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1. Materials and Methods 

Synthetic methods: Reactions were carried out in the air or under an inert N2 atmosphere where 

indicated. For reactions requiring heat, the reaction vessels were placed in a LabArmor® bead bath heated 

to the desired temperature.  

Materials: The palladium homogeneous catalyst, Pd2(dba)3, was purchased from Oakwood Chemical. All 

other materials were purchased from Sigma-Aldrich. All solvents and materials purchased were used 

without further purification. Polymers PTB7-Th (CAL-OS, PCE10, Mw > 100 kg/mol, batch no C-03) and 

PffBT4T-2OD (1- Material, PCE11, Mw = 100-150 kg/mol, PDI=2.0-2.5, batch no YY8198CB) were 

purchased and used as received.  

Microwave-Assisted Synthesis: All microwave reactions were carried out using a Biotage® Initiator+ 

microwave reactor. The operational power range of the instrument is 0–400 W, using a 2.45 GHz 

magnetron. Pressurized air is used to cool each reaction after microwave heating.  

Nuclear Magnetic Resonance (NMR): The reported 1H and 13C{H} spectra were acquired on a Bruker 

Avance 500 MHz spectrometer at 300K. Both 1H and 13C are reported in parts per million and performed 

in deuterated chloroform (CDCl3). Multiplicities are reported as singlet (s), doublet (d), triplet (t), quartet 

(q), and multiplet (m). 

High-resolution mass spectrometry (HRMS): High-resolution MALDI mass spectrometry measurements 

were performed courtesy of Jian Jun (Johnson) Li in the Chemical Instrumentation Facility at the University 

of Calgary. A Bruker Autoflex III Smartbeam MALDI-TOF (Na:YAG laser, 355 nm), setting in a positive 

reflective mode, was used to acquire spectra. Operation settings were all typical, e.g., laser offset 62–69; 

laser frequency 200 Hz; and a number of shots 300. The target used was Bruker MTP 384 ground steel 

plate target. The sample solution (~ 1 µg/ml in dichloromethane) was mixed with matrix trans-2-[3-(4-

tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) solution (~ 5 mg/ml in methanol), 

pipetted 1 µl solution above to target spot and dried in the fume hood. 

Cyclic Voltammetry (CV): Electrochemical measurements were performed using a Model 1200B Series 

Handheld Potentiostat by CH Instruments Inc. The instrument used a standard three electrode 

configuration: Ag/Ag+ pseudo-reference electrode, platinum wire counter electrode, and glassy carbon 

working electrode. Experiments were performed in anhydrous dichloromethane, which was degassed 

with a nitrogen gas purge for 10 minutes. Tetrabutylammonium hexafluorophosphate (TBAPF6) was used 

as the supporting electrolyte at a concentration of ~0.1 M. The samples were scanned at 100 mV/s. 

Sample concentration was ~0.4 mg/mL. Estimations of the energy levels were obtained by correlating the 

E1/2 values of oxidation and first reduction to the normal hydrogen electrode (NHE), assuming an IP energy 

of 4.80 eV for Fc/Fc+; 

HOMO = -(E1/2 ox + 4.80) 

LUMO = -(E1/2  red + 4.80) 

UV-Visible Spectroscopy (UV/vis): Absorption measurements of neat compounds and blended films were 

performed using an Agilent Technologies Cary 60 UV-vis spectrometer at room temperature, and elevated 
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temperature measurements were heated via Peltier heating unit. All solution UV/vis experiments were 

run in chlorobenzene (C6H5Cl) using 2 mm quartz cuvettes and diluted to 0.01 mg/mL solutions. Thin-films 

of neat compounds were prepared by spin-coating 10 mg/mL solutions from C6H5Cl onto Corning glass 

micro slides at 1500 rpm. Blends films were prepared as detailed in section 11. Prior to use, glass slides 

were cleaned with soap and water, acetone and isopropanol, and followed by UV/ozone treatment using 

a Novascan UV/ozone cleaning system. 

Photoluminescence (PL): All emission measurements of neat compounds and blended films were 

recorded using an Agilent Technologies Cary Eclipse fluorescence spectrophotometer at room 

temperature. Solutions used C6H5Cl as the solvent while all neat films were prepared by spin-coating 10 

mg/mL solutions from C6H5Cl onto Corning glass micro slides at 1500 rpm. Blends films were prepared as 

detailed in section 11. 

Determination of photoluminescence quantum yield (QY): The photoluminescence quantum yield (PL 

QY) of the compounds 1, 2, 3, and 4 in C6H5Cl were estimated by using the comparative method proposed 

by Williams et. al. (A. T. R. Williams, S. A. Winfield, J. N. Miller, Analyst 1983, 108, 1067) after slight 

modification as follows:  

𝑄𝑋 = 𝑄𝑅 
𝐴𝑅

𝐴𝑋
 
𝐹𝑋

𝐹𝑅
 (
𝑛𝑋

𝑛𝑅
) 2 

where Q is the PL QY, A is the absorbance of the solution, F is the corrected PL emission intensity, and n 

is the average refractive index of the solution. Subscripts R and X refer to the standard selected and 

acceptor compounds, respectively. Rhodamine B (Sigma-Aldrich Co., St Louis, MO, USA) is used as the 

standard for the PL QY calculation. To minimize reabsorption effects, the absorbance values of the 

standard and acceptor compounds were controlled to be less than 0.1 at the respective excitation 

wavelengths. We chose 490 nm as the excitation wavelength for Rhodamine B and PDI acceptors. 

Atomic Force Microscopy (AFM): AFM measurements were performed by using a TT2- AFM (AFM 

Workshop) in tapping mode and WSxM software with a resonance frequency of 300 kHz, a force constant 

of 40 N/m and a reflective back side aluminum coating (Tap300Al-G, BudgetSensors). Samples for AFM 

measurements were the same ones that were used to collect the respective device parameters. 
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2. Synthetic Details 

Materials Synthesis 

For a direct comparison, both the target monomers and dimers were synthesized with C5 (3-

pentyl) alkyl groups at the imide position, branching at the C3-position. The N-annulated PDI materials 

were synthesized with hexyl alkyl groups at the pyrrole nitrogen position. The N-annulated PDI monomer 

(2) and dimer (4) were both synthesized using our previously reported synthesis.52 The non-annulated 

dimer 3 was synthesized in three steps, full experimental details can be found in the supplementary 

information (SI). The first step followed a previously reported synthetic procedure to produce PDI 1 in a 

yield of 90%.1,2  Bromination of compound 1 to give compound 6 was achieved using elemental bromine 

in under 30 minutes. An issue is that the addition of Br is not stepwise or selective leading to multiple Br 

containing products. This issue has been well documented.3–5 Separation is accomplished using silica-gel 

column chromatography to give analytically pure 6 (45% yield). The target dimer, compound 3, was 

synthesized using a modified Negishi coupling of 6.1,6 Unfortunately, yields were low (ca.  20%) owing to 

significant debromination of the starting material.  Comparatively, the N-annulated dimer 4 was 

synthesized in higher yield with simpler purification (i.e. precipitation versus chromatography) than the 

non-annulated dimer 3. Newly synthesized compound 3, was characterized by 1H and 13C NMR 

spectroscopy and mass spectrometry. 

 

Scheme 1. The synthetic pathway towards the PDI Materials 1, 2, 3, and 4.  
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Experimental Procedures 

 

Synthesis of PDI (1). 

Synthesis of PDI (1): Synthesis was carried out using previously reported literature procedure.1,7 Yield 

was 90% for 18.0g. Spectroscopic data matches previous literature reports.7 

 

Synthesis of Br-PDI (6). 

Synthesis of Br-PDI (6): Synthesis was carried out with a modified previously reported literature 

procedure.8,9 PDI (2.24g, 4.22*10-3 mol) was added to 250 mL round bottom flask containing a stir bar. 

Neat Br2 (6.0 mL, 1.17*10-1 mol) was added via syringe to the round bottom flask. The reaction proceeded 

while stirring for 30 min. A saturated Na2SO3 solution was added to the reaction mixture very slowly at 

the 27 minute mark so the reaction would be quenched by the 30-minute mark. The reaction mixture was 

filtered and washed with approximately 150 mL of water. A red solid was isolated which was purified by 

silica gel column chromatography in dichloromethane. Product elutes as the second spot on TLC. Isolated 

product is a bright red solid. The yield was 45% for 1.17 g. Spectroscopic data matches previous literature 

reports.8 
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Synthesis of tPDI2 (3). 

Synthesis of tPDI2 (3): Synthesis was carried out using a modified literature procedure.1 Compound 6 (167 

mg, 2.73*10-3 mol) and Zn dust (43 mg, 6.57*10-3 mol) were added to a 20 mL microwave vial with a stir 

bar and was dried in a vacuum oven at 80 °C overnight. Pd2(dba)3 (22 mg, 16 mol% loading) was added in 

the glovebox and the vial was sealed in the glovebox. Dry DMF (4 mL) was added via syringe. The reaction 

mixture was heated while stirring at 100 °C for 2 hours. TLC analysis indicated complete starting material 

consumption. The reaction mixture was poured into 15 mL of dichloromethane. The mixture was poured 

through a silica gel pad to remove catalyst and zinc and the solution was removed in vacuo to produce a 

dark red solid. TLC analysis indicated debrominated starting material, product, and two other compounds. 

The crude solid material was purified by silica gel column chromatography with a gradient of 20% acetone 

in hexanes. The solvent was removed in vacuo and yielded a dark red solid. The red solid was then further 

purified by recrystallization in acetone layered in hexanes (1:9) and left overnight in the freezer. The 

solvent was decanted, and the precipitate was dried further in vacuo. Solid was removed from the round 

bottom with a 1:1 mixture of water:MeOH and filtered in a Hirsch funnel which produced a dark red solid 

(29 mg). The solid was dried in a vacuum oven at 80 °C overnight to remove residual solvent. The product 

yield was 20%. 

 
1H NMR (500 MHz, CDCl3): δ 8.84 – 8.77 (m, 8H), 8.50 (d, J = 8.3 Hz, 2H), 8.18 (d, J = 9.6 Hz, 4H), 

5.08 – 4.90 (m, 4H), 2.29 – 2.09 (m, 8H), 1.96 – 1.77 (m, 8H), 1.02 – 0.71 (m, 24H). 

 
13C{1H} NMR (126 MHz, CDCl3): δ 142.02, 134.96, 134.37, 134.22, 133.08, 129.75, 129.02, 128.90, 

127.62, 127.51, 124.17, 123.57, 58.03, 57.85, 25.10, 11.42.  

 

HRMS: Calculated 1058.43. Found 1058.4282  
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3. 1H and 13C NMR Spectra 

Figure S1) 1H NMR spectrum of 1 in CDCl3.  

 

Figure S2) 1H NMR spectrum of 6 in CDCl3. 
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Figure S3) 1H NMR spectrum of 3 in CDCl3. 

 

 

Figure S4) 13C {1H} NMR spectrum of 3 in CDCl3. 
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4.  High-Resolution Mass Spectrometry 

 

Figure S5) High-resolution mass spectrum of 3. 
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5.  Temperature Dependent Optical Absorption Spectra 

of Neat Compounds 

Figure S6. UV-visible spectra of compounds A) 1, B) 2, C) 3, and D) 4 in C6H5Cl in room temperature (R1), 

heated to 80 °C, and cooled down to room temperature (R2). 
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6. Photoluminescence Spectra of Neat Compounds 

 

Figure S7. Photoluminescence spectra of PDI materials A) 1, B) 2, C) 3, and D) 4 in C6H5Cl and as ‘as-cast’ 

films spin-coated from C6H5Cl solutions. A zoomed-in image of photoluminescence spectra of the films 

of compound 2 and 3 are inserted. 
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7.  Electrochemistry 

 

 

Figure S8. Cyclic voltammograms (with ferrocene internal standard) of compounds A) 1, B) 2, C) 3, and D) 

4 with onset potentials and E1/2 values shown. This figure is different from Figure 4 in that the full positive 

scans for compounds 1 and 3 are shown.  
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Figure S9. Cyclic voltammograms of A) PTB7-Th (PCE10) and B) PffBT4T-2OD (PCE11) with onset potentials 

and E1/2 values shown and differential pulse voltammograms of C) PTB7-Th (PCE10) and D) PffBT4T-2OD 

(PCE11) with peak potentials shown. 
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8. Computational Analysis 

DFT calculations can often provide insights into experimental data such as photophysical 

properties, energy levels, or molecular geometry.10–12 For this study, optimized geometry calculations 

were performed for compounds 1, 2, 3, and 452 using the B3LYP13–15 level of theory with 6-31G(d,p)16–21 

basis set. From the optimized geometries, TD-SCF22 calculations were performed to generate molecular 

orbital representations and simulated absorption spectra. These calculations were done to determine 

theoretical energy levels and simulated absorption profiles and compare them with the experimentally 

determined IP and EA and absorption spectra. The results are displayed in Figure S11 and the summary of 

predicted optical transitions and oscillator strengths is shown in Table S1. 

The theoretical HOMO and LUMO energy levels follow the same trend as was experimentally 

determined from electrochemical measurements, where the N-annulated compounds 2 and 4 have raised 

HOMO and LUMO energy levels compared to their non-annulated counterparts 1 and 3, respectively. N-

annulation results in significant changes to the molecular orbitals. For instance, in compound 1 the 

HOMO-2 and HOMO-1 are degenerate and are localized at the imide groups of the molecule. Compound 

2 has a similar HOMO-2 as 1 but the HOMO-1 is now occupying the core of the molecule with significant 

contribution from the pyrrole-N, making it higher energy than the HOMO-1 of 1. The LUMO of 2 also has 

a pyrrole-N contribution. In 4, the pyrrole-N contributes to the HOMO-2, making it significantly higher 

energy than 3’s HOMO-2, while the HOMO-1 and HOMO of 4 are nearly degenerate, like 3. The LUMO and 

LUMO+1 of 4 also both have a contribution from the pyrrole-N. The theoretical band gaps are slightly 

higher by 0.1 to 0.4 eV than experimental band gaps, but this is to be expected. Since calculations are 

based on a single molecule in the gas phase while experimental results are based on a bulk sample in 

solution, a larger calculated band gap than experimentally determined is typical. This is also reflected in 

the simulated absorption spectra (Figure 5C), where theoretical absorption maxima are blue-shifted 

compared to the experimental results.  

Except for compound 3, all compounds show very similar simulated absorption spectra. The 

monomer compounds 1 and 2 both show only one HOMO–LUMO transition. Compound 3 shows a 

significant red-shifted shoulder in the spectrum due to the HOMO–LUMO transition, while the main 

portion of the spectrum is accounted for by the HOMO-1–LUMO and HOMO-1–LUMO+1 transitions. 

Compound 4 lacks a HOMO–LUMO transition and instead the spectrum is dominated by HOMO–LUMO+1, 

HOMO-1–LUMO+1, and HOMO-2–LUMO transitions. Why only compound 3 shows this red-shifted 

shoulder is unclear. This difference is reflected in the experimental results, where the absorption profile 

of 3 in solution was significantly broadened with less distinct peaks compared to the absorption profiles 

of the other compounds. Despite this irregularity in the simulated optical spectra, the theoretical 

calculations correlate well with the experimental electrochemistry results. 
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Figure S10. A) Optimized geometry for PDI materials 1, 2, 3, and 4. B) Calculated electronic energy levels 

and energy gaps. C) Calculated optical absorption profiles with oscillator strengths shown. Calculations 

were done on Gaussian09,23 input files and results were visualized using GausView05.24 All alkyl chains 

were replaced with a methyl group. The B3LYP13–15 level of theory with 6-31G(d,p)16–21 basis set were used 

for the calculations. TD-SCF22 calculations were performed from the optimized geometry. The single point 

calculation was performed on this structure to generate molecular orbitals and electrostatic potential 

maps. 
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Table S1. Summary of predicted optical transitions from TD-DFT calculations.  

Compound State Eopt (eV) λ (nm) f Composition 

 

1 

 

S1 

 

2.44 

 

508 

 

0.666 

 

H → L (100%) 

 

2 

 

S1 

 

2.55 

 

486 

 

0.606 

 

H → L (98%) 

 

3 

 

S1 

 

2.06 

 

602 

 

0.262 

 

H → L (92%) 

H-1 → L+1 (8%) 

 

 S3 2.40 516 0.108 H-1 → L (65%) 

H → L+1 (35%) 

 

 S4 2.50 495 0.577 H-1 → L+1 (91%) 

H → L (8%) 

 

4 

 

S3 

 

2.52 

 

492 

 

0.587 

 

H → L+1 (53%) 

H-1 → L (44%) 

 

 S4 2.54 488 0.496 H-1 → L+1 (52%) 

H → L (45%) 

 

 S5 2.81 442 0.228 H-2 → L (69%) 

H-3 → L+1 (26%) 
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9.  Optical Absorption and Photoluminescence 

Spectroscopy of BHJ Films 

 

Figure S11. A) Optical absorption spectra and B) Photoluminescence spectra of PTB7-Th film and PTB7-Th 

blended (with PDI NFA) films cast from C6H5Cl. 

 

Figure S12. A) Optical absorption spectra and B) Photoluminescence spectra of PffBT4T-2OD film and 

PffBT4T-2OD blended (with PDI NFA) films cast from C6H5Cl. 

 

  

A) B) 

A) B) 



S18 

 

10. Organic Solar Cells Data  

OSC Fabrication and Testing: Devices were fabricated using ITO-coated glass substrates cleaned by 

sequentially ultra-sonicating detergent and de-ionized water, acetone, and isopropanol followed by 

exposure to UV/ozone for 30 minutes. ZnO was subsequently deposited as a sol-gel precursor solution in 

the air following the method of Sun et al.25. The room temperature solution was filtered and spun-cast at 

a speed of 4000 rpm and then annealed at 200 °C in air for 15 min. Solutions of PTB7-Th (CAL-OS, PCE10, 

Mw > 100 kg/mol, batch no C-03), PffBT4T-2OD (1- Material, PCE11, Mw = 100-150 kg/mol, PDI=2.0-2.5, 

batch no YY8198CB), and compounds 1, 2, 3, and 4 were prepared in air with a total concentration of 10 

mg/mL in C6H5Cl, stirred, then mixed to create the spin-casting blend solutions.  

Solutions of compound 1 were stirred and heated for only 1 h at 70 °C, further time lead to precipitation. 

Solutions of PTB7-Th and compounds 2 and 3 were stirred at 70 °C for 4-6 h to ensure full dissolution. 

Solutions of compound 4 were stirred and heated for 1 h at 70 °C, although the compound readily 

dissolved at room temperature. Solutions of PffBT4T-2OD were stirred at 110 °C for at least 3 h to ensure 

full dissolution.  

Equal part aliquots of each neat solution were taken and combined to give the spin-casting blend solutions 

with a 1:1 by weight ratio of active materials with a total 10 mg/mL solution concentration. Blend solutions 

using PTB7-Th polymer were stirred at 70 °C for 1 hour, allowed to cool to room temperature, then spin-

coated onto the ITO/ZnO substrates at 1500 rpm. Blend solutions using PffBT4T-2OD polymer were stirred 

at 110 °C for 1 hour, then immediately hot spin-casted onto the ITO/ZnO substrates at 1200 rpm.  

All layered films were kept in an N2 atmosphere glovebox overnight before evaporating MoO3 and Ag. 

Films of MoO3 (10 nm) followed by Ag (100 nm) were thermally deposited under vacuum (3x10-6 Torr). 

The active areas of resulting devices were 0.09 cm2. 
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Table S2. Organic solar cell data of the PTB7-Th:PDI blends (1:1) cast from chlorobenzene. Best results 

are highlighted in bold. Averages are in italics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

blend VOC (V) 
Jsc 

(mA/cm2) 
FF (%) PCE (%) 

PTB7-Th:1 0.81 9.48 39.36 3.03 

0.81 9.47 38.91 2.98 

0.81 10.77 43.27 3.79 

0.73 9.76 36.70 2.62 

0.79 11.49 41.61 3.79 

0.81 11.51 43.20 4.01 

0.81 10.30 40.79 3.40 

PTB7-Th:2 0.97 7.06 31.98 2.18 

 0.98 7.03 33.64 2.31 

 1.00 7.38 35.08 2.60 

 1.04 6.84 32.14 2.28 

 1.01 7.42 33.58 2.52 

 1.01 6.94 33.71 2.37 

 1.01 7.44 33.93 2.54 

 1.00 7.56 34.17 2.60 

 0.88 6.09 31.77 1.71 

 0.87 6.19 32.93 1.78 

 1.03 6.79 32.45 2.26 

 1.00 6.79 33.56 2.28 

 0.98 6.96 33.25 2.29 

PTB7-Th:3 0.75 10.41 52.25 4.07 

 0.73 9.81 53.25 3.83 

 0.69 10.61 52.20 3.84 

 0.74 10.26 48.66 3.70 

 0.73 10.27 51.59 3.86 

PTB7-Th:4 0.96 11.83 46.42 5.28 

 0.99 12.37 46.91 5.72 

 0.98 12.31 47.08 5.67 

 0.97 11.69 48.06 5.47 

 0.98 11.45 49.01 5.47 

 0.96 12.48 45.46 5.44 

 0.97 12.47 45.21 5.48 

 0.97 12.09 46.88 5.51 
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Table S3. Organic solar cell data of the PffBT4T-2OD:PDI blends (1:1) cast from chlorobenzene. Best 

results are highlighted in bold. Averages are in italics. 

blend VOC (V) 
Jsc 

(mA/cm2) 
FF (%) PCE (%) 

PffBT4T-2OD:1 0.79 3.68 42.50 1.23 
0.72 3.49 35.25 0.89 
0.80 4.46 44.28 1.59 

0.80 3.66 44.43 1.31 
0.78 3.82 41.62 1.25 

PffBT4T-2OD:2 0.91 3.50 37.67 1.20 

0.98 4.03 42.95 1.69 

0.95 3.59 42.79 1.47 
0.95 3.71 41.13 1.45 

PffBT4T-2OD:3 0.79 9.77 47.37 3.66 

0.78 9.51 47.43 3.50 
0.79 9.65 47.92 3.65 
0.78 9.56 47.96 3.56 
0.78 9.62 47.67 3.59 

PffBT4T-2OD:4 1.02 7.23 40.07 2.95 

1.02 7.51 41.61 3.19 
1.00 7.18 40.18 2.89 
1.02 8.32 42.13 3.59 

1.01 7.80 42.08 3.32 
1.02 7.45 40.51 3.09 
1.01 6.96 37.92 2.67 

1.03 7.34 43.01 3.24 
1.01 7.26 42.39 3.11 
1.02 7.10 40.85 2.97 
1.01 6.57 39.21 2.60 
1.02 7.34 40.91 3.06 
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11. AFM Height and Phase Images of BHJ Blends 

  

Figure S13. AFM height (top) and phase (bottom) images for PffBT4T-2OD based BHJ organic 

solar cells. A) PTB7-Th :1 B) PTB7-Th:2 C) PTB7-Th :3 D) PTB7-Th:4 

Figure S14. AFM height (top) and phase (bottom) images for PffBT4T-2OD based BHJ organic 

solar cells. A) PffBT4T-2OD:1 B) PffBT4T-2OD:2 C) PffBT4T-2OD:3 D) PffBT4T-2OD:4 
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