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1. Experimental Section

1.1 Materials

The polymeric donor PM6, starting material 1, INCN-2F and INCN-2Cl were purchased
from Solarmer Material (Beijing) Inc, eFlexPV Limited and Senior material, respectively. The
control molecule Y6 was synthesized according to the reported method by Zou et al."! The
polymeric donor D18 was synthesized according to the reported method by Ding et al.? F-2F
was synthesized according to our previously reported method.? The pre-patterned ITO glass and
the mask used for depositing metal electrodes were purchased from Advanced Election
Technology Co., Ltd. All solutions were stirred at room temperature for 12 h and filtered with
a 0.22 um PTFE filter prior to use. All the other reagents and chemicals were purchased from
commercial suppliers and were used directly without further purification. The detailed
synthesized procedures of CH-4Cl, CH-6F and CH-6CIl and their characterizations were

displayed below.

1.2 Single-Crystal Growth

Single crystals of CH-6F, CH-4Cl and CH-6Cl1 were grown by the liquid diffusion
method at room temperature. In detail, 1.5 mL of n-hexane or methanol was transferred to 0.15
mL of a concentrated chloroform solution of CH-6F, CH-4Cl and CH-6CIl slowly, and the
beautiful cuboid-shape dark purple crystals were formed on the inner glassy tube after about 10
days. The X-ray diffraction signals of single crystal were collected on Rigaku XtalAB PRO
MMO07 DW. The crystal was kept at 173.0 K during data collection. The detailed crystal

parameters of the three crystals were summarized in Table S1.



1.3 Device Fabrication and Measurement

The conventional devices based on PM6:CH-series NFAs (CH-6F, CH-4Cl and CH-6Cl)
were fabricated with an architecture of ITO/PEDOT:PSS/PM6:CH-series/PNDIT-F3N/Ag. In
detail, the ITO glass was pre-cleaned in turn in an ultrasonic bath of detergent, deionized water,
acetone, and isopropanol. Then the surface of ITO was treated with UV light in an ultraviolet-
ozone chamber (Jelight Company) for 15 min. A thin layer of poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, Baytron PVP Al 4083) was prepared
by spin-coating the PEDOT:PSS solution at 4300 rpm for 20 s on the ITO substrate. Note that
the PEDOT:PSS solution was pre-filtered through a 0.45 mm poly(tetrafluoroethylene) (PTFE)
filter. Subsequently, the PEDOT:PSS films were baked at 150 °C for 20 min in air and
transferred to a glove box filled with argon. Then the PM6:CH-series mixtures (D:A ratio=1:1)
were fully dissolved in chloroform (CF) with 0.3% 1-chloronaphthalene (CN) as an additive at
a total concentration of 14 mg/mL and the resulting solutions were spin-casted at 2100 rpm for
30 s onto the PEDOT:PSS layer. After that, about 20 nm thickness of PNDIT-F3N (dissolved
in methanol with 0.3% v/v glacial acetic acid at the concentration of 1.5 mg/mL) layer was spin-
coated on the top of the active layer. Finally, a layer of Ag with a thickness of 150 nm was
deposited under 2x10-° Pa. The active area of the device was 4 mm?,

The current density-voltage (J-V) curves of photovoltaic devices were recorded by a
Keithley 2400 source-measure unit. The photocurrent was measured under the simulated
illumination of 100 mW cm2 with AM1.5 G using an Enli SS-F5-3A solar simulator, which
was calibrated by a standard Si solar cell (made by Enli Technology Co., Ltd., Taiwan, and
calibrated report can be traced to NREL). The thickness of the active layers was measured by a
Veeco Dektak 150 profilometer. The EQE spectra were measured by using a QE-R Solar Cell

Spectral Response Measurement System (Enli Technology Co., Ltd., Taiwan).



1.4 UV-Visible (UV-Vis) Absorption
UV-vis spectra were obtained by a Cary 5000 UV-vis spectrophotometer. The diluted

solutions of CH-6F, CH-4Cl and CH-6C1 were kept at a low concentration of 107> M.

1.5 Thermogravimetric Analysis (TGA)and Cyclic Voltammetry (CV)

The TGA was carried out on a NETZSCH STA 409PC instrument under purified nitrogen
gas flow. The heating rate is 10 °C min™'. The CV experiments were performed with an LK98B
I Microcomputer-based Electrochemical Analyzer. All measurements were conducted at room
temperature with a three-electrode configuration. Among them, a glassy carbon electrode was
employed as the working electrode, a saturated calomel electrode (SCE) was used as the
reference electrode, and a Pt wire was used as the counter electrode. Tetrabutyl ammonium
phosphorus hexafluoride (n-BusNPFg, 0.1 M) in acetonitrile was employed as the supporting
electrolyte, and the scan rate was kept at 100 Mv s'. Electrochemically reversible ferrocene
was employed as an internal reference. The HOMO and LUMO energy levels were calculated
from the onset oxidation and the onset reduction potentials, respectively, by following the

equation Enomo= —(4.80+Exx°™%) eV, ELumo= —(4.80+E:°") eV,

1.6 Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM)
The AFM images were performed using tapping mode on a Bruker Dimension Icon atomic

force microscope. The TEM was performed on a Talos F200X G2.

1.7 Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS) and the Contact Angles
The GIWAXS samples were deposited on Si substrates by use of the same preparation
conditions with devices and were carried out with XEUSS SAXS/WAXS equipment. The

contact angles were measured using a JC2000D1 contact angle instrument.
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1.8 Photoluminescence (PL)

The PL measurements were conducted by using FLS1000 equipment. The emission
spectra and PLQY of CH-6F, CH-4Cl and CH-6CI were obtained using the same setup used
for recording electroluminescence spectra excited by an 825 nm wavelength provided by a

Xenon lamp (Detector for NIR 5509 PMT, 600~1700nm).

1.9 Electroluminescence (EL) and Electroluminescence External Quantum Efficiency
(EQEkgL)

The EL measurements were carried out by using a source meter (Keithley 2400) to inject
electric current, and the emitted photons were measured using a fluorescence spectrometer
(KYMERA-3281-B2, Andor technology LTD) with a St EMCCD camera (DU491A-1.7, Andor).
The injection current to the OSCs was kept at 1 mA by the direct current meter (PWS2326
Tectronix). For the EQEEgL measurements, a digital source meter (Keithley 2400) was employed
to inject electric current into the solar cells, and the emitted photons were collected by a Si
diode (Hamamatsu s1337-1010BQ) and indicated by a picometer (Keithley 6482). All the EQE-

EL measurements were conducted at 298 K.*

1.10 Highly Sensitive EQE (SEQE)

sEQE measurements were conducted by using a measurement system containing a halogen
lamp light source (LSH-75, Newport), and a monochromator (CS260-RG-3-MC-A, Newport),
a current amplifier, a chopper, and a phase-locked amplifier (SR830, Newport). The overtone
signals from the monochromator were blocked by a group of long pass filters (1100 nm, 900

nm, 600 nm).



1.11 Space-Charge-Limited Current (SCLC) Measurement

The SCLC method was used to measure the hole and electron mobilities, by using a diode
configuration of ITO/PEDOT:PSS/active layer/MoOs/Al for hole and ITO/ZnO/active
layer/PNDIT-F3N/AI for electron. The dark current density curves were recorded with a bias
voltage in the range of 0~8 V. The mobilities were estimated by taking current-voltage curves

and fitting the results based on the equation listed below:

a 980&{/11/2

8L
where J is the current density, ¢, is the vacuum permittivity, ¢, is the relative dielectric constant,
w is the mobility, and L is the film thickness. ¥ (Vapp—V4i) is the internal voltage in the device,

where Vapp is the applied voltage to the device and V4 is the built-in voltage due to the relative

work function difference between the two electrodes.

1.12 Measurements of Transient Photovoltage (TPV)/Transient Photocurrent (TPC)

A white light bias was generated from an array of diodes (Molex 180081-4320) with light
intensity about 0.5 sun. The light intensity of the diode pumped laser passing through an
attenuator is about 1132.5 pW/cm?. A diode pumped laser (Lapa-80) was used as the
perturbation source, with a pulse duration of 10 ns and a repetition frequency of 20 Hz. The
perturbation light intensity was attenuated to keep the amplitude of transient Voc (AVoc) below
10 mV so that AVoc<<Voc. Voltage and current dynamics were recorded on a digital
oscilloscope (Tektronix MDO4104C), and voltages at open circuit and currents under short

circuit conditions were measured over a 1 MQ and a 50 Q resistor, respectively.

2. Synthetic Section and Supporting Schemes

Synthesis of CHs.
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Scheme S1. The overall synthetic route to CH-series. Reagents and conditions: (I)
LiAlIH4, THF, reflux; (II) DDQ, CHCls, then 4,5-difluorobenzene-1,2-diamine or 4,5-
dichlorobenzene-1,2-diamine, 0 °C to room temperature; (III) POCIl;, DMF, CICH2CH2Cl,
reflux; (IV)  2-(6,7-difluoro-3-o0x0-2,3-dihydro-1H-cyclopenta[b] naphthalen-1-ylidene)
malononitrile or  2-(5,6-dichloro-3-0x0-2,3-dihydro-1H-inden-1-ylidene) malononitrile,

pyridine, CHCIs3, reflux.
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Scheme S2. Synthesis of compound 2. Under the protection of argon, LiAlH4 (119 mg,
3.14 mmol, 5.0 eqg.) was added to a solution of compound 1 (750 mg, 0.63 mmol, 1.0 eq.) in
tetrahydrofuran (THF, 50 mL). The resulting mixture was stirred and heated to reflux for 12 h.
After being cooled to 0 °C, water (30 mL) is slowly dropped into the reaction and extracted

with dichloromethane. The organic layer was dried over anhydrous Na>SOas for 1 h. After

removal of solvent, the crude product was dissolved in chloroform (45 mL), then 3-dichloro-5,
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6-dicyano-1, 4-benzoquinone (DDQ, 285 mg, 1.26 mmol, 2.0 eq.) and 5-difluorobenzene-1,2-
diamine (452 mg, 3.14 mmol, 5.0 eq.) were added to the solution in turn. The reaction was
stirred at room temperature for 6 h, and the solvent was removed under vacuum. Finally, the
residue was purified by column chromatography to give compound 2-2F as a red solid. (625
mg, 78%). Compound 2-2Cl is obtained by a similar method with a yield of 75% as a red solid.

Data for compound 2-2F: 'H NMR (400 MHz, CDCls) & 8.17 (t, J=9.3 Hz, 1H), 7.03 (s,
1H), 4.67 (d, J=6.6 Hz, 2H), 2.87 (s, 2H), 2.16 (s, 1H), 1.90 (s, 2H), 1.54-1.24 (m, 17H), 1.15-
0.87 (m, 24H), 0.72-0.83 (m, 5H), 0.67 (t, J=6.2 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 153.0,
150.4, 143.1, 138.4, 138.2, 136.9, 131.6, 123.5, 123.3, 119.2, 116.7, 114.3, 55.1, 38.7, 32.0,
31.8, 31.6, 30.5, 30.4, 29.8, 29.7, 29.6, 29.5, 29.4, 29.4, 29.4, 29.2, 29.0, 25.5, 22.7, 22.6, 22.5,
14.2,14.1, 14.0. MS (m/z, MALDI): Calc. for CzgH116F2N4Ss [M+H]* 1275.81, found: 1275.78.

Data for compound 2-2CI: *H NMR (400 MHz, CDCls) 5 8.51 (s, 1H), 7.03 (s, 1H), 4.70
(d, J=7.1 Hz, 2H), 2.86 (t, J=7.6 Hz, 2H), 2.21 (s, 1H), 1.97-1.78 (m, 2H), 1.49-0.88 (m, 42H),
0.80 (t, J=7.2 Hz, 4H), 0.68 (t, J=6.8 Hz, 3H). 3C NMR (101 MHz, CDCls) & 143.2, 139.8,
138.9, 137.0, 136.9, 132.1, 131.8, 129.6, 123.5, 123.4, 119.0, 116.7, 55.0, 38.7, 32.0, 31.8, 31.7,
30.5, 30.5, 29.8, 29.6, 29.5, 29.2, 28.9, 25.6, 22.8, 22.6, 22.5, 14.2, 14.2, 14.0. Calc. for

C78H116CI2N4S4 [M]+ 1306.75, found: 1306.81.

R F R F

NN POCI;, DMF NN
CiiHa3 S ] i S Ci1Ha3 Cq1Hz3 S ] 1 S C11Ha3
[ > ] [ > ]

S S | S S ]
C6H13\X CeH13 0 CgHys CeHiz O
CgH17 CgH,; CgHi7 CgHyz
2 3: X4=F, 5-2F; X4= Cl, 5-2ClI

Scheme S3. Synthesis of compound 3. Under the protection of argon, phosphorus
oxychloride (0.3 mL) was added to a solution of compound 2 (550 mg) and N, N-

Dimethylformamide (DMF, 0.3 mL) in 1, 2-dichloroethane (CICH2CH2CIl, 50 mL). The



resulting mixture was stirred and heated to reflux for 12 h, then cooled to 0 °C. The resulting
mixture was slowly added to a saturated solution of sodium acetate (40 mL), then stirred at
room temperature for 2 h. The resulting mixture was extracted with dichloromethane and the
organic layer was dried over anhydrous Na>SO4 for 1 h. After removal of solvent, the crude
product was then purified by column chromatography on silica gel with
hexanes/dichloromethane (v/v=1:2) as eluent to afford compound 3-2F as a red solid (495 mg,
86%). Compound 2-2Cl is obtained by a similar method with a yield of 82% as a red solid.

Data for compound 3-2F: *H NMR (400 MHz, CDCls) & 10.16 (s, 1H), 8.13 (t, J=9.5 Hz,
1H), 4.70 (d, J=7.7 Hz, 2H), 3.24 (t, J=7.6 Hz, 2H), 2.14 (s, 1H), 2.05-1.85 (m, 2H), 1.58-1.47
(m, 2H), 1.35-1.41 (m, 2H), 1.25-1.36 (m, 13H), 1.14-0.81 (m, 26H), 0.76 (t, J=7.2 Hz, 3H),
0.66 (t, J=6.9 Hz, 3H).*C NMR (101 MHz, CDCl3) 5 181.7, 153.3, 151.0, 146.9, 144.2, 138.9,
138.1, 136.9, 136.8, 132.8, 129.5, 128.0, 117.6, 114.3, 55.4, 39.0, 31.9, 31.8, 31.6, 30.5, 30.5,
30.4, 29.7, 29.6, 29.6, 29.4, 29.4, 29.3, 29.1, 28.2, 25.5, 22.7, 22.6, 22.5, 14.1, 14.1, 13.9. MS
(m/z, MALDI): Calc. for CeoH116F2N40»Ss [M+H]* 1331.80, found: 1331.64.

Data for compound 3-2CIl:*H NMR (400 MHz, CDCls3) § 10.13 (s, 1H), 8.31 (s, 1H), 4.70
(d, J=7.6 Hz, 2H), 3.15 (t, J=7.4 Hz, 2H), 2.18 (s, 1H), 1.98-1.80 (m, 2H), 1.50-1.40 (m, 2H),
1.37-0.84 (m, 41H), 0.72 (t, J=7.2 Hz, 3H), 0.65 (t, J=6.8 Hz, 3H). 3C NMR (101 MHz, CDCls)
0 181.7,146.8,144.3,139.9, 138.5, 136.9, 136.7, 133.0, 132.7, 129.4, 129.3, 128.0, 117.5, 55.5,
39.1, 31.9, 31.8, 31.6, 30.6, 30.5, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.2, 28.2, 25.7, 25.7,

22.7,22.6,22.5. MS (m/z, MALDI): Calc. for CsoH116Cl2N4O2S4 [M]* 1362.74, found: 1362.76.
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Scheme S4. Synthesis of compound CH-series. Under the protection of argon, dry
pyridine (0.5 mL) was added to a solution of compound 3-2F (450 mg, 0.338 mmol, 1.0 eq.)
and 2-(5,6-difluoro-3-oxo0-2,3-dihydro-1H-inden-1-ylidene) malononitrile (232 mg, 1.01 mmol
3.0 eq.) in chloroform (CHCIs, 45 mL). The resulting mixture was stirred and heated to reflux
for 12 h. After being cooled to room temperature, the solvent was removed under a vacuum.
The crude product was then purified by column chromatography on silica gel with
hexanes/dichloromethane (v/v=1:3) as eluent to afford CH-6F as a black and blue solid (534
mg, 90%). Compound CH-4Cl is obtained by a similar method with a yield of 86% as a black
and blue solid. Compound CH-6Cl is also obtained by a similar method with a yield of 82% as
a black and blue solid.

Data for CH-6F: *H NMR (400 MHz, CDCls) 8 9.18 (s, 1H), 8.58 (dd, J=9.8, 6.2 Hz, 1H),
8.17 (t, J=9.2 Hz, 1H), 7.71 (t, J=7.5 Hz, 1H), 4.81 (d, J=7.6 Hz, 2H), 3.29 (t, J=7.6 Hz, 2H),
2.20 (s, 1H), 1.95-1.85 (m, 2H), 1.63-1.47 (m, 4H), 1.43-0.97 (m, 35H), 0.86 (t, J=6.8 Hz, 4H),
0.75 (t, J=7.2 Hz, 3H), 0.66 (t, J=6.8 Hz, 3H). 3C NMR (101 MHz, CDCls) & 186.1, 158.4,
155.7, 155.6, 154.0, 153.2, 153.0, 151.2, 151.0, 146.2, 138.9, 137.9, 137.8, 136.6, 135.9, 135.0,
134.5,133.7,133.1,131.5, 119.6, 118.8, 115.0, 114.7, 114.4,112.2, 68.0, 56.1, 39.2, 31.9, 31.9,
31.7,31.4,30.8, 30.7, 29.9, 29.7, 29.7, 29.6, 29.6, 29.4, 29.4, 29.2, 25.9, 25.8, 22.7, 22.6, 22.5,
14.1,14.1, 14.0. HRMS (m/z, MALDI): Calc. for C104H121FsNgO2S4 [M+H]* 1755.8394, found:

1755.9394 (HRMS: high resolution mass spectrum).
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Data for CH-4Cl: 'H NMR (400 MHz, CDCls) § 9.21 (s, 1H), 8.80 (s, 1H), 8.17 (t, J=9.3
Hz, 1H), 7.97 (s, 1H), 4.81 (d, J=7.7 Hz, 2H), 3.29 (t, J=7.6 Hz, 2H), 2.20 (s, 1H), 1.95-1.85
(m, 2H), 1.62-1.53 (m, 2H), 1.41-0.96 (m, 37H), 0.86 (t, J=6.7 Hz, 4H), 0.75 (t, J=7.2 Hz, 3H),
0.67 (t, J=6.7 Hz, 3H). *C NMR (101 MHz, CDCls) 5 186.2, 158.2, 154.1, 153.8, 153.6, 151.3,
151.1,146.5,139.4, 139.1, 138.8, 138.6, 137.9, 137.8, 136.3, 136.0, 135.3, 133.8, 133.6, 131.6,
126.7, 126.7, 124.9, 124.9, 119.4, 118.9, 115.1, 114.4, 114.2, 68.2, 55.9, 39.6, 31.9, 31.9, 31.7,
31.4, 30.8, 30.0, 30.0, 29.8, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 25.9, 22.7, 22.6, 22.6, 14.1.
HRMS (m/z, MALDI): Calc. for CiosH121ClaF2NsO>S4 [M+H]" 1819.7212, found: 1819.7203.

Data for CH-6CI: *H NMR (400 MHz, CDCls) § 9.21 (s, 1H), 8.88 (s, 1H), 8.53 (s, 1H),
8.00 (s, 1H), 4.85 (d, J=7.6 Hz, 2H), 3.29 (t, J=7.8 Hz, 2H), 2.25 (s, 1H), 1.93 (s, 2H), 1.46-
0.92 (m, 43H), 0.77 (t, J=7.2 Hz, 3H), 0.69 (t, J=6.8 Hz, 1H). 3C NMR (101 MHz, CDCl3) &
186.2, 158.4, 154.1, 146.6, 140.0, 140.0, 139.6, 139.3, 138.7, 138.5, 137.7, 136.2, 136.0, 135.6,
133.6, 131.8, 129.3, 126.8, 125.0, 119.7, 118.8, 115.1, 114.5, 68.4, 56.0, 39.6, 31.9, 31.9, 31.7,
31.4, 30.9, 30.0, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 26.0, 22.7, 22.6, 22.5, 14.1, 14.1. HRMS

(m/z, MALDI): Calc. for C104H121ClsNgO2S4 [M+H]* 1851.6621, found: 1851.6624.

3. Supporting Figures and Tables
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Figure S1. Normalized absorption spectra of CH-6F, CH-4Cl and CH-6CI in dilute

chloroform solutions.
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Figure S2. Cyclic voltammograms of (a) CH-6F, (b) CH-4Cl and (c) CH-6CI films. Red

line: oxidation cycle, blue line: reduction cycle.
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Figure S3. Theoretical density distribution for the frontier molecular orbits of (a, b) CH-
6F, (c, d) CH-4Cl and (e, f) CH-6CI. Note that the relative alignment of energy levels derived

from CVs (Table 1) is in accordance with the results from theoretical calculations.
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Figure S4. Thermogravimetric analysis (TGA) curves of CH-6F, CH-4Cl and CH-6CI

acceptors, respectively. The heating rate is 10 €/min under a nitrogen atmosphere.
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Figure S5. Theoretical density distribution AQ (AQ=Y¥?Lumo—¥2Homo) along the longest
axis (backbone) of (a, b) CH-6F, (c, d) CH-4Cl and (g, f) CH-6CI. Charge density difference
AQ (AQ=¥?_umo—F?Homo) along the longest axis (backbone) of the defined molecules.® Black
curves are the integral lines of the charge density difference (AQ) along the longest axis
(backbone) of the defined molecules. Red curves are the simulated results with low frequencies

wave functions by fast flourier transform filters.
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Figure S6. The monomolecular single crystallographic structures of (a-b) Y6 and (c-d)
CH-6F with two configurations in top-view and side-view. The alkyl chains and hydrogen

atoms are omitted for clarity, ds-o=the length of the S --O interaction.
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Figure S7. The monomolecular single crystallographic structures of (a-b) CH-6F, (c) CH-

4Cl and (d) CH-6CI in top-view. The alkyl chains and hydrogen atoms are omitted for clarity.
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ds.n=the length of the S --N interaction; Configuration-A and Configuration-B represent two

different configurations of CH-6F, CH-4Cl and CH-6CI have only one configuration.

Figure S8. Single-crystal packing diagrams from the (a) top view and (b) side view of Y6.

The alkyl chains and hydrogen atoms are omitted for clarity.

Figure S9. Single-crystal packing diagrams from the (a) top view and (b) side view of CH-

6F. The alkyl chains and hydrogen atoms are omitted for clarity.
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(b)

Figure S10. Single-crystal packing diagrams from (a) the top view and (b) side view of

CH-4CI. The alkyl chains and hydrogen atoms are omitted for clarity.

Figure S11. Single-crystal packing diagrams from the (a) the top view and (b) side view of

CH-6CI. The alkyl chains and hydrogen atoms are omitted for clarity.
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Figure S12. Main UNI inter-molecular potentials (>|70| kJ/mol) and the corresponding
defined modes of (a) Y6, (b) CH-6F, (c)CH-4Cl and (d) CH-6CI with respect to nearest
neighbors by Mercury software (kJ/mol). The alkyl chains and hydrogen atoms are omitted

for clarity.
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Table S1. Crystal data and structure refinement for CH6F, CH-4Cl and CH-6CI.

Compound CH-6F CH-4CI CH-6CI
Empirical formula  Ci04H120F6NgO2Ss  C104H120ClaF2NgO2Ss  C104H120ClsNgO2S4
Formula weight 1756.31 1822.11 1855.01
Temperature/k 173.0 173.0 173.0
Crystal system monoclinic trigonal triclinic
Space group P2i/c R3c P-1
alA 17.222(4) 41.303(4) 15.4157(17)
Cell b/A 59.388(13) 41.303(4) 17.5066(17)
c/A 19.162(5) 32.517(4) 19.617(2)
a/° 90 90 95.374(6)
B/° 98.290(12) 90 102.990(7)
/° 90 120 104.699(6)
Volume/A3 19394(7) 19394(7) 4925.8(9)
Z 8 8 2
Dcale, g/cm™3 1.203 1.203 1.251
w/mmt 0.922 0.922 1.844
F(000) 7472.0 7472.0 1964.0
Crystal size/mm?® 0.1>0.1>0.08 0.12>0.11>0.1 0.2>0.1>0.1
Radiation GaKa (A=1.34139)  GaKa (L= 1.34139) GaKo (A=1.34139)
26 range for daa 4.51 to 102.498 5.194 to 115.318 4.074 t0 103.38
collection/

Index ranges

Reflections
collected
Independent
reflections
Data/restraints/para
meters
Goodness-of-fit on
F2
Final R indexes
[>=2c (I)]
Final R indexes [all
data]
Largest diff.
peak/hole/e A3

-20<h<19,-68<
k<68,-22<1<22

129142

31826 [Rin=0.1461,
Rsigmazo.llzg]

31826/1984/2234

1.029

R1=0.1929,
WR2=0.3973
R1=0.2766,
WR2=0.4267

0.93/-0.75

-51<h<52,-51<
k<51,-38<1<40

184279

20892 [Rint=0.1077,
Rsigma=0.0785]

20892/733/1119

0.930

R1=0.0932,
WR2=0.2468
R1=0.1728,
WR2=0.3145

0.35/-0.33

-17<h<17,-20<
k<20,-22<1<22

50060

16305 [Rin=0.1432,
Rsigma:0.1651]

16305/1042/1193

1.346

R1=0.1337,
WR2=0.2936
R1=0.2840,
WR2=0.3449

1.10/-0.79

The X-ray diffraction signals of single crystals were collected on Rigaku XtalAB PRO MMO007

DW at 173.0 K.
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Figure S13. Structures of compound (a) F-2F and (b) PM6, and (c) energy levels of studied

chemical materials in this work.

Normalized Absorption
o

o
o

S
©

o o
» N

o
N

600 700 800 900

Wavelength (nm)

500 1000

Figure S14. Normalized absorption spectra of PM6, F-2F and Y6 in neat films.
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Figure S15. UV-vis absorption spectra of (a) PM6:CH-6F, PM6:CH-4Cl and PM6:CH-6Cl,
(b) PM6:CH-6F:F-2F, PM6:CH-4CIL:F-2F and PM6:CH-6CI:F-2F blend films. The blend
films are consistent with optimized devices. The PM6:CH-series mixtures (D:A=1:1, CF, 14
mg/mL) were spin-casted at 2100 rpm for 30 s onto the PEDOT:PSS layer. The PM6:CH-
series:F-2F mixtures (D:A=1:0.9:0.3, CF, 14 mg/mL) were spin-casted at 2200 rpm for 30 s

onto the PEDOT:PSS layer. Thermal annealing temperatures are 90°C or 100°C for PM6:CH-

series films.
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Figure S16. Photovoltaic performance of optimized PM6:Y6. (a) Current density-voltage
curves. (b) EQE spectra and integral Jsc values. The average parameters were calculated

from 15 independent devices in Table 3 and Table S16.
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Figure S17. Photovoltaic performance of optimized D18:CH-series. (a) Current density-
voltage curves. (b) EQE spectra and integral Jsc values. The average parameters were

calculated from 15 independent devices in Table S2 and Table S17-19.

Table S2. The optimal photovoltaic parameters of studied OSCs under AM 1.5G

Illumination (100 mW cm™2).

“Jsc (mA bCale.Jsc

Active layer Voc (V) em) (mA/em) “FF (%) “PCE (%)
pisCH-or (0-8905?&%7003) (24-25253.43) 2420 (74.7623.44) (16.?5328)
DISCHAC iy (sassarn 29 (s2ms05) (173852013
DISCIC (o oorinony (sazwzs) 20 (arrss) (705m0)

“Optimal and statistical results are listed outside of parentheses and in parentheses, respectively.
The average parameters were calculated from 15 independent devices. “Current densities
calculated from EQE curves.
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Figure S18. Measurements of electron and hole mobility. SCLC characteristics of (a)
electron-only and (b) hole-only CH-6F, CH-4Cl, CH-6CI and Y6 films. (c) SCLC
characteristics of electron-only devices and (d) hole-only devices of PM6:CH-6F, PM6:CH-
ACI, PM6:CH-6CIl and PM6:Y6 blend films. (e) SCLC characteristics of electron-only devices
and (d) hole-only devices of PM6:CH-6F:F-2F, PM6:CH-4CI:F-2F, and PM6:CH-6CI:F-2F
blend films. The device architectures are ITO/ZnO/active layer/PDNIT-F3N/AI for electron

mobility measurements and ITO/PEDOT:PSS/active layer/MoOz/Al for hole mobility
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measurements (the detailed data were shown in Table S3). The calculated electron/hole
mobility for PM6:CH-6F:F-2F, PM6:CH-4CI:F-2F, and PM6:CH-6CI:F-2F are 5.53x10"
4/3.08x10%, 6.17x10%3.55x10* and 6.05x10%/3.39%<10*4, respectively, with the
corresponding uelun ratios of 1.79, 1.74, and 1.78. PM6:CH-4CI:F-2F based devices exhibit
higher and more balanced charge mobilities than that of other ternary devices, which is

consistent with the results of binary devices.

§

£

o

g

£

~ 10

2

=

8 " —=— PM6:CH-6F a=0.985
a —e— PM6:CH-4Cl a=0.987
g —v— PM6:CH-6CI 0=0.988
= —=— PM6:CH-4CI:F-2F 0=0.989
=3 PM6:Y6 0=0.982
O 4

0.1 1
Light Intensity (mW cm-2)

Figure S19. Dependences of Jsc on Piignt of optimized OSCs. The dependences between Jsc

and Plight followed the formula Jpno<(Plight)* and the bimolecular recombination is negligible

when the a value approaches one.’® The a values from the PM6:CH-6F, PM6:CH-4Cl,
PM6:CH-6CIl, PM6:CH-4CIL:F-2F and PM6:Y6 devices were determined to be 0.985, 0.988,

0.987, 0.989 and 0.982, respectively.
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Figure S20. Dependences of Voc on Piight of optimized OSCs. Bimolecular recombination is
the dominant recombination mechanism when the slope of Voc versus the natural logarithm of
Piignt 1s equal to kT/g (where £ is the Boltzmann constant, 7 is the Kelvin temperature and ¢ is

the elementary charge).” The slope values from the PM6:CH-6F, PM6:CH-4Cl, PM6:CH-6Cl,

PM6:CH-4CI:F-2F and PM6:Y6 devices were determined tobe 1.17,1.12,1.15, 1.08 and 1.21

kT/q, respectively.
(a) (b) (©)
1.0 10
3 3
‘TA 3 0.8 S 08
E £ o6. S
: —=— PM6:CH-4CI:F-2F o —— PM6:CH-4CI:F-2F 7=0.27 ps 8 06 PM6:CH-4CI:F-2F 1=74.0 ps
B —
EE 3 04 S 04
= 2 3
) 2 02 £ 02
o o
0.0
; , . , . . _ 0.0 ' . : :
0.01 0.1 1 00 05 10 15 20 25 00 01 02 03 04 05
Ve (V) Time (ps) Time (ms)

Figure S21. Photovoltaic performances of optimized PM6:CH-4CI:F-2F. (a) Jph Versus Vet
curves. (b)Transient photocurrent and (c) transient photovoltage measurements of the
devices based on PM6:CH-4CI:F-2F. The exciton dissociation efficiencies (7diss) were

obtained using the equation #giss=Jsc/Jsat under short-circuit conditions (Jsat is the reverse
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saturation current). The charge collection efficiency (#c011) was calculated using the equation
Neoll=Jmax/Jsat (Jmax 18 the current density at maximum power). Under the short-circuit conditions,
the 74iss value is 98.1% for the PM6:CH-4CI:F-2F and under maximal power output conditions,
the #7con value is 88.5%. The PM6:CH-4CI:F-2F-based device shows a charge sweepout time of

0.27 ps and the carrier lifetime is 74.0 ps.
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Figure S22. Photovoltaic performances of optimized PM6:Y6. (a) Jph versus Vesr curves.
(b)Transient photocurrent and (c) transient photovoltage measurements of the devices
based on PM6:Y6. Under the short-circuit conditions, the #4iss value is 96.8% for the PM6:Y6
and under maximal power output conditions, the #con value is 86.5%. The PM6:Y 6-based device

shows a charge sweepout time of 0.45 us and the carrier lifetime is 42.8 ps.

Table S3. Charge carrier transport parameters of the PM6:CH-6F, PM6:CH-4Cl and

PM6:CH-6Cl, PM6:CH-4CI1:F-2F and PM6:Y6 blend and devices.

d

“Nai “Neoll “Slope SVSGZT)?UEI ‘Carrier e (107 un (107

. iss col b H H 2\/-1 2y\/-1
Blend Films (%) (%) a (kT/q) time Ilf(zhlgles crr;_l\)/ Cn;_l\)/ Jelpn

(1s)
PM6:CH-6F 97.8 874 0985 1.17 0.38 45.8 4.69 2.43 1.93
PM6:CH-4Cl 98.0 88.4 0988 1.12 0.31 68.9 5.24 2.89 1.81
PM6:CH-6C1 97.9 87.6 0987 1.15 0.35 58.9 5.10 2.78 1.83
PM6:CH-

4C1:F-2F 98.1 88.5 0989 1.08 0.27 74.0 6.07 343 1.77
PM6:Y6 96.8 86.5 0982 1.21 0.45 42.8 4.02 2.01 2.00
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“paiss and 7con were obtained from Jyn-Verr pots of optimized OSCs. “a was obtained from pots of
dependence of current density (Jsc) on Piight of optimized OSCs. “S was the slop of Voc versus
the natural logarithm of Pjigne obtained from plots of dependence of Voc on Piighe of optimized
OSCs. “The charge sweepout time and carrier lifetimes were calculated from the TPC and TPV
measurements, respectively. “u. and un are electron and hole mobilities of the related blends by
SCLC measurements. (All these data are displayed in Fig. 4e-i and Fig. S18-S22)

| (b)

PM6:CH-ACEF-2F

1 & “ > " xe 4.0 nm 9:2.7
-3.7 nm 5.1°
4.8 nm 15.3°
-4.2 nm -15.4

Height Sensor

Figure S23. Atomic force microscopy (AFM) for the PM6:CH-4CL:F-2F and PM6:Y6

blend film. (a, b) AFM height images. (¢, d) AFM phase images.
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Figure S24. 2D GIWAXS patterns of CH-6F, CH-4Cl, CH-6CI and Y6 neat films and PM6:CH-4Cl1.F-
2F and PM6:Y6 blend films and the corresponding IP (black dash line) and OOP (red solid line)
extracted line-cut profiles. (a-f) 2D-GIWAXS patterns and (g) 1D line-cuts. The detailed parameters of

corresponding 2D GIWAXS were in Table S4.

Table S4. The detailed parameters of corresponding 2D GIWAXS.

(010) peak (100) peak

Materials g  “dspacing FWHM °CCL | ¢ “d-spacing FWHM ’CCL

A& A A&y A A& A A& B
CH-6F 1763 3.564 0289  19.567 | 0310 20268  0.135  41.88
CH-4Cl 1792 3.506 0285  19.842 | 0324 19393  0.129  43.836
CH-6CI 1774 3542 0270 20944 | 0313 20074 0127  44.527
Y6 1723 3.647 0290 19500 | 0291  21.592  0.100  56.549
PM6:CH-6F | 1.736  3.619 0309 18301 | 0345 18212  0.068  83.160
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PM6:CH-4Cl
PM6:CH-6Cl
PM6:Y6
PM6:CH-4CI:F-2F

1.752
1.749
1.705
1.761

3.586
3.592
3.685
3.568

0.293
0.283
0.296
0.292

19.300
19.982
19.104
19.366

0.294
0.291
0.305
0.297

21.371
21.592
20.601
21.156

0.063
0.062
0.077
0.061

89.760
91.208
73.440
92.703

“Calculated from the equation: d-spacing=2m/q. ?Obtained from the Scherrer equation: CCL=
2nK/FWHM, where FWHM is the full-width at half-maximum and K is a shape factor (K= 0.9

here).

(@ = PM6:CH-6F .

Figure S25. TEM images of optimized (a) PM6:CH-6F, (b) PM6:CH-4Cl, (c) PM6:CH-

6Cl, (d) PM6:CH-4CI:F-2F and (e) PM6:Y6 blend films. The overall morphological

characteristics suggested by the TEM images are consistent with corresponding AFM images.
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Figure S26. CH-6F X-ray diffraction pattern generated with Mercury CSD software using
CH-6F single crystal diffraction data. According to the Bragg equation 2dsin6 =\ and d=2n/q,
there are strong peaks of 0.31, 0.40 and 1.82 A* observed in X-ray diffraction pattern generated
from single crystal structure data of CH-6F, corresponding to the packing distances of 20.15,

15.46 and 3.45 A, respectively.
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Figure S27. CH-4Cl X-ray diffraction pattern generated with Mercury CSD software
using CH-4Cl single crystal diffraction data. According to the Bragg equation 2dsinf =A and
d=2n/q, there are strong peaks of 0.37, 0.49 and 1.81 A ! observed in X-ray diffraction pattern
generated from single crystal structure data of CH-4Cl, corresponding to the packing distances

of 17.12, 12.33 and 3.44 A respectively.
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Figure S28. CH-6CI X-ray diffraction pattern generated with Mercury CSD software
using CH-6CI single crystal diffraction data. According to the Bragg equation 2dsin® =A and
d=2n/q, there are strong peaks of 0.37, 0.47 and 1.81 A™* observed in X-ray diffraction pattern
generated from single crystal structure data of CH17, corresponding to the packing distances of

16.81, 13.22 and 3.44 A respectively.
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Figure S29. The images of water and glycerol drops on PM6, CH-6F, CH-4CIl, CH-6CI and

Y6 pure films.

Table S5. The detailed parameters about surface energies of PM6, CH-6F, CH-4Cl, CH-6CI

and Y6 pure films.

73 (MN m) ve (MNm?) 9 (MNm) bxpm& 4 (K)
PM6 0.82 16.27 17.09 -
CH-6F 1.33 20.71 22.04 0.31
CH-4Cl 0.24 20.61 20.85 0.19
CH-6CI 0.63 21.62 22.25 0.34
Y6 1.09 21.67 22.76 0.40

“yqy represents the interfacial surface energy between compound PM6 and different acceptors.
b Xome:a TEPTESENTS the Flory-Huggins interaction parameter between compound PM6 and

compound A (or blend A).
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Figure S30. Details of optical Eg determination for (a) CH-6F, (b) CH-4Cl, (c) CH-6Cl and
(d) Y6. Eg is estimated by the cross-point of normalized absorption (red lines) and
photoluminescence (PL) spectra (blue lines)® of the CH-6F, CH-4Cl, CH-6CI and Y6 neat
films at 1.429, 1.409, 1.400 and 1.381 eV, respectively.
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Figure S31. Photoluminescence curves of the PM6 excited at 460 nm and CH-6F, CH-4ClI

and CH-6CI neat films excited at 826 nm. (a) Fluorescence quenching efficiency of
PM®6:CH-6F, PM6:CH-4Cl, PM6:CH-6CI, PM6:CH-4CI:F-2F and PM®6:Y6 blend films
excited at 460 nm. Fluorescence quenching efficiency of (b) PM6:CH-6F, (c) PM6:CH-4CI

and PM6:CH-4CI:F-2F, (d) PM6:CH-6CI blend films excited at 826 nm.
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Figure S32. sEQE of PM6:CH-6F, PM6:CH-4CIl, PM6:CH-6CI, PM6:CH-4CI:F-2F and

PM®6:Y6 based OSCs.
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Figure S33. sSEQE spectra and the fitting results for PM6:CH-4ClI:F-2F and PM6:Y6 based

device.
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Figure S34. Normalized electroluminescence spectra (EL) curves of PM6:CH-6F,

PM6:CH-4Cl, PM6:CH-6CI, PM6:CH-4CI:F-2F and PM6:Y6 based OSCs.
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Figure S35. EQEEL spectra of PM6:CH-6F, PM6:CH-4Cl, PM6:CH-6CI, PM6:CH-4CI:F-

2F and PM6:Y6 based OSCs.
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Figure S36. Photoluminescence spectra of the Y6 film excited at 826 nm together with

their quantum efficiencies.
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Figure S37. Sensitive external quantum efficiency spectra (SEQE), analysis of energetic
disorder of optimized (a) PM6:CH-6F, (b) PM6:CH-4Cl, (c) PM6:CH-6CI and (d)

PM6:CH-4CI:F-2F OSCs (e) PM6:Y6 at the absorption onset.

Table S6. Detailed photovoltaic parameters of the PM6:CH-6F based devices processed

by varied conditions under the illumination of AM 1.5 G, 100 mW c¢cm~.2

DIAWw) CN(VA) TA(T) Voc(V) Jsc(mAem?) FF (%) PCE (%)
1:0.8 ] ] 0.906 22.86 69.97 14.49
121 ] ] 0.903 24.88 70.53 15.84
1:1.2 _ _ 0.898 24.87 68.62 15.32
] 80 0.890 24.30 71.26 15.41
1:1 ] 90 0.889 25.16 71.21 15.92
_ 100 0.886 25.34 71.24 16.00
0.2% 100 0.874 25.12 73.29 16.09
0.3% 100 0.872 2531 75.99 16.77
1:1 0.5% 100 0.866 25.69 74.67 16.61
0.7% 100 0.854 21.52 72.96 13.41

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag, D=14 mg/mL in
chloroform, the resulting active layer solutions were spin-casted at 2100 rpm for 30 s.
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Table S7. Detailed photovoltaic parameters of the PM6:CH-4Cl based devices processed

by varied conditions under the illumination of AM 1.5 G, 100 mW c¢cm—2.2

D/A(w/w) CN(WN) TA(T) Voc(V) Jsc(mAcm?) FF(%) PCE (%)

1:0.8 - - 0.893 23.34 68.42 14.26
1:1 - - 0.890 24.53 70.50 15.39
1:1.2 - - 0.886 23.28 66.76 13.77
- 80 0.885 24.55 70.53 15.32

1:1 - 90 0.876 24.54 71.99 15.47
- 100 0.871 24.35 66.94 14.20

0.2% 90 0.873 26.22 74.12 16.97

1:1 0.3% 90 0.872 26.50 76.68 17.72
) 0.5% 90 0.865 26.11 75.74 17.11
0.7% 90 0.855 22.58 73.51 14.19

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag, D=14 mg/mL in
chloroform, the resulting active layer solutions were spin-casted at 2100 rpm for 30 s.

Table S8. Detailed photovoltaic parameters of the PM6:CH-6CI based devices processed

by varied conditions under the illumination of AM 1.5 G, 100 mW cm2.2

DIA(WW) CNWA) TA(T) Voc(V) Jsc(mAem?) FF (%) PCE (%)

1:0.8 - - 0.894 23.14 71.17 14.72
1:1 - - 0.889 24.51 71.83 15.65
1:1.2 - - 0.886 24.66 70.82 15.47
- 80 0.883 24.29 72.39 15.52

1:1 - 90 0.878 24.80 72.89 15.87
- 100 0.876 24.93 72.02 15.72

0.2% 90 0.874 25.76 74.63 16.80

1:1 0.3% 90 0.866 26.07 76.28 17.22
) 0.5% 90 0.863 25.70 75.43 16.64
0.7% 90 0.845 23.68 73.58 14.72

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag, D=14 mg/mL in
chloroform, the resulting active layer solutions were spin-casted at 2100 rpm for 30 s.

Table S9. Detailed photovoltaic parameters of the PM6:CH-4CIl:F-2F based devices

processed by varied conditions under the illumination of AM 1.5 G, 100 mW cm=22

DIA (wiw) (S/'\\/') TA(T) Voc(V) Jsc(mAem?) FF (%) PCE (%)
30 0.879 24.78 7441 1621
1101 03% 90 0.876 26.50 7455 1731
100 0.874 25.86 7576 17.12
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80 0.887 25.17 75.60 16.88

1:1:0.2 0.3% 90 0.881 26.29 75.76 17.54
100 0.882 25.57 74.31 16.76

80 0.885 26.00 70.47 16.21

1:1:0.3 0.3% 90 0.884 26.79 68.86 16.30
100 0.883 26.86 68.95 16.35

80 0.885 26.40 74.67 17.44

1:0.9:0.1 0.3% 90 0.882 26.52 73.27 17.13
100 0.879 26.69 74.01 17.36

80 0.888 26.89 75.00 17.91

1:0.9:0.2 0.3% 90 0.886 26.19 75.70 17.57
100 0.877 26.93 74.46 17.55

80 0.898 26.29 75.25 17.77

1:0.9:0.3 0.3% 90 0.896 26.69 76.17 18.22
100 0.889 26.72 75.75 17.99

80 0.894 26.21 72.86 17.07

1:0.9:0.4 0.3% 90 0.889 26.78 72.27 17.21
100 0.883 26.28 71.91 16.69

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag, D=14 mg/mL in
chloroform, the resulting active layer solutions were spin-casted at 2100 rpm for 30 s.

Table S10. Detailed photovoltaic parameters of the PM6:CH-6F based devices by optimal

conditions under the illumination of AM 1.5 G, 100 mW cm2.¢

Active layer Voc (V) Jsc (MA cm™) FF (%) PCE (%)
0.872 25.30 75.09 16.57
0.873 25.63 74.87 16.75
0.873 25.21 75.11 16.53
0.877 24.76 75.96 16.49
0.875 24.62 75.83 16.34
0.874 24.68 75.71 16.38
0.874 25.00 74.96 16.33
PM6:CH-6F 0.877 25.49 74.50 16.65
0.875 25.45 75.03 16.71
0.874 25.14 75.41 16.57
0.872 25.31 75.99 16.77
0.869 25.56 75.54 16.78
0.874 24.88 76.41 16.62
0.874 24.55 77.24 16.57
0.872 25.30 75.09 16.57
bAverage 0.874 25.13 75.52 16.58

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag, D=14 mg/mL in
chloroform with 0.3 vol% CN, the resulting active layer solutions were spin-casted at 2100 rpm
for 30 s; TA (100 °C). *The average values are obtained from 15 devices.
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Table S11. Detailed photovoltaic parameters of the PM6:CH-4Cl based devices by optimal

conditions under the illumination of AM 1.5 G, 100 mW cm2.¢

Active layer Voc (V) Jsc (MA cm—?) FF (%) PCE (%)
0.874 26.46 76.54 17.70
0.871 26.50 76.13 17.57
0.871 26.28 75.86 17.36
0.870 26.61 75.56 17.49
0.869 26.63 75.53 17.48
0.872 26.39 76.04 17.50
0.872 26.43 75.67 17.44
PM6:CH-4Cl1 0.871 26.63 75.83 17.59
0.873 26.33 75.84 17.43
0.872 26.50 76.68 17.72
0.871 26.23 76.45 17.47
0.870 26.73 75.59 17.58
0.871 26.83 75.30 17.60
0.871 26.53 76.40 17.65
0.870 26.43 75.67 17.40
bAverage 0.871 26.49 75.94 17.53

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag, D=14 mg/mL in
chloroform with 0.3 vol% CN, the resulting active layer solutions were spin-casted at 2100 rpm
for 30 s; TA (90 °C). *The average values are obtained from 15 devices.

Table S12. Detailed photovoltaic parameters of the PM6:CH-6Cl based devices by optimal

conditions under the illumination of AM 1.5 G, 100 mW ¢m™2.¢

Active layer Voc (V) Jsc (MA cm™) FF (%) PCE (%)
0.864 26.20 75.35 17.06
0.864 26.13 75.05 16.94
0.865 26.05 74.52 16.79
0.871 25.82 74.56 16.77
0.868 25.78 75.33 16.86
0.867 25.90 75.79 17.02
0.867 25.85 76.08 17.05
PM6:CH-6C1 0.865 25.95 76.22 17.11
0.863 26.13 75.97 17.13
0.859 25.83 76.09 16.88
0.866 26.07 76.28 17.22
0.865 26.20 75.775 17.17
0.865 26.12 75.24 17.00
0.865 26.21 74.83 16.97
0.864 26.20 75.35 17.06
bAverage 0.865 26.03 75.49 17.00

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag, D=14 mg/mL in
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chloroform with 0.3 vol% CN, the resulting active layer solutions were spin-casted at 2100 rpm
for 30 s; TA (90 °C). *The average values are obtained from 15 devices.

Table S13. Detailed photovoltaic parameters of the PM6:CH-6F:F-2F based devices by

optimal conditions under the illumination of AM 1.5 G, 100 mW ¢m2.¢

Active layer Voc (V) Jsc (MA cm~?) FF (%) PCE (%)

0.898 26.13 73.09 17.15

0.900 25.69 74.48 17.22

0.898 25.89 73.13 17.00

0.898 25.84 73.29 17.01

0.902 25.84 73.75 17.19

0.899 26.03 73.37 17.17

0.898 25.73 73.21 16.92

PM6:CH-6F:F-2F 0.895 25.81 73.30 16.93
0.895 25.62 74.61 17.11

0.894 25.60 74.72 17.10

0.897 25.60 74.61 17.13

0.895 25.57 74.56 17.06

0.897 25.66 74.32 17.11

0.896 25.87 73.69 17.08

0.899 25.53 74.58 17.12

bAverage 0.897 25.76 73.91 17.09

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; D=14 mg/mL in
chloroform with 0.5 vol% CN; the resulting active layer solutions were spin-casted at 2200 rpm
for 30 s; TA (90 °C). *The average values are obtained from 15 devices.

Table S14. Detailed photovoltaic parameters of the PM6:CH-4CI:F-2F based devices by

optimal conditions under the illumination of AM 1.5 G, 100 mW ¢m—2.4

Active layer Voc (V) Jsc (MA cm~?) FF (%) PCE (%)
0.892 26.34 75.83 17.82
0.894 26.54 75.93 18.02
0.894 26.71 75.98 18.14
0.893 26.51 75.37 17.84
0.897 26.51 75.02 17.84
0.896 26.43 76.26 18.06
PM6:CH-4Cl:F-2F 0.899 25.91 76.83 17.90
0.893 26.46 76.14 17.99
0.885 26.65 76.41 18.02
0.896 26.69 76.17 18.22
0.895 26.55 76.03 18.07
0.896 26.57 76.03 18.10
0.893 26.69 76.06 18.13
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0.893 26.66 75.84 18.06
0.892 26.35 75.99 17.86
bAverage 0.894 26.50 75.99 18.00
“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; D=14 mg/mL in
chloroform with 0.5 vol% CN; the resulting active layer solutions were spin-casted at 2200 rpm
for 30 s; TA (90 °C).” The average values are obtained from 15 devices.

Table S15. Detailed photovoltaic parameters of the PM6:CH-6CI:F-2F based devices by

optimal conditions under the illumination of AM 1.5 G, 100 mW ¢m2.¢

Active layer Voc (V) Jsc (MA cm~?) FF (%) PCE (%)

0.889 26.15 74.23 17.26

0.890 25.98 74.73 17.28

0.892 26.27 74.56 17.47

0.891 25.96 74.85 17.31

0.889 25.97 75.30 17.39

0.889 25.97 75.30 17.38

0.892 25.79 75.33 17.32

PM6:CH-6CI:F-2F 0.892 26.34 74.79 17.57
0.892 26.33 74.56 17.52

0.890 26.18 74.27 17.31

0.888 26.17 75.30 17.50

0.888 25.82 75.23 17.24

0.890 26.04 74.88 17.36

0.889 26.06 75.12 17.40

0.888 26.20 74.55 17.35

bAverage 0.890 26.08 74.87 17.38

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; D=14 mg/mL in
chloroform with 0.5 vol% CN; the resulting active layer solutions were spin-casted at 2200 rpm
for 30 s; TA (90 °C).” The average values are obtained from 15 devices.

Table S16. Detailed photovoltaic parameters of the PM6:Y6 based devices by optimal

conditions under the illumination of AM 1.5 G, 100 mW ¢m™2.¢

Active layer Voc (V) Jsc (MA cm~?) FF (%) PCE (%)
0.852 25.91 73.72 16.27
0.847 26.15 73.11 16.19
0.846 26.09 73.35 16.19
0.854 25.5 74.06 16.13
PM6:Y6 0.853 25.51 73.83 16.07
0.852 2541 73.27 15.86
0.849 25.57 73.87 16.04
0.854 25.5 74.06 16.13
0.851 26.12 72.98 16.22

43



0.847 25.84 73.73 16.14

0.850 25.84 72.08 15.83
0.851 25.81 73.89 16.23
0.850 25.83 72.73 15.97
0.851 26.09 71.41 15.85
0.848 26.14 73.23 16.23
bAverage 0.850 25.82 73.29 16.09

“The device architecture is ITO/PEDOT:PSS/active layer/PDINO/Ag; D=12 mg/mL in
chloroform with 0.5 vol% CN; the resulting solutions were spin-casted at 2200 rpm for 30 s
onto the PEDOT:PSS layer; TA (100 °C).” The average values are obtained from 15 devices.

Table S17. Detailed photovoltaic parameters of the D18:CH-6F based devices by optimal

conditions under the illumination of AM 1.5 G, 100 mW cm2.¢

Active layer Voc (V) Jsc (MA cm™) FF (%) PCE (%)
0.898 24.71 75.13 16.67
0.900 25.14 74.19 16.79
0.895 24.08 74.86 16.13
0.898 24.15 75.38 16.35
0.894 24.18 74.62 16.13
0.891 24.26 74.66 16.15
0.901 24.05 74.94 16.25
D18:CH-6F 0.900 24.76 73.64 16.40
0.899 25.20 74.40 16.86
0.899 24.93 74.02 16.58
0.899 24.35 74.74 16.35
0.898 24.81 75.13 16.74
0.897 25.24 74.89 16.96
0.895 24.08 74.86 16.13
0.902 24.28 74.56 16.33
bAverage 0.898 24.55 74.67 16.45

“The device architecture is [ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; D=4.23 mg/mL in
chloroform; the resulting solutions were spin-casted at 2500 rpm for 30 s onto the PEDOT:PSS
layer; CS2 SVA 3min. ® The average values are obtained from 15 devices.

Table S18. Detailed photovoltaic parameters of the PM6:CH-4Cl based devices by optimal

conditions under the illumination of AM 1.5 G, 100 mW cm™2.¢

Active layer Voc (V) Jsc (MA cm™2) FF (%) PCE (%)
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0.903 25.04 76.54 17.32

0.899 25.33 75.25 17.13

0.900 25.40 76.31 17.44

0.899 25.45 76.82 17.58

0.898 25.36 76.45 17.42

0.898 25.20 76.65 17.33

0.900 25.53 75.18 17.28

D18:CH-4Cl1 0.898 25.45 75.24 17.20
0.899 25.24 76.12 17.27

0.898 25.59 76.83 17.65

0.897 25.19 76.38 17.26

0.904 24.94 76.45 17.23

0.901 25.29 76.15 17.35

0.900 25.18 76.90 17.43

0.899 25.19 76.76 17.38

bAverage 0.900 25.29 76.27 17.35

“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; D=4.23 mg/mL in
chloroform; the resulting solutions were spin-casted at 2500 rpm for 30 s onto the PEDOT:PSS
layer; CS2 SVA 3min. ® The average values are obtained from 15 devices.

Table S19. Detailed photovoltaic parameters of the D18:CH-6CI1 based devices by optimal

conditions under the illumination of AM 1.5 G, 100 mW cm2.¢

Active layer Voc (V) Jsc (MA cm™) FF (%) PCE (%)
0.903 25.21 74.93 17.06
0.900 25.02 74.79 16.85
0.899 25.08 75.43 17.00
0.898 25.63 74.74 17.20
0.896 25.68 74.26 17.09
0.901 25.64 74.00 17.10
0.899 25.58 74.39 17.11
D18:CH-6Cl 0.901 25.42 75.10 17.21
0.901 25.66 73.81 17.06
0.901 25.31 74.83 17.06
0.901 25.04 75.35 17.01
0.894 25.71 74.00 17.01
0.895 25.52 75.06 17.14
0.895 25.19 75.72 17.06
0.893 25.63 75.15 17.19
bAverage 0.898 25.42 14.77 17.08
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“The device architecture is ITO/PEDOT:PSS/active layer/PNDIT-F3N/Ag; D=4.23 mg/mL in
chloroform; the resulting solutions were spin-casted at 2500 rpm for 30 s onto the PEDOT:PSS
layer; CS2 SVA 3min. ® The average values are obtained from 15 devices.

4. Supporting Notes

Note S1. The reaction mechanism in this work.

In order to explain the reaction mechanism of the crucial conversion from compound 1 to
compound 2 in Fig. 1b, we have presented the detailed reaction process including two
theoretically derived intermediates in Scheme S5 below.

Firstly, intermediate 1-1 can be afforded through a reduction of compound 1 by using
LiAlH4, which has been widely reported.® ¥, Secondly, given that compound 1-1 is a very
electron-rich system, the diamine on compound 1-1 is extremely easy to be oxidized. Therefore,
we selected a high-efficiency dehydrogenation reagent DDQ (2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone) to oxidize compound 1-1 into a good electrophile diimine intermediate la
(Similar reaction mechanism could be found in literature!!). Finally, compound 2 can be
obtained through a condensation reaction between electrophilic diimine intermediate 1a and

commercial nucleophilic 4,5-dichlorobenzene-1,2-diamine.

s Cl. ¢l
NN H,N  NH, HN NH HoN o Q
s s s s s s I:[
R R,. R R R R N N
LiAIH DDQ HoN Cl \
I\IN N\/\—4>I\IN N\/\_>I\IN N\/\ - = s s
S Lo S S L. S S R s R R
R, Ry R R R R ) | Wz T
1 intermediate:1-1 intermediate:1a S "I!R 'g S

Scheme S5. Explored synthesis routes of the central unit of CH-6CI.

Note S2. Computational methods in this work.
The starting single molecules were taken from their respective single crystals and all the

alkyl chains were replaced with methyl groups (-CH3) to reduce the computational requirements.
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The structures were subsequently optimized with Density Functional Theory (DFT) in a
vacuum within the Gaussian 16 software.!? The structure optimization, frequency analysis,
energy level of frontier molecular orbital, and the reorganization energy were obtained at the
Becke three-parameter Lee-Yang-Parr (B3LYP)!3 hybrid functional with the 6-31G(d)' basis
set. The electronic coupling between dimers can be obtained by using Prof. Shuai’s code based
on the equation:!®

1
Hiy—5 (Hii+H)Z o,

S

Here, H12=(\|/1|H|\|/2), S1=(w, lv,), H11=<\|/1|H|\|/1), H12=(\y2|H|\y2). H is the Kohn-Sham
Hamiltonian of the dimer, y,,, means the LUMO of the monomer in the dimer for electron
transport, Si,is the overlap integral. We obtained the transfer integrals at DFT/PW91PW91/6-
31G(d) level. Besides, the Mercury software was employed to obtain the total packing energy

and the 7-7 stacking interaction energy were calculated in details.'® ’

Note S3. The calculation of miscibility parameters for blend films.

The difference in surface energy (y) of PM6, CH-6F, CH-4Cl, CH-6Cl and Y6 pure films
were applied to obtain the Flory-Huggins interaction parameter y to explain the degree of
molecular miscibility between CH-series NFAs and the polymer donor (PM6). The surface

tension value (yq, = yg + ySP) can be estimated from the contact angle (6) according to the

Owens-Wendt-Kaelble’s model®:

Yyy(1cos)=2( [¥gri+ [vivd)

Here, y,/is the surface tension of the liquid in equilibrium with its vapor and y,, is that of

the solid. The measured contact angle data were listed in Figure S29. The degree of molecular

miscibility can be evaluated by Flory-Huggins interaction parameter y, calculated by formula®®:
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XA:B: K(\/Z-\/E)z

Note S4. The fitting and calculation details for the Ect

To avoid an arbitrary fitting, two boundary conditions are imposed. Firstly, we have
calculated the lower limit for the radiative recombination voltage loss (Visq) for a solar cell as
a function of Ect using the Shockley-Queisser theory, assuming that Ect is the effective energy
of the bandgap of an organic solar cell. Then, the Gaussian region in the lower energy part of
the EQE spectrum of the solar cell based on PM6:CH-series is selected and fitted. During the
fitting process, a set of f values typically in the range between 0.0001 to 0.1 have been used as
constant input values, while Ect and 1 are left as fit parameters. As a result, we could obtain a
range of values for Ect, which are used to calculate AV;, using the simple equation:

AVi=Ect/q—AVoc—AVar

The calculated AV values are compared to AVr,sq from the Shockley-Queisser theory, and
the Ect values leading to AV smaller than AVr,sq are ruled out. According to that, for example,
we could determine the minimal value for Ect, which is 1.370 eV for the solar cell based on
PM6:CH-4CI:F-2F. Then, we have determined the EQE spectrum solely due to CT absorption,
using the Marcus equation and the fit results. A loose upper boundary for Ect is that the EQE
of CT state absorption should always be lower than the that of the absorption of the singlet
states in the solar cell. Therefore, the Ect values giving rise to CT state EQE higher than the
EQE of the singlet states are also ruled out. In fact, the CT state EQE should be much smaller
than the singlet state EQE, due to the considerably weaker CT state absorption strength. To our
knowledge, the highest CT state absorption coefficient in an organic BHJ active layer is found
for the intercalated blend system of PBTTT:PCBM,?° which is only less than 5% of the singlet

absorption coefficient of PBTTT. Therefore, for deriving the maximum value of Ecr of the
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solar cells studied in this work, we could assume that the CT state EQE should contribute less
than 10% of the single state EQE. This leads to a maximum value of Ect of 1.372 eV for the
solar cell based on PM6:CH-4CI:F-2F. Therefore, the range of the values for Ect of the solar

cell is restricted to 1.3714).01 eV.

49



5. 'H and C NMR Spectra of the Key Intermediates and Final Products
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Figure S38. "H NMR spectrum of compound 2-2F at 300K in CDCls.
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Figure S39. 3C NMR spectrum of compound 2-2F at 300K in CDCls.
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Figure S41. 3C NMR spectrum of compound 2-2Cl at 300K in CDCls.
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Figure 42. "H NMR spectrum of compound 3-2F at 300K in CDCls.
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Figure 43. 3C NMR spectrum of compound 3-2F at 300K in CDCls.
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Figure 44. "TH NMR spectrum of compound 3-3Cl at 300K in CDCls.
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Figure 45. 13C NMR spectrum of compound 3-2Cl at 300K in CDCls.
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Figure 46. "TH NMR spectrum of CH-6F at 300K in CDCls.

Jadid

T T
150 140

T
180

T
190

T
200

Figure 47. 3C NMR spectrum of CH-6F at 300K in CDCls.
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Figure S51. 13C NMR spectrum of CH-6CI1 at 300K in CDCls.
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Figure S53. HRMS of CH-4CI.
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