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Synthetic procedure

We used the same method to prepare the precursors and BTPO-F.[!]

BTPO-NF The compound 1 (120 mg, 0.10 mmol) and 2-(6,7-difluoro-3-o0x0-2,3-dihydro-1H-
cyclopenta[b]naphthalen-1-ylidene)malononitrile (140 mg, 0.50 mmol) in dry CHCl; (20 mL)
was added 0.5 ml pyridine under argon. The mixture was refluxed for 6 hrs. The solution was
cooled and then quenched by pouring it into methanol. The solid in the solution was filtered and
washed with methanol. The residue was purified with silica gel chromatography using hexanes to
DCM/hexanes (1:1) as eluent to obtain the product compound BTPO-NF (163 mg, 95%) 'H
NMR (500 MHz, CDCl3;) & (ppm): 9.32 (s, 2H), 9.02 (s, 2H), 8.23 (s, 2H), 7.76-7.70 (m, 4H),
4.802-4.80 (m, 4H), 4.69-4.68 (m, 4H), 2.17-2.09 (m, 4H), 1.69-1.55 (m, 16H), 1.42- 1.32 (m,
32H), 1.07-0.89 (m, 28H), 0.73-0.70 (m, 12H). 3C NMR (100 MHz, CDCl;, §): 186.46, 162.74,
158.65, 154.91, 153.19, 147.39, 137.53, 137.24, 136.72, 134.52, 134.31, 132.03, 128.17, 119.77,
117.73, 115.10, 114.78, 114.59, 113.02, 112.15, 112.03, 67.58, 55.71, 39.35, 38.55, 31.89, 31.57,
30.78, 30.54, 30.47, 29.72, 29.68, 29.44, 29.40, 29.38, 28.83, 26.61, 23.06, 22.85, 22.80, 22.71,
22.51, 14.14, 14.02, 13.80.
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Fig. S1 Mass spectrometry data of BTPO-NF.
Measurements and Characterization

Thermogravimetric analysis (TGA) was performed with a TA Instruments Q500 apparatus; the
thermal stabilities of the samples were controlled under N, atmosphere by measuring their weight
losses while heating at a rate of 10 °C min~!. The UV—Vis spectra of solid films, spin-coated
from polymer solutions onto a quartz substrate, were recorded using a Hitachi U-4100
spectrophotometer. Differential scanning calorimetry (DSC) was recorded on a Mettler-Toledo,
2-HT differential scanning calorimeter. PL spectra were recorded using a HITACHI F-4500.
Samples were prepared by spin-casting CF solutions onto silicon substrates; the thickness was
maintained at approximately 100 nm. Cyclic voltammetry (CV) analyses of the acceptor films
were performed using a BAS 100 electrochemical analyzer operated at a scan rate of 50 mV s™;
the solvent was anhydrous MeCN, containing 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPFg) as the supporting electrolyte. The potentials were measured against a Ag/Ag* (0.01 M
AgNOs) reference electrode, using the ferrocene/ferrocenium ion (Fc/Fc*) pair as the internal
standard (0.09 V). The onset potentials were determined from the crossing of two tangents drawn
at the increasing and background currents of the cyclic voltammograms. HOMO energy levels
were estimated relative to the energy level of the ferrocene reference (4.8 eV below vacuum
level). Water contact angle measurements were performed using a water contact angle
measurement system, and the surface energy was calculated using the equation of state.
Topographic and phase images of the small molecule acceptors:PM6 films (surface area: 5 x 5
um?) were recorded using a Digital Nanoscope III atomic force microscope operated in tapping
mode under ambient conditions. The thickness of the active layer of the device was measured
using a VeecoDektak 150 surface profiler. GIWAXS was performed at the 23A beamline (10
keV) of the National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan, using
an incident angle of 0.2°. Samples were prepared by spin-casting CF solutions of the synthesized
small molecule acceptors: PM6 blends onto silicon substrates. GIWAXS experiments were
conducted after the solvent had evaporated entirely.
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Fabrication and Characterization of Photovoltaic Devices

Zinc acetate dihydrate [Zn(CH3COO),-2H,0] (1.0 g) and ethanolamine (0.28 g) were dissolved
in 2-methoxyethanol (10 mL) under dynamic stirring for 12 h. Mixture solutions of the active
layers were set by dissolving the small molecules (6 mg mL~') and PM6 (5Smg mL™") in CF,
resulting in a total concentration of 1.8 wt%. The optimal treatments involved are: 0.5% (v/v)
CN followed by TA at 90 °C for 10 min; dual additives of 0.5% CN and 25%DTT (weight ratio
relative to small molecule acceptors) followed by TA at 90°C chloroform as processing solvent.
The mixture solutions were stirred uninterruptedly in a glove box for 12 h at 90 °C to ensure
complete dissolution of the synthesized small molecule acceptors and PM6. Indium tin oxide
(ITO)—coated glass substrates (5 Q cm2, Merck) were rinsed through sequential ultrasonication
with detergent, acetone, DI water, and isopropanol (20 min each) and then dried under a flow of
N,. ZnO was spin-coated onto the UV ozone-treated ITO for 15 min and then annealed at 200 °C
for 1 h. The substrates were transferred to a dry N,—filled glove box. The ZnO layers were placed
at a thickness of nearly 40 nm, followed by accumulation of the active layers. The active layers,
formed from synthesized small molecule acceptors and PM6 blend solutions in CF, were
prepared in a glove box and then spin-cast on top of the ZnO films. The active layers of
synthesized small molecule acceptors and PM6 blends had thicknesses of approximately 100 nm.
The BHJ devices were fabricated with structures incorporating ITO/ZnO. Device fabrication was
complete after thermal evaporation of the P-type material (MoO3, 10 nm) and the anode (Ag, 100
nm) under high vacuum (ca. 107 torr). A shadow mask was used during the thermal evaporation
procedure to define a device area of 0.1 cm?.

The current density—voltage (J—V) characteristics were measured using a Keithley 2400 source
meter. The photocurrent was measured under simulated AM 1.5 G illumination at 100 mW cm—
using a Xe lamp—based Newport 150-W solar simulator. EQEs were measured using an SRF50
system (Optosolar, Germany). For measurements of hole and electron mobilities, devices were
fabricated having the structure ITO/PEDOT:PSS/active layer/Au and ITO/ZnO/binary
blend/Ca/Al, respectively. The J-V characteristics of these diodes were recorded in the dark in a
glove box under a N, atmosphere. Mobilities were extracted by fitting the J/—J curves using the
Mott—Gurney relationship (space charge-limited current).
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Fig. S2 TGA thermograms of two small molecules, recorded at a heating rate of 10 °C min™!
under a N, atmosphere.
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Fig. S3 Cyclic voltammograms of the synthesized small molecules and Y6 as solid films.
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Fig. S4 HOMO and LUMO distributions with the minimum-energy conformations of Y6, BTPO-
F, and BTPO-NF as calculated by Gaussian 09 at B3LYP/6-31G level.
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Fig. S5 (a) UV—vis absorption spectra the pure materials and (b) two kinds of binary blends,
recorded from dilute solutions(1 x 107> M) in CF
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Fig. S6 UV—vis absorption spectra of ternary blends of PM6 with BTPO-NF or BTPO-F (a) solid
films and (b) solution.
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Fig. S7 (a) Hole-only and (b) electron-only devices based on the binary and ternary blend devices.
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Fig. S8 The EQE curves of OPV devices incorporating (a)the two kinds of binary blends,
optimized ternary blends, and (b) the five ternary blends for the graphical determination of Acgge.
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Fig. S9 TGA thermograms of the same composition to the optimized ternary blend layer,
recorded at a heating rate of 10 °C min~! under a N, atmosphere.
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Fig. S10 High-resolution C 1s XPS spectra, and S 2p XPS spectra of the optimized ternary blend
layer with/without annealing.
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Table S1 The morphological parameters including crystal coherence length (CCL) of films in
out-of-plane direction obtained from 2D GIWAXS patterns.

Out of plane (100)
sample Postion A-! d-spacing A CCL A
PM6 0.33 19.03 58.2
BTPO-F 0.29 21.65 102.0
BTPO-NF 0.46 13.65 79.3
Table S2 The morphological parameters of films in out-of-plane direction obtained from 2D
GIWAXS patterns.

Out of plane (100)
El;llyllfo_ggpo F Postion A_l d-spacing A CCL A
1:1.2:0 0.31/0.39 20.25/16.10 100.3/106.8
1:0.9:0.3 0.31/0.37 20.25/16.97 99.9/110.2
1:0.6:0.6 0.31/0.37 20.25/16.97 99.9/118.4
1:0.3:0.9 0.31/0.33 20.25/19.03 90.9/129.0
1:0.2:1 0.31/0.33 20.25/19.03 70.8/166.4
1:0.1:1.1 0.31/0.33 20.25/19.03 71.2/110.4
1:0:1.2 0.33 19.03 90.7

Table S3 The energy levels and bandgaps, collected from various measurement.

Bandgap (Eg) or\ Y6 (eV) BTPO-F (eV) BTPO-NF (eV)
Amax abs(SOlution) 725 nm 703 nm 729 nm
Amax aps(film) 825 nm 760 nm 790 nm
Almax abs 100 nm 57 nm 61 nm
(solution to film)

UV-Vis optical (Eg) solid | 1.33 1.50 1.45
film,

DFT (Eg) single 1.98 2.17 2.15
molecule, eV

CV (Eg) solid film, eV 1.55 1.95 1.85
AEg = (EgDFT'EgCV), eV 0.43 eV 0.22 0.30
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Fig. S11 2-D GIWAXS patterns of Y6, BTPO-F, and BTPO-NF.
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Fig. S12 AFM height images (5 x 5 um) of the blend films.
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Fig. S13 The contact angle of the two synthesized small molecular and PM6.
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Fig. S14 J-V characteristics of PM6:Y 6 devices
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Fig. S15 The normalized power conversion efficiencies of binary and ternary blends of PM6 with

BTPO-F and/or BTPO-NF at various weight ratios varying with time under 1 sun illumination in
a nitrogen environment.
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Table S4 Detailed photovoltaic parameters of binary blend OPVs with different D:A ratio.

Jsc (mA cm™2)

FF (%)

PCEmax
(PCEg4 2, %)

19.86(19.60+0.11)
20.01(19.68+0.13)
20.24(20.010.08)
18.97(18.55+0.07)
17.69(17.47+0.17)

70.9(70.5+0.1)
72.6(71.9+0.2)
73.1(72.8+0.1)
71.3(70.9+0.1)
65.2(64.7+0.1)

13.39(13.090.15)
13.88(13.49+0.19)
14.21(13.96+0.12)
13.16(12.75+0.28)
11.37(11.11+0.21)

Active layer D:A ratio Ve (V)

PM6 :BTPO-F 1:1 0.951(0.948+0.002)
1:1.1 0.956(0.954+0.001)
1:1.2 0.961(0.958+0.002)
1:1.3 0.973(0.970+0.002)
1:1.4 0.986(0.983+0.002)

PM6 :BTPO-NF 1:1 0.941(0.939+0.001)
1:1.1 0.945(0.943+0.001)
1:1.2 0.952(0.950+0.001)
1:1.3 0.967(0.965+0.001)
1:1.4 0.971(0.969+0.001)

20.88(20.430.15)
20.95(20.68+0.09)
21.01(20.79+0.14)
20.47(20.02+0.12)
18.12(17.47+0.31)

72.1(71.5+0.2)
73.4(72.8+0.1)
75.9(74.6+0.2)
72.5(71.3+0.1)
69.3(68.6+0.1)

14.16(13.71x0.11)
14.53(14.19+0.21)
15.18(14.73+0.27)
14.35(13.77+0.33)
12.19(11.61£0.29)

a)Ten devices were fabricated in each case.
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Table S5 Detailed photovoltaic parameters of binary blend OPVs under the same optimal
donor/receptor weight ratio of 1:1.2 with different concentration using CF as solvent

Active layer (Cn(:;l/cnellg; ation Voc (V) Jsc (mAcm™2) FF (%) FPCCEEIJI;Z " %)

PM6 :BTPO-F 1.8 0.959(0.956+0.002)  19.86(19.68+0.08)  70.9(70.6+0.1) 13.50(13.28+0.09)
2.0 0.961(0.958+0.001)  20.01(19.89+0.07)  72.6(71.9£0.1) 13.96(13.71+0.06)
2.2 0.961(0.958+0.002)  20.24(20.01+£0.08)  73.1(72.8+0.1) 14.21(13.96+0.12)
2.4 0.960(0.958+0.001)  19.97(19.91+0.04)  71.3(71.1£0.1) 13.67(13.55+0.11)
2.6 0.959(0.956+0.002)  19.81(19.63+0.09) 70.9(70.5+0.2) 13.47(13.23+0.15)

PM6 :BTPO-NF 1.8 0.951(0.949£0.001)  20.97(20.74=0.18)  73.1(72.8£0.2) 14.58(14.35+0.06)
2.0 0.952(0.950+0.001)  20.98(20.81+£0.11)  74.6(74.3+0.1) 14.89(14.68+0.17)
1:1.2 0.952(0.949+0.002)  21.01(20.93£0.05)  75.9(74.6£0.3) 15.18(14.73+0.27)
2.4 0.950(0.948+0.001)  20.87(20.65+0.12)  73.6(73.1£0.3) 14.59(14.31%0.16)
2.6 0.949(0.947+0.001)  20.81(20.51£0.21)  71.6(71.120.4) 14.14(13.810.08)

a)Ten devices were fabricated in each case.

Table S6 Detailed photovoltaic parameters of binary and ternary blend OPVs under different

additive treatments.

Active layer

Additive

Voc (V)

Jsc (mA cm™2)

FF (%)

PCE pax
(PCEavg ) %)

PM6:BTPO-
F

0.5%CN

25%DTT

0.5%CN
+25%DTT

0.965(0.963+0.001)
0.971(0.969+0.002)

0.989(0.986+0.002)

21.08(20.910.07)
21.29(21.11+0.05)

21.32(21.26+0.05)

76.5(76.3£0.1)
76.9(76.7%0.1)

77.1(76.9+0.1)

15.57(15.360.10)
15.89(15.68+0.14)

16.23(16.12+0.05)

PM6:BTPO-
NF

0.5%CN

25%DTT

0.5%CN
+25%DTT

0.957(0.955+0.001)
0.960(0.958+0.001)

0.961(0.959+0.002)

21.68(21.45+0.09)
22.09(21.93+0.08)

22.43(22.29+0.10)

78.2(78.1+0.1)
78.8(78.6+0.1)

79.4(79.10.2)

16.22(15.99+0.18)
16.71(16.510.13)

17.11(16.90+0.15)

PM6:BTPO-
F:BTPO-
NF=1:0.2:1

0.5%CN

25%DTT

0.5%CN
+25%DTT

0.963(0.961+0.001)

0.968(0.966+0.001)

0.971(0.969+0.001)

22.39(22.29+0.07)

22.86(22.73+0.05)

23.21(23.29+0.04)

77.9(77.7+0.1)

78.4(78.2+0.1)

79.6(79.4+0.1)

16.80(16.64+0.13)

17.34(17.17+0.10)

18.00(17.800.09)

) Twenty devices were fabricated in each case.
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Table S7 Detailed photovoltaic parameters of binary and ternary blend OPVs treated with dual
additives of CN and DTT under different rotate speed for casting active-layers.

Active layer

Jsc (mA ¢cm™2)

FF (%)

PCEmax
(PCE;.?, %)

PM6 :BTPO-F

20.89(20.81+0.04)
21.11(21.05+0.03)
21.32(21.26+0.05)
21.08(21.04+0.04)

20.77(20.69+0.06)

74.9(74.7+0.1)
76.5(76.3+0.1)
77.1(76.9+0.1)
76.8(76.6+0.1)

75.2(74.9+0.1)

15.45(15.3120.05)
15.93(15.81+0.04)
16.23(16.12+0.05)
15.99(15.89+0.03)

15.44(15.27+0.06)

PM6 :BTPO-NF

20.95(20.87+0.06)
22.11(21.95+0.07)
22.43(22.29+0.10)
22.03(21.91+0.08)

21.05(20.84+0.11)

76.4(76.1%0.2)
78.5(78.3+0.1)
79.4(79.1%0.2)
79.1(78.8+0.2)

77.2(77.0+0.1)

15.34(15.18+0.05)
16.68(16.48+0.11)
17.11(16.90+0.15)
16.71(16.52+0.12)

15.6(15.37+0.14)

PM6 :BTPO-F
:BTPO-
NF=1:0.2:1

RPM  Voc (V)
2500 0.988(0.985+0.001)
3000 0.987(0.984+0.001)
3500 0.989(0.986+0.002)
4000 0.988(0.986+0.001)
4500 0.989(0.986+0.001)
2500 0.959(0.956+0.002)
3000  0.961(0.959+0.001)
3500 0.961(0.959+0.002)
4000 0.959(0.957+0.001)
4500 0.960(0.958+0.001)
2500 0.970(0.969+0.001)
3000 0.971(0.968+0.001)
3500 0.971(0.969+0.001)
4000 0.970(0.969+0.001)
4500 0.970(0.969+0.001)

21.58(21.41+0.06)

22.01(21.83+0.09)
23.21(23.29+0.04)
21.97(21.84+0.11)

21.67(21.51+0.08)

77.2(77.0+0.1)

78.8(78.60.1)
79.6(79.4+0.1)
78.6(78.3+0.2)

77.1(76.8+0.2)

16.15(15.98+0.13)

16.84(16.6620.19)
18.00(17.80+0.09)
16.75(16.5620.12)

16.20(16.01+0.14)

a)Ten devices were fabricated in each case.
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Table S8 The state-of-the-art ternay blend photovoltaics incorporating Y-series as small
molecule acceptors.

Voc Jsc FF PCE Ref.

PM6:D18:1L8-BO 0.90 |26.7 81.9 19.6 2
PM6:1L.8-BO:BTP-H2 0.89 |26.7 80.7 19.2 3
PBQx-TF:eC9-2CI:F-BTA3 | 0.88 | 26.7 81.0 19.0 4
PM6:BTP-¢C9:L8-BO-F 0.85 27.3 80.0 18.6 5
PB2F:PM6:BTP-eC9 0.86 | 26.8 80.4 18.6 6
PM6:BTP-eC9:BTP-S2 0.87 |26.7 79.4 18.6 7
PM6:Y6-10:BO-4Cl 0.85 274 |79.0 18.5 8
PM6:BTP-eC9:BTP-F 0.86 |27.0 79.9 18.4 9
PM6:PM6-Si30:C9 0.87 [269 |[77.9 18.2 10
PM6 : L8-BO. 0.89 |258 78.6 18.1 11
PM6:BTPO-F:BTPO-NF | 0.97 | 23.3 79.6 18.0 This Work
PM6:Y6:AQx-3 0.87 |26.8 77.2 18.0 12
PM6:BTP-eC9:PC,,BM 0.845 | 2694 |79.2 18.0 13
D18-Cl:Y6-10:Y6 0.90 |258 76.9 17.9 14
PM6:Y6:Y6-BO:PCBM 0.85 26.6 78.5 17.8 15
PM6:CH1007:BT-4BO 0.88 269 |753 17.8 16
PTQ10:BTP-Ph:BTP-Th 0.88 |25.2 78.6 17.6 17
PM6: Y6-10: PC71BM 0.90 |249 78.5 17.6 18
PM6:N3:PC71BM 0.84 |26.7 |78.0 17.6 19
PM6:Y6:BTIC-EH-2ThBr 0.85 26.4 77.9 17.5 20
PM6:S3:Y6 0.85 25.8 79.1 17.5 21
PM6:Y6:C8-DTC 0.87 |26.5 75.6 17.5 22
PM6: Y6-O2BO: Y6 0.87 |252 |[789 17.5 1
PM6:Y6:BTP-S2 0.88 |26.2 75.8 17.4 23
PM6:Y6:ITCPTC 0.86 |25.6 78.8 17.4 24
PM6 : TiC12 : Y6 0.85 26.8 75.4 17.2 25
PM6:M36:MQ5 0.89 |253 76.2 17.2 26
PhI-Se:PM6:Y6:PC;,,BM 0.85 26.3 76.8 17.2 27
PM6:DRTB-T-C4:Y6 0.85 24.8 81.3 17.1 28
PM6:ABP6T-4F:CH1007 0.85 26.6 75.8 17.1 29
PM6 : Y6:BTP-M 0.87 |26.5 73.4 17.0 30
PM6 :Y6:PC,;BM/CIL:BCP | 0.85 25.9 77.2 17.0 31
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Table S9The state-of-the-art binary blend photovoltaics incorporating Y-series as small molecule

acceptors.
Voc | Jsc FF PCE Ref.

PM6:BTP-H2 093 |253 | 785 18.5 3

PM6:BTP-¢C9 0.85 |27.1 |80.8 18.5 32
PM6:AC9 087 267 |79.0 18.4 33
PM6:L8-BO 0.87 |257 |81.5 18.3 34
PM6: TP-4F-P2EH 0.88 |25.8 |80.0 18.2 35
PM6:BTP-4F-C5-16 0.84 |278 |77.6 18.2 36
PM6:BTP-eC9 0.84 |262 |8l1.1 17.8 37
PM6:BTP-4Cl 0.84 |26.7 |79.0 17.7 38
PM6-Tz20:Y6 0.86 |273 |750 17.6 39
PM6:BTP-T-3Cl 0.89 |26.0 | 758 17.6 40
PM6: A-WSSe-Cl 085 |265 |77.5 17.5 41
PM6:BTP10-4C1-C12 091 |238 |78.8 17.1 42
PM6:BTA-C5 0.85 |26.5 |76.2 17.1 43
S7Z4:N3 0.84 |260 |774 17.1 44
PM6:mBzS-4F 0.80 |27.7 |76.3 17.0 45

Table S10 Device parameters for OSCs with high V.

Voc Jsc FF | PCE | Ref.
PE31:BTAS5 1.11 13.6 | 66 10.0 | 46
PBDB-T: DT-BOC6 | 1.01 17.5 54 19.6 47
PBDB-T: ITOIC-2F | 0.9 21.0 | 65 122 | 48
J52-CI:F-BTA3 1.15 12.8 68 10.1 |49
PM6: IDTN 0.95 16.5 78 122 | 50
PBDB-T: ITIC 0.90 16.8 74 11.2 |51
PBDB-T: ITC6-IC 0.97 16.4 |73 11.6 |52
PBDB-T: IT-DM 0.97 164 |71 11.3 |53
PBDB-T: ITCC 1.01 15.9 71 114 |54
PM6: IT-M 1.02 15.7 65 10.5 |55
PBTA-PSF:ITIC 1.01 18.5 74 13.9 |56
PM6: DTTC-4Cl1 092 226 |74 154 |57
PM6: TSeTIC 0.93 194 |76 13.7 | 58
PBDFP- Bz:IT- M 1.02 18.6 | 69 129 |59
PM6: ITIC-2CI 0.92 19.0 |75 13.2 | 60
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