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Experimental

Synthesis of monomer
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Scheme 1. Synthesis of monomer.

Ethyl 3-(4’-bromophenyl)-3-oxopropionate (1).! Sodium hydride (60% oil dispersion, 1.39
g, 3.47 x 1072 mol), 4’-bromoacetophenone (2.66 g, 1.34 x 102 mol) and Toluene (60 mL)
were added to a 100 mL dried flask at room temperature under nitrogen atmosphere. Diethyl
carbonate (9.53 mL, 7.88 x 102 mol) in toluene (20 mL) was added dropwise to the flask with
stirring. Then the reaction mixture was refluxed for 18 h. After cooling to room temperature,
the mixture was then poured over ice (100 mL) and conc. HCI (4 mL). The aqueous layer was
washed with ethyl acetate. The combined organic layers were washed with cold H20 and
brine. The solution was dried over anhydrous MgSOs, filtered, and the solvent was removed
under reduced pressure. The crude oil was purified by silica-gel column chromatography
using Hexane/Ethyl acetate (9/1 v/v) as the eluent to obtain brown oil (2.55 g, 9.42 x 107> mol,
71 % yield).

"H NMR (400 MHz, CDCl3), § 1.24 (t, J = 7.2 Hz, 3H), 3.94 (s, 2H), 4.21 (q, J = 7.2 Hz, 2H),
7.63 (d, J=8.4 Hz, 2H), 7.81 (d, J = 8.8 Hz, 2H).

Butanedioic acid, 2-(4-bromobenzoyl)-, 1,4-diethyl ester (2).2 (1) (3.66 g, 1.35 x 102 mol),
potassium carbonate (1.86 g, 1.34 x 1072 mol), sodium iodide (0.255 g, 1.71 x 10~ mol),
acetone (6.75 mL) and 1,2-dimethoxyethane (4.82 mL) were added to a 50 mL dried flask at
room temperature under nitrogen. Ethyl chloroacetate (1.33 mL, 1.35 x 1072 mol) was added
dropwise to the flask with stirring. Then the reaction mixture was stirred for 20 h at 75°C.
After cooling to room temperature, the mixture was quenched by H20 and extracted with
Chloroform. The organic layer was washed with brine and dried over anhydrous MgSOs,
filtered, and the solvent was removed under reduced pressure. The residue was purified by
silica-gel column chromatography using Hexane/Ethyl acetate (8/1 v/v) as the eluent to obtain
yellow oil (2.73 g, 7.66 x 10~ mol, 57 % yield).
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5-0x0-2-(4-bromophenyl)-4.5-dihydropyrrole-3-carboxylic acid ethyl ester (3).2 (2) (2.81
g, 7.87 x 107> mol), ammonium acetate (6.06 g, 7.87 x 102 mol), and acetic acid (15.7 mL)
were added to 50 mL dried flask at room temperature under nitrogen. Then the reaction
mixture was stirred for 6 h at 120°C. After cooling to room temperature, the mixture was
poured into H2O. The precipitate was filtered, and washed with water and methanol. The
residue was dried under reduced pressure to afford grayish blue solid (1.16 g, 3.74 x 10~>mol,
48 % yield).

"H NMR (400 MHz, DMSO-ds), § 1.09 (t, J = 7.2 Hz, 3H), 3.37 (s, 2H), 4.00 (q, J = 7.2 Hz,
2H), 7.52 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 10.68 (s, 1H)

3-(4-bromophenyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 4).2
Sodium (0.650 g, 2.35 x 1072 mol), FeCls (7.5 mg, 4.65 x 107 mol) and tert-amylalcohol
(22.5 mL) were added to 50 mL dried flask at room temperature under nitrogen. Then the
reaction mixture was stirred at 100°C until sodium dissolved. (3) (2.35 g, 7.50 x 1073 mol) and
2-cyanothiophene (1.00 g, 9.16 x 107° mol) were added and the mixture was heated to 80°C
and stirred at the temperature for 6 h. Then, acetic acid (5 mL) and methanol (40 mL) were
added and the mixture was cooled to room temperature, and then poured into methanol (100
mL). The precipitate was filtered and washed H20O and Methanol. The residue was dried under
reduced pressure to afford red solid and was used for next reaction without further
purification (1.80 g, 4.81 x 10 mol, 53 % yield).

'H NMR (400 MHz, DMSO-ds), & 7.30-8.40 (m, 7H), 11.3 (s, 1H), 11.4 (s, 1H).

2,5-bis(2-butyloctyl)-3-(4-bromophenyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo|3,4-
cpyrrole-1,4-dione (5).° (4) (1.00 g, 2.68 x 107> mol), 1-bromo-2-butyloctane (1.67 g, 6.70 x
1073 mol), potassium carbonate (1.11 g, 8.04 x 10 mol) and 18-crown-6 (22 mg) were placed
in 100 mL dried flask at room temperature under nitrogen. N,N-dimethylformamide (47.9 ml)
was added to the flask and then the reaction mixture was stirred for 19 h at 120°C. The
reaction mixture was cooled to room temperature, quenched by H2O and extracted with
hexane/ethyl acetate (4/1 v/v). The organic layer was dried over anhydrous MgSOs, filtered,
and the solvent was removed under reduced pressure. The residue was purified by silica-gel
column chromatography using hexane/ethyl acetate (10/1 v/v) as the eluent to obtain bright
red oil (0.684 g, 9.64 x 10~*mol, 36 % yield).

'"H NMR (400 MHz, acetone-ds), § 0.76-0.89 (m, 12H), 1.05-1.36 (m, 36H), 1.52 (m, 1H),
1.89 (m, 1H), 3.88 (d, J = 7.2 Hz, 2H), 3.99 (d, J = 8.0 Hz, 2H), 7.40 (m, 1H), 7.78-7.89 (m,
4H), 8.02 (m, 1H), 8.98 (m, 1H).

2,5-bis(2-butyloctyl)-3-(4-bromophenyl)-6-(5-bromothiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c|pyrrole-1,4-dione (6). (5) (0.684 g, 9.64 x 10* mol) and N-
Bromosuccinimide (0.171 g, 9.64 x 10 mol) were placed in 50 mL dried flask at room
temperature under nitrogen. Tetrahydrofuran (16.0 mL) was added to the flask and the
reaction mixture was stirred for 17 h at room temperature, and then quenched by H20O and
extracted with chloroform. The organic layer was dried over anhydrous MgSOu, filtered, and
the solvent was removed under reduced pressure. The residue was purified by silica-gel
column chromatography using hexane/ethyl acetate (47/3 v/v) as the eluent to obtain bright
red oil (0.366 g, 9.64 x 10~*mol, 48 % yield).

'"H NMR (400 MHz, acetone-ds), § 0.76-0.89 (m, 12H), 1.05-1.36 (m, 36H), 1.50 (m, 1H),
1.87 (m, 1H), 3.87 (d, J = 7.2 Hz, 2H), 3.94 (d, J = 8.0 Hz, 2H), 7.47 (m, 1H), 7.76-7.98 (m,
4H), 8.67 (d, J =4.0 Hz, 1H). See Fig. S7 for the spectrum.
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3-(4-bromophenyl)-6-(thieno[3,2-b]thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (7).>3 Sodium (0.469 g, 2.16 x 102 mol), FeCls (7.3 mg, 4.50 x 1073 mol) and tert-
amylalcohol (28.5 mL) were added to 50 mL dried flask at room temperature under nitrogen.
Then the reaction mixture was stirred for 2 h at 95°C until sodium dissolved. (3) (2.00 g, 6.45
x 1073 mol) and 2-cyanothieno[3,2-b]thiophene (1.19 g, 7.20 x 107> mol) were added and the
mixture was heated to 120°C and stirred at the temperature for 3 h. Then, acetic acid (10 mL)
and methanol (40 mL) were added and the mixture was stirred at 120°C for 30 min, cooled to
room temperature, and then poured into methanol (100 mL). The precipitate was filtered and
washed H20 and methanol. The residue was dried under reduced pressure to afford dark
purple solid and was used for next reaction without further purification (1.72 g, 4.00 x 1073
mol, 56 % yield).

1-bromo-2-butyloctane.* 2-butyloctanol (3.49 g, 1.88 x 102 mol), triphenylphosphine (9.86
g, 3.96 x 102 mol) and dichloromethane (12.8 mL) was added to 50 mL dried flask at room
temperature under nitrogen atmosphere. The reaction mixture was cooled to 0°C and N-
bromosuccinimide (5.02 g, 2.82 x 102 mol) was added portionwise. Then the reaction
mixture was stirred for 28 h at room temperature, quenched by H2O and extracted with
Hexane. The organic layer was dried over anhydrous MgSOs, filtered, and the solvent was
removed under reduced pressure. The residue was purified by silica-gel column
chromatography using Hexane as the eluent to obtain colorless oil (2.75 g, 1.10 x 1072 mol,
59 % yield).

'"H NMR (400 MHz, CDCl3), § 0.84-0.92 (m, 6H), 1.22—1.38 (m, 16H), 1.59 (m, 1H), 3.45 (d,
J=4.4Hz, 2H)

2,5-bis(2-butyloctyl)-3-(4-bromophenyl)-6-(thieno[3,2-b]|thiophene-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (8).> (7) (0.943 g, 2.20 x 10~ mol), 1-bromo-2-
butyloctane (1.37 g, 5.49 x 1073 mol), potassium carbonate (0.91 g, 6.59 x 1073 mol) and 18-
crown-6 (10 mg) were placed in 100 mL dried flask at room temperature under nitrogen. N,N-
dimethylformamide (39.3 ml) was added to the flask and then the reaction mixture was stirred
for 14 h at 120°C. The reaction mixture was cooled to room temperature, quenched by H20
and extracted with hexane/ethyl acetate (4/1 v/v). The organic layer was dried over anhydrous
MgSOs, filtered, and the solvent was removed under reduced pressure. The residue was
purified by silica-gel column chromatography using hexane/ethyl acetate (10/1 v/v) as the
eluent to obtain red purple oil (0.379 g, 4.95 x 10~*mol, 22 % yield).

"H NMR (400 MHz, acetone-de), § 0.78-0.88 (m, 12H), 1.07-1.38 (m, 36H), 1.51 (m, 1H),
1.89 (m, 1H), 3.90 (d, J=7.6 Hz, 2H), 4.02 (d, J = 7.6 Hz, 2H), 7.58-7.61 (m, 1H), 7.78-7.90
(m, 4H), 7.93-7.96 (m, 1H), 9.30 (s, 1H).

2,5-bis(2-butyloctyl)-3-(4-bromophenyl)-6-(5-bromothieno|[3,2-b]|thiophene-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (9).> (8) (0.379 g, 495 x 10 mol) and N-
Bromosuccinimide (0.088 g, 4.94 x 10~* mol) were placed in 50 mL dried flask at room
temperature under nitrogen. Tetrahydrofuran (8.25 mL) was added to the flask and the
reaction mixture was stirred for 20 h at room temperature, and then quenched by H20O and
extracted with chloroform. The organic layer was dried over anhydrous MgSQu, filtered, and
the solvent was removed under reduced pressure. The residue was purified by silica-gel
column chromatography using hexane/ethyl acetate (10/1 v/v) as the eluent to obtain red
purple oil (0.189 g, 2.24 x 10*mol, 45 % yield).

'"H NMR (400 MHz, acetone-ds), § 0.78-0.91 (m, 12H), 1.07-1.37 (m, 36H), 1.51 (m, 1H),
1.89 (m, 1H), 3.88 (d, J = 7.6 Hz, 2H), 3.98 (d, J = 8.0 Hz, 2H), 7.73 (s, 1H), 7.75-7.87 (m,
4H), 9.12 (s, 1H). See Fig. S8 for the spectrum.
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3,6-bis(4-bromophenyl)pyrrolo[3,4-c|pyrrole-1,4-dione (10).° Sodium (0.737 g, 3.20 x 1072
mol) and FeCl3 (13.0 mg, 8.00 x 10~ mol) were placed in 50 mL dried flask at room
temperature under nitrogen. 2-methyl-2-butanol (23.4 mL) was added to the flask, and the
reaction mixture was stirred at 90°C for 15 min. After Sodium was completely dissolved, the
reaction mixture was cooled to 50°C. Then 4-bromobenzonitrile (2.91 g, 1.60 x 1072 mol) was
added at the temperature. Dimethyl succinate (1.62 g, 8.01 x 107> mol) in 2-methyl-2-butanol
(5 mL) was added dropwise, and the reaction mixture was stirred at 90°C for 16 h. The
reaction mixture was cooled to room temperature and acetic acid (8 mL) and methanol (8 mL)
were added to the flask, then the mixture was filtered. The filtered solid was washed with H.O
and methanol and dried under reduced pressure to obtain dark red solid and was used without
further purification (2.38 g, 5.33 x 107> mol, 66 % yield).

3,6-bis(4-bromophenyl)-2,5-bis(2-butyloctyl)pyrrolo[3,4-c|pyrrole-1,4-dione (11).° (10)
(0.545 g, 1.12 x 107 mol), 1-bromo-2-butyloctane (1.41 g, 5.65 x 1073 mol), potassium tert-
butoxide (0.313 g, 2.79x10 mol) were placed in 20 mL dried flask at room temperature
under nitrogen. N-methylpyrrolidone (8.6 mL) was added to the flask and then the reaction
mixture was stirred for 20 h at 60°C. The reaction mixture was cooled to room temperature,
quenched by H20 and extracted with toluene. The organic layer was dried over anhydrous
MgSOs4, filtered, and the solvent was removed under reduced pressure. The residue was
purified by silica-gel column chromatography using hexane/dichloromethane (3/2 v/v) as the
eluent and recrystallization (methanol and chloroform) to obtain orange crystal (0.108 g, 1.38
x 10*mol, 12 % yield).

'"H NMR (400 MHz, CDCI3), § 0.81-1.34 (m, 48H), 1.51 (m, 2H), 3.71 (d, J = 7.6 Hz, 4H),
7.65 (m, 8H). See Fig. S8 for the spectrum.

Synthesis of polymers

P1. To a degassed solution of the monomer (11) (80.0 mg, 1.02 x 10~* mol), 4,8-bis[5-(2-
ethylhexyl)thiophen-2-yl]-2,6-bis(trimethylstannyl)benzo[ 1,2-b:4,5-b"]dithiophene (92.5 mg,
1.02 x 10* mol) of toluene (1.86 mL) and DMF (0.186 mL) in 30 mL flask,
tetrakis(Triphenylphosphine)palladium(0) (5.91 mg, 5.11 x 10°% mol) were added. The
mixture was stirred at 120°C for 17 h, after which bromobenzene (0.1 mL) and trimethyltin
benzene (0.1 mL) were added to end-cap the reaction point. The reaction mixture was
precipitated in methanol and filtered to obtain polymer. The polymer was extracted with
methanol, acetone, hexane and then dissolved in chloroform at boiling point, which was then
precipitated in acetone to obtain red polymer (61.4 mg, 36% yield). Mw = 98.4 kg mol™!, PDI =
2.7. Elementary analysis; C: 75.36% (calc:76.00), H: 8.35% (calc:8.39%), N: 2.22
(calc:2.33%), S: 10.49% (calc:10.67%).

P2. To a degassed solution of the monomer (6) (170.0 mg, 2.16 x 10~* mol), 4,8-bis[5-(2-
ethylhexyl)thiophen-2-yl]-2,6-bis(trimethylstannyl)benzo[ 1,2-b:4,5-b']dithiophene (194.0 mg,
2.14 x 10 mol) of toluene (3.93 mL) and DMF (0.393 mL) in 20 mL Schlenk flask,
tetrakis(Triphenylphosphine)palladium(0) (12.54 mg, 1.08 x 10 mol) were added. The
mixture was stirred at 115°C for 18 h, after which bromobenzene (0.1 mL) and trimethyltin
benzene (0.1 mL) were added to end-cap the reaction point. The reaction mixture was
precipitated in methanol and filtered to obtain polymer. The polymer was extracted with
methanol, acetone, hexane and then dissolved in chloroform at boiling point, which was then
precipitated in acetone to obtain blue powder polymer (66.8 mg, 18% yield). Mw = 22.2 kg
mol!, PDI = 2.4. Elementary analysis; C: 69.79% (calc:73.60), H: 7.64% (calc:8.18%), N:
1.89 (calc:2.32%), S: 13.57% (calc:13.3%).
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P3. To a degassed solution of the monomer (9) (189.1 mg, 2.24 x 10~* mol), 4,8-bis[5-(2-
ethylhexyl)thiophen-2-yl]-2,6-bis(trimethylstannyl)benzo[ 1,2-b:4,5-b']dithiophene (202.6 mg,
2.24 x10* mol) of xylene (4.07 mL) and DMF (0.407 mL) in 20 mL Schlenk flask,
tetrakis(Triphenylphosphine)palladium(0) (12.9 mg, 1.12 x 107° mol) were added. The
mixture was stirred at 115°C for 18 h, after which bromobenzene (0.1 mL) and trimethyltin
benzene (0.1 mL) were added to end-cap the reaction point. The reaction mixture was
precipitated in methanol and filtered to obtain polymer. The polymer was extracted with
methanol, acetone, hexane and then dissolved in chloroform at boiling point, which was then
precipitated in acetone to obtain blue powder like solid (294 mg, 75% yield). Mw= 31.6 kg
mol!, PDI = 2.5. Elementary analysis; C: 71.80% (calc:72.20), H: 7.53% (calc:7.82%), N:
1.88 (calc:2.22%), S: 14.26% (calc:15.2%).
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Supplementary Tables

Table S1. Summary of the polymer:PCBM OPV performances.”

Polymer p:n TA® L/ nm Jse Voe FF PCE PCE..
/ mA cm™ 2 /'V 1% /%°
1:1 - 130 0.90 0.932 0.389 0.20 0.13£0.05
1:1 120°C 130 0.86 0.781 0.338 0.13 0.12+0.02
1:2 - 140 0.90 0.748 0.372 0.23 0.20£0.03
P1 1:2 120°C 150 0.89 1.044 0.514 0.37 0.29 £ 0.06
1:2 120°C 80 1.25 0.992 0.380 0.45 0.38+ 0.04
1:3 - 170 0.70 0.619 0.374 0.16 0.15+0.01
1:3 120°C 170 0.72 0.991 0.421 0.30 0.25+£0.05
1:1 - 70 6.50 0.875 0.435 2.30 1.83 £ 0.25
1:1 120°C 70 5.00 0.702 0.363 0.89 0.53+0.22
P 1:2 - 80 3.63 0.874 0.433 1.31 1.14+0.14
1:2 120°C 80 2.44 0.875 0.407 0.87 0.70 £ 0.24
1:3 - 140 3.55 0.841 0.436 1.28 1.11+0.14
1:3 120°C 130 3.43 0.763 0.442 1.11 0.98 £ 0.09
1:1 - 60 6.77 0.799 0.367 1.95 1.55+0.23
1:1 120°C 80 7.19 0.813 0.411 2.40 1.97+£0.32
P 1:2 - 130 6.86 0.711 0.432 2.07 1.96 £0.12
1:2 120°C 100 7.38 0.793 0.437 2.29 2.12+0.21
1:3 - 140 6.03 0.830 0.400 1.94 1.81+0.12
1:3 120°C 130 6.32 0.757 0.439 2.04 1.92+£0.13

* Inverted cell (ITO/ZnO/Active layer/MoOx/Ag) under 1 sun (100 mW cm?). ° Thermal annealing
(TA) at 120°C for 10 min. ¢ Averaged PCE over at least six devices. The best PCE for each polymer is
highlighted by color.

Table S2. Analysis of the out-of-plane profiles of 2D-GIXD.

Polymer  Blend? dic Crystallite o P Crystallite

/ nm size / nm / nm size / nm
Pl Pristine 1.26 4.0 — -
Blend 1.35 8.4 - —
P Pristine 1.60 4.3 - -
Blend 1.77 11.5 - -
P Pristine 1.87 4.1 - -
Blend 1.87 13.5 0.364 3.1

? Blend means OPV-optimal blend ratio of PCBM (film thickness: 70-80 nm).

Table S3. SCLC mobilities of the hole-only devices of pristine polymers.?

Pl P2 P3

uh/ cm*V-'s™! 25x10° 1.0x10° 8.5 %107

* ITO/PEDOT/polymer/Au.
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Supplementary Figures.
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Fig. S1. DSC profiles of (a)(b) P1, (c)(d) P2, and (e)(f) P3. The orange solid and dotted lines
represent heating from 20 °C to 300 °C, while the blue solid and dotted lines correspond to
cooling from 300 °C to 20 °C. The coloured solid and dotted line represent the first
heating/cooling and the second heating/cooling, respectively. Rate: 10 °C min~!. The sample
weights: P1 =2.890 mg, P2 =2.119 mg, and P3 = 2.796 mg.
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Fig. S7. 'H NMR spectra of compound 6 (monomer of P2).
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Fig. S8. '"H NMR spectra of compound 9 (monomer of P3).
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