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Materials and Methods. All synthetic manipulations were carried out using standard 

Schlenk techniques under a nitrogen atmosphere or in an mBraun glovebox under an 

atmosphere of purified nitrogen. All solvents for reactions (dichloromethane, diethyl 

ether, tetrahydrofuran, toluene) were purchased from commercial sources, degassed with 

argon, and dried using a JC Meyer solvent system prior to use. 1,4-dioxane was 

purchased from Acros and distilled before use. Solvents used in work-up procedures and 

column chromatography were purchased from commercial sources and used as received. 

All other chemicals were used as received from commercial sources except N-

bromosuccinimide (NBS), which was recrystallized from hot water prior to use. 3-

hexylselenophene1 and 2-bromo-3-hexylfuran2 were prepared according to literature 

procedures. CDCl3 was dried using P2O5 and distilled prior to use. TMPMgCl·LiCl was 

titrated against benzoic acid using fluorene as the indicator.  

Polymer samples were precipitated and washed with methanol for GPC analysis (Table 1). 

Polymer samples analyzed by UV-vis spectroscopy, atomic force microscopy (AFM), 

differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and X-ray 

scattering were further purified by reprecipitation and subsequent washes with methanol, 

acetone and hexanes. A short path, basic aluminum oxide column with CHCl3 as the 

eluent was employed as the final step of purification. The samples selected for these 

analyses were: T-T with Mn = 36,100, Đ = 1.16, T-Se with Mn = 39,800, Đ = 1.18, T-T-

Se with Mn = 32,100, Đ = 1.23, T-Se-Se with Mn = 39,000, Đ = 1.16 and F-T-Se with Mn 

= 23,100, Đ = 1.22.  

NMR Analysis. All NMR experiments were collected at 300 K on a two-channel Bruker 

Avance III NMR instrument equipped with a Broad Band Inverse (BBI) probe, operating 
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at 500 MHz for 1H (126 MHz for 13C). The 1H NMR spectra are referenced to residual 

protio solvents (7.26 for CHCl3) and the 13C NMR spectra are referenced to CDCl3 (77.23 

ppm). The F2 proton-coupled HSQC was performed using the recently published Perfect-

HSQC pulse program.3 The 2D NMR analysis of the T-Se polymer (Mn = 15,000, Đ = 

1.16) was used to help identify end groups in the other thiophene-selenophene 

copolymers. The 2D NMR analysis of F-T-Se (Mn = 23,100, Đ = 1.22) was facilitated by 

analysis of compound 5 using coupled HSQC experiments.  

Mass Spectrometry. High Resolution Mass Spectrometry (HRMS) was performed in the 

School of Chemical Sciences Mass Spectrometry Laboratory at the University of Illinois, 

Urbana-Champaign.  

Gel-Permeation Chromatography. GPC traces were obtained using a Waters 

Instrument equipped with a 717 plus autosampler, a Waters 2414 refractive index (RI) 

detector and two SDV columns (Porosity 1000 and 100000 Å; Polymer Standard 

Services) with THF as the eluent (flow rate 1 mL/min, 40 °C). Molecular weights were 

determined by applying a 10-point calibration based on polystyrene standards 

(Polystyrene, ReadyCal Kit, Polymer Standard Services). All polymer aliquots subjected 

to GPC were prepared by quenching ~0.2 mL of the polymer solution with ~1.0 mL of 6 

M methanolic HCl. The precipitate was filtered and washed with methanol only. The 

resultant polymer was dissolved in ~1 mL of THF, filtered through a 0.22 µm syringe 

filter and analyzed. 

GC-MS Analysis. GC-MS analysis was performed on a Hewlett-Packard Agilent 6890-

5973 GC-MS workstation. The GC column was a Hewlett-Packard fused silica capillary 

column cross-linked with 5% phenylmethylsiloxane. Helium was used as the carrier gas. 
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The following conditions were used for all GC-MS analyses: injector temperature, 

250 °C; initial temperature, 70 °C; temperature ramp, 10 °C/min; final temperature, 

280 °C. All polymer aliquots subjected to GC-MS were prepared by quenching ~0.2 mL 

of the polymer solution with ~1.0 mL of acidic methanol (HCl:methanol, 1:200 v/v). 

Then the solution was diluted with 1 mL of diethyl ether in a 20 mL scintillation vial. 0.2 

mL of this resultant solution was filtered through a 0.22 µm PTFE syringe filter into a 2 

mL vial and diethyl ether was added to fill the vial.  Conversion was calculated by 

comparison of the nonadecane internal standard to the monomer. 

UV-vis Spectroscopy. UV-vis spectra of all polymers were recorded on a Varian Cary 

5000 spectrophotometer. Prior to recording the spectra for all polymers, a 100% 

transmittance sample was taken of a “blank”, either CHCl3 (solution) or cleaned glass 

substrate (solid-state). This “blank” was then run a second time as sample zero, to ensure 

a zero baseline. The blank was then set in the program as the baseline 

correction/background subtraction to all future recorded spectra. No further baseline 

corrections were performed prior to analysis.  

 Solution measurements were conducted in CHCl3 at ~0.0075 mg/mL 

concentration. In the dark, under a dry nitrogen environment in a glovebox, thin film 

samples were prepared from a spin-coating process. Glass cover slips (22 × 22 mm) were 

cleaned by spraying with fresh acetone, isopropanol and dried under a jet of filtered, dry 

nitrogen. 5 mg/mL solutions of T-T, T-Se, T-T-Se, T-Se-Se and F-T-Se in dry toluene 

were heated to 80°C in glass vials for 10 min, filtered through a 0.22 µm PTFE syringe 

filter using a glass syringe, and re-heated for 5 min prior to spin-casting from hot 

solutions. The spin-coating conditions consisted of three cycles, a 400 RPM spreading 
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cycle for 5 s, a 1000 RPM main cycle for 30 s and a 2000 RPM wicking cycle for 15 s. 

The films were annealed at 150 °C for 1 h under a nitrogen environment.  

Electrochemical Analysis. For cyclic voltammetry, a three electrode system comprised 

of a silver wire pseudo-reference, a coiled platinum counter electrode, and a 1 mm2 

platinum-disk working electrode was employed and was controlled with a CH 

Instruments Model 600C Series Electrochemical Analyzer/Workstation. A solution of the 

polymer (0.5 mg/mL in toluene) was drop cast onto the working electrode. The electrode 

was immersed in anhydrous acetonitrile with 0.1 M tetra-butylammonium 

hexafluorophosphate (Fluka, electrochemical grade). Potentials were scanned at 0.10 V/s 

under a constant argon purge and were referenced to SCE via a ferrocene internal 

standard (Fc/Fc+). Considering the oxidation potential of ferrocene is +0.40 V versus 

SCE in acetonitrile and the SCE electrode is –4.7 eV from vacuum,4 the HOMO and 

LUMO energy levels were estimated according to: 

EHOMO = – (E[onset, ox vs. Fc/Fc
+

] + 5.1) (eV)   ELUMO = – (E[onset, red vs. Fc/Fc
+

] + 5.1) (eV). 

Differential Scanning Calorimetry. DSC experiments were performed on a Seiko 

SSC/5200 SII DSC220C system. Experiments were carried out under a nitrogen 

environment with a heating rate of 10 °C /min and a cooling rate of –10 °C/min within a 

range of 30 °C to 270 °C for a duration of three cycles. 

Thermogravimetric Analysis. TGA experiments were performed using a Perkin Elmer 

TGA 4000. Experiments were carried out under a nitrogen environment with a heating 

rate of 10 °C /min within a range of 30 °C to 500 °C and a successive heating rate of 

20 °C /min within a range of 500 °C to 800 °C. 
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Atomic Force Microscopy. Ultra-thin films were prepared for T-T, T-Se, T-T-Se and 

T-Se-Se samples to better visualize single layer nanofibrillar morphologies. Due to the 

light sensitivity of the F-T-Se sample, a thicker film was prepared for AFM imaging.  

The wafers were cleaned by spraying with fresh acetone and isopropanol and dried under 

a jet of filtered, dry nitrogen, followed by UV/Ozone treatment at 120 °C for 45 min, 

followed by an incubation period of 45 min until cooled to 42 °C (Novascan PSD-UVT). 

The wafers were then placed under vacuum (10 mTorr) for 90 min. 

The F-T-Se sample was prepared under a dry nitrogen environment in a glovebox, 

whereas the T-T, T-Se, T-T-Se and T-Se-Se samples were prepared under ambient 

conditions.  These samples were prepared from 0.1 mg/mL solutions in anhydrous CHCl3, 

whereas the F-T-Se sample was prepared from a 1 mg/mL solution in anhydrous CHCl3, 

on 2 × 2 cm silicon wafers with native oxide. The solutions were heated to 50 °C in glass 

vials for 30 min, filtered through a 0.22 µm PTFE syringe filter using a glass syringe, and 

re-heated for 5 min prior to drop-casting hot solutions onto the wafers. The as-treated 

wafers were placed in a petri dish, lined with 1 mL of chloroform; completely covered 

with a minimum amount of solution, and allowed to dry slowly by solvent-vapor 

annealing. The as-obtained films were imaged with a Bruker Dimension V hybrid AFM 

in tapping mode. 

Grazing-Incidence Wide Angle X-Ray Scattering.  The wafers were cleaned by 

spraying with fresh hexanes, acetone and isopropanol and dried under a jet of filtered, dry 

nitrogen, followed by UV/Ozone treatment at 120 °C for 45 min, followed by an 

incubation period of 45 min until cooled to 42 °C (Novascan PSD-UVT). The wafers 

were then placed under vacuum (10 mTorr) for 90 min. 
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The F-T-Se sample was prepared under a dry nitrogen environment in a glovebox, 

whereas the T-T, T-Se, T-T-Se and T-Se-Se samples were prepared under ambient 

conditions.   All samples were prepared from 2 mg/mL solutions in anhydrous CHCl3 on 

2 × 2 cm silicon wafers with native oxide. The solutions were heated to 50 °C in glass 

vials for 30 min, filtered through a 0.22 µm PTFE syringe filter using a glass syringe, and 

re-heated for 5 min prior to drop-casting hot solutions onto the wafers. The as-treated 

wafers were placed in a petri dish, lined with 1 mL of chloroform; completely covered 

with a minimum amount of solution, and allowed to dry slowly by solvent-vapor 

annealing. The films were then annealed at 150 °C for 30 min prior to measurement. 

GIWAXS measurements were taken at the Cornell High Energy Synchrotron 

Source (CHESS) D1 (λ = 1.162 nm) station. A wide bandpass (1.47%) doublebounce 

multilayer monochromator supplied an intense beam of 10.1 keV photons. GIWAXS 

intensities were recorded with an area detector (Medoptics) with a resolution of 47.19 µm 

per pixel and a total area of about 50 mm by 50 mm at a distance of 10.62 cm from the 

thin film sample. The sample was mounted on a sample goniometer, in order to control 

the incident angle and the sample azimuth. An accurate calibration of the incident angle 

was performed in situ by measuring the X-ray reflectivity from the sample using an ion 

chamber. The measurements were calibrated using a ceria standard. The intense 

scattering close to the direct beam was blocked with a 1.5-mm-wide tantalum rod. 

Exposures times under these conditions ranged from 0.1 s to 3 s depending on the 

contrast and sample quality.  The 2D – scattering profiles were background subtracted 

and post-processed to take into account the missing wedge of Ewald sphere inherent to 

GIWAXS geometry.5 
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Experimental Procedures 

 

Scheme S1. Synthesis of monomer 1. 

 

5'-bromo-3,4'-dihexyl-2,2'-bithiophene (1). This compound was 

prepared according to a literature procedure.6 The 1H NMR 

spectrum was compared to a previous report.7 HR-EIMS (m/z): 

[M]+ calculated for C20H29BrS2: 412.0894; found 412.0886. 

 

 

 

Scheme S2. Synthesis of monomer 2. 

 

(4-hexylselenophen-2-yl)trimethylstannane. An oven-dried 100 mL 

Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with N2. The flask was charged with 60 mL of dry THF and 3-

hexylselenophene (3.0 g, 13.9 mmol). The reaction mixture was cooled to –78 °C using a 

dry-ice acetone bath. Approximately 1.2 equivalents of lithium diisopropylamide (1.0 M 
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in THF/hexane, 16.7 mL, 16.7 mmol) was added to the cold solution dropwise using a 

syringe. The reaction mixture was stirred at –78 °C for 1 h and then warmed to room 

temperature and stirred for 1 h. The reaction vessel was cooled to –78 °C and trimethyltin 

chloride (3.33 g, 16.7 mmol) was dissolved in a minimal amount of THF and added to the 

solution by syringe after which, the cold bath was removed and the reaction mixture was 

warmed to room temperature and stirred overnight. The mixture was combined with 

saturated aqueous NH4Cl (50 mL), transferred to a separatory funnel and the organic and 

aqueous phases were separated. The organic phase was washed 3 more times with water 

(3 × 50 mL), dried over Na2SO4 and concentrated using rotary evaporation. The crude 

material was purified by distillation at 110 °C in vacuo to afford 4.50 g of (4-

hexylselenophen-2-yl)trimethylstannane as a colorless oil (86% yield). Note: tin satellites 

are visible and used in integration of the signals but not assigned in this spectrum. 1H 

NMR (500 MHz, CDCl3) δ 7.82 (d, J = 1.0 Hz, 1H), 7.36 (d, J = 1.0 Hz, 1H), 2.67 – 2.58 

(m, 2H), 1.69 – 1.58 (m, 2H), 1.40 – 1.26 (m, 6H), 0.95 – 0.84 (m, 3H), 0.36 (s, 9H). 13C 

NMR (126 MHz, CDCl3) δ 147.0, 144.4, 140.3, 129.3, 31.9, 31.8, 30.8, 29.4, 22.9, 14.3, 

–7.7. HR-EIMS (m/z): [M]+ calculated for C13H24SeSn: 380.0065; found 380.0066. 

 

3-hexyl-2-(4-hexylselenophen-2-yl)thiophene (A). An oven-dried 

250 mL 3-necked flask equipped with a magnetic stir bar was 

charged with Pd2dba3 (0.98 g, 1.07 mmol) and AsPh3 (2.61 g, 8.52 

mmol). 1,4-Dioxane (200 mL) was added to the flask by syringe and the mixture was 

stirred for 10 min. 2-bromo-3-hexylthiophene was added (5.80 g, 23.5 mmol) and the 

mixture was stirred for 5 min. Finally (4-hexylselenophen-2-yl)trimethylstannane (8.05 g, 

Se

C6H13

S

C6H13
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21.3 mmol) was added by syringe. The flask was subsequently immersed in an oil bath at 

100 °C and stirred overnight. Upon completion, the reaction mixture was cooled to room 

temperature and concentrated using rotary evaporation. The remaining residue was 

loaded onto silica gel and purified using column chromatography, eluting with hexanes 

(Rf = 0.66) to afford 5.83 g of 3-hexyl-2-(4-hexylselenophen-2-yl)thiophene as a light 

yellow oil (72% yield). A small impurity was visible in the 1H and 13C that was removed 

in the subsequent bromination. 1H NMR (500 MHz, CDCl3) δ 7.50 (d, J = 1.3 Hz, 1H), 

7.14 (d, J = 1.4 Hz, 1H), 7.13 (d, J = 5.2 Hz, 1H), 6.92 (d, J = 5.2 Hz, 1H), 2.76 – 2.71 

(m, 2H), 2.61 – 2.55 (m, 2H), 1.69 – 1.56 (m, 4H), 1.44 – 1.21  (m, 12H), 0.96 – 0.83 (m, 

6H). 13C NMR (126 MHz, CDCl3) δ 145.7, 140.4, 139.3, 133.6, 130.23 and 130.18 (2 

overlapping signals), 124.6, 123.6, 32.4, 31.92 and 31.89 (2 overlapping signals), 30.9, 

30.5, 29.5, 29.4, 29.2, 22.9, 14.32, 14.30 (2 overlapping signals). Note: only 11 of the 12 

possible signals from the hexyl chains are visible due to similarities between chemical 

environments. HR-EIMS (m/z): [M]+ calculated for C20H30SSe: 382.1233; found 

382.1246.  

 

2-(5-bromo-4-hexylselenophen-2-yl)-3-hexylthiophene (2). A 100 

mL round bottom flask equipped with a magnetic stir bar was 

charged with A (1.75 g, 4.59 mmol), acetic acid (35 mL) and 

chloroform (35 mL). The flask was covered with aluminum foil and immersed in an ice 

bath and N-bromosuccinimide (0.82 g, 4.61 mmol), was added in small portions over a 

period of 5 min. Upon complete addition of the NBS, the ice bath was removed and the 

reaction mixture was stirred overnight. The mixture was poured into water, and the 
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organic phase was extracted and washed with saturated NaHCO3 solution and water (3 × 

50 mL). The organic extract was dried over Na2SO4 and filtered. Removal of the solvent 

by rotary evaporation furnished the crude product, which was purified by 

chromatography on silica gel, eluting with hexanes (Rf = 0.76) to afford 1.63 g of 2-(5-

bromo-4-hexylselenophen-2-yl)-3-hexylthiophene as a light yellow oil (77% yield). 1H 

NMR (500 MHz, CDCl3) δ 7.15 (d, J = 5.2 Hz, 1H), 6.95 (s, 1H), 6.91 (d, J = 5.2 Hz, 

1H), 2.71 – 2.66 (m, 2H), 2.57 – 2.51 (m, 2H), 1.65 – 1.55 (m, 4H), 1.41 – 1.25 (m, 12H), 

0.94 – 0.85 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 144.8, 140.3, 139.9, 132.7, 130.2, 

129.6, 124.1, 111.5, 31.87 and 31.86 (2 overlapping signals), 31.1, 31.0, 29.8, 29.4, 29.1, 

22.84 and 22.83 (2 overlapping signals), 14.31 and 14.29 (2 overlapping signals). Note: 

only 11 of the 12 possible signals from the hexyl chains are visible due to similarities 

between chemical environments. HR-EIMS (m/z): [M]+ calculated for C20H29SSeBr: 

460.0339; found 460.0340. 

 

 

Scheme S3. Synthesis of monomer 3. 

 

3,4'-dihexyl-5'-(4-hexylselenophen-2-yl)-2,2'-bithiophene (B). 

An oven-dried 50 mL 3-necked flask equipped with a magnetic 

stir bar was charged with Pd2dba3 (0.11 g, 0.12 mmol) and 

AsPh3 (0.30 g, 0.98 mmol). 1,4-Dioxane (20 mL) was added to the flask by syringe and 
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the mixture was stirred for 10 min. Compound 1 was then added (1.00 g, 2.42 mmol) and 

the mixture was stirred for another 5 min. Finally (4-hexylselenophen-2-

yl)trimethylstannane (0.96 g, 2.54 mmol) was added by syringe. The flask was 

subsequently immersed in an oil bath at 100 °C and stirred overnight. Upon completion, 

the reaction mixture was cooled to room temperature and concentrated using rotary 

evaporation. The residue was loaded onto silica gel and purified using column 

chromatography, eluting with hexanes (Rf = 0.62) to afford 1.05 g of 3,4'-dihexyl-5'-(4-

hexylselenophen-2-yl)-2,2'-bithiophene as a yellow oil (79% yield).  A small impurity 

was visible in the 1H and 13C that was removed in the subsequent bromination. 1H NMR 

(500 MHz, CDCl3) δ 7.51 (s, 1H), 7.21 – 7.13 (m, 2H), 6.96 – 6.89 (m, 2H), 2.78 (t, J = 

7.9 Hz, 2H), 2.73 (t, J = 7.9 Hz, 2H), 2.58 (t, J = 7.7 Hz, 2H), 1.74 – 1.56 (m, 6H), 1.48 – 

1.21 (m, 18H), 0.96 – 0.82 (m, 9H). 13C NMR (126 MHz, CDCl3) δ 145.7, 139.9, 139.8, 

139.5, 134.1, 133.4, 130.8, 130.3, 130.0, 128.9, 124.6, 123.7, 32.4, 31.92 and 31.90 (2 

overlapping signals), 30.9, 30.8, 30.5, 29.6 and 29.51 and 29.48 (2 overlapping signals), 

29.4, 29.2, 22.9, 14.32 and 14.30 (2 overlapping signals). Note: only 14 of the 18 possible 

signals from the hexyl chains are visible due to similarities between chemical 

environments. HR-EIMS (m/z): [M]+ calculated for C30H44S2Se: 548.2050; found 

548.2050.  

 

5'-(5-bromo-4-hexylselenophen-2-yl)-3,4'-dihexyl-2,2'-

bithiophene (3). A 100 mL round bottom flask equipped 

with a magnetic stir bar was charged with B (0.69 g, 1.26 

mmol), acetic acid (12 mL) and chloroform (12 mL). The flask was covered with 
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aluminum foil and immersed in an ice bath and N-bromosuccinimide (0.22 g, 1.24 mmol), 

was added in small portions over a period of 5 min. Upon complete addition of the NBS, 

the ice bath was removed and the reaction mixture was stirred overnight. The mixture 

was poured into water, and the organic phase was extracted and washed with saturated 

NaHCO3 solution and water (3 × 50 mL). The organic extract was dried over Na2SO4 and 

filtered. Removal of the solvent by rotary evaporation furnished the crude product which 

was purified by chromatography on silica gel, eluting with hexanes (Rf = 0.71) to afford 

0.62 g of 5'-(5-bromo-4-hexylselenophen-2-yl)-3,4'-dihexyl-2,2'-bithiophene as a yellow 

oil (79% yield). 1H NMR (500 MHz, CDCl3) δ 7.16 (d, J = 5.2 Hz, 1H), 6.97 (s, 1H), 

6.92 (d, J = 5.2 Hz, 1H), 6.91 (s, 1H), 2.80 – 2.73 (m, 2H), 2.71 – 2.64 (m, 2H), 2.58 – 

2.51 (m, 2H), 1.70 – 1.55 (m, 6H), 1.44 – 1.24 (m, 18H), 0.95 – 0.83 (m, 9H). 13C NMR 

(126 MHz, CDCl3) δ 144.9, 140.1, 140.0, 139.9, 134.6, 132.5, 130.5, 130.3, 129.3, 128.9, 

123.9, 111.5, 31.88 and 31.87 (2 overlapping signals), 31.1, 30.9, 30.8, 29.8, 29.6, 29.51 

and 29.47 (2 overlapping signals), 29.4, 29.2, 22.9, 22.8, 14.31 and 14.30 (2 overlapping 

signals). Note: only 15 of the 18 possible signals from the hexyl chains are visible due to 

similarities between chemical environments. HR-EIMS (m/z): [M]+ calculated for 

C30H43S2SeBr: 626.1155; found 626.1149. 

 

 

Scheme S4. Synthesis of monomer 4. 
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2-(3,4'-dihexyl-[2,2'-biselenophen]-5-yl)-3-hexylthiophene 

(C). An oven-dried 100 mL 3-necked flask equipped with a 

magnetic stir bar was charged with Pd2dba3 (0.10 g, 0.11 

mmol) and AsPh3 (0.27 g, 0.88 mmol). 1,4-Dioxane (20 mL) was added to the flask by 

syringe and the mixture was stirred for 10 min. Compound 2 was added (1.00 g, 2.17 

mmol) and the mixture was stirred for 5 min. Finally (4-hexylselenophen-2-

yl)trimethylstannane (0.86 g, 2.28 mmol) was added by syringe. The flask was 

subsequently immersed in an oil bath at 100 °C and stirred overnight. Upon completion, 

the reaction mixture was cooled to room temperature and concentrated using rotary 

evaporation. The residue was loaded onto silica gel and purified using column 

chromatography, eluting with hexanes (Rf = 0.56) to afford 1.05 g of 2-(3,4'-dihexyl-

[2,2'-biselenophen]-5-yl)-3-hexylthiophene as a yellow oil (81% yield). A small impurity 

was visible in the 1H and 13C that was removed in the subsequent bromination. 1H NMR 

(500 MHz, CDCl3) δ 7.52 (s, 1H), 7.16 – 7.12 (m, 2H), 7.11 (s, 1H), 6.92 (d, J = 5.2 Hz, 

1H), 2.75 (t, J = 7.9 Hz, 2H), 2.70 (t, J = 7.9 Hz, 2H), 2.57 (t, J = 7.7 Hz, 2H), 1.70 – 

1.58 (m, 6H), 1.45 – 1.22 (m, 18H), 0.96 – 0.82 (m, 9H). 13C NMR (126 MHz, CDCl3) δ 

145.7, 141.9, 141.1, 139.5, 138.4, 138.2, 133.2, 131.9, 130.5, 130.4, 124.9, 123.7, 32.4, 

31.92 and 31.90 (2 overlapping signals), 30.92 and 30.89 (2 overlapping signals), 30.7, 

30.5, 29.6, 29.5, 29.2, 22.9, 14.3. Note: only 12 of the 18 possible signals from the hexyl 

chains are visible due to similarities between chemical environments. HR-EIMS (m/z): 

[M]+ calculated for C30H44SSe2: 596.1494; found 596.1498. 
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2-(5'-bromo-3,4'-dihexyl-[2,2'-biselenophen]-5-yl)-3-

hexylthiophene (4). A 100 mL round bottom flask equipped 

with a magnetic stir bar was charged with C (0.67 g, 1.13 

mmol), acetic acid (12 mL) and chloroform (12 mL). The flask was covered with 

aluminum foil and immersed in an ice bath and N-bromosuccinimide (0.20 g, 1.13 mmol), 

was added in small portions over a period of 5 min. Upon complete addition of the NBS, 

the ice bath was removed and the reaction mixture was stirred overnight. The mixture 

was poured into water, and the organic phase was extracted and washed with saturated 

NaHCO3 solution and water (3 × 50 mL). The organic extract was dried over Na2SO4 and 

filtered. Removal of the solvent by rotary evaporation furnished the crude product which 

was purified by chromatography on silica gel, eluting with hexanes (Rf = 0.63) to afford 

0.69 g of 2-(5'-bromo-3,4'-dihexyl-[2,2'-biselenophen]-5-yl)-3-hexylthiophene as a 

yellow oil (91% yield). 1H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 5.3 Hz, 1H), 7.12 (s, 

1H), 6.94 – 6.90 (m, 2H), 2.78 – 2.70 (m, 2H), 2.69 – 2.61 (m, 2H), 2.57 – 2.50 (m, 2H), 

1.69 – 1.55 (m, 6H), 1.45 – 1.24 (m, 18H), 0.95 – 0.82 (m, 9H). 13C NMR (126 MHz, 

CDCl3) δ 144.8, 141.8, 141.7, 139.7, 139.0, 137.2, 133.0, 131.8, 130.4, 129.8, 123.9, 

111.8, 31.90 and 31.88 and 31.86 (3 overlapping signals), 31.1, 30.93 and 30.90 (2 

overlapping signals), 30.7, 29.8, 29.6, 29.48 and 29.47 (2 overlapping signals), 29.2, 22.9, 

22.8, 14.31 and 14.30 (2 overlapping signals). Note: only 16 of the 18 possible signals 

from the hexyl chains are visible due to similarities between chemical environments. HR-

EIMS (m/z): [M]+ calculated for C30H43SSe2Br: 674.0599; found 674.0606. 
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Scheme S5. Synthesis of monomer 5. 

3-hexyl-2-(4-hexyl-5-(4-hexylselenophen-2-yl)thiophen-2-

yl)furan (D). An oven-dried 100 mL Schlenk flask equipped 

with a magnetic stir bar was evacuated and backfilled with 

N2. The flask was charged with 35 mL of dry THF and A (1.69 g, 4.43 mmol). The 

reaction mixture was cooled to –78 °C using a dry-ice acetone bath. 1.2 equivalents of 

lithium diisopropylamide (1.0 M in THF/hexane, 5.32 mL, 5.32 mmol) was added to the 

cold solution dropwise, using a syringe. The reaction mixture was stirred at –78 °C for 1 

h and then warmed to room temperature and stirred for 1 h. The reaction vessel was then 

placed in a –78 °C cold bath. Trimethyltin chloride (1.06 g, 5.32 mmol) was added to the 

mixture by syringe, after which the cold bath was removed and the reaction mixture was 

warmed to room temperature and stirred overnight. The reaction mixture was poured into 

saturated aqueous NH4Cl (50 mL). The organic phase was extracted and washed with 

water (3 × 50 mL). The organic extract was dried over Na2SO4 and filtered. The solvent 

was removed by rotary evaporation and this crude material was used directly in the next 

step. An oven-dried 250 mL 3-necked flask equipped with a magnetic stir bar was 

charged with Pd2dba3 (0.20 g, 0.22 mmol) and AsPh3 (0.54 g, 1.76 mmol). 1,4-Dioxane 

(75 mL) was added to the flask by syringe and the mixture was stirred for 10 min. 2-

bromo-3-hexylfuran was then added (1.13 g, 4.89 mmol) and the mixture was stirred for 

5 min. Finally, the product from the first step (2.41 g, 4.43 mmol) was added by syringe. 
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The flask was subsequently immersed in an oil bath at 100 °C and stirred overnight. 

Upon completion, the reaction mixture was cooled to room temperature and concentrated 

using rotary evaporation. The residue was loaded onto silica gel and purified using 

column chromatography, eluting with hexanes (Rf = 0.61) to afford 1.66 g of 3-hexyl-2-

(4-hexyl-5-(4-hexylselenophen-2-yl)thiophen-2-yl)furan as a yellow oil (70 % yield). 1H 

NMR (500 MHz, CDCl3) δ 7.51 (d, J = 1.3 Hz, 1H), 7.33 (d, J = 1.8 Hz, 1H), 7.17 (d, J = 

1.4 Hz, 1H), 7.05 (s, 1H), 6.35 (d, J = 1.8 Hz, 1H),  2.78 – 2.71 (m, 2H), 2.67 – 2.62 (m, 

2H), 2.61 – 2.55 (m, 2H), 1.72 – 1.59 (m, 6H), 1.47 – 1.25 (m, 18H), 0.96 – 0.84 (m, 9H). 

13C NMR (126 MHz, CDCl3) δ 145.7, 144.6, 141.0, 140.1, 139.5, 132.1, 131.3, 129.9, 

125.8, 124.5, 121.9, 113.7, 32.4, 31.93 and 31.91 (2 overlapping signals), 30.8, 30.5, 29.9, 

29.6, 29.5, 29.4, 29.2, 25.9, 22.9, 14.32 and 14.31 (2 overlapping signals). Note: only 14 

of the 18 possible signals from the hexyl chains are visible due to similarities between 

chemical environments. HR-EIMS (m/z): [M]+ calculated for C30H44OSSe: 532.2278; 

found 532.2273.  

 

2-(5-(5-bromo-4-hexylselenophen-2-yl)-4-hexylthiophen-2-

yl)-3-hexylfuran (5). A 100 mL round bottom flask equipped 

with a magnetic stir bar was charged with D (1.06 g, 1.99 

mmol) and benzene (60 mL). The flask was covered with aluminum foil and immersed in 

an ice bath and N-bromosuccinimide (0.35 g, 1.97 mmol), was added in small portions 

over a period of 5 min. Upon complete addition of the NBS, the ice bath was removed 

and the reaction mixture was stirred for 2 h. The mixture was poured into water, and the 

organic phase was extracted and washed with saturated NaHCO3 solution and water (3 × 
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50 mL). The organic extract was dried over Na2SO4 and filtered. Removal of the solvent 

by rotary evaporation furnished the crude product which was purified by chromatography 

on silica gel, eluting with 0.5% triethylamine/hexanes (Rf = 0.67) to afford 0.80 g of 2-(5-

(5-bromo-4-hexylselenophen-2-yl)-4-hexylthiophen-2-yl)-3-hexylfuran as a yellow oil 

(66% yield). A minor isomer was observed in the NMR spectra which corresponded to 

~10% of 5-bromo-3-hexyl-2-(4-hexyl-5-(4-hexylselenophen-2-yl)thiophen-2-yl)furan (Br 

on furan, H on selenophene). 1H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 1.8 Hz, 1H), 

7.02 (s, 1H), 6.97 (s, 1H), 6.35 (d, J = 1.9 Hz, 1H), 2.70 – 2.65 (m, 2H), 2.65 – 2.60 (m, 

2H), 2.57 – 2.51 (m, 2H), 1.69 – 1.55 (m, 6H), 1.45 – 1.24 (m, 18H), 0.95 – 0.82 (m, 9H). 

13C NMR (126 MHz, CDCl3) δ 144.9, 144.4, 141.2, 140.1, 140.0, 131.9, 131.2, 129.2, 

125.7, 122.2, 113.7, 111.4, 31.92 and 31.89 and 31.87 (3 overlapping signals), 31.1, 30.8, 

29.9, 29.8, 29.6, 29.5, 29.4, 29.2, 26.0, 22.85 and 22.84 (2 overlapping signals, 14.32 and 

14.31 (2 overlapping signals). Note: only 16 of the 18 possible signals from the hexyl 

chains are visible due to similarities between chemical environments.  

 

 

Scheme S6. Synthesis of quaterthiophene monomer. 

 

5'''-bromo-3,4',4'',4'''-tetrahexyl-2,2':5',2'':5'',2'''-
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literature procedure.8 The 1H NMR spectrum was compared to a previous report.7  

 

Preparation of T-T. In a N2 filled glovebox, an oven-dried 50 mL 

Schlenk flask equipped with a magnetic stir bar was charged with 

compound 1 (0.15 g, 0.36 mmol) and 9.1 mL of THF. Titrated 

TMPMgCl·LiCl solution (0.79 M, 0.55 mL, 0.43 mmol) was then added to the reaction 

solution, and the mixture was stirred at room temperature for 2 h. The flask was sealed 

and removed from the glovebox. Under a N2 purge, a calculated amount of 

Ni(dppp)Cl2 (1, 2 and 4  mol %) was then quickly added to the solution in one portion. 

The polymerization was stirred at room temperature for 15 min, then quenched with 6 M 

methanolic HCl. The polymer was precipitated using methanol (100 mL), collected by 

vacuum filtration, washed with methanol and dried in vacuo. The final polymer was 

stored in a glovebox as a dark purple powder. Yield: M/Cat. = 25 (99 mg, 82%), M/Cat. 

= 50 (103 mg, 85%) and M/Cat. = 100 (90 mg, 74%) from Table 1 in the paper. 1H NMR 

data was compared to a previous report.9 

 

 Preparation of T-Se. In a N2 filled glovebox, an oven-dried 50 

mL Schlenk flask was charged with compound 2 (0.15 g, 0.33 

mmol) and 8.1 mL of THF. Titrated TMPMgCl·LiCl solution 

(0.79 M, 0.49 mL, 0.39 mmol) was then added to the reaction solution, and the mixture 

was stirred at room temperature for 2 h. The flask was sealed and removed from the 

glovebox. Under a N2 purge, a calculated amount of Ni(dppp)Cl2 (1, 2 and 4  mol %) was 

then quickly added to the solution in one portion. The polymerization was stirred at room 
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temperature for 15 min, and then quenched with 6 M methanolic HCl. The polymer was 

precipitated using methanol (100 mL), collected by vacuum filtration, washed with 

methanol and dried in vacuo. The final polymer was stored in the glovebox as a dark 

purple powder. Yield: M/Cat. = 25 (107 mg, 86%), M/Cat. = 50 (97 mg, 78%) and M/Cat. 

= 100 (75 mg, 60%) from Table 1 in the paper.  1H NMR (500 MHz, CDCl3) δ 7.18 (s, 

1H), 6.92 (s, 1H), 2.84 – 2.68 (m, 4H), 1.76 – 1.62 (m, 4H), 1.48 – 1.39 (m, 4H), 1.39 – 

1.22 (m, 8H), 0.98 – 0.81 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 141.8, 140.0, 138.0, 

135.9, 135.3, 133.3, 131.8, 129.4, 31.94 and 31.93 (2 overlapping signals), 30.9, 30.83 

and 30.77 (2 overlapping signals), 29.8, 29.6, 29.5, 22.9, 14.4, 14.3. Note: only 11 of the 

12 possible signals from the hexyl chains are visible due to similarities between chemical 

environments. This polymer has been prepared previously using a different synthetic 

method.10  

 

 Preparation of T-T-Se. In a N2 filled glovebox, an oven-

dried 50 mL Schlenk flask was charged with compound 3 

(0.25 g, 0.40 mmol) and 10 mL of THF. Titrated 

TMPMgCl·LiCl solution (0.79 M, 0.61 mL, 0.48 mmol) was added to the reaction 

solution, and the mixture was stirred at room temperature for 2 h. The flask was sealed 

and removed from the glovebox. Under a N2 purge, a calculated amount of 

Ni(dppp)Cl2 (2  mol %) was then quickly added to the solution in one portion. The 

polymerization was stirred at room temperature for 15 min, then quenched with 6 M 

methanolic HCl. The polymer was precipitated using methanol (100 mL), collected by 

vacuum filtration, washed with methanol and dried in vacuo. The final polymer was 
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stored in a glovebox as a dark purple powder. Yield: M/Cat. = 50 (168 mg, 77%) from 

Table 1 in the paper.  1H NMR (500 MHz, CDCl3) δ 7.19 (s, 1H), 6.97 (s, 1H), 6.92 (s, 

1H), 2.85 – 2.70 (m, 6H), 1.76 – 1.62 (m, 6H), 1.49 – 1.40 (m, 6H), 1.40 – 1.24 (m, 12H), 

0.97 – 0.81 (m, 9H). 13C NMR (126 MHz, CDCl3) δ 141.8, 140.2, 140.0, 138.0, 135.9, 

135.4, 133.9, 133.1, 131.8, 130.9, 129.3, 128.9, 31.94 and 31.93 (2 overlapping signals), 

30.83 and 30.78 (2 overlapping signals), 30.7, 29.8, 29.7, 29.6, 29.5, 22.9, 14.4, 14.3. 

Note: only 12 of the 18 possible signals from the hexyl chains are visible due to 

similarities between chemical environments. 

 

 Preparation of T-Se-Se. In a N2 filled glovebox, an oven-

dried 50 mL Schlenk flask was charged with compound 4 

(0.2 g, 0.30 mmol) and 7.5 mL of THF. Titrated 

TMPMgCl·LiCl solution (0.79 M, 0.46 mL, 0.36 mmol) was added to the reaction 

solution, and the mixture was stirred at room temperature for 2 h. The flask was sealed 

and removed from the glovebox. Under a N2 purge, a calculated amount of 

Ni(dppp)Cl2 (2  mol %) was then quickly added to the solution in one portion. The 

polymerization was stirred at room temperature for 15 min, and then quenched with 6 M 

methanolic HCl. The polymer was precipitated using methanol (100 mL), collected by 

vacuum filtration, washed with methanol and dried in vacuo. The final polymer was 

stored in a glovebox as a dark purple powder. Yield: M/Cat. = 50 (147 mg, 83%) from 

Table 1 in the paper.  1H NMR (500 MHz, CDCl3) δ 7.18 (s, 1H), 7.12 (s, 1H), 6.92 (s, 

1H), 2.85 – 2.63 (m, 6H), 1.77 – 1.61 (m, 6H), 1.49 – 1.39 (m, 6H), 1.39 – 1.22 (m, 12H), 

0.98 – 0.81 (m, 9H). 13C NMR (126 MHz, CDCl3) δ 141.8, 141.6, 140.02 and 139.95 (2 
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overlapping signals), 137.90 and 137.86 (2 overlapping signals), 135.9, 135.6, 133.3, 

132.5, 131.8, 129.4, 31.93 and 31.92 (2 overlapping signals), 30.90 and 30.85 (2 

overlapping signals), 30.82 and 30.76 (2 overlapping signals), 29.8, 29.6, 29.5, 22.89 and 

22.88 (2 overlapping signals), 14.35 and 14.34 (2 overlapping signals). Note: only 13 of 

the 18 possible signals from the hexyl chains are visible due to similarities between 

chemical environments. 

 

 Preparation of F-T-Se. In a N2 filled glovebox, an oven-

dried 50 mL Schlenk flask was charged with compound 5 

(0.2 g, 0.33 mmol) and 8.2 mL of THF. Titrated 

TMPMgCl·LiCl solution (0.82 M, 0.49 mL, 0.40 mmol) was added to the reaction 

solution, and the mixture was stirred at room temperature for 2 h. The flask was sealed 

and removed from the glovebox. Under a N2 purge, a calculated amount of 

Ni(dppp)Cl2 (1 and 2 mol %) was then quickly added to the solution in one portion. The 

polymerization was stirred at room temperature for 15 min, and then quenched with 6 M 

methanolic HCl. The polymer was precipitated using methanol (100 mL), collected by 

vacuum filtration, washed with methanol and dried in vacuo. The final polymer was 

stored in a glovebox as a dark purple powder. Yield: M/Cat. = 50 (73 mg, 42%) and 

M/Cat. = 100 (52 mg, 30%) from Table 1 in the paper.  1H NMR (500 MHz, CDCl3) δ 

7.18 (s, 1H), 7.08 (s, 1H), 6.39 (s, 1H), 2.80 (t, J = 7.9 Hz, 4H), 2.67 (t, J = 7.7 Hz, 2H), 

1.78 – 1.64 (m, 6H), 1.51 – 1.42 (m, 6H), 1.41 – 1.25 (m, 12H), 0.98 – 0.83 (m, 9H). 13C 

NMR (126 MHz, CDCl3) δ 149.1, 143.7, 141.1, 139.9, 137.7, 132.0, 131.8, 131.1, 131.0, 

126.0, 124.7, 110.9, 32.1, 32.0, 31.9, 31.4, 30.8, 30.3, 29.9, 29.8, 29.6, 29.4, 26.2, 23.0, 
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22.90 and 22.88 (2 overlapping signals), 14.4. Note: only 15 of the 18 possible signals 

from the hexyl chains are visible due to similarities between chemical environments. 

 

Preparation of P3HT using quaterthiophene monomer. In a N2 filled glovebox, an oven-

dried 50 mL Schlenk flask was charged with the quaterthiophene monomer (0.2 g, 0.27 

mmol) and 6.7 mL of THF. Titrated TMPMgCl·LiCl solution (0.79 M, 0.41 mL, 0.32 

mmol) was added to the reaction solution, and the mixture was stirred at room 

temperature for 2 h. The flask was sealed and removed from the glovebox. Under a N2 

purge, a calculated amount of Ni(dppp)Cl2 (4  mol %) was then quickly added to the 

solution in one portion. The polymerization was stirred at room temperature for 15 min, 

and then quenched with 6 M methanolic HCl. The polymer was precipitated using 

methanol (100 mL), collected by vacuum filtration, washed with methanol and dried 

in vacuo.  The final polymer was stored in a glovebox as a dark purple powder. Yield: 

149 mg, 83%. 1H NMR data was compared to a previous report.9 

 

Procedure for obtaining Mn versus conversion plot of T-T 

In a N2 filled glovebox, an oven-dried 50 mL was charged with compound 1 (0.075 g, 

0.18 mmol), nonadecane (0.049 g, 0.18 mmol) as the internal standard and 18.2 mL of 

THF. TMPMgCl·LiCl solution (0.82 M, 0.27 mL, 0.22 mmol) was then added to the 

reaction solution at room temperature and the mixture was stirred for 2 h at room 

temperature. An aliquot was withdrawn and subjected to GC-MS analysis to determine 

the initial ratio of monomer to the internal standard. The flask was sealed and removed 

from the glovebox. Under a N2 purge, Ni(dppp)Cl2 (2.0 mg, 0.0036 mmol) was then 
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quickly added to the solution in one portion. Aliquots (~0.6 mL) were withdrawn 

periodically over a period of 15 min to determine the monomer conversion (GC-MS) and 

polymer molecular weight (GPC).   

Table S1. Data used to construct Mn versus monomer conversion plot of T-T. 

Monomer Conversion (%) Mn  Đ 
12 5700 1.14 
23 6100 1.14 
37 10000 1.13 
48 11800 1.13 
58 14800 1.11 
72 18300 1.13 
89 21600 1.14 
95 20600 1.13 
 

 

Figure S1. Mn versus conversion plot of polymerization of T-T. 

 

Procedure for obtaining Mn versus conversion plot of T-Se 

In a N2 filled glovebox, an oven-dried 50 mL Schlenk flask was charged with compound 

2 (0.15 g, 0.33 mmol), nonadecane (0.087 g, 0.33 mmol) as the internal standard and 8.1 
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mL of THF. TMPMgCl·LiCl solution (0.82 M, 0.48 mL, 0.39 mmol) was then added to 

the reaction solution at room temperature and the mixture was stirred for 2 h at room 

temperature. An aliquot was withdrawn and subjected to GC-MS analysis to determine 

the initial ratio of monomer to the internal standard. The flask was sealed and removed 

from the glovebox. Under a N2 purge, Ni(dppp)Cl2 (1.8 mg, 0.0033 mmol) was then 

quickly added to the solution in one portion. Aliquots (~0.4 mL) were withdrawn 

periodically over a period of 15 min to determine the monomer conversion (GC-MS) and 

polymer molecular weight (GPC).   

Table S2. Data used to construct Mn versus monomer conversion plot of T-Se. 

Monomer Conversion (%) Mn  Đ 

25 7600 1.14 

28 11700 1.11 

41 18100 1.11 

69 28100 1.13 

83 34200 1.20 

85 36800 1.23 

 

 

Figure S2. Mn versus conversion Plot of polymerization of T-Se.
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Quenching study for Monomer 2 

 

An oven-dried 20 mL scintillation vial equipped with a magnetic stir bar was brought into 

a N2 filled glove box. The vial was charged with compound 2 (75 mg, 0.16 mmol) and 

4.0 mL of THF. Titrated TMPMgCl·LiCl solution (0.82 M, 0.24 mL, 0.20 mmol) was 

added to the reaction solution and the vial was closed with a septum-sealed cap. The vial 

was removed from the glove box and the mixture was stirred at room temperature for 2 

h. The reaction mixture was then quenched with SiMe3Cl in THF and stirred for 1 h. 

Analysis using GC-MS and 1H NMR spectroscopy is shown below (Figures S3 and S4). 

 

Figure S3. 1H NMR spectrum of the crude reaction mixture. Insert is an expansion of the 
aromatic region (between 7.5 and 6.8 ppm).  Signals of the product are labeled.  
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Figure S4. GC-MS chromatogram of the crude reaction mixture. Signal of the product is 
labeled.	 
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Figure S5. Compound 1 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S6. (4-hexylselenophen-2-yl)trimethylstannane 1H NMR Spectrum – 500 MHz, 
CDCl3 (top), 13C NMR Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S7. Compound A 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S8. Compound 2 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S9. Compound B 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S10. Compound 3 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S11. Compound C 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S12. Compound 4 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S13. Compound D 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S14. Compound 5 1H NMR Spectrum – 500 MHz, CDCl3 (top), 13C NMR 
Spectrum – 126 MHz, CDCl3 (bottom). 
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Figure S15. Polymer T-T with Mn = 36,100, Đ = 1.16. 1H NMR Spectrum – 500 MHz, 
CDCl3 (top), 13C NMR Spectrum – 126 MHz, CDCl3 (bottom). The star (*) indicates 
CHCl3 satellites. 
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Figure S16. Polymer T-Se  with Mn = 39,800, Đ = 1.18. 1H NMR Spectrum – 500 MHz, 
CDCl3 (top), 13C NMR Spectrum – 126 MHz, CDCl3 (bottom). The star (*) indicates 
CHCl3 satellites. 
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Figure S17. Long Range COSY Spectrum of T-Se (Mn = 15,000, Đ = 1.16) polymer 
illustrating the coupling of the H terminated end group.  
 

 

Figure S18. High resolution coupled HSQC of T-Se (Mn = 15,000, Đ = 1.16) illustrating 

1JC,H coupling constant between the aromatic protons and attached carbon atoms. Signals 
of TT defect and end groups are labeled; the main chain protons are labeled on the top of 
the 1D spectrum with simple T, Se designations.   

Se

C6H13

Polymer H

H

7.52 ppm

7.17 ppm

C
Se

C6H13

Polymer H

1JC,H = 184 Hz

C

Se

C6H13

Polymer

1JC,H =  164 Hz

Br

H

Polymer

C

S

C6H13

S

C

1JC,H =  165 Hz

Polymer

C6H13 H

H
TT defect

1JC,H = 184 Hz 

1JC,H = 165 Hz 

1JC,H = 164 Hz 

Se T 



S45 

	

 

Figure S19. Polymer T-T-Se with Mn = 32,100, Đ = 1.23. 1H NMR Spectrum – 500 
MHz, CDCl3 (top), 13C NMR Spectrum – 126 MHz, CDCl3 (bottom). The star (*) 
indicates CHCl3 satellites. 
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Figure S20. Polymer T-Se-Se with Mn = 39,000, Đ = 1.16. 1H NMR Spectrum – 500 
MHz, CDCl3 (top), 13C NMR Spectrum – 126 MHz, CDCl3 (bottom). The star (*) 
indicates CHCl3 satellites. 
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Figure S21. Polymer F-T-Se with Mn = 23,100, Đ = 1.22. 1H NMR Spectrum – 500 MHz, 
CDCl3 (top), 13C NMR Spectrum – 126 MHz, CDCl3 (bottom). The star (*) indicates 
CHCl3 satellites. 

Se

C6H13

S

C6H13

O

C6H13

n

CDCl3 

Se

C6H13

S

C6H13

O

C6H13

n

Se

C6H13

Polymer HA

Se

C6H13

Polymer Br

HB

PolymerO

C6H13

OPolymer

C6H13 HC

HC

*	 *	 C 

A 

B 

CHCl3 



S48 

 

Figure S22. High resolution coupled HSQC of Compound 5 illustrating 1JC,H coupling 
constant between the aromatic protons and attached carbon atoms. Signals are labeled 
and were used to help with the assignment of the F-T-Se polymer.  
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Figure S23. Long Range COSY Spectrum of the F-T-Se polymer (Mn = 23,100, Đ = 1.22) 
illustrating the coupling of the H terminated end group. 

 
 

 
Figure S24. High resolution coupled HSQC of F-T-Se (Mn = 23,100, Đ = 1.22) 
illustrating 1JC,H coupling constant between the aromatic protons and attached carbon 
atoms. Signals of TT defect and end groups are labeled, the main chain protons are 
labeled on the top of the 1D spectrum with simple F, T, Se designations.   
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Figure S25. GPC Chromatogram and analysis of T-T (M/Cat. = 25) in Table 1. 
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Figure S26. GPC Chromatogram and analysis of T-T (M/Cat. = 50) in Table 1. 
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Figure S27. GPC Chromatogram and analysis of T-T (M/Cat. = 100) in Table 1. 
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Figure S28. GPC Chromatogram and analysis of T-Se (M/Cat. = 25) in Table 1. 
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Figure S29. GPC Chromatogram and analysis of T-Se (M/Cat. = 50) in Table 1. 
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Figure S30. GPC Chromatogram and analysis of T-Se (M/Cat. = 100) in Table 1. 
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Figure S31. GPC Chromatogram and analysis of T-T-Se (M/Cat. = 50) in Table 1. 
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Figure S32. GPC Chromatogram and analysis of T-Se-Se (M/Cat. = 50) in Table 1. 
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Figure S33. GPC Chromatogram and analysis of F-T-Se (M/Cat. = 50) in Table 1. 
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Figure S34. GPC Chromatogram and analysis of F-T-Se (M/Cat. = 100) in Table 1. 
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Figure S35. GPC Chromatogram and analysis of P3HT using quaterthiophene (M/Cat. = 

25). 
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Figure S36. 1 µm* 1 µm AFM height and phase images of compound T-T (Mn = 36,100, 
Đ = 1.16). 
 

 

Figure S37. 1 µm * 1 µm AFM height and phase images of compound T-T-Se (Mn = 
32,100, Đ = 1.23). 
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Figure S38. 1 µm* 1 µm AFM height and phase images of compound T-Se (Mn = 39,800, 
Đ = 1.18).  
  

 

Figure S39. 1 µm * 1 µm AFM height and phase images of compound T-Se-Se (Mn = 
39,000, Đ = 1.16). 
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Figure S40. 1 µm * 1 µm AFM height and phase images of compound F-T-Se (Mn = 
23,100, Đ = 1.22). 
 
Table S3.  Physical characterization data for all polymer samples. 

Sample λmax sol 
nm 

λmax film 
nm 

Eg edge 
eV 

Tc  
°C 

Tm  
°C 

ΔHm 
(J/g) 

Td °C 
initial 

T-T 455 561 1.89 210 242 20.45 380 

T-T-Se 466 583 1.81 201 233 20.44 367 

T-Se  473 593 1.77 188 227 12.24 357 

T-Se-Se 480 607 1.72 207 240 13.98 350 

F-T-Se 494 564 1.88 179 214 15.66 339 

P3HSea 499 630 1.60 225 255 16 350 
a data obtained from report  by Heeney and co-workers.11 
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Figure S41. DSC 2nd heating cycles for all polymers.  

 

 

Figure S42. DSC 2nd cooling cycles for all polymers.  
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Figure S43. Heat of Fusion/Ring (J/mol) vs. Se Content (Xi = Selenophene Rings). Data 
point for Xi = 1 obtained from report by Heeney and co-workers.11 
 

 
Figure S44. Thermal degradation analysis of all polymers. 

Table S4. Average oxidation and reduction values calculated from CV onset and 1st 
derivative plots. 

Sample	 Eox	Avg.	(V)	 Ered	Avg.	(V)	 Eg	Avg.	(V)	
T-T	 0.0960	±	0.121	 -2.297	±	0.198	 2.364	±	0.0661	

T-T-Se	 0.0267	±	0.124	 -2.190	±	0.0958	 2.201	±	0.0865	
T-Se	 0.0376	±	0.0916	 -2.199	±	0.0897	 2.195	±	0.104	

T-Se-Se	 0.00423	±	0.0967	 -2.151	±	0.133	 2.131	±	0.113	
F-T-Se	 -0.169	±	0.232	 -1.997	±	0.139	 1.898	±	0.195	
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Figure S45. Cyclic Voltammogram for T-T. 

 

Figure S46. Cyclic Voltammogram for T-Se. 
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Figure S47. Cyclic Voltammogram for T-T-Se. 

 

Figure S48. Cyclic Voltammogram for T-Se-Se. 
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Figure S49. Cyclic Voltammogram for F-T-Se. 
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DFT Computation and Analysis 

Time-dependent density-functional theory (TDDFT) calculations were used to model the 

sequence dependence of the experimentally observed excitation energies of the 

copolymers. Although the TDDFT calculations are performed on oligomers, our primary 

interest is in the long-chain, polymer limit. We would therefore like to limit the influence 

of finite-size, or chain-end effects, on the computations. Calculations on thiophene and 

selenophene oligomers have found substantial effects from chain ends, with both the 

bond-lengths and torsional angles varying along the length of the oligomer.12 To reduce 

such effects, the geometry optimizations reported below enforce identical structures for 

each repeat unit in the oligomer. TDDFT computations on oligomers of varying lengths 

are then used to derive an exciton model, whose parameters give insight into the 

sequence dependence of the optical excitation energies of polymers.	

Geometry optimizations. To obtain structures that are reflective of those long chains, the 

geometries are optimized in a manner that enforces each repeat unit to have identical 

structures. Note that, because some sequences lead to curvature in the polymer backbone, 

one-dimensional periodic boundary conditions are not applicable. Instead, we construct z-

matrices in which the internal coordinates (bond lengths, angles and dihedrals) are shared 

between repeat units. The investigated repeat units are: [S], [Se], [O], [S Se], [S O], [Se 

O], [S S Se], and [S Se Se], where S, Se and O indicate thiophene, selenophene and furan 

heterocycles. Each heterocycle has a single methyl group, to model the effects of the 

alkyl chain, with all head-to-tail couplings. The twist angle between heterocycles is 

defined through the X-C-C-X dihedral angle in the z-matrix (X being the heteroatom), 

with alternating positive and negative signs such that twisted structures adopt an up-
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down, as opposed to helical structure. Optimizations are performed on oligomers with 6 

and 12 heterocycles, because these lengths can accommodate integral numbers of each of 

the investigated sequences.  Although the equivalence of the repeat units is enforced in 

the computations, end effects may still influence the computed geometries since these are 

obtained from minimizing the energy of the oligomers.  Comparison of the repeat-unit 

geometries obtained from oligomers of length 6 with those from oligomers of length 12 

show only small differences (changes in bond lengths < 0.008 A, bond angles < 0.6o and 

dihedrals < 0.06o), suggesting that end effects have minimal impacts on the computed 

geometries. 

A complicating issue in the geometry optimizations is the low energy associated with 

twisted structures, and the strong dependence of the potential energy associated with 

twisting on the details of the computational methods.12 Here, we use the B3LYP 

functional and compared results obtained with the double-zeta 6-31G(d,p) basis set and 

those obtained with the triple-zeta 6-311G(d,p) basis set. Figure S50 shows the torsional 

potential obtained on oligomers of length 6. The computations are for uniform twisting of 

the oligomer, with the reported values corresponding to the energy per dihedral angle. 

Similar to past work, the twisting energy is found to change substantially with basis 

set.12a Although these changes are large in a relative sense, the disagreements are small in 

an absolute sense, with differences in predicted energies being below 1 kcal/mol. The 

results from both basis sets agree that, at room temperature, the structure is highly 

fluxional and that the fluctuations occur about an essentially planar structure. The precise 

location of the minimum may, for some oligomers, be non-planar. However, we chose to 

focus on the planar structure since, in the solid state, the structures will be strongly 
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influenced by packing forces, and the experimental results in the solid-state suggest that 

π-stacking will favor planar structures. Inclusions of the effects of twisting fluctuations 

on the solution spectra and other photophysical properties is left for future work.13 

 

Figure S50. Energy associated with uniform up-down (as opposed to helical) twisting of 
oligomers with size heterocycles. 
 
For the sequences [S Se], [S O], and [Se O], asymmetry in the structure of the repeat unit 

is expected to lead to curvature in the polymer backbone (Figure 5 in the main text). 

Table S5 shows the predicted curvature in units of degrees per repeat unit. These 

curvatures are obtained by measuring the angle between identical, sequential heteroatoms 

(S-S-S, Se-Se-Se, or O-O-O) along the polymer. The predicted curvatures are 

substantially larger for sequences incorporating furan units, as expected from the 

substantially shorter bond length of the C-O bond in furan relative to the C-Se and C-S 
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bonds in selenophene and thiophene.  The predicted curvatures vary somewhat with basis 

set, especially for the [S Se] copolymer, where the curvature is relatively modest. In 

addition, inclusion of the methyl group reduces the predicted curvature, as may be 

expected due to steric interactions between the side chains and the heterocycles of the 

polymer backbone. 

Table S5. Predicted curvature in alternating copolymers of thiophene, selenophene and 
furan, in units of degrees per repeat unit.  
Copolymer 
sequence 

With methyl group Without methyl group 
6-31G(d,p) 6-311G(d,p)  6-31G(d,p)  6-311G(d,p) 

S Se 3.1  4.9 5.0 5.5 
O S 23.0  22.9 25.0 24.9 
O Se 26.3  27.8 29.1 30.0 
 

Excited-State calculations. TDDFT calculations were performed using the 6-31G(d,p) 

basis set and a functional, CAMB3LYP, that corrects for long-range charge transfer.  

Because solvent can have a substantial effect on the predicted excitation energies, self-

consistent reaction field (SCRF) within the Gaussian 0914 software package is used to 

include the effects of chloroform solvent in the TDDFT calculations. Results are obtained 

for all oligomers with between 2 and 12 heterocycles, constructed with integral number 

of repeat units ([S], [Se], [O], [S Se], [S O], [Se O], [S S Se], and [S Se Se]). Calculations 

are performed at fixed geometries, constructed using the repeat units optimized as 

discussed above. The optimized molecular geometries and predicted excitation energies 

are included in a separate text file available free of charge at pubs.acs.org 

(geometries.txt). 	

 An exciton model is used to gain insight into the TDDFT results. The exciton 

model views the excited state as containing an effective particle, an exciton, which is 

coherently delocalized along the oligomer. Each heterocycle is treated as a single site, 
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with the exciton having energy ⍺Se, ⍺S, or ⍺O when it resides on a selenophene, thiophene 

or furan site, respectively. Coherent delocalization is due to coupling between sites with 

magnitude β. This leads to the following Hamiltonian matrix for the exciton,	

𝐻 =

𝛼! 𝛽
𝛽 𝛼! ⋱

⋱ ⋱ 𝛽
𝛽 𝛼!

	

 

where the exciton energy for site i,	 ⍺i, has values ⍺Se, ⍺S, or ⍺O	 for selenophene, 

thiophene and furan, respectively. These parameters establish the one-dimensional 

effective energy landscape along which the exciton is coherently delocalized in the 

polymer. The coupling between adjacent rings, β, sets the effective mass of the exciton or, 

equivalently, the energy stabilization due to exciton delocalization. The lowest-energy 

state arising from the above Hamiltonian matrix corresponds to the lowest-energy singlet 

excited state, S1, of the oligomer. The parameters are obtained from least squares fits to 

the results from TDDFT calculations described above, corresponding to all oligomers 

with between 2 to 12 heterocycles, constructed with integral number of repeat units ([S], 

[Se], [O], [S Se], [S O], [Se O], [S S Se], and [S Se Se]). Somewhat improved results 

were obtained by allowing the coupling, β, between heterocycles where one or both is a 

furan, βO, to have a different magnitude from the other couplings. The fitted model 

parameters are (⍺Se: 5.615 eV, ⍺S: 5.777 eV, ⍺O: 6.356 eV,  β: -1.715 eV, βO: -1.819 eV). 

Figure S51 shows the correlation between the excitation energy from TDDFT and that 

predicted from the model. The predicted values have a root mean square (RMS) error of 

0.015 eV, a mean absolute error (MAE) of 0.013 eV, and a maximum error of 0.048 eV. 
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The disagreement between the model and the TDDFT results are sufficiently low that the 

model parameters may be taken as a concise summary of the TDDFT results. 	

 

Figure S51. Correlation between the predictions of the exciton model and the energy of 
the lowest excited state (S1) computed from TDDFT.  
 
The experimental results indicate that the excitation energy depends linearly on the % Se 

in the polymer. This linear dependence on % Se is consistent with the exciton model 

derived above. The exciton present in the excited state will be uniformly delocalized over 

the polymer, provided the coupling between rings, |β|, is substantially larger than the 

difference in energy between the rings, |αSe-αS|. The parameters obtained from fitting the 

exciton model to TDDFT indicate that the coupling is an order magnitude larger than the 

differences in the site energies for thiophene-selenophene copolymers. The observed 
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linear dependence of excitation energy on % Se composition is therefore consistent with 

the results of the exciton model.  
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