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Supplementary Figures 

 

Supplementary Figure 1. a, Normalized absorption spectra and b, absorption 

coefficient of SA-1 in diluted CF solution.  
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Supplementary Figure 2. Cyclic Voltammetry plots of SA-1 in dichloromethane 

solution (1 mM) with a scan rate of 50 mV s-1. The highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) levels are calculated as 

−5.98 and −3.18 eV, respectively 
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Supplementary Figure 3. Optimized molecular conformations and energy levels of 

SA-1 calculated by DFT-based theoretical calculations at the B3LYP/6-31G(d,p) level. 

  



 

Supplementary Figure 4. a, J−V curves and b, EQE curves for PBDB-TF:IT-4F based 

devices with different mole ratios of IT-4F:SA-1. 
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Supplementary Figure 5. J−V curves of the PBDB-TF:IT-4F based device with 

different treatments, including as-cast, annealed, SA-1 added as-cast and SA-1-added 

annealed devices. 
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Supplementary Figure 6. a, Ln (J) versus Ln (V) plots of IT-4F/TA and IT4F+SA-

1/TA films(Date has not been corrected for Vbi). b, Ln(JL3/V2) versus (V/L)0.5 plots of 

the annealed blend films based on PBDB-TF:IT-4F processed with or w/o 16.9 wt.% of 

SA-1 for SCLC measurements. c, Ln(J) versus Ln(V) plot of PBDB-TF:IT-4F blend 

films with different treatments, including as-cast, TA, SA-1-added, and SA-1-added TA 

films. d, the photo-CELIV plots of the corresponding devices.  

  



 

 

Supplementary Figure 7. Jsc versus light intensity of PBDB-TF:IT-4F based devices 

processed with or without SA-1 and the devices are treated with thermal annealing. The 

dependence of Jsc on the light density (Plight) was applied to investigate the charge 

recombination in the devices. The power-law exponent of relationship Jsc/Plight for the 

SA-1-processed device increase to 0.98 from 0.94 for that of the device processed w/o 

SA-1, which implies that the bimolecular recombination is more suppressed in SA-1-

processed device. 
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Supplementary Figure 8. a-h, 2D GIWAXS patterns of IT-4F and PBDB-TF:IT-4F 

blend film under different treatments, including as-cast film, processed with TA,  SA-

1-added as-cast film and the SA-1-added film processed with TA. i, In-plane and j, Out-

of-plane cuts of the GIWAXS patterns for the IT-4F films with different treatments. k, 

In-plane and l, Out-of-plane cuts for the blend films.  

  



 

 

Supplementary Figure 9. AFM height and phase images of a-a’, SA-1 and the blend 

films based on IT-4F:SA-1 with varied mole ratios, including b-b’, 1:1, c-c’, 1:2, and 

d-d’, 1:3. 

  



 

Supplementary Figure 10. a, TEM height and phase images of PBDB-TF:IT-4F/TA 

and PBDB-TF:IT-4F+SA-1/TA films. b, The film thickness of PBDB-TF:IT-4F blend 

films processed with different conditions. (We fabricated the blend and the blend+SA-

1 films and the thicknesses of them are measured as 85 and 86 nm, respectively. After 

thermal annealing, we measured the in-situ thickness and found that the blend and 

blend/TA films showed similar film thickness, while comparing with the blend+SA-1 

film, the blend +SA-1/TA film was reduced by about 10 nm.) 

  



 

Supplementary Figure 11. a, Thermogravimetric Analysis (TGA) of SA-1 and IT-4F 

at different scan rates. b, TGA plot of SA-1 at a scan rat of 10.0 ℃ min
−1

 and in the 

heating process, the temperature was held for 2h at 140, 150, 160, 180 and 200 ℃, 

respectively. c, Photo of the top of crucible after the heating and the cooling process of 

SA-1. d, Differential Scanning Calorimetry (DSC) curves of SA-1. e, Photos of SA-1 

bulks and the respective spin-coated film on Si substrates. Then the films were thermal 

annealed at 140 °C for 10 minutes. Furthermore, a video recording the volatilization of 

SA-1 bulks and film is attached. 

  



 

Supplementary Figure 12. a, AFM phase images of SA-1 film and b, the 

corresponding one after thermal annealing at 140°C for 10 minutes. c-d, Photos of SA-

1 and SA-1/TA films on ITO substrate captured by the camera of AFM and the 

corresponding films on Fe substrate captured by camera. 

 

  



 

 

Supplementary Figure 13. a, Normalized absorption spectra of a, PBDB-TF:IT-4F 

blend solution, the solution of blend with 16.9 wt.% SA-1, the CF dissolved solution of 

blend+SA-1 film, and that of the blend+SA-1/TA film. b, Normalized absorption 

spectra of PBDB-TF:IT-4F solution blended with different weight ratio of SA-1 (the 

corresponding mole ratios of SA-1:IT-4F are 1:1, 0.5:1, 0.3:1, 0.2:1, 0.1:1 and 0:1, 

respectively). (The absorption peak in the region of 300-450 nm is sensitive to the 

amount of SA. For example, it is clear to see the absorption peak of SA-1, when blended 

with even less than 2 wt.% of SA-1 to the PBDB-TF:IT-4F solution. For the CF 

dissolved solution of blend+SA-1/TA film, its absorption spectra nearly overlaps with 

that of the blend solution without SA, suggesting that the content of SA in the blend is 

negligible. The results have proved that SA-1 totally escaped from the active layer film 

after thermal annealing at 140 ℃ for 10 min.). 

  



 

Supplementary Figure 14. a, FT-IR spectrum of PBDB-TF, IT-4F and SA-1 recorded 

in KBr pellets. b, IR spectra of PBDB-TF:IT-4F blend processed with different 

treatments, the samples were fabricated by spin coating the corresponding solution onto 

the KBr tablets. (First, we investigated the IR spectrum of PBDB-TF, IT-4F and SA-1 

solids in the region of 400–4000 cm–1 recorded in KBr pellets and magnified the region 

of 1000 to 1800 cm–1 (Supplementary Figure 14a) to make a clear comparison. We 

found that SA-1 shows intense vibration at about 1716, 1673 and 1601 cm–1. Then we 

spin-coated the PBDB-TF:IT-4F blend films with different conditions (as-cast, TA, SA-

1-added, SA-1-added/TA) onto the KBr tablets and measured the corresponding IR 

spectrum. As shown in Supplementary Figure 14a and b, the IR spectra of the 

blend+SA-1 film shows clear peaks at 1716, 1673 and 1601 cm–1. After thermal 

annealing, these peaks are decreased or disappeared. 



 

 

Supplementary Figure 15. Molecular structures of the donor and acceptor materials 

used for proving SA-1 is a general additive in varied active layers. 

  



 

 

Supplementary Figure 16. J−V curves of OSC devices processed with and w/o SA-1 

based on different active layers, including a, PBDB-TF:IT-2F, b, PBTA-TF:IT-M, c, 

PBDB-T:ITIC, d, PBDB-T:ITCC and e, J52:IEICO. 

  



 

 

Supplementary Figure 17. TGA plots of SA-x (x=2 to 8) scanned at a rate of 10.0 ℃ 

min
−1

. (The weight of SA-2, SA-3 or SA-4 began to lose about 5% at about 240 ℃, 

similar to SA-1, while SA-5 and SA-6 began at 270 ℃, and most of the bulks of SA-x 

(x=2 to 6) had volatilized to the top substrate of TGA scale. Notably, SA-7 and SA-8 

began to loss 5% weight at above 300 ℃, and different from other SAs, part of the SA-

7 or SA-8 volatilized to the top substrate, while some black solids remained in the scale.) 

  



 

 

Supplementary Figure 18. Photographs of solid bulks and the respective spin-coated 

films of seven SAs (SA-2-SA-8) on Fe substrates. Then the films were thermal annealed 

at 140 °C for 10 minutes. (We found that the SA-x (x=2, 3, and 4) films gradually 

changed over time and had totally vanished 3 minutes later, and the substrates became 

clean. For the SA-x (x= 5, 6, 7, and 8), the films changed a little and SA-x remained on 

the substrates after thermal annealing for 10 minutes. However, for the solid bulks of 

SA-x, no changes had been seen by naked eye in the whole process, which is consistent 

with the results obtained from the TGA plot that the bulk of SA-1 exhibited very small 

weight loss at 140 °C.) 

  



 

 

Supplementary Figure 19. J−V curves of OSC devices based on PBDB-TF:IT-4F 

processed with different solid additives. 

  



 

 

Supplementary Figure 20. Test report of the PBDB-TF:IT-4F-based OSCs processed 

with SA-1 from National Institute of Metrology, China (NIM). 



 

Supplementary Figure 21. 1H NMR spectrum of SA-1. 

  



 

 

Supplementary Figure 22. 13C NMR spectrum of SA-1. 

  



 

 

Supplementary Figure 23. MS image of SA-1. 

 

  



Supplementary Figure 24. 1H NMR spectrum of SA-2. 

  



 

 

Supplementary Figure 25. 13C NMR spectrum of SA-2. 

  



 

 

Supplementary Figure 26. MS image of SA-2. 



 

Supplementary Figure 27. 1H NMR spectrum of SA-3. 

  



 

 

Supplementary Figure 28. 13C NMR spectrum of SA-3. 

  



 

 

Supplementary Figure 29. MS image of SA-3. 



 

Supplementary Figure 30. 1H NMR spectrum of SA-4.  

  



 

 

Supplementary Figure 31. 13C NMR spectrum of SA-4. 

  



 

 

Supplementary Figure 32. MS image of SA-4. 



 

Supplementary Figure 33. 1H NMR spectrum of SA-5. 

  



 

 

Supplementary Figure 34. 13C NMR spectrum of SA-5. 

  



 

 

Supplementary Figure 35. MS image of SA-5. 

  



 

 

Supplementary Figure 36. 1H NMR spectrum of SA-6. 

  



 

 

 

Supplementary Figure 37. 13C NMR spectrum of SA-6. 

  



 

 

Supplementary Figure 38. MS image of SA-6. 

  



 

 

Supplementary Figure 39. 1H NMR spectrum of SA-7. 

  



 

 

Supplementary Figure 40. 13C NMR spectrum of SA-7. 

  



 

 

Supplementary Figure 41. MS image of SA-7. 

  



 

 

Supplementary Figure 42. 1H NMR spectrum of SA-8. 

  



 

 

Supplementary Figure 43. 13C NMR spectrum of SA-8. 

  



 

 

Supplementary Figure 44. MS image of SA-8. 

  



Supplementary Tables 

 

Supplementary Table 1. Photovoltaic parameters for PBDB-TF:IT-4F based devices 

with varying mole ratios of IT-4F:SA-1 incorporated into the casting solution (the 

weight ratio of PBDB-TF:IT-4F is kept as 1:1 and the devices are processed with 

thermal annealing). 

IT-4F:SA-1 

mol/mol 

Mol.wt. 

wt.%a 

Voc (V) Jsc (mA cm−2) FF PCE (%)  

1:0 0 0.89 ± 0.01 18.6 ± 0.5 (18.0) 0.71 ± 0.02 11.8± 0.3  

1:0.05 0.86 0.89 ± 0.01 18.7 ± 0.6(18.2) 0.72 ± 0.01 12.0± 0.2  

1:0.1 1.73 0.89 ± 0.01 19.0 ± 0.4 (18.8) 0.72 ± 0.01 12.2± 0.2  

1:0.5 8.6 0.88 ± 0.01 19.9 ± 0.3 (19.4) 0.75 ± 0.03 13.0± 0.3  

1:1 17.3 0.87 ± 0.01 20.3± 0.2 (20.1) 0.76 ± 0.01 13.4± 0.2  

1:1.5 25.9 0.86 ± 0.01 20.0 ± 0.3 (19.5) 0.75 ± 0.02 13.2 ± 0.2  

1:2 34.6 0.85 ± 0.01 18.3± 0.4 (17.7) 0.73 ± 0.02 11.3 ± 0.4  

1:3 51.9 0.83 ± 0.01 14.7± 0.5 (14.2) 0.65 ± 0.02 8.0 ± 0.5  

a) Integrated current density calculated from EQE curves are shown in the parentheses.  

 

Supplementary Table 2. The photovoltaic parameters of the PSCs based on PBDB-

TF:IT-4F processed with or w/o SA-1 at different film thicknesses. 

Additive Voc (V) Jsc (mA cm−2) FF PCE (%) Thickness (nm) 

None 

0.89 ± 0.01 18.9 ± 0.3 0.71 ± 0.02 11.8 ± 0.3 100 ± 10 

0.88 ± 0.01 19.1 ± 0.2 0.69 ± 0.01 11.5 ± 0.2 150 ± 10 

0.88 ± 0.01 18.9 ± 0.3 0.67 ± 0.02 11.1 ± 0.4 200 ± 10 

0.88 ± 0.01 21.2 ± 0.2 0.59 ± 0.03 11.1 ± 0.3 250 ± 10 



0.87 ± 0.01 20.4 ± 0.5 0.55 ± 0.01 9.8 ± 0.3 300 ± 10 

0.87 ± 0.01 20.0 ± 0.2 0.53 ± 0.01 9.2 ± 0.2 350 ± 10 

0.86 ± 0.01 17.5 ± 0.3 0.44 ± 0.02 6.9 ± 0.4 400 ± 10 

With 

SA-1 

0.87 ± 0.01 20.3 ± 0.2 0.76 ± 0.01 13.3 ± 0.3 100 ± 10 

0.86 ± 0.01 20.4 ± 0.6 0.75 ± 0.02 13.2 ± 0.2 150 ± 10 

0.85 ± 0.01 21.1 ± 0.2 0.70 ± 0.02 12.6 ± 0.3 200 ± 10 

0.85 ± 0.01 22.1± 0.1 0.67 ± 0.02 12.5 ± 0.2 250 ± 10 

0.84 ± 0.01 22.4 ± 0.5 0.67 ± 0.03 12.6 ± 0.4 300 ± 10 

0.84 ± 0.01 21.9 ± 0.3 0.67 ± 0.02 12.3 ± 0.2 350 ± 10 

0.83 ± 0.01 22.1 ± 0.3 0.66 ± 0.03 12.1 ± 0.4 400 ± 10 

 

Supplementary Table 3. The best photovoltaic parameters for PBDB-TF:IT-4F based 

devices processed with four different conditions including as-cast, TA, SA-1-added, 

SA-1-added/TA. 

Fabrication conditions Voc (V) Jsc

 
(mA cm

−2
) FF PCE (%) 

As-cast 0.90 18.7 0.69 11.6 

TA 0.89 19.1 0.72 12.2 

SA-1-added 0.90 20.2 0.61 11.1 

SA-1-added/TA 0.87 20.4 0.78 13.8 

 

Supplementary Table 4. Photovoltaic parameters for PBDB-TF:IT-4F based devices 

processed with SA-1 or SA-7 under different thermal annealing temperatures. 

Additive TA temperature (°C) Voc (V) Jsc (mA cm
−2

) FF PCE (%) 



17.3% SA-1 

100 0.90 19.4 0.66 11.5 

120 0.88 19.6 0.70 12.1 

140 0.87 20.4 0.77 13.7 

160 0.86 20.0 0.75 12.9 

180 0.75 19.7 0.74 10.9 

200 0.72 18.5 0.73 9.8 

19.2% SA-7 

100 0.85 19.2 0.58 9.5 

120 0.85 19.6 0.59 9.8 

140 0.84 19.8 0.70 11.6 

160 0.84 20.1 0.73 12.1 

180 0.76 19.9 0.74 11.2 

200 0.71 19.0 0.72 9.6 

 

Supplementary Table 5. Electron and hole mobility for SCLC measurements and the 

photo-CELIV mobility.  

Fabrication condition μe 

[cm2 V−1 s−1] 

μh 

[cm2 V−1 s−1] 

photo-CELIV mobility 

[cm2 V−1 s−1] 

IT-4F/TA 2.0×10−4 - - 

IT-4F+SA-1/TA 1.4×10−3 - - 

PBDB-TF:IT-4F 1.3×10−4 - 4.9×10−5 

PBDB-TF:IT-4F/TA 1.7×10−4 3.2×10−4 7.7×10−5 

PBDB-TF:IT-4F+SA-1 1.4×10−4 - 6.8×10−5 

PBDB-TF:IT-4F+SA-1/TA 1.3×10−3 3.5×10−4 1.2×10−4 

 

Supplementary Table 6. Detailed optical properties of PBDB-TF, IT-4F and their 

blend films under different treatments, including as-cast films, TA films, SA-1-added 



films and SA-1-added TA films. 

Fabrication 

conditions 

PBDB-TF IT-4F PBDB-TF1:IT-4F2 blend 

λmax 

(nm) 

εmax 

( cm-1) 

λmax 

(nm) 

εmax 

(cm-1) 

λmax1/λmax2 

(nm) 

εmax1/εmax2 

 ( cm-1) 

As-cast 617 1.05×105 718 1.11×105 626/718 8.36×104/6.36×104 

TA 620 1.08×105 718 1.12×105 627/718 8.45×104/6.63×104 

SA-1 620 1.06×105 716 1.12×105 627/714 8.36×104/6.58×104 

SA-1+TA 620 1.09×105 730 1.20×105 627/728 8.49×104/6.86×104 

 

Supplementary Table 7. Photovoltaic parameters for PBDB-TF:IT-4F based devices 

processed with DIO or SA-1 under different preparation conditions. 

Additive Preparation 

condition
a)

 

Voc (V) Jsc

 
(mA cm

−2
) FF PCE (%) 

0.5% DIO 

Device 1 0.86 ± 0.01 20.1 ± 0.2 0.75 ± 0.02 13.3 ± 0.2 

Device 2 0.84 ± 0.02 18.1 ± 2.2 0.67 ± 0.06 9.3 ± 1.3 

17.3% SA-1 

Device 1 0.87 ± 0.01 20.2 ± 0.3 0.76 ± 0.01 13.4 ± 0.2 

Device 2 0.86 ± 0.01 20.4 ± 0.3 0.75 ± 0.01 13.2 ± 0.3 

a) For the Device 1, thermal annealing of active layer film was directly carried out after 

the film casting, while Device 2 was annealed after 24 hours’ standing. 
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Supplementary Notes  

Supplementary Note 1: Synthesis of SA-1 

 

Compound 1 was synthesized as reported. 5 Thenaldehyde (0.11 g, 1 mmol) and 

compound 1 (0.73 g, 5 mmol) were added to a mixture solvent of chloroform (30 mL) 

and pyridine (1 mL). Then the reaction was placed in an oil bath at 65 ℃ and stirred 

for 48 hours. The mixture was firstly purified by silica gel column chromatography by 

using dichloromethane as eluent and then recrystallized by ethanol to offer the product 

as white solid (199 mg, yield 85%). .1H NMR (400 MHz, CDCl3, δ): 7.94 (s, 1H), 7.76 

(d, J = 8.2 Hz, 2H), 7.19 (s, 1H), 7.11 (d, J = 9.0 Hz, 1H), 2.67 (s, 3H). 13C NMR (100 

MHz, CDCl3): δ (ppm): 183.61, 182.35, 181.79, 157.27, 157.17, 156.74, 155.33, 154.56, 

151.87, 140.08, 136.84, 136.76, 136.53, 136.48, 132.55, 132.53, 128.25, 128.08, 119.36, 

119.24, 16.88. MS-EI: m/z = 260 (M+) Analytical calculation for C13H8O2S2: C 59.98, 

H 3.10. Experimental result: C 59.94, H 3.20 (See Supplementary Figure 21 to 23). 

Supplementary Note 2: Synthesis of SA-2 

 

Benzaldehyde (0.1 g, 1 mmol) and Compound 2(0.86 g, 5 mmol) were added to a 

mixture solvent of chloroform (30 mL) and pyridine (1 mL). Then the reaction was 

placed in an oil bath at 65 ℃ and stirred for 48 hours. The mixture was firstly purified 



by silica gel column chromatography by using dichloromethane as eluent and then 

recrystallized by petroleum ether to offer the product as yellow solid (187 mg, yield 

82%). .1H NMR (300 MHz, CDCl3, δ): 8.47 (dd, J = 7.7, 1.5 Hz, 2H), 8.08 – 7.98 (m, 

2H), 7.92 (s, 1H), 7.86 – 7.79 (m, 2H), 7.60 – 7.49 (m, 3H). 13C NMR (100 MHz, 

CDCl3): δ (ppm): 190.27, 189.02, 146.98, 142.56, 140.09, 135.41, 135.22, 134.15, 

133.19, 133.11, 129.20, 128.80, 123.38, 123.35. MS-EI: m/z = 233 (M+) Analytical 

calculation for C16H10O2: C 82.04, H 4.30. Experimental result: C 81.84, H 4.36 (See 

Supplementary Figure 24 to 26). 

Supplementary Note 3: Synthesis of SA-3 

 

Benzaldehyde (0.1 g, 1 mmol) and compound 1 (0.86 g, 5 mmol) were added to a 

mixture solvent of chloroform (30 mL) and pyridine (1 mL). Then the reaction was 

placed in an oil bath at 65 ℃ and stirred for 48 hours. The mixture was firstly purified 

by silica gel column chromatography by using dichloromethane as eluent and then 

recrystallized by ethanol to offer the product as yellow solid (120 mg, yield 51%).1H 

NMR (400 MHz, CDCl3, δ): 8.30 (d, J = 8 Hz 2H), 7.65(d, J = 10 Hz 1H), 7.48 (m, 

3H), 7.14 (d, J = 10 Hz, 1H), 2.68 (s, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm): 

184.48, 183.61, 182.35, 157.91, 157.53, 155.22, 142.79, 133.54, 132.81, 132.53, 

132.35, 132.17, 128.65, 119.56, 119.25, 16.91. MS-EI: m/z = 253 (M+) Analytical 

calculation for C15H10O2S: C 70.85, H 3.96. Experimental result: C 70.88, H 3.41 



(See Supplementary Figure 27 to 29). 

Supplementary Note 4: Synthesis of SA-4 

 

Thenaldehyde (0.11 g, 1 mmol) and Compound 2(0.86 g, 5 mmol) were added to a 

mixture solvent of chloroform (30 mL) and pyridine (1 mL). Then the reaction was 

placed in an oil bath at 65 ℃ and stirred for 48 hours. The mixture was firstly purified 

by silica gel column chromatography by using dichloromethane as eluent and then 

recrystallized by ethanol to offer the product as yellow solid (189 mg, yield 79%). .1H 

NMR (300 MHz, CDCl3, δ): 8.07 (d, J = 3.1 Hz, 1H), 8.03 (s, 1H), 8.02 – 7.94 (m, 2H),  

7.88 (d, J = 5.0 Hz, 1H), 7.84 – 7.75 (m, 2H), 7.26 – 7.21 (m, 1H). 13C NMR (100 MHz, 

CDCl3): δ (ppm): 190.30, 189.45, 142.12, 141.70, 140.44, 138.25, 137.47, 136.29, 135.19, 

134.96, 135.19, 134.96, 128.64, 124.82, 123.15. MS-EI: m/z = 240 (M+) Analytical calculation 

for C14H8O2S: C 69.98, H 3.36. Experimental result: C 69.73, H 3.43 (See Supplementary 

Figure 30 to 32). 

Supplementary Note 5: Synthesis of SA-5 

 

Benzaldehyde (0.1 g, 1 mmol) and Compound 3(0.99 g, 5 mmol) were added to a 

mixture solvent of chloroform (30 mL) and pyridine (1 mL). Then the reaction was 

placed in an oil bath at 65 ℃ and stirred for 48 hours. The mixture was firstly purified 



by silica gel column chromatography by using dichloromethane as eluent and then 

recrystallized by ethanol to offer the product as faint yellow solid (194 mg, yield 

72%). .1H NMR (300 MHz, CDCl3, δ): 8.51 – 8.40 (m, 2H), 7.90 (s, 1H), 7.84 – 7.74 

(m, 2H), 7.63 – 7.49 (m, 3H). 13C NMR (100 MHz, CDCl3): δ (ppm): 187.99, 186.64, 

143.73, 134.32, 133.69, 132.77, 128.92, 128.05, 112.55, 112.37, 112.20. MS-EI: m/z = 

269 (M+) Analytical calculation for C16H8F2O2: C 71.11, H 2.98. Experimental result: 

C 70.82, H 3.05. (See Supplementary Figure 33 to 45) 

Supplementary Note 6: Synthesis of SA-6 

 

Thenaldehyde (0.11 g, 1 mmol) and Compound 3(0.99 g, 5 mmol) were added to a 

mixture solvent of chloroform (30 mL) and pyridine (1 mL). Then the reaction was 

placed in an oil bath at 65 ℃ and stirred for 48 hours. The mixture was firstly purified 

by silica gel column chromatography by using dichloromethane as eluent and then 

recrystallized by ethanol to offer the product as yellow solid (193 mg, yield 70%). . 1H 

NMR (300 MHz, CDCl3, δ): 8.09 (d, J = 3.8 Hz, 1H), 8.01 (s, 1H), 7.92 (d, J = 5.0 Hz, 

1H), 7.76 (ddd, J = 8.2, 6.8, 2.6 Hz, 2H), 7.28 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 

(ppm): 142.29, 139.05, 137.20, 136.88, 128.88, 123.75.  MS-EI: m/z = 276 (M+) 

Analytical calculation for C16H8F2O2: C 71.11, H 2.98. Experimental result: C 70.84, 

H 3.05 (See Supplementary Figure 36 to 38). 

Supplementary Note 7: Synthesis of SA-7 



 

Thenaldehyde (0.11 g, 1 mmol) and Compound 4(0.97 g, 5 mmol) were added to a 

mixture solvent of chloroform (30 mL) and pyridine (1 mL). Then the reaction was 

placed in an oil bath at 65 ℃ and stirred for 48 hours. The mixture was firstly purified 

by silica gel column chromatography by using dichloromethane as eluent and then 

recrystallized by ethanol to offer the product as orange solid (193 mg, yield 70%). 1H 

NMR (300 MHz, CDCl3, δ): 8.94 (s, 1H), 8.72 (dd, J = 6.4, 1.9 Hz, 1H), 8.02 – 7.89 

(m, 3H), 7.84 – 7.72 (m, 2H), 7.32 – 7.26 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 

(ppm):187.90, 160.59, 144.29, 141.17, 139.92, 138.27, 137.09, 137.03, 135.41, 134.82, 

128.56, 125.48, 124.11, 123.88, 114.24, 114.06, 70.97. MS-EI: m/z = 288 (M+) 

Analytical calculation for C17H8N2OS: C 70.82, H 2.80. Experimental result: C 70.35, 

H 2.83, N 9.69 (Supplementary Figure 39 to 41). 

Supplementary Note 8: Synthesis of SA-8 

 

Compound 5 (0.13 g, 1 mmol) and Compound 4(0.97 g, 5 mmol) were added to a 

mixture solvent of chloroform (30 mL) and pyridine (1 mL). Then the reaction was 

placed in an oil bath at 65 ℃ and stirred for 48 hours. The mixture was firstly purified 



by silica gel column chromatography by using dichloromethane as eluent and then 

recrystallized by ethanol to offer the product as orange solid (214 mg, yield 71%). 1H 

NMR (300 MHz, CDCl3, δ): 8.85 (s, 1H), 8.70 (dd, J = 6.3, 2.0 Hz, 1H), 7.93 (dd, J = 

5.9, 2.5 Hz, 1H), 7.81 – 7.71 (m, 3H), 6.99 (d, J = 3.3 Hz, 1H), 2.66 (s, 3H). 13C NMR 

(100 MHz, CDCl3): δ (ppm): 188.10, 160.85, 159.07, 145.81, 139.89, 138.60, 136.93, 

135.57, 135.15, 134.57, 127.96, 125.34, 123.87, 122.10, 114.48, 114.33, 69.89, 16.48. 

MS-EI: m/z = 302 (M+) Analytical calculation for C18H10N2OS: C 71.51, H 3.33, N 

9.27. Experimental result: C 71.13, H 3.19, N 9.35 (See Supplementary Figure 42 to 

44). 

Supplementary Note 9: Materials 

Polymer PBDB-TF3 and small molecule IT-4F4 were prepared according to the reported 

literatures. Herein, PBDB-TF exhibits a Mn of 14.3 kDa with a polydispersity index 

(PDI) of 2.3. PFN-Br, Compound 2, Compound 3, Compound 4, and Compound 5 were 

purchased from Solarmer Materials (Beijing) Inc. All the other reagents and solvents 

were purchased from Sigma Aldrich, Alfa Aesar Co., TCI chemical Co., Thermo Fisher 

Scientific Inc. and used without further purification.  

 

  



Supplementary Methods 

Optical absorption and electro chemical properties. Absorption spectra of diluted 

solutions (dissolved in chloroform) and films (spin-coated on quartz substrates) were 

measured on a Hitachi UH4150 UV-Vis spectrophotometer. The films with or without 

SA-1 were spin-coated from the respective solutions at the same spin speed and had 

almost the same thickness. The molecular energy levels measurements were carried out 

by measuring the CV of SA-1 in CH2Cl2 solution (1mM) containing 

Tetrabutylammonium hexa-fluorophosphate (Bu4NPF6, 0.1 M) as the supporting 

electrolytes on a CHI650D electrochemical workstation with three electrodes system 

(glassy-carbon, platinum-wire and Ag/Ag+ electrode as working electrode, counter 

electrode, and reference electrode) as electrolyte. The voltages were referenced 

externally to ferrocene (Fc) redox couple (4.80 eV below vacuum) and the scan rate 

was 50 mV/s.  

Material characterization. The 1H NMR spectra were recorded on a BRUKER 

Fourier 300 spectrometer in CDCl3 at 293 K. Thermogravimetric analysis (TGA) was 

measured on a Pyris 1 TGA under a nitrogen flow. Differential scanning calorimetry 

(DSC) measurements were performed using a TA Instruments differential scanning 

calorimeter (Q2000) under nitrogen at a heating rate of 10 ℃ min–1. 

SCLC charge mobility measurement. The hole-only and electron-only device 

structures of ITO/PEDOT:PSS/pristine or blend films /Au and ITO/ZnO/ pristine or 

blend films /Al were used to perform the mobility measurements, respectively. The 

mobilities of the blend film were measured by the SCLC method, and the equation J = 



(9/8)εoεrμeV
2/L3 was used to calculate the mobilities, where εo is the vacuum permittivity, 

εr is the dielectric constant of the polymer, μ is the charge carrier mobility, V is the 

effective applied voltage, and L is the thickness of the film. 

Photo-CELIV. The charge carrier mobility (μ) is calculated using the following 

equation (1):  

  

  (1) 

where d is the active layer thickness, A is the voltage rise speed, tmax is the time 

corresponding to the maximum of the extraction peak, and j(0) is the displacement 

current. 

Lifetime testing. The devices were tested continuously for 130 hours on a Photovoltaic 

Performance Decay Testing System (Model: PVLT-6001M-16A) under the maximum output 

conditions.  
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