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Measurements 

Hydrogen nuclear magnetic resonance (1H NMR) and carbon nuclear magnetic 

resonance (13C NMR) spectra were measured on BRUKER DMX 400 spectrometers. 

Chemical shifts for hydrogens are reported in parts per million (ppm,  scale) downfield 

from tetramethylsilane and are referenced to the residual protons in the NMR solvent 

(CDCl3:  7.26). 13C NMR spectra were recorded at 100 MHz. Chemical shifts for 

carbons are reported in parts per million (ppm,  scale) downfield from 

tetramethylsilane and are referenced to the carbon resonance of the solvent (CDCl3:  

77.0). The data are presented as follows: chemical shift, multiplicity (s = singlet, d = 

doublet, t = triplet, m = multiplet and/or multiple resonances, br = broad), coupling 

constant in Hertz (Hz), and integration. MALDI-TOF measurements were performed 

on an Applied Biosystems 4700 Proteomics Analyzer. Elemental analyses were 

measured on a Carlo Erba 1106 elemental analyzer. UV-vis spectra were recorded on a 

JASCO V-570 spectrometer. Cyclic voltammetry (CV) measurements were carried out 

on a CHI640C analyzer in a conventional three-electrode cell setup with glassy-carbon 

electrode as the working electrode, a platinum wire as the counter electrode, Ag/Ag+ as 

the reference electrode and calibrated with ferrocene/ferrocenium (Fc/Fc+) as an 

external potential marker in anhydrous CH2Cl2 solution containing 0.1 M 

tetrabutylammonium perchlorate (TBAP) as a supporting electrolyte under a nitrogen 

atmosphere at room temperature. All potentials were corrected against Fc/Fc+. CV was 

measured with a scan rate of 100 mV/s. Thermogravimetric analysis (TGA) was 

performed on a Shimadzu DTG 60 instrument at a heating rate of 10 °C min1 under a 

N2 atmosphere with runs recorded from room temperature to 550 °C. Atomic force 

microscopy (AFM) images of the thin films were obtained on a Nanoscope IIIa AFM 

(Digital Instruments) operating in tapping mode. Transmission electron microscopy 

(TEM) was performed using a JEOL 2200FS instrument at 160 kV accelerating voltage. 

EQEEL values were obtained from an in-house-built system comprising a Hamamatsu 

silicon photodiode 1010B, a Keithley 2400 Source Meter for supplying voltages and 

recording injected current, and a Keithley 485 picoammeter for measuring the emitted 

light intensity. FTPS-EQE was measured using a Vertex 70 fro Bruker Optics, equipped 

with a quartz tungsten halogen lamp, quartz beam splitter and external detector option. 

A low-noise current amplifier (SR570) was used to amplify the photocurrent produced 

on illumination of the photovoltaic devices with light modulated by the Fourier 

transform infrared spectroscope (FTIR). The output voltage of the current amplifier was 

fed back into the external detector port of the FTIR, to be able to use the FTIR's software 

to collect the photocurrent spectrum.   

 

GIWAXS 

GIWAXS characterization of the thin films was performed at PLS-II 9A USAXS beam 

line of the Pohang Accelerator Laboratory in Korea. X-rays coming from the invacuum 

undulator (IVU) were monochromated (wavelength λ = 1.109 94 Å) using a double 

crystal monochromator and focused both horizontally and vertically (450 (H) × 60 (V) 

μm2 in fwhm at sample position) using K-B type mirrors. The GIWAXS sample stage 

was equipped with a 7-axis motorized stage for the fine alignment of sample, and the 
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incidence angle of X-ray beam was set to be 0.13–0.135° for polymer, ATT- 6, ATT-7 

and their bend films. GIWAXS patterns were recorded with a 2D CCD detector 

(Rayonix SX165), and X-ray irradiation time was 6–9 s, dependent on the saturation 

level of the detector. Diffraction angles were calibrated using a sucrose standard 

(monoclinic, P21, a = 10.8631 Å, b = 8.7044 Å, c = 7.7624 Å, β = 102.938 Å) and the 

sample-to detector distance was ~231 mm. 

 

Device Characterization 

The current density–voltage (J–V) characteristics of unencapsulated photovoltaic 

devices were measured under N2 using a Keithley 2400 source meter. A 300 W xenon 

arc solar simulator (Oriel) with an AM 1.5 global filter operated at 100 mW cm−2 was 

used to simulate the AM 1.5G solar irradiation. The illumination intensity was corrected 

by using a silicon photodiode with a protective KG5 filter calibrated by the National 

Renewable Energy Laboratory (NREL). The external quantum efficiency (EQE) was 

performed using certified IPCE equipment (Zolix Instruments, Inc, SolarCellScan100). 

 

SCLC Mobility Measurements 

Space charge-limited currents were tested in electron-only devices with a configuration 

of Al/PTB7-Th:ATT-n/Al and hole-only devices with a configuration of 

ITO/PEDOT:PSS/PTB7-Th:ATT-n/MnO3/Al. The devices were prepared following 

the same procedure described in the experimental section for photovoltaic devices, 

except for the metal electrode. The mobilities were determined by fitting the dark 

current to the model of a single carrier SCLC current with field dependent mobility, 

which is described as[1-3] 

                           𝑱 =
𝟗𝛆𝟎𝛆𝐫𝝁𝟎𝑽

𝟐

𝟖𝑳𝟑
                           (1) 

Where J is the current, μ0 is the zero-field mobility, ε0 is the permittivity of free space, 

εr is the relative permittivity of the material, V is the effective voltage, and L is the 

thickness of the active layer. 

 

Scheme S1. Synthesis of compound ATT-4 and ATT-5. 

 

 

Dioctyl 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]dithiophene-

2,7-diyl)bis(6-formylthieno[3,4-b]thiophene-2-carboxylate) (1). 80%, dark-red solid. 
1H NMR (400 MHz, CDCl3):  9.88 (s, 2H), 8.17 (s, 2H), 7.42 (s, 2H), 7.38 (s, 2H), 

4.38 (t, 3J = 7.2 Hz, 4H), 2.112.04 (m, 4H), 1.991.92 (m, 4H), 1.841.77 (m, 4H), 
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1.461.09 (m, 52H), 0.910.76 (m, 18H); 13C NMR (100 MHz, CDCl3): δ 178.7, 162.5, 

157.0, 154.1, 145.6, 140.9, 140.7, 136.53, 136.0, 123.2, 122.8, 121.8, 114.0, 66.2, 54.6, 

39.1, 31.8, 31.5, 29.6, 29.2, 29.2, 28.6, 25.9, 24.2, 22.6, 22.5, 14.1, 14.0; MS (MALDI-

TOF) calcd for C72H94O6S6 [M]+ 1246.54, found 1246.63. 

 

Bis(2-ethylhexyl) 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b’]dithiophene-2,7-diyl)bis(6-formylthieno[3,4-b]thiophene-2-carboxylate) (2). 

78%, dark-red solid.1H NMR (400 MHz, CDCl3):  9.88 (s, 2H), 8.18 (s, 2H), 7.43 (s, 

2H), 7.39 (s, 2H), 4.31 (d, 3J = 5.6 Hz, 4H), 2.102.05 (m, 4H), 1.991.93 (m, 4H), 

1.781.73 (m, 2H), 1.461.09 (m, 48H), 0.910.76 (m, 24H); 13C NMR (100 MHz, 

CDCl3): δ 178.7, 162.5, 157.1, 154.1, 145.6, 140.9, 140.8, 136.6, 136.0, 123.3, 122.8, 

121.8, 114.0, 68.4, 54.6, 39.1, 38.9, 31.5, 30.5, 29.6, 29.0, 24.2, 23.9, 23.0, 22.5, 14.1, 

14.0, 11.1; MS (MALDI-TOF) calcd for C72H94O6S6 [M]+ 1246.54, found 1246.60. 

 

(Z)-Dioctyl 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b']dithiophene-2,7-diyl)bis(6-((Z)-(2-(dicyanomethylene)-3-ethyl-4-

oxothiazolidin-5-ylidene)methyl)thieno[3,4-b]thiophene-2-carboxylate) (ATT-4). 

75%, dark-green solid.1H NMR (400 MHz, CDCl3):  8.16 (s, 2H), 8.11 (s, 2H), 7.48 

(s, 2H), 7.41 (s, 2H), 4.414.33 (m, 8H), 2.182.11 (m, 4H), 2.041.96 (m, 4H), 

1.851.78 (m, 4H), 1.441.12 (m, 58H), 0.920.76 (m, 18H); 13C NMR (100 MHz, 

CDCl3): δ 165.6, 165.2, 162.0, 157.7, 154.4, 149.8, 146.5, 140.6, 140.2, 139.9, 136.4, 

136.3, 125.4, 124.1, 122.1, 119.8, 114.0, 113.6, 112.4, 111.3, 66.4, 55.18, 54.7, 40.8, 

39.2, 31.8, 31.6, 29.6, 29.2, 29.2, 28.6, 25.9, 24.2, 22.7, 22.5, 14.2, 14.1, 14.0; HRMS 

(MALDI-TOF) calcd for C88H104N6O6S8 [M]+ 1596.5783, found 1596.5787. Anal. 

Calcd for C88H104N6O6S8 (%): C, 66.13; H, 6.56; N, 5.26. Found: C, 66.13; H, 6.60; N, 

5.13. 

 

(Z)-Bis(2-ethylhexyl) 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b']dithiophene-2,7-diyl)bis(6-((Z)-(2-(dicyanomethylene)-3-ethyl-4-

oxothiazolidin-5-ylidene)methyl)thieno[3,4-b]thiophene-2-carboxylate) (ATT-5). 

70%, dark-green solid.1H NMR (400 MHz, CDCl3):  8.17 (s, 2H), 8.12 (s, 2H), 7.48 

(s, 2H), 7.40 (s, 2H), 4.374.31 (m, 8H), 2.172.12 (m, 4H), 2.031.98 (m, 4H), 

1.791.76 (m, 2H), 1.511.14 (m, 54H), 1.020.76 (m, 24H); 13C NMR (100 MHz, 

CDCl3): δ 165.6, 165.2, 162.0, 157.7, 154.4, 149.9, 146.5, 140.61, 140.1, 139.9, 136.4, 

136.3, 125.4, 124.2, 122.1, 119.8, 114.1, 113.6, 112.4, 111.4, 68.7, 55.2, 54.8, 40.8, 

39.2, 39.0, 31.6, 30.6, 29.6, 29.0, 24.2, 24.0, 23.0, 22.5, 14.2, 14.1, 14.0, 11.1; HRMS 

(MALDI-TOF) Calcd for C88H104N6O6S8 [M]+, 1596.5783; found, 1596.5787; Anal. 

Calcd for C88H104N6O6S8 (%): C, 66.13; H, 6.56; N, 5.26. Found (%): C, 66.13; H, 6.60; 

N, 5.13. 
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Figure S1. Thermal gravimetric analysis curve of ATT-4 (a) and ATT-5 (b). 

 

 

Figure S2. Differential scanning calorimetry (DSC) curves of ATT-1, ATT-4, and 

ATT-5 with a heating rate of 20 ℃ min-1under inert atmosphere. 

 

 
Figure S3. The normalized UV-Vis-NIR absorption spectra of ATT-1, ATT-4, and 

ATT-5 in chloroform solution. 
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Figure S4. The UV-Vis-NIR absorption spectra of ATT-1, ATT-4, and ATT-5 after 

thermal annealing at 160 ℃ for 10 min.  

 

 
Figure S5. The normalized UV-Vis-NIR absorption spectra of PBDB-T, PTB7-Th, and 

ATT-1 in thin films. 
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Figure S6. UV-Vis-NIR absorption spectra of ATT-1:PBDB-T (a), ATT-4:PBDB-T 

(b), and ATT-5:PBDB-T (c) blend films with/without thermal annealing. 
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Figure S7. Cyclic voltammogram of ATT-1 (a), ATT-4 (b), ATT-5 (c) film in 0.1 M 

n-Bu4PF6 MeCN solution and ferrocene (d) as reference compound. The scan rate is 

100 mV s-1. 

 

 

Figure S8. PL spectra of PBDB-T (excited at 620 nm) and ATT-1/ATT-4/ATT-5 

(excited at 740 nm) thin films as well as the PBDB-T:ATT-n blend film excited at 620 

and 740 nm, respectively. 
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Figure S9. (a) The electron mobility of ATT-n (n = 1, 4, 5) neat films. (b) The electron 

and (c) hole mobility of ATT-1, ATT-4, and ATT-5 optimized blend films measured 

by SCLC method.  

 

Figure S10. Measurements of the Eg of (a) ATT-1 (1.64 eV), (b) ATT-4 (1.57 eV), (c) 

ATT-5 (1.57 eV). Considering the energy levels of ATT-n change after blending with 

PBDB-T, herein the Eg is determined by the crossing point of the PL spectra and 

absorption spectra of PBDB-T:ATT-n blends. Both PL and absorption spectra are 

normalized to the feature peaks from ATT-n. 

 

Figure S11. EQEEL measurements of the (a) PBDB-T:ATT-n and (b) pure ATT-n films. 

The EQEEL values of PBDB-T:ATT-n (n=1, 4, 5) are 1.2×106, 8.0×106 and 9.4×106, 

and the EQEEL of ATT-n (n = 1, 4, 5) are 5.5×104, 4.2×104 and 3.5×104, respectively. 

All the EQEEL values are determined at JSC condition. 
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Figure S12. 2D GIWAX diffraction images of PBDB-T thin film. 

 
Figure S13. AFM (a-c) height images, (d-f) phase images, and (g-i) TEM images of 

the optimized blend films based on ATT-1:PBDB-T (a, d, g), ATT-4:PBDB-T (b, e, h), 

and ATT-5:PBDB-T (c, f, i), respectively.  
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Table S1. Photovoltaic performance of the devices based on non-fullerene electron 

acceptors, ATT-1, ATT-4, and ATT-5 with PBDB-T under the illumination of AM 

1.5G, 100 mW/cm2. 

 

Acceptors 
D/A Ratio 

(w/w) 

Annealing 

[160 ℃] 

Voc 

[V] 

Jsc 

[mA cm2] 
FF 

PCE 

[%] 

ATT-1 

1:1 N 1.03 10.26 0.42 4.42 

1.3:1 Y 0.92 15.5 0.60 8.56 

1:1 Y 0.92 16.42 0.60 9.00 

1:1.3 Y 0.91 15.37 0.54 7.60 

ATT-4 

1:1 N 1.03 12.09 0.41 5.10 

1.3:1 Y 0.93 16.02 0.68 10.12 

1:1 Y 0.93 17.31 0.70 11.22 

1:1.3 Y 0.93 15.88 0.66 9.75 

ATT-5 

1:1 N 1.01 12.43 0.44 5.49 

1.3:1 Y 0.92 16.5 0.69 10.60 

1:1 Y 0.93 18.86 0.71 12.36 

1:1.3 Y 0.92 16.93 0.70 10.98 
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NMR and MS Charts  

Dioctyl 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]dithiophene-

2,7-diyl)bis(6-formylthieno[3,4-b]thiophene-2-carboxylate) (1). 

 

Figure S14. 1H NMR spectrum of compound 1.  

 

Figure S15. 13C NMR spectrum of compound 1. 
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Bis(2-ethylhexyl) 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b’]dithiophene-2,7-diyl)bis(6-formylthieno[3,4-b]thiophene-2-carboxylate) (2). 

 

 

Figure S16. 1H NMR spectrum of compound 2. 

 

Figure S17. 13C NMR spectrum of compound 2. 
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(Z)-Dioctyl 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b']dithiophene-2,7-diyl)bis(6-((Z)-(2-(dicyanomethylene)-3-ethyl-4-

oxothiazolidin-5-ylidene)methyl)thieno[3,4-b]thiophene-2-carboxylate) (ATT-4). 

 

 

Figure S18. 1H NMR spectrum of ATT-4. 

 

Figure S19. 13C NMR spectrum of ATT-4. 
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Figure S20. HR-MALDI-TOF MS of ATT-4. 
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(Z)-Bis(2-ethylhexyl) 4,4’-(4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-

b']dithiophene-2,7-diyl)bis(6-((Z)-(2-(dicyanomethylene)-3-ethyl-4-

oxothiazolidin-5-ylidene)methyl)thieno[3,4-b]thiophene-2-carboxylate) (ATT-5). 

 

 

Figure S21. 1H NMR spectrum of ATT-5. 

 

Figure S22. 13C NMR spectrum of ATT-5. 
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Figure S23. HR-MALDI-TOF MS of ATT-5. 
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