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Experimental Procedures
Materials and Characterization Techniques

Donor material PM6 were purchased from Solarmer Materials Inc. Other reagents were
purchased from Alfa Aesar, Sigma-Aldrich, et al., which were utilized directly unless stated
otherwise.

'"H NMR and 3C NMR spectra were recorded on Bruker AVANCE III 600 MHz
spectrometer at 298 K. The absorption spectra were recorded using a Hitachi U-4100 UV-Vis
scanning spectrophotometer. Cyclic voltammetry (CV) measurements were performed on a
CHI660D electrochemical workstation, equipped with a three-electrode cell consisting of a
platinum working electrode, a saturated calomel electrode (SCE) as reference electrode and a
platinum wire counter electrode. CV measurements were carried out in anhydrous acetonitrile
containing 0.1 M n-Bu,NPF; as a supporting electrolyte under an argon atmosphere at a scan
rate of 100 mV s'! assuming that the absolute energy level of Fc/Fc* was -4.80 eV. Thin films
of three acceptors were deposited from CHCI; solutions for the measurements of UV-vis
absorption spectra. The theoretical simulations of molecular conformations were based on
Gaussian at a B3LYP/6-31G(d,p) set. The thickness of films was measured using a Veeco
Dektak 150 profilometer. In-situ absorptions were carried out from the in-situ dynamic
spectrometer DU-300, with chloroform as the solvents. Time-of-flight mass was measured
based on spectrometer Bruker Autoflex III.

In-situ absorptions were carried out from the dynamic spectrometer DU-300, with
chloroform as the working solvents. Femtosecond transient spectroscopy (fs-TA) spectra were
measured Excipolar Spinon Optoelectronics with a pump wavelength of 780 nm, pump energy
of 200 nJ, and time delay ranges of 10 ps-7.6 ns.

Grazing incidence wide-angle X-ray scattering (GIWAXS) patterns were acquired from
Shanghai Synchrotron Radiation Facility at the beam BL6B1. Differential scanning calorimetry
(DSC) measurements were performed by NETZSCH DSC 200F3 at a heating rate of 10 °C min
'under N, atmosphere.

Transmission electron microscopy (TEM) images were obtained by using a HITACHI H-
7650 electron microscope with an acceleration voltage of 100kV. Atomic force microscopy

(AFM) images were obtained using Agilent 5400 scanning probe microscope in tapping mode
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with MikroMasch NSC-15 AFM tips. Kelvin probe force microscopy (KPFM) images were
also obtained from Agilent 5400 scanning probe microscope.

The geometry optimization of the single 3BY/3QY and the PM6/3BY and PM6/3QY
composite were comprehensively optimized by employing the B3LYP function with 6-31g(d,p)
basis sets. The counterpoise correction (CP) method was used to account for the basis set
superposition error (BSSE) when calculating the intermolecular interaction energy. The
molecular electrostatic potential (ESP) and independent gradient model based on Hirshfeld
partition (IGMH) analysis were implemented using Multiwfn 3.8 "2l and outputs are visualized
using VMD 1.9.3. B
[1] Tian Lu, Feiwu Chen, Multiwfn: A Multifunctional Wavefunction Analyzer, J. Comput.
Chem., 2012, 33, 580-592.

[2] Tian Lu, Qinxue Chen, Independent gradient model based on Hirshfeld partition: A new
method for visual study of interactions in chemical systems, J. Comput. Chem., 2022, 43, 539-
555.

[3] W. Humphrey, A. Dalke, K. Schulten. J. Mol. Graphics, 1996, 14, 33-38.

Device Fabrication and Evaluations

All the solar cells were fabricated with a conventional device structure of
ITO/PEDOT:PSS/active layer/PDINN/Ag. The patterned ITO glass (sheet resistance = 15 Q/
square) was pre-cleaned in an ultrasonic bath of acetone and isopropyl alcohol and treated in
an ultraviolet-ozone chamber (PREEN I11-862) for 6 min. Then a thin layer (about 30 nm) of
PEDOT:PSS was spin-coated onto the ITO glass at 4000 rpm and baked at 150 °C for 15 min.
Solutions of active layers in chloroform (7.5 mg/mL for PM6) were stirred for 2.0 hrs at 50 °C
before spin-coating on the PEDOT:PSS layer to form the active layer about 100+20 nm. The
thickness of the active layer was measured using a Veeco Dektak 150 profilometer. Then
PDINN (in CH;0H, 1mg/mL) was spin-coating at 3000 rpm to form the electron transfer layer.
Finally, Ag (60 nm) metal electrode was thermal evaporated under about 5x10* Pa and the
device area was 0.1 cm? defined by shadow mask.

The current density—voltage (J—V) characteristics were recorded with a Keithley 2400 source

measurement unit under simulated 100 mW cm irradiation from a Newport solar simulator.
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The external quantum efficiencies (EQEs) were analyzed using a certified Newport incident
photon conversion efficiency (IPCE) measurement system. The hole mobility and electron
mobility were measured by space-charge-limited current (SCLC) method with a device
configuration of ITO/PEDOT:PSS/active layer/MoO;/Al and ITO/ZnO/active layer/PDINO/Al
structure, respectively. The SCLC is described by the Mott—Gurney law:
J=9euV?/(8L3)
where ¢ represents the dielectric constant of the metal, and u is the carrier mobility, V is the
voltage drop across the device and L is the thickness of the active layer.

The thermal stability was performed under 80 °C in a nitrogen filled glove box, which
possesses oxygen content below 0.1 ppm, and water content below 0.1 ppm. The device was
placed under dark, and the light was only turned on when measuring the J-V plots. Every data

point was averaged from at least five independent devices.

Materials Synthesis

Synthesis of 3BT-Sn
s
N
n-Butyllithium —
(CHz)3SnCl
THF 1N
S

S
! P
e
N

To solution of 1,3,5-tri(thiophen-2-yl)benzene (300 mg, 0.92 mmol) in dry THF (20 mL),
n-Butyllithium in THF(1M) (3.3 mL, 3.3 mmol) was added dropwise at -78 °C under nitrogen
atmosphere. The mixture was stirred for 3 hours at -78 °C, and the solution of trimethyltin
chloride solution (1 M) (4 mL, 4 mmol) was added dropwise; the low-temperature bath was
removed, and the reaction was stirred at room temperature for 12 h. Then the mixture was
quenched with water and extracted with diethyl ether. The organic phase was dried over
anhydrous MgSO4 and concentrated. Wash the crude product by methanol to obtain 1,3,5-
tris(5-(trimethylstannyl) thiophen-2-yl) benzene. (Yield: 680 mg, 91%). 'H NMR (600 MHz,
Chloroform-d) ¢ 7.74 (s, 3H), 7.51 (d, J = 3.3 Hz, 3H), 7.20 (d, ] = 3.3 Hz, 3H), 0.42 (s, 27H).

Synthesis of 30T-Sn
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To solution of 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine (300 mg, 0.92 mmol) in dry THF (20

7
-
\

mL), n-Butyllithium in THF(1IM) (3.3 mL, 3.3 mmol) was added dropwise at -78 °C under
nitrogen atmosphere. The mixture was stirred for 3 hours at -78 °C, and the solution of
trimethyltin chloride solution (1 M) (4 mL, 4 mmol) was added dropwise; the low-temperature
bath was removed, and the reaction was stirred at room temperature for 12 h. Then the mixture
was quenched with water and extracted with diethyl ether. The organic phase was dried over
anhydrous MgSO4 and concentrated. Wash the crude product by methanol to obtain 1,3,5-
tris(5-(trimethylstannyl) thiophen-2-yl) benzene. (Yield: 695 mg, 93%).'H NMR (600 MHz,
Chloroform-d) 6 8.34 (d, J = 3.4 Hz, 3H), 7.29 (d, J = 3.5 Hz, 3H), 0.44 (s, 27H).

Synthesis of 3BY

Pd(pphs)y
Toluene

Y-2FBr (300 mg, 0.161 mmol), 3BT-Sn (52 mg, 0.065mmol), and Pd(pph;)4(3 mg, 0.0026
mmol) were combined in a 100 mL two-necked flask. Anhydrous toluene (30 mL) was added
under the argon atmosphere. The mixture was reacted for 12 h at 110 °C. After removing
residual solvents at low pressure (< 300 mbar) by a rotary evaporator, the product was purified
by silica-gel column chromatography using chloroform as eluent to give 3BY as black solid
(266 mg, 73%). '"H NMR (600 MHz, Chloroform-d) & 9.22 (s, 3H), 9.02 — 8.73 (m, 6H), 8.62
(dd,J=9.4, 6.4 Hz, 3H), 7.94 — 7.33 (m, 18H), 4.97 (d, J =51.8 Hz, 12H), 3.25 (s, 6H), 2.48 —
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1.94 (m, 18H), 1.50 — 0.95 (m, 288H), 0.94 — 0.68 (m, 72H). MS (MALDI-TOF) m/z: [M +
H]+ calculated for C342H426F6N2406818, 565486, found: 5654.87.

Synthesis of 30Y

Pd(pphs),
Toluene

Y-2FBr (300 mg, 0.161 mmol), 3QT-Sn (54 mg, 0.065mmol), and Pd(pph;)4(3 mg, 0.0026
mmol) were combined in a 100 mL two-necked flask. Anhydrous toluene (30 mL) was added
under the argon atmosphere. The mixture was reacted for 12 h at 110 °C. After removing
residual solvents at low pressure (< 300 mbar) by a rotary evaporator, the product was purified
by silica-gel column chromatography using chloroform as eluent to give 3QY as black solid
(283 mg, 76%). 'H NMR (600 MHz, Chloroform-d) 6 9.25 - 9.03 (m, 3H), 9.03 — 8.62 (m, 6H),
8.60 — 8.44 (m, 3H), 8.03 — 7.86 (m, 3H), 7.81 — 7.30 (m, 9H), 5.20 — 4.73 (m, 12H), 3.33 -
1.80 (m, 24H), 1.49 — 0.98 (m, 288H), 0.92 — 0.70 (m, 72H). MS (MALDI-TOF) m/z: [M +

H]+ calculated for C339H423F6N2706818, 565785, found: 5657.85.
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Supplementary Figures
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Fig. S2 The distributions of electron could density and HOMO/LUMO energy levels based on

the optimized molecular configurations of 3BY and 3QY molecules.
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Fig. S3 The CV plots of 3BY and 3QY deposited on glassy carbon electrodes in 0.1 M

BuyNPF4-CH;CN at a scan rate of 100 mV s
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Fig. S4 The PL spectra of 3BY, 3QY neat films and the blend films with excitation wavelength
of 700 nm.
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Fig. S5 The line-cut profiles of GIWAXS studies of 3BY and 3QY neat films.
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Fig. S6 The SCLC curves of 3BY and 3QY based electron-only devices.
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Fig. S7 The line-cut profiles of in-situ absorptions of neat 3BY and 3QY casted from

chloroform solutions.
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Fig. S8 The certification report of PM6:3QY device by CPVT.
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Fig. S9 The comparison of EQE profiles and blend absorption spectra.
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Fig. S10 The chemical structures of G-Trimer-C6C8 and G-Trimer-C8C10.
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Fig. S11 The absorption spectra of neat 3BY and 3QY thin films upon different annealing

temperatures.
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Fig. S12 (a) Jsc vs light intensity and (b) Voc vs light intensity of PM6:3BY and

PM6:3QY solar cells.
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Fig. S13 TA spectra of PM6:3BY blend film with indicated decay times.
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Fig. S14 TA spectra of PM6:3QY blend film with indicated decay times.
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Fig. S15 2D patterns of fs-TA spectra of 3BY neat film in the range of 430—760 nm and 840—

1400 nm with pump at 780 nm.
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Fig. S16 2D patterns of fs-TA spectra of 3QY neat film in the range of 430—760 nm and 840—

1400 nm with pump at 780 nm.
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Fig. S17 TA spectra of 3BY neat film with indicated decay times.
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Fig. S18 TA spectra of 3QY neat film with indicated decay times.

Fig. S19 The phase images of PM6:3BY and PM6:3QY blend films based on AFM

measurements.
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Fig. S20 The 2D pattern and line-cut profiles of PM6 neat

measurements.
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Fig. S21 The resolved (100) diffraction peaks in IP plane of the two blend films.
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Fig. S22 SCLC curves of PM6:3BY and PM6:3QY based on (a) hole-only and (b) electron-

only devices.
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Fig. S23 The line-cut profiles of in-situ absorptions of PM6:3BY and PM6:3QY blend films

casted from chloroform solutions.
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Fig. S25 The ESP map of PM6 dimer based on optimized molecular configuration.
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Fig. S26 The optimized interaction configurations and IGMH isosurfaces of PM6-BDT:3BT

and PM6-BDT:3QT.
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Supplementary Tables

Table S1. The parameters of n-n stacking spacing (d,.,) and crystal coherence lengths (CCLs)
for each resolved peak based on the (010) diffraction peaks of 3BY and 3QY neat films.

Peak 1 Peak 2
q. drn FWHM CCL |gq, drn FWHM CCL
(m?)  (A) (mm)  (m) |(mY)  (A) (m') (o)
3BY 1738  3.62 6.10 1.03 | 1640  3.83 2.86 2.19
3QY 1732 3.63 6.09 1.03 | 16.54  3.80 2.78 2.26

Table S2. The hole mobility (¢;) and electron mobility (u.) of 3BY and 3QY neat films and
the two optimal blend films.

Film Uy (cm2 V-1 gy U (cm2 V-1l Un/ e
3BY - 0.59 x 104 -
3QY - 0.83 x 10 -
PM6:3BY 2.87 x 10 1.95 x 10+ 1.47
PM6:3QY 3.69 x 104 2.55 x 10+ 1.44

Table S3. Photovoltaic parameters of the PM6:3BY and PM6:3QY based OSCs at different

conditions.

Active layer Additive Voc (V) Jsc (mA ecm?)  FF (%) PCE (%)

PM6:3BY As cast 0.971 23.11 75.62 16.97
0.5% CN 0.969 23.43 77.15 17.52
0.75% CN 0.969 23.92 76.59 17.75
1% CN 0.966 23.14 75.52 16.88

PM6:3QY As cast 0.954 25.46 75.45 18.32
0.5% CN 0.954 25.80 76.00 18.71
0.75% CN 0.951 26.36 76.86 19.27
1% CN 0.942 26.27 76.76 19.01
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Table S4. The comparison of photovoltaic parameters of high-performance OSCs (PCE>17%)
in previous literatures and this study based on oligomer acceptors.

Active layer Voc (V) Jsc (mA cm?)  FF (%) PCE (%) Ref.
PM6:2BTP-2F-T 0.911 25.50 78.28 18.19 1
PM6:DYT 0.940 24.08 76 17.30 2
PM6:DYTVT 0.95 24.62 74 17.68 2
PM6:DYV 0.930 25.02 78 18.60 2
PM6:DYBO 0.968 24.62 75.8 18.082 3
PM6:EV-i 0.897 26.60 76.56 18.27 4
PM6:TYT 0.964 25.07 75 18.15 5
PM6 : DIBP3F-Se 0.917 25.92 76.1 18.09 6
D18:DYA-IO 0.948 24.29 76 17.54 7
D18:DYA-I 0.938 25.67 78 18.83 7
PM6 : Tri-Y6-OD 0.916 25.30 77.8 18.03 8
PM6:DYV 0.910 25.972 76.215 18.013 9
PM6:TDY-a 0.864 26.9 78.0 18.1 10
PM6:TDY-p 0.849 26.1 76.6 17.0 10
PM6: Dimer-2CF 0.900 26.39 80.03 19.02 11
PM6:DY-P2EH 0.905 24.03 78.58 17.09 12
PBQx-H-TF:dBTIC-yV-BO 0.91 24.52 76.58 17.14 13
D18:2Y-wing 0.850 27.66 75.4 17.73 14
PM6:Tet-1 0.919 24.53 76.8 17.32 15
PM6:TO 0.923 24.06 77.1 17.12 16
PM6:CHB8-6 0.891 26.23 77.8 18.2 17
D18:DYF-E 0.938 24.23 75 17.02 18
PM6:Tri-Qx 0.935 25.28 77.5 18.33 19
PM6:TQT 0.944 25.78 76.1 18.52 19
PM6:DY Se-1 0.885 27.51 76.6 18.56 20
PM6:DY Se-2 0.884 27.45 75.2 18.22 20
PM6:Tri-V 0.909 26.13 77.8 18.48 21
PM6:Tri-BT 0.933 25.49 74.9 17.81 22
PM6:GT-1 0.960 25.61 77.42 19.03 23
D18 :DYF-TF 0.939 25.82 75.30 18.26 24
PMé6: BDY-a 0.869 26.09 76.38 17.38 25
PM6: BDY-p 0.881 26.49 77.67 18.12 25
DYBT-C4 0.96 24.03 77 18.26 26
PM6:DY2 0.87 26.60 76.85 17.85 27
PM6:DY3 0.87 26.20 76.21 17.33 27
PM6:CHS-1 0.923 24.89 74.2 17.05 28
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PM6:CH8-4 0.894 26.5 75.5 17.58 29

PM6: G-Trimer-C6C8 0.899 25.32 79.34 18.07 30
PM6: G-Trimer-C8C10 0.911 25.40 79.49 18.39 30
PM6: G-Trimer-C8C10 ® 0.896 26.75 79.30 19.01 30
DI8:TYT-S 0.964 25.18 77 18.61 31
PM6:TBT 0.940 24.63 78.07 18.04 32
PM6:GTs 0.935 24.66 78.27 18.05 23
PM6:GT-s 0.968 23.98 75.75 17.58 23
PMé6: BTY 0.864 27.06 78.01 18.24 25
PM6:3BY 0.969 23.92 76.59 17.75 This study
PM6:3QY 0.951 26.36 76.86 19.27 This study

a2PACZ as the hole transport layer.

Table S5. CCLs of PM6 and the acceptor in their blend films based on the resolved (100)
diffraction peaks in IP plane.

Blend film CCLpps (nm) CCLcceptor (NM)
PM6:3BY 10.47 7.66
PM6:3QY 11.42 7.95
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Supplementary NMR spectra
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Supplementary MALDI-TOF spectra

MALDI-TOF-MS Result of 3B-Y.

MALDI-TOF-MS Result of 3Q-Y.
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