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1. Materials and Measurements

All solvents and reagents were used as received from commercial sources and used without
further purification unless otherwise specified. Compounds 1,2-bis(4-bromophenyl)-2-
hydroxyethanone (2) !, 2,3,5,6-tetrakis(4-bromophenyl)pyrazine (3) 2 and 2,3,5,6-tetrakis(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pyrazine (TPP-Bpind) 2 were
synthesized according to the reported literature. PDBT-T1 was synthesized according to our
published paper,> Weight average molecular weight (M,,) and polydispersity index (PDI)
estimated from GPC are 342kDa and 1.75, respectively. 'H NMR (400 MHz) and 13C NMR
(100 MHz) spectra were measured on a Bruker 400 MHz spectrometer. UV-vis-NIR
absorption spectra were recorded on a Shimadzu UV-2700 recording spectrophotometer.
Cyclic voltammetry (CV) measurements were carried out on a CHI660E voltammetric
analyzer at room temperature. Tetrabutylammonium hexafluorophosphate (n-BusNPF¢, 0.1 M)
was used as the supporting electrolyte. The conventional three-electrode configuration
consists of a platinum working electrode with a 2 mm diameter, a platinum wire counter
electrode, and an Ag/AgCl wire reference electrode. Cyclic voltammograms were obtained at
a scan rate of 100 mV/s. The film morphology was measured using an atomic force
microscope (AFM, Bruker-ICON2-SYS) using the tapping mode. The RMS values of the
surface AFM images are averaged based on five times testing on different areas for each
sample. DFT calculations were performed by using Gaussian at the B3LYP/6-31G (d, p) level,
and the long alkyl chain was simplified as methyl. Thermogravimetric analysis (TGA) was
carried out on a TA Instrument TA Q50 Thermogravimetric Analyzer at a heating rate of 10

°C /min up to 600 °C.

2. Space charge-limited current (SCLC) device fabrication
The structure of electron-only devices is ITO/ZnO/active layer/ZrAcAc/Al and the structure
of hole-only devices is ITO/MoOx/active layers/MoOx/Al. The fabrication conditions of the
active layer films are same with those for the solar cells. The charge mobilities are generally
described by the Mott-Gurney equation:
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J= geysoﬂﬁ
where J is the current density, €0 is the permittivity of free space (8.85x10°!* F/cm),  is the
dielectric constant of used materials, # is the charge mobility, V is the applied voltage and L is
the active layer thickness. The & parameter is assumed to be 3, which is a typical value for

organic materials. In organic materials, charge mobility is usually field dependent and can be
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described by the disorder formalism, typically varying with electric field, E=V/L, according
to the equation:

Where #o is the charge mobility at zero electric field and ¥ is a constant. Then, the Mott-

Gurney equation can be described by:
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3. Film and Device Characterization

The ultraviolet-visible (UV-Vis) absorption spectra of neat and blend films were obtained
using a Shimadzu UV-2700 PC spectrometer. The current-voltage (/-V) curves of all OSCs
were measured in a high-purity nitrogen-filled glove box using a Keithley 2400 source meter.
AM 1.5G irradiation at 100 mW/cm? provided by An XES-40S2 (SAN-EI Electric Co., Ltd.)
solar simulator (Class AAA solar simulator, Model 94063 A, Oriel), which was calibrated by a
standard Si diode (with KG5 filter, purchased from PV Measurement to bring spectral
mismatch to unity). EQEs were measured using an Enlitech QE-S EQE system equipped with
a standard Si diode. Monochromatic light was generated from a Newport 300W lamp source.
The morphology of the active layers was investigated by atomic force microscopy (AFM)
using a Dimension Icon AFM (Bruker-ICON2-SYS) in a tapping mode.

4. Electrochemical Characterization

Electrochemical measurements were performed under nitrogen in deoxygenated 0.1 M
solutions of tetra-n-butylammonium hexafluorophosphate in dry dichloromethane using a CHI
660E electrochemical workstation, a glassy carbon working electrode, a platinum wire
auxiliary electrode, and an Ag/AgCl reference electrode. Cyclic voltammograms were
recorded at a scan rate of 100 mV s'. The lowest unoccupied molecular orbital (LUMO)
levels were estimated based on the onset reduction potential (E.q ), and the reduction
potential was calibrated using ferrocene (Eg.rc+) as a reference (Eeq = —[Emeasured — Ere/Fe+ T

4.80] eV).

5. AFM Characterization.
AFM measurements were performed by using a Dimension Icon AFM (Bruker). All films

were coated on ITO glass substrates.



6. Computational Studies

The geometry was optimized by density functional theory (DFT) using the B3LYP hybrid
functional with basis set B3LYP/6-31G(d, p).* Quantum chemical calculation was performed

with the Gaussian 09 package. The long alkyl chains were replaced with an isopropyl group

for simplification.
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Figure S1. (a) CV curves of PPDI-O and PPDI-Se. (b) CV curve of ferrocene.
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Figure S2. Wave function of PPDI-O and PPDI-Se simulated with B3LYP/6-31G(d, p) level.

Figure S3. Optimized molecular geometries of PPDI-O at B3LYP/6-31G(d, p).



Figure S4. Optimized molecular geometries of PPDI-Se at B3LYP/6-31G(d, p).
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Figure SS. Film morphology images, AFM height and phase images of blend films. a, c)
PDBT-T1: PPDI-O, RMS = 1.01 nm; b, d) PDBT-T1: PPDI-Se, RMS = 1.07 nm.



Figure S6. TEM images of a) PDBT-T1: PPDI-O and b) PDBT-T1: PPDI-Se.
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Figure S7. Light intensity dependence of V..

Table S1. The calculated data of PPDI-O and PPDI-Se.

Samples HOMO LUMO E,
PPDI-O -5.87 -3.55 2.32
PPDI-Se -6.13 -3.59 2.54




Table S2. Hole and electron mobility of as-synthesized acceptors and blend films.

Hole mobility electron mobility
Samples
(cm? V-1g1) (cm? V-1g71)
PDBT-T1: PPDI-O 6.24 x 104 2.78 x 104
PDBT-T1: PPDI-Se 6.51 x 104 3.40 x 104
PPDI-O - 5.32 x 10
PPDI-Se - 6.57 x 104

Table S3. Key photovoltaic parameters calculated from the Jy-Vesr curves of PDBT-T1:
PPDI-O and PDBT-T1: PPDI-Se based devices after annealing.

J Sata J ]mb J p_hc J phb/ J sat J phc/ J sat
Samples o
(mA.cm?) (mA.cm?) (mA.cm?) (%) (%)
PDBT-T1: PPDI-O 10.4 8.51 5.2 81.7 50.7
PDBT-T1: PPDI-Se 11.9 10.7 8.89 89.5 74.2

®The J,, under condition of V= 3.0 V; bThe Jon under short circuit condition; °The Jp,

under maximum power output condition.

7. Synthetic routes of PDI-Se-Br and PDI-O-Br.
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8. Synthetic details.

N Y
HO S
» ola

Y

Et;N / EtOH
CHO 80 °C Br Br
24 h

1,2-bis(4-bromophenyl)-2-hydroxyethanone (2). The reactions were carried out as literatue
with a little modification: An oven-dried 100 mL Schlenk tube equipped with a magnetic stir
bar was charged with 4-Bromobenzaldehyde (5.55 g, 30 mmol) and 3-Benzyl-5-(2-
hydroxyethyl)-4-methylthiazolium chloride (405 mg, 1.5 mmol) in 20 mL of ethanol, and then
sealed tightly with a rubber septum. The tube was evacuated and backfilled with argon three
times. Et;N (1.5 ml, 10.8 mmol) was added via a syringe. The mixture was stirred for 24 h at
80 °C under N,. After the reaction was completed, the mixture was concentrated and extracted
with dichloromethane (3x50 mL), washed with water and brine three times, and then dried
with anhydrous Na,SO,. The solvent was removed under reduced pressure. The residue was
purified by silica gel chromatography eluting with petroleum ether / dichloromethane (1:2) to
give the light yellow solid (2.1 g, 37.8 % yield ). '"H NMR (400 MHz, CDCl3) ¢ 7.77 (d, 2H),
7.58 (d, 2H), 7.48 (d, 2H), 7.21 (d, 2H), 5.89 (d, 1H), 4.53 (d, 1H).

HO O Br Br
HOAc /Ac,0 /INH,OAc ‘ N. ‘
XS, - W
120 °C O N O
Br Br

Br Br 4 h

2 3

2,3,5,6-tetrakis(4-bromophenyl)pyrazine (3). To a 100 mL Schlenk tube were added
compound 2 (1.0 g, 2.70 mmol), NH;OAc (625 mg, 8.11 mmol) and protected with nitrogen.
Acetic acid (3 mL) and acetic anhydride (0.38 mL, 4.05 mmol) were added through syringe.
Then the solution was heated at 120 °C for 4 h with stirring. After cooled to room temperature,
the solution was filtered and the residue was washed with a small amount of acetic acid. The

product was obtained without further purification as yellow powder 3 (235 mg, 25% yield).
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'H NMR (400 MHz, CDCls) 6 7.49 (s, 16H). 3C NMR (100 MHz, CDCl3) § 147.73, 137.00,
132.09, 131.68, 124.03.

(o] (o]
Br Br io‘as’oji 725/& éigT
9Uve o o L
» > ®
O N O KOAc / Pd(dppf)Cl, o O N O o
Br Br dioxane B g
(o]
110°C /72 h
3 TPP-Bpin4

2,3,5,6-tetrakis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)pyrazine (TPP-
Bpind4). To a 20 mL Schlenk tube were quickly added compound 3 (200 mg, 0.285 mmol),

o-w

bis(pinacolato)diboron (297 mg, 1.17 mmol), potassium acetate (229 mg, 2.34 mmol) and
Pd(dppf)Cl,-DCM (23 mg, 0.0285 mmol) and protected with nitrogen. Dioxane (10 mL) was
added and the solution is heated at 85 °C for 48 h with stirring. After cooled to room
temperature, the reaction mixture was diluted with chloroform and washed with water and
brine. The organic layer was dried over Na,SO,, filtered and concentrated. Then the residue
was purified through a short silica gel column with CH,Cl,: ethyl acetate (5:1) to give pure
product as white powder (150 mg, 59% yield). 'H NMR (400 MHz, CDCl;) 6 7.73 (d, 8H),
7.61 (d, 8H), 1.35 (s, 48H).

9. Spectroscopic data
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Figure S8. 'H NMR spectrum of TPP-Bpin4.
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Figure S9. 'H NMR spectrum of PPDI-O.
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Figure S10. 3C NMR spectrum of PPDI-O.

110

000
ZL0

—

6.9

6270

ow.L

9z'L—
08'L—
£e'8—
058/
9¢'6
e/

A
2

CsHyq
CsHyq

=01L¢Cl

exazAl
Fezy|

L evy

Fozel

s e S

D 0N O

acevmaec

- MmN
T T

15 14 13 12 11 10

16

Figure S11. "H NMR spectrum of PPDI-Se.
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Analysis Info

Analysis Name D:\Data\MALDI\2019\1010\8-9_0_123_000010.d
Method MALDI_P_100-3000
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Figure S13. MALDI-TOF profile of PPDI-Se.
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Analysis Info Acquisition Date 973002018 5:40:57 PM
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Figure S14. MALDI-TOF profile of PPDI-O.
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