 of Table 1) collected in CDCl3 at 25 °C and 500 MHz. 
(*)Denotes potential end-group. 
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Figure S13. 1H-NMR of PDCBTz (entry 9 of Table 1) collected in CDCl3 at 25 C and 600 MHz. 
(*) Denotes potential end-group. 
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Figure S14. Expanded view of the region δ(ppm)7.75-7.55 in the 1H-NMR spectra for PDCBT 
prepared by DArP (top) and Stille (bottom). Detailing what are likely penultimate protons for the 
respective DArP and Stille polymers. 

5. Polymer GIXRD

Polymer 2θ 
(degrees)

d100 (Å) Height FWHM 
(degrees)

Crystallite size 
(nm)

PDCBT- Stille 4.250 20.7729 12801 0.531 14.96546
PDCBT-DArP 4.151 21.2673 2430 0.593 13.40035

PDCBTz 4.251 20.7714 5016 0.691 11.50024
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6. GPC Traces
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