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Materials and  Characteristics:  4,7-Dibromo-5,6-dinitrobenzo[c][1,2,5]thiadiazole and trimethyl(6-
undecylthieno[3,2-b]thiophen-2-yl)stannane were synthesized according to previously reported methods. 1,2-
bis(bromomethyl)benzene, 1,3-bis(bromomethyl)benzene, and 1,4-bis(bromomethyl)benzene were purchased
from combi-blocks. The other chemicals and reagents were purchased from Sigma-Aldrich, Tokyo Chemical
Industry Co., Ltd, and Alfa Aesar Chemical Company and used without any further purification. All solvents are
ACS and anhydrous grade by distillation. 1D 'H NMR and 3C NMR spectra of the intermediates and target
products were recorded on a Bruker AVANCE III HD 400 MHz and Varian VNMRS 600 600 MHz spectrometer
using deuterated CDCl;, o-xylene-d;o, m-xylene-d;o, and p-xylene-d;( as solvent and tetramethylsilane (TMS) as
an internal standard. (Fig. 5 and Fig. S18-S33). DOSY mode 2D-NMR spectra of the 0-BzY, m-BzY, and p-BzY
were measured on Varian VNMRS 600 600 MHz. For measuring UV-vis spectra of the 0-BzY, m-BzY, and p-
BzY, their solutions (4.00 mg mL™! in o-xylene, m-xylene, and p-xylene) were used and the films were prepared
by deposition from the 4.00 mg mL~! concentrated xylenes solution via the spin-casting method at 700 rpm. The
optical bandgaps were estimated from the absorption onset of the as-cast thin films. CV measurements were
performed on an Iviumstath with a three-electrode cell system in a nitrogen bubbled 0.1 M tetra-n-
butylammonium hexafluorophosphate (n-BusNPF) solution in acetonitrile at a scan rate of 100 mV~! s™! at room
temperature. An Ag/Ag* electrode, platinum wire, and material-coated glassy carbon electrode were used as the
reference electrode, counter electrode, and working electrode, respectively. The Ag/Ag* reference electrode was
calibrated using a Fc/Fc* redox couple as an internal standard, whose oxidation potential was set at —4.8 eV with
respect to the zero-vacuum level. HOMO and LUMO energy levels of NFAs were obtained from the equation
HOMO (eV) =—(E,°™— Ep Lt +4.8) and LUMO (eV) =—(E®™— FErL™t+4.8). The ultraviolet
photoelectron spectroscopy (UPS) analysis chamber was equipped with a hemispherical electron-energy analyzer
(Kratos Ultra Spectrometer) and was maintained at 1.0 x 10-° Torr. The TGA curves were evaluated with a Q500
(TA Instruments) with a scan rate of 5 °C min~!. The contact angles of BzY-series NFAs and PM6 were obtained

using the Phoenix 300 Model instrument.

AFM images of active layer film were recorded using Dimension ICON microscope (Bruker Nano Surface)
running with a Nano scope V controller. Grazing incidence wide-angle X-ray scattering (GIWAXS) measurement
was conducted at the PLS-II 6D beamline of the Pohang Accelerator Laboratory in Korea. The X-rays coming
from the in-vacuum undulator were monochromated (A = 1.10994 A) using a double crystal monochromator and
focused both horizontally and vertically (450 (H) x 60 (V) gm? in FWHM (full width at half maximum) @sample
position) using K-B type mirrors. The GIWAXS sample stage was equipped with a 7-axis motorized stage for the
fine alignment of the sample, and the incidence angle of the X-ray beam was set to be 0.12° for the neat and blend
films. The GIWAXS patterns were recorded with a 2D CCD detector (Rayonix SX165) and the X-ray irradiation

time was 5-30 s, dependent on the saturation level of the detector. Diffraction angles were calibrated using a
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sucrose standard (monoclinic, P21, @ = 10.8631 A, b=8.7044 A, ¢ =7.7624 A, and = 102.938°) and the sample-

to-detector distance was ~231 mm. CCL was calculated according to the following Scherrer equation:

CCL= —
q

In this equation, CCL is the crystal coherence length, K is a shape factor (0.9), and A, is the FWHM of a diffraction

peak.

Device fabrication: The PSCs were fabricated with a configuration of ITO/PEDOT:PSS/active
layer/PDINO/Al, where ITO, PEDOT:PSS, and PDINO refer to indium tin oxide, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate), and perylene diimide functionalized with amino N-oxide,
respectively. The ITO-coated glass substrates were rinsed using ultrasonic treatment in deionized water, acetone,
and isopropyl alcohol for 20 min and were subsequently dried overnight in oven. the ITO glass substrates were
treated with ultraviolet-ozone plasma to eliminate any remaining organic components. PEDOT:PSS aqueous
solution (Bayer Baytron Al 4083) was spin-coated at 4000rpm onto the ITO surface, followed by annealing at
150 °C for 20min in ambient atmosphere. Then, they were transferred into a glove box filled with inert nitrogen
gas. For the bulk heterojunction based solar cells, active layers were spun onto the PEDOT:PSS layer at 2000 rpm
for 40 s from PM6:NFA hot xylene solution (80 °C) in the absence of any additive. Without thermal annealing
treatment, methanol solution of PDINO with a concentration of 1.0 mg mL™! was spin-coated onto the as-cast
active layer at 3000 rpm for 30 s. Finally, the 100 nm aluminum was deposited under vacuum (< 3.0 X 10 Pa).

The active area of each sample was 0.042 cm?.

Solar cell characterization: The current density versus voltage (J-V) characteristics were measured using a
Keithley 2400 source under AM 1.5G solar illumination with an intensity of 100 mW cm™. The EQE
measurement was conducted by Solar Cell Spectral Response Measurement System QE-R3011 (EnliTech.) in

ambient condition.

Morphology characterization: The samples were prepared by spin-coating on the glass substrate for AFM.
AFM images of active layer film were recorded using Dimension ICON microscope (Bruker Nano Surface)

running with a Nano scope V controller.



Material synthesis:

1-(bromomethyl)-2-hexylbenzene (1a)

To a magnesium tuning in tetrahydrofuran (800 mL), 1-bromopentane (4.7 mL, 37.9 mmol) was added dropwise
and gently reflux for 2 h under argon protection. After cooling to room temperature, the mixture was transferred
dropwise via syringe into a two-neck flask containing a solution of 1,2-bis(bromomethyl)benzene (4 g, 15.2 mmol)
and copper(I) bromide methyl sulfide complex (1.28 g, 53.0 mmol) in 800 mL of tetrahydrofuran (THF) at 0 °C.
The temperature was kept for 4 h with vigorous stirring. The mixture was quenched with water and the organic
layer was extracted by dichloromethane (DCM), dried over magnesium sulfate. The residue was purified with
column chromatography with hexane as an eluent to afford the colorless liquid (1.47 g, 38%). '"H NMR (CDCl;,
400 MHz), 8 (ppm): 7.33 (dd, J=17.5, 1.4 Hz, 1H), 7.28 — 7.22 (m, 1H), 7.18 (m, 2H), 4.55 (s, 2H), 2.82 — 2.62
(m, 2H), 1.65 (m, 2H), 1.48 — 1.26 (m, 6H), 1.00 — 0.65 (m, 3H).

1-(bromomethyl)-3-hexylbenzene (1b)

The starting material was 1,3-bis(bromomethyl)benzene, (45%, 1.74 g). '"H NMR (CDCl;, 400 MHz), 8 (ppm):
7.28 —7.25 (m, 1H), 7.21 (m, 2H), 7.11 (m, 1H), 4.49 (s, 2H), 1.61 (m, 2H), 1.41 — 1.26 (m, 6H), 0.97 — 0.78 (m,
3H).

1-(bromomethyl)-4-hexylbenzene (1¢)
The starting material was 1,4-bis(bromomethyl)benzene, (43%, 1.66 g). 'H NMR (CDCl;, 400 MHz), 8 (ppm):
7.30 (m, 2H), 7.15 (m, 2H), 4.50 (s, 2H), 2.59 (m, 2H), 1.60 (m, 2H), 1.42 — 1.19 (m, 6H), 0.95 — 0.82 (m, 3H).

5,6-dinitro-4,7-bis(6-undecylthieno[3,2-b|thiophen-2-yl)benzo|c][1,2,5]thiadiazole (2)

In a two-neck round-bottom flask, 4,7-dibromo-5,6-dinitrobenzo[c][1,2,5]thiadiazole (3 g, 7.81 mmol),
trimethyl(6-undecylthieno[3,2-b]thiophen-2-yl)stannane (8.22 g, 17.97 mmol), and
tetrakis(triphenylphosphine)palladium(0) (0.45 g, 0.39 mmol) were dissolved in 30 mL of anhydrous toluene
under argon atmosphere. The mixture was stirred and refluxed overnight. After cooling to room temperature, the
solvent was evaporated under reduced pressure. The residue was purified by column chromatography using
hexane and dichloromethane as an eluent to afford the red solid (5.63 g, 89%). 'H NMR (400 MHz, CDCl;), 6
(ppm): 7.71 (s, 2H), 7.18 (s, 2H), 2.77 (m, 4H), 1.79 (m, 4H), 1.46 — 1.15 (m, 32H), 0.94 — 0.80 (m, 6H).

12,13-bis(2-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e|thieno[2',3"":4',5"|thieno[2’,3":4,5]pyrrolo[3,2-g]thieno[2',3":4,5]thieno[3,2-b]indole (3a)

Compound 2 (0.9 g, 1.11 mmol) and triethyl phosphite (14 mL) were dissolved in anhydrous o-dichlorobenzene
(14 mL) under argon atmosphere. The mixture was stirred and heated at 180 °C for 10 hours. After cooling to
room temperature, the reaction mixture was extracted with brine and dichloromethane and dried over magnesium
sulfate. After concentrating the reaction mixture under reduced pressure, the residue was transferred to two-neck

round-bottom flask. Subsequently, potassium carbonate (922 mg, 6.66 mmol), potassium iodide (1.10 g, 6.66
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mmol), and dimethylformamide (15 mL) were added into the flask and refluxed at 80 °C for an hour under argon
atmosphere. Then, compound 1a (1.42 g, 5.55 mmol) was added and stirred at 130 °C overnight. After cooling to
room temperature, the reaction mixture was extracted with DI water and dichloromethane, dried over magnesium
sulfate. The residue was purified by column chromatography with hexane and dichloromethane as an eluent to
obtain the yellow solid (486.3 mg, 40%). '"H NMR (400 MHz, CDCls), 8 (ppm): 7.49 (d, J= 7.6 Hz, 2H), 7.36 —
7.30 (m, 2H), 7.24 — 7.16 (m, 4H), 6.75 (s, 2H), 5.39 (s, 4H), 2.71 (t, J = 7.7 Hz, 4H), 1.77 (m, 4H), 1.66 — 1.59
(m, 4H), 1.38 — 1.20 (m, 44H), 0.92 — 0.83 (m, 12H).

12,13-bis(3-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e|thieno[2',3"":4',5"|thieno[2',3":4,5]pyrrolo[3,2-g]thieno[2’,3 ":4,5]| thieno[3,2-b]indole (3b)

Compound 1a was replaced with compound 1b (498.5 mg, 41%). 'H NMR (400 MHz, CDCls), 8 (ppm): 7.31 (t,
J=17.5Hz, 2H), 7.24 (d, J= 7.5 Hz, 2H), 7.00 — 6.95 (m, 4H), 6.88 (d, /= 1.0 Hz, 2H), 5.56 (s, 4H), 2.83 (t, /=
7.7 Hz, 4H), 2.66 — 2.58 (m, 4H), 1.88 (m, 4H), 1.63 — 1.56 (m, 4H), 1.34 (d, J= 7.9 Hz, 40H), 0.99 — 0.90 (m,
12H).

12,13-bis(4-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e|thieno[2',3"":4',5"|thieno[2',3":4,5]pyrrolo[3,2-g]thieno[2’,3":4,5] thieno[3,2-b]indole (3¢)

Compound 1a was replaced with compound 1¢ (547.1 mg, 45%). '"H NMR (400 MHz, CDCls), 8 (ppm): 7.20 (d,
J=17.9 Hz, 4H), 7.05 (d, J= 7.9 Hz, 4H), 6.88 (s, 2H), 5.54 (s, 4H), 2.83 (t, /= 7.7 Hz, 4H), 2.72 (t,J = 7.7 Hz,
4H), 1.88 (m, 4H), 1.72 (m, 4H), 1.52 — 1.30 (m, 40H), 1.02 — 0.93 (m, 12H).

12,13-bis(2-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e|thieno[2',3'":4",5'|thieno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-
dicarbaldehyde (4a)

Anhydrous dimethylformamide (0.7 m L), phosphorus oxychloride (0.7 mL) and 1,2-dichloroethane (2 mL) were
mixed at 0 °C in a two-neck round-bottom flask and the mixture was stirred for an hour. Then, the mixture was
transferred dropwise to the solution of compound 3a (486 mg, 0.44 mmol) in 1,2-dichloroethane (7 mL) and
stirred at 130 °C overnight. The reaction mixture was quenched with sodium hydrogen carbonate over three hours,
extracted with dichloromethane, and dried over magnesium sulfate. The residue was purified by column
chromatography with hexane and dichloromethane as an eluent to afford the orange solid (0.46 g, 91%). '"H NMR
(400 MHz, CDCl;), 6 (ppm): 9.94 (s, 2H), 7.37 (m, 4H), 7.23 (m, 4H), 5.40 (s, 4H), 3.03 (t, /= 7.7 Hz, 4H), 1.82
(m, 4H), 1.67 — 1.59 (m, 4H), 1.36 — 1.20 (m, 44H), 0.89 (m, 12H).

12,13-bis(3-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e|thieno[2'",3"":4',5'|thieno[2',3":4,5]pyrrolo[3,2-g]thieno[2',3":4,5] thieno[3,2-b]indole-2,10-
dicarbaldehyde (4b)

Compound 3a was replaced with compound 3b (459.8 mg, 90%). 'H NMR (400 MHz, CDCl;),  (ppm): 10.06
(s, 2H), 7.33 (t,J = 7.5 Hz, 2H), 7.27 (d, J= 7.5 Hz, 4H), 6.91 (d, /= 11.7 Hz, 4H), 5.58 (s, 4H), 3.19 (t, J="7.7
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Hz, 4H), 2.67 — 2.59 (m, 4H), 1.95 (m, 4H), 1.60 (m, 4H), 1.34 (m, 44H), 0.95 (m, 12H).

12,13-bis(4-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e|thieno[2',3'":4",5'|thieno[2',3':4,5]pyrrolo[3,2-g]|thieno[2',3':4,5]thieno[3,2-b]indole-2,10-
dicarbaldehyde (4¢)

Compound 3a was replaced with compound 3¢ (470 mg, 92%). '"H NMR (400 MHz, CDCls), 6 (ppm): 9.97 (s,
2H), 7.16 — 7.11 (d, J = 7.9 Hz, 4H), 6.90 (d, J = 7.9 Hz, 4H), 5.47 (s, 4H), 3.09 (t, J = 7.7 Hz, 4H), 2.65 (t, J =
7.7 Hz, 4H), 1.85 (m, 4H), 1.64 (m, 4H), 1.44 — 1.19 (m, 44H), 0.94 — 0.83 (m, 12H).

2,2'-((2Z,2'Z)-((12,13-bis(2-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e|thieno[2',3"":4',5"|thieno[2',3":4,5]pyrrolo[3,2-g]|thieno[2’,3":4,5] thieno|3,2-b]indole-2,10-
diyl)bis(methaneylylidene))bis(5,6-difluoro-3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(0-BzY)

Compound 4a (450 mg, 0.39 mmol) and 2-(5,6-difluoro-3-ox0-2,3-dihydro-1H-inden-1-ylidene)malononitrile
(424.7 mg, 1.87 mmol) were added pyridine (1.5 mL) in 45 mL of chloroform. The mixture was stirred at 70 °C
overnight. After cooling to room temperature, the reaction mixture was quenched with water, extracted with brine
and chloroform, and dried over magnesium sulfate. After concentrating the reaction mixture under reduced
pressure, the residue was purified by column chromatography with hexane and chloroform, yielding a dark blue
solid (0.52 g, 85%). '"H NMR (400 MHz, CDCl;), & (ppm): 8.70 (s, 2H), 8.38 (dd, J=9.9, 6.4 Hz, 2H), 7.53 (t, J
=7.5Hz, 2H), 7.38 (d, /=4.1 Hz, 4H), 7.15 (d, /= 20.1 Hz, 4H), 5.57 (s, 4H), 2.94 (t, /= 7.8 Hz, 4H), 2.05 (t, J
= 8.1 Hz, 4H), 1.68 (m, 8H), 1.49 — 1.17 (m, 44H), 0.97 — 0.80 (m, 12H). 3C NMR (100 MHz, CDCl;), & (ppm):
185.17, 158.21, 153.14, 147.18, 145.04, 140.60, 137.41, 135.15, 134.38, 134.35, 134.31, 133.61, 132.78, 132.28,
130.07,129.72,128.73, 126.72,124.70, 119.79, 119.77, 114.74, 114.48, 113.21,99.99, 68.29, 51.83,31.94, 31.89,
31.73, 31.05, 29.80, 29.75, 29.66, 29.65, 29.52, 29.46, 29.44, 29.36, 22.84, 22.71, 14.24, 14.15.

2,2'-((2Z,2'7)-((12,13-bis(3-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5] thiadiazolo[3,4-
e]thieno[2'",3'":4",5"|thieno[2',3":4,5]pyrrolo[3,2-g]thieno[2’,3 ":4,5]thieno[3,2-b]indole-2,10-
diyl)bis(methaneylylidene))bis(5,6-difluoro-3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(m-BzY)

Compound 4a was replaced with compound 4b (0.52 g, 85%). '"H NMR (400 MHz, CDCl,), 8§ (ppm): 8.55 (s,
2H), 8.38 (dd, J=9.9, 6.5 Hz, 2H), 7.43 (t, J = 7.7 Hz, 2H), 7.27 (t, /= 7.7 Hz, 2H), 7.17 (d, J = 7.7 Hz, 2H),
6.93 (d, J=7.8 Hz, 2H), 6.88 (t, J= 1.7 Hz, 2H), 5.57 (s, 4H), 2.86 (t, J = 8.0 Hz, 4H), 2.55 (t, /= 7.8 Hz, 4H),
1.67 (m, 4H), 1.54 — 1.12 (m, 48H), 0.91 — 0.75 (m, 12H). *C NMR (100 MHz, CDCls), 8 (ppm): 185.39, 153.30,
147.05, 146.38, 145.13, 144.27, 137.73, 134.85, 134.57, 134.08, 134.06, 134.00, 133.98, 133.27, 132.96, 130.47,
129.23,128.79, 125.97, 122.88, 119.48, 114.56, 114.44, 113.41, 99.99, 68.78, 53.97, 35.92, 31.96, 31.76, 31.26,
30.88, 29.79, 29.67, 29.66, 29.53, 29.42, 29.38, 29.05, 22.73, 22.64, 14.16, 14.09.



2,2'-((2Z.,2'7)-((12,13-bis(4-hexylbenzyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
e|thieno[2',3"":4',5"|thieno[2',3":4,5]pyrrolo[3,2-g|thieno[2’,3":4,5] thieno|3,2-b]indole-2,10-
diyl)bis(methaneylylidene))bis(5,6-difluoro-3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(p-BzY)

Compound 4a was replaced with compound 4¢ (0.52 g, 84%). 'H NMR (400 MHz, CDCl;), 3 (ppm): 8.54 (s, 2H),
8.38 (dd, J=9.9, 6.5 Hz, 2H), 7.41 (t,J= 7.5 Hz, 2H), 7.18 (d, J= 8.0 Hz, 4H), 7.00 (d, J = 8.0 Hz, 4H), 5.55 (s,
4H), 2.86 (t, /= 8.0 Hz, 4H), 2.61 (t, /= 7.8 Hz, 4H), 1.71 — 1.57 (m, 8H), 1.40 — 1.17 (m, 44H), 0.91 — 0.78 (m,
12H). 13C NMR (100 MHz, CDCl;),  (ppm): 185.41, 153.32, 152.68, 147.03, 145.12, 143.57, 137.68, 134.85,
134.06, 133.94, 133.24, 132.92, 131.79, 130.42, 129.41, 125.75, 119.45, 114.58, 114.45, 113.39, 111.69, 102.91,

68.82, 53.77, 35.74, 31.96, 31.75, 31.40, 30.89, 29.80, 29.67, 29.66, 29.53, 29.42, 29.38, 29.04, 22.73, 22.64,
14.16, 14.07.
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Fig. S1 The solutions of BzY -series in o-xylene, m-xylene, and p-xylene at room temperature and 80 °C.
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Fig. S2 TGA thermograms of 0-BzY, m-BzY, and p-BzY.

Table S1 TGA thermal parameters of 0-BzY, m-BzY, and p-BzY.
0-BzY m-BzY p-BzY
Tsq[°C] 302 296 292
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Fig. S3 Distribution of HOMO and LUMO wave functions and calculated energy levels of NFAs

Table S2. Calculated dipole moments of 0-BzY, m-BzY, and p-BzY
Vector Dipole Moment
(D]
X y
0-BzY 0.0003 2.6040 -0.0015 2.6040
m-BzY 0.0001 2.0448 0.0001 2.0448
p-BzY 0.0002 3.1484 -0.0010 3.1484

Fig. S4. Structure of hexylbenzene and its dipole moment direction
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Fig. S5. UPS (He I; hv’ =21.22 eV) data of BzY-series NFAs’ films.
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Fig. S6 Temperature-dependent UV-vis absorption spectra of 0-BzY, m-BzY, and p-BzY in o-xylene, m-xylene,

and p-xylene.
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Fig. S7 UV-vis absorption spectra of 0-BzY, m-BzY, and p-BzY in chloroform solution.

Table S3 Optical properties of 0-BzY, m-BzY, and p-BzY in chloroform solution and corresponding thin-films.

o™ A ™™ Ronset EgP
[nm]* [nm]* [nm] [eV]®
0-BzY 728 773 846 1.49
m-BzY 729 788 871 1.45
p-BzY 730 785 868 1.45

aTaken from the material solutions in xylenes and corresponding films on glass substrates. ®Determined from the

onset of the UV-vis absorption plots in the films.

Table S4 Solvatochromic shifts of BzY-series NFAs.

Agol™?* v Av
NFAs Processing solvent
[nm]* [em™1]® [em™1]?

Chloroform 728 13736

0-BzY 211
p-xylene 717 13947
Chloroform 729 13717

m-BzY 211
p-xylene 718 13928
Chloroform 730 13699

p-BzY 229
p-xylene 718 13928

“Taken from the material solutions in xylenes and corresponding films on glass substrates. ?Calculated by the

equation of v (wavenumber) [cm™'] = 1/(A (wavelength) [nm]).
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Fig. S8 Absorption coefficient of neat films of NFAs prepared by three kinds of xylene.
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Table S5 GIWAXS parameters of 0-BzY, m-BzY, and p-BzY neat films prepared by o-, m-, and p-xylene.

Out-of-plane

In-plane

n-1t staking Lamella stacking
) Coherence ) Coherence
q d-spacing q d-spacing
length length
[A] [A] [A] [A]
[A] [A]

0-BzY (0X)
0-BzY (MX) Polycrystalline Polycrystalline
0-BzY (PX)
m-BzY (0X) 1.71 3.675 25.281 0.286 21.995 66.439
m-BzY (MX) 1.725 3.642 26.782 0.285 22.031 66.572
m-BzY (PX) 1.729 3.634 34.640 0.299 20.996 70.027
p-BzY (0X) 1.713 3.668 21.78 0.279 22.518 83.123
p-BzY (MX) 1.692 3.714 21.519 0.275 22.821 85.42
p-BzY (PX) 1.705 3.686 22.511 0.275 22.828 85.137

Table S6. Vapor pressure and boiling point of o-xylene, m-xylene, and p-xylene.!

Solvent Vapor pressure (inmHg at 25 °C) Boiling point (°C)
o-xylene 6.61 1445
m-xylene 8.29 139.1
p-xylene 8.84 1383
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Table S7 Change in chemical shifts of Hi—H, in BzY-series NFAs as elevating temperatures.

Change in chemical shifts [ppm]
Changes in
NFA Peak 0- m- lene
t tu = -
SHEEEE CDCl; xylene- xylene- P Z
d;p? d;p? "
RT - 50°C 0.07 0.02 0.02 0.01
H,
50°C —80°C - 0.03 0.03 0.04
RT -50°C 0.03 0.03 0.02 0.03
H,
50 °C —80°C - 0.02 0.03 0.03
0-BzY
RT —50°C 0.04 0.10 0.09 0.12
H;
50°C—80°C - 0.11 0.10 0.10
RT —50°C 0.05 0.01 0.01 0.01
Hy
50°C—80°C - 0.00 0.00 0.01
RT - 50°C 0.10 - - 0.09
H,
50 °C —80°C - 0.06 0.08 0.08
RT -50°C 0.04 - - 0.03
H,
50 °C—80°C - 0.03 0.03 0.03
m-BzY
RT —50°C 0.05 - - 0.04
H;
50°C—80°C - 0.05 0.04 0.04
RT —50°C 0.07 - - 0.01
H,
50°C—80°C - 0.02 0.02 0.02
p-BzY H,; RT —50°C 0.10 0.08 0.10 0.09
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50°C—-80°C -

0.07 0.09

0.10

H,

RT -50°C 0.03

0.03 0.03

0.04

50°C—-80°C -

0.03 0.03

0.03

H;

RT -50°C 0.05

0.04 0.04

0.05

50°C—80°C -

0.06 0.05

0.05

RT -50°C 0.06

0.00 0.01

0.02

Hy

50°C—-80°C -

0.01 0.01

0.02

“The m-BzY data in o-xylene-d,o and m-xylene-dj, at RT were excluded because of low solubility of m-BzY in

those solvents.
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Fig. S10 DOSY NMR spectra of 0-BzY and p-BzY in o-xylene-d,o, m-xylene-d,o, and p-xylene-d,pand m-BzY in

p-xylene-d,.
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Table S8 Diffusion coefficients of NFAs in deuterated o-xylene, m-xylene, and p-xylene solutions.

Diffusion coefficient [cm? s!]

NFA Solvent Proton in solvent molecule
H, H, H, H,
In aromatic In methyl
lened 6.84 x 10 7.93 x 10°6 5.92 x 1079 597 x 10 1.86 x 10 1.82 x 10°
OxYIenetio 1 (21.84 x 107) | (£2.00 x 107) | (£1.41 x 107) | (£1.18 x 107) | (£4.66 x 10?) | (+1.82 x 10)
By lenend 1.61 x 10° 1.57 x 10 1.33 x 10° 141 x 10° 2.66 x 10° 2.66 x 10
o2 MAYIERECio 1 (2270 x 107) | (£3.27 x 107) | (£2.21 x 107) | (£2.41 x 107) | (£7.05 x 10%) | (+7.14 x 10)
lenend 9.64 x 10 8.47 x 10% 8.68 x 107 8.09 x 100 | 246 x 10° 2.46 x 10
pyiene=tio 1 (4296 x 107) | (£2.40 x 107) | (£2.28 x 107) | (£2.37 x 107) | (£3.02 x 10%) | (£1.74 x 10%)
o-xylene-d,, - - - - - -
m-BzY m-xylene-d,, - - _ _ B .
ened 6.25 x 10% 6.16 x 10 5.75 x 1079 576 x 105 | 2.44 x 10° 245 x 10
pyIene-Gio 11118 x 107) | (£1.17 x 107) | (£1.06 x 107) | (£1.12 x 107) | (£2.30 x 10%) | (£2.09 x 10%)
ooxvlened 6.65 x 10 6.53 x 10 528 x 10°6 597 x 10 1.87 x 10 182 x 107
-xylene-dio (£2.43 x 107) | (£2.86 x 107) | (£1.33 x 107) | (£1.93 x 107) | (+8.10 x 10?) | (£2.31 x 10%)
BzY lene-d 1.05 x 10 9.89 x 10 8.73 x 10 8.80 x 10 2.36 x 10 2.35 x 107
p-be MAYIENECio 1 (£1.84 x 107) | (£2.33 x 107) | (£1.95 x 107) | (£2.34 x 107) | (£5.55 x 107) | (£3.58 x 10®)
lenend 625 x 10 | 6.54 x 109 5.90 x 1076 542 % 10% | 243 x 10% 245 x 10
pyiene=tio 1 (4122 x 107) | (£1.41 x 107) | (£1.18 x 107) | (£9.12 x 10%) | (£2.79 x 10%) | (£1.75 x 10%)

Table S9. Photovoltaic performance of PM6:NFAs based solar cells with different conditions.

- . . Voo T FF PCE
Active layer DA [V]e [mA em?]@ (%] (%] @
112 000 (0.904£0002) 230 (23.04049) 648 (64.84029)  13.5(13.54021)
PM6:0-BzY 1113 0.91 (0.914£0.002) 233 (23.0£044) 648 (647£021)  138(13.6021)
(o-xylene)
1115 002 (0922£0005) 238 (23.6£0.59) 656 (65.5¢0.17)  14.4 (14.2£0.28)
1112 0.88 (0.880£0.005) 234 (23.3£036) 731 (724%1.15) 150 (14.840.16)
PMG.m-BzY 1113 0.88 (0.882£0.003) 243 (23.8%0.62)  74.0 (744%026) 158 (15.6+0.32)
(m-xylene)
115 089 (0.886£0.003) 236 (23.60.17) 739 (73.6£0.50)  15.5 (15.4£0.16)
1112 089 (0.888£0003) 242 (24.0£027) 713 (694%163) 154 (1484035
PM6:p-BzY
‘13 3 5
A 1113 088 (0.885£0002) 242 (23.84045) 687 (68.540.56)  14.7 (14.5£023)
115 088 (0.883£0.002) 235 (23.12033) 678 (669%1.15)  14.0 (13.6£0.29)

?The average values and standard deviations in the parentheses are based on 10 devices.
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Table S10 Summary of reported performances for organic solar cell devices with non-additive and non-annealing

process.
Ref. Active layer Processing solvent I[/"'}]C [m;?;n’zl [F,,/F] E[',S]]S
o o
2 PBETTIT-4CI Chlorobenzene 0.76 19.7 739 1.1
(binary)
3 PFBDB.-T.‘CDTTIC Chlorobenzene 0.78 249 56.0 11.5
(binary)
4 PBDB-TIDTCN-O 1.2-Dichlorobenzene 0.91 20.0 732 133
(binary)
5 DIST-1F-PC;, BM Chloroform 0.82 13.6 75.1 8.3
(binary)
6 PM6:DCB-4F:PC,,BM (ternary) Chloroform 1.00 16.8 66.5 11.2
7 PMGYEIT-M Chloroform 0.86 269 68.7 158
(ternary)
8 PME:BTP-CIBr1:BTP-20-4C1C12 Chloroform 0.90 249 74.8 16.7
(ternary)
0 PM6:Y6-eC6-BO Chloroform 0.85 26.4 774 17.3
(binary) o-Xylene 0.84 25.7 75.5 16.4
10 PBDB-T-DNOIST Chlorobenzene 0.89 19.0 63.6 107
(binary)
11 PBDB-LDDTC-4F Chlorobenzene 0.88 21.8 63.6 122
(binary)
12 PBDB-T-Y6:LS Chloroform 0.87 278 71.0 17.1
(ternary)
o-xylene | ") o-xylene | “m- [ o-xylene .
oo mmmayiene _PM6.o BzY oo mm mryione .PMG.:.n BzY) oo mm mytene PM6:p-BzY
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c c c
w w w
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Fig. S11 Graphical illustration of energy losses of PM6:NFAs-based devices processed by three kinds of xylene.
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Table S11. Detailed energy loss of the OSCs based on PM6:BzY-NFAs.

) E, Vo E, LE, AE, LE,
. . ” £ loss 2 EOE,
Active Layer Solvent [eV] (V] (V] [ev] [ev] [ev] QEg,
o-xylene 1.463 0.924 0.539 0.266 0.062 0.211 1.8%10-4
PMG:0-BzY m-xylene 1.484 0.935 0.549 0.268 0.068 0.213 2.0x104
p-xylene 1.506 0.931 0.575 0.269 0.093 0.213 1.6x10-
o-xylene 445 0.881 0.564 0.266 0.058 0.240 8.0x10*
PM6:m-BzY m-xylene 1.447 0.888 0.559 0.265 0.045 0.249 6.8x10
p-xylene 1.453 0.886 0.567 0.266 0.056 0.245 8.0x10*
o-xylene 1.446 0.888 0.558 0.266 0.053 0.239 7.8x10%
PM6:p-BzY m-xylene 1.437 0.878 0.559 0.267 0.049 0.243 8.6x10-°
p-xylene 454 0.891 0.563 0.266 0.052 0.245 9.6x10-F
o-xylene m-xylene p-xylene
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Fig. S12. Estimated optical bandgap of PM6:BzY-series NFAs blend films processed by o-xylene, m-xylene, and

p-xylene using the crossing point between normalized EQEpy and EL spectra.
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Table S12 The charge dissociation and collection probabilities of BzY series-based devices.

Blend Processing solvent Py, Poon
o-xylene 98.0% 86.0%
PM6:0-BzY m-xXylene 92.5% 70.0%
p-Xylene 94.8% 71.9%
o-xylene 98.2% 86.7%
PMé6:m-BzY m-xylene 99.3% 89.6%
p-xylene 97.6% 84.4%
o-xylene 98.6% 85.1%
PM6:p-BzY m-xylene 98.8% 85.6%
p-xylene 98.9% 85.3%
(a) (b) (c)
PM6 @ 520 nm PM6:0-BzY @ 520 nm PM6 @ 520 nm PM6:0-B2Y @ 520 nm PM6 @ 520 nm PM6:0-BzY @ 520 nm
0-BzY @ 780 nm — PM6:0-BzY @ 780 nm 0-BzY @ 780 nm PM6:0-BzY @ 780 nm 0-BzY @ 780 nm PM6:0-BzY @ 780 nm
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Fig. S13 Photoluminescence (PL) spectra of PM6, NFAs, and corresponding blend films prepared by (a), (d), and

(g) o-xylene, (b), (e), and (b) m-xylene, and (c), (f), and (i) p-xylene.
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Fig. S14 2D GIWAXS images of PM6 prepared by o-xylene, m-xylene, and p-xylene.
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Fig. S15 Line-cut profiles of PM6 neat films prepared by (a) o-xylene, (b) m-xylene, and (c) p-xylene.
Table S13 GIWAXS parameters of PM6 neat films.
Out-of-plane In-plane
Processing n-m staking Lamella stacking -1 staking Lamella stacking
Solvent ‘ d-spacing Coherence d-spacing Coherence q dapacing Coherence q d-spacing Coherence
. < length . length . < length . length
At A At A A A At A
[A1] [A] Al [A1] [A] (Al [A7] [A] [A] [A1] [A] Al
o-xylene 1.635 3.842 22.107 0.281 22337 73.026 1.694 3710 38.797 0.265 23737 69.660
m-xylene 1.647 3815 20.596 0.290 21671 72933 1.680 3.740 36.499 0.261 24.097 44377
p-xylene 1.609 3.904 22.853 0.296 21238 77917 1.676 3.750 28.882 0.264 23768 47.680
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Fig. S16 Line-cut profiles of PM6:0-BzY prepared by (a) o-, (b) m-, and (c) p-xylene, PM6:m-BzY prepared by
(d) o-, (¢) m-, and (f) p-xylene, and PM6:p-BzY blend films prepared by (a) o-, (b) m-, and (¢) p-xylene.
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Table S14 GIWAXS parameters of PM6:0-BzY blend film prepared by o-xylene and PM6:m-BzY and PM6:p-
BzY blend films prepared by o-, m-, and p-xylene..

Out-of-plane In-plane
n-7 staking Lamella stacking n-1 staking Lamella stacking
p d-spacing Coherence P d-spacing Coherence 4 d-spacing Coherence ¢ d-spacing Coherence
: length : length a length : length
At o At A A R At A
(A1) [A] iy A7) [A] ) (A1) [A] i [A7] 4] i
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Fig. S17. Contact angles of 0-BzY, m-BzY, p-BzY, and PM6 films processed by o-xylene, m-xylene, and p-
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Table S15. Contact angle profiles, surface energies, and interaction parameters of BzY-series NFAs and PM6
films processed by o-, m-, and p-xylene.

NFA Solvent CA O{O}vater CA of Elh[_\‘r’l]ene glycol Sm'{:::; /e:;;l'gy I;)lut::;:;(en:
o-xylene 94.7 68.0 25.3 0.15
0-BzY m-xylene 94.7 62.6 29.3 0.52
P-Xylene 94.8 63.6 28.5 0.51
o-xylene 95.1 70.1 24.1 0.068
m-BzY m-xylene 95.3 70.3 24.1 0.048
p-xylene 95.1 70.0 24.3 0.092
o-xylene 96.3 70.4 24.2 0.074
p-BzY m-xylene 95.6 71.2 23.7 0.032
p-xylene 95.8 70.4 24.1 0.080
o-xylene 104.9 79.5 21.6 -
PM6 m-xylene 105.2 78.8 22 -
p-xylene 106.2 80.2 214 -

L 20000
L 19000
L 18000
17000

16000

L 15000
1 | [
L 13000
L 12000
L 11000
L 10000
L9000
L8000
L7000
L s000
k5000
L4000
L3000

L2000

J L1000

T N f--1000

———
oy fem—
—

O
2.0ax

1.0
1,30

{

T T T T T T T T T T T T T T T T T T 1
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

f1 (ppm)

Fig. S18 'H NMR spectra of compound la in CDCl;.
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Fig. S19 'H NMR spectra of compound 1b in CDCls.
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Fig. S20 'H NMR spectra of compound Ic in CDCl;.
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Fig. S21 'H NMR spectra of compound 2 in CDCl;.

s ' / /

Vi

213 ¢
T
09 o
413 ¢

PREYS
4.20 ¢
46.91T

|-6500

}-6000

l-5500

}-5000

4500

|- 4000

}-3500

}-3000

2500

2000

}- 1500

L1000

500

{2800

{2600

{2400

{2200

L2000

{1800

f- 1600

1400

{1200

{1000

800

{600

f- 400

f-200

—200

w08

T T
4.0 3.5

f1 (ppm)

Fig. S22 'H NMR spectra of compound 3a in CDCl;.
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Fig. S23 'H NMR spectra of compound 3b in CDCl;.
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Fig. S26 'H NMR spectra of compound 4b in CDCls.
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Fig. S27 'H NMR spectra of compound 4¢ in CDCl;.
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Fig. S28 'H NMR spectra of 0-BzY in CDCls.
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Fig. S30 'H NMR spectra of m-BzY in CDCl;.
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Fig. S31 13C NMR spectra of m-BzY in CDCls.
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Fig. S32 'H NMR spectra of p-BzY in CDCl;.
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Fig. S33 13C NMR spectra of p-BzY in CDCl;.
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