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1. Polymer synthesis

General information: The synthesis route of the polymer PBNT-TzTz is shown in Scheme S1. 

The monomers BNT and TzTz were synthesized according to the procedures reported in 

literatures.1,2,3 Pd2(dba)3 was purchased from Strem. The other chemicals and solvents were 

purchased from commercial sources (Innochem, Energy Chemical, or Acros) and used as 

received unless otherwise indicated. Y6, Y6-BO and PTQ10 were purchased from eFlexPV 

Limited (China). D18 was purchased from Derthon OPV Co Ltd. L8-BO was purchased from 

Hyper Inc.
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Scheme S1. The synthetic route of PBNT-TzTz.

Polymerization of PBNT-TzTz: In the degassed solution containing the monomer BNT (210.1 

mg, 0.2 mmol) and TzTz (171.3 mg, 0.2 mmol) in anhydrous o-xylene (3.6 ml) and N,N-

dimethylformamide (0.4 ml), Pd2(dba)3 (3.7 mg, 0.004 mmol) and P(o-tol)3 (9.7 mg, 0.032 

mmol) were added under nitrogen protection. Then the mixture was stirred at 110 ℃ for 48 

hours. After that, 2-(tributylstannyl)thiophene and 2-bromothiophene were sequentially added 
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to the reaction with 2 hours interval. After cooling to room temperature, the reaction mixture 

was precipitated in methanol and filtered through a Soxhlet thimble. The precipitation was 

subjected to Soxhlet extraction with methanol, acetone, hexane, dichloromethane, chloroform, 

and chlorobenzene sequentially under argon protection. The chlorobenzene fraction was 

concentrated under reduced pressure and precipitated in methanol to obtain the polymer PBNT-

TzTz (Yield = 93%). Mn = 42 kDa, ĐM = 2.4.

2. Measurements and characterization

Gel permeation chromatography (GPC): The molecular weight of the polymer was 

determined by Agilent Technologies PL-GPC 220 high-temperature chromatography in 1,2,4-

trichlorobenzene at 140 °C using a calibration curve of polystyrene standards.

Thermogravimetric analysis (TGA): The TGA measurement was carried out with a 

NETZSCH (TG209F3) apparatus at a heating rate of 20 °C min–1 under nitrogen atmosphere.

Differential scanning calorimetry (DSC): The DSC measurement was performed on a 

NETZSCH (DSC200F3) apparatus with a heating/cooling rate of 10/20 C min–1 for the first 

cycle and 10/40 min–1 for the second cycle under nitrogen atmosphere.

Measurements of dielectric constant: The dielectric constants of the materials were 

determined by the capacitance–voltage (C–V) measurements with a device structure of 

ITO/PEDOT:PSS/polymer film (150 nm)/Al. First, PEDOT:PSS (CLEVIOS™ P VP AI 4083) 

was spin-coated on top of a cleaned ITO and annealed in air at 150 °C for 15 minutes to form 

a ≈40 nm layer. Subsequently, the polymer film with the thickness of 150 nm was formed by 

spin-coating the solution of PBNT-TzTz or PBDT-TzTz in chloroform on top of the 

PEDOT:PSS layer. After that, a 100 nm Al layer was deposited by thermal evaporation through 

a shadow mask in a vacuum chamber at a pressure of 5×10–6 Torr. The C–V measurements of 

the molecules were performed using a HP 4192A LCR meter by sweeping the voltage from –

30 to 10 V at room temperature, with a ramping rate of 0.5 V s–1 and 30 mV of oscillator levels. 

The measurements were performed under the frequency from 1×103 to 1×106 Hz. The relative 
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dielectric constants (εr) were calculated from the equation of εr = Cd/ε0A, where C is the 

capacitance, d is the thickness of the polymer film, ε0 is the permittivity of free space, A is the 

device area (0.0516 cm2).

UV−vis−NIR absorption spectra: UV−vis−NIR absorption spectra of the polymers and non-

fullerene acceptor in chlorobenzene solutions and as thin films were recorded on a SHIMADZU 

UV-3600 spectrophotometer. The concentration of diluted solution was 1.0×10−5 M, and the 

films were prepared by spin coating their solutions on glass substrates.

Square wave voltammetry (SWV): SWV measurements were conducted on a CHI600D 

electrochemical workstation in a solution of tetrabutylammonium hexafluorophosphate 

(Bu4NPF6, 0.1 M) in acetonitrile at a scan rate of 50 mV s–1. A platinum electrode coated with 

the sample film, a platinum wire, and an Ag/AgCl electrode were used as working electrode, 

counter electrode, and reference electrode, respectively. The highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels were calculated by 

EHOMO/LUMO=−(Eox/red+5.13−EFc/Fc
+).4,5

Density functional theory (DFT): The geometry was fully optimized at the B3LYP/ 6-31+G* 

level of theory by the absence of imaginary frequencies. The long alkyl chains were replaced 

by methyl groups. All calculations were carried out with the Gaussian 09 software.6

Steady-state photoluminescence (PL) quenching measurements: The PL quenching 

measurements were conducted on a Shimadzu RF-6000 spectrometer.

Atomic force microscopy (AFM): The AFM images were obtained by Bruker Multimode 8 

Microscope AFM in tapping mode.

Transmission electron microscopy (TEM): The TEM images were collected from JEM-

2100F transmission electron microscope operated at 200 kV.

Grazing incidence wide-angle X-ray scattering (GIWAXS): 2D-GIWAXS experiments 

were carried out on a GANESHA 300XL+ system from JJ X-ray. The instrument is equipped 

with a Pilatus 300K detector, with pixel size of 172 × 172 μm. The X-ray source is a Genix 3D 
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Microfocus Sealed Tube X-Ray Cu-source with integrated Monochromator (multilayer optic 

“3D version” optimized for SAXS) (30 W). The wavelength used is λ = 1.5418 Å. The detector 

moves in a vacuum chamber with sample-to-detector distance varied between 0.115 m and 1.47 

m depending on the configuration used, as calibrated using silver behenate (d001 = 58.380 Å). 

The minimized background scattering plus high-performance detector allows for a detectable 

q-range varying from 3 × 10–3 to 3 Å–1 (0.2 to 210 nm). The sample was placed vertically on 

the goniometer and tilted to a glancing angle of 0.2° with respect to the incoming beam. A small 

beam was used to get a better resolution. The primary slits have a size of 0.3 (horizontal) × 0.5 

mm (vertical), and the guard slits have a size of 0.1 (horizontal) × 0.3 (horizontal) mm. The 

accumulation time was 2 hours for each measurement. In-plane and out-of-plane line-cut 

profiles were obtained using SAXSGUI program.

3. Device fabrication and characterization

The fabrication of solar cells: The substrates with indium tin oxide (ITO) were cleaned by 

detergent, sonicated in deionized water and isopropanol, subsequently. After that, the clean 

substrates were dried in blast oven at 70 C. The ITO substrates were subjected to oxygen 

plasma for 5 minutes. An aqueous solution of PEDOT:PSS (CLEVIOS™ P VP AI 4083) was 

spin-casted onto the ITO surface at 3000 rpm for 30 seconds, followed by drying at 150 °C for 

15 minutes in air. The substrates were then transferred into a nitrogen-filled glove box. The 

active layer was fully optimized in terms of D/A ratio, spin-coating rate, solvent composition, 

and thermal annealing. For the optimal PBNT-TzTz:Y6-BO device, the polymer and Y6-BO 

were dissolved in a mixed solution of anisole and LM at the donor concentration of 7 mg mL–

1. The active layers were spin-coated on substrates at 2500 rpm to give a thickness of 100 nm. 

Afterwards, an electron transport layer of PNDIT-F3N was spin-coated from a solution (0.5 mg 

ml–1) at a speed of 2000 rpm for 30 seconds. Finally, a 100 nm Ag was deposited by thermal 

evaporation in a vacuum chamber at a pressure of 5×10–6 Torr with a shadow mask.



S5

Photovoltaic performance: The photovoltaic performance of the solar cells were measured 

under AM1.5G irradiation (100 mW cm–2) derived from a class solar simulator (Enlitech, 

Taiwan), which was calibrated by a China General Certification Center-certified reference 

single-crystal silicon cell (Enlitech). The current density−voltage (J−V) curves were recorded 

with a Keithley 2400 source meter.

External quantum efficiencies (EQEs): The EQE spectra were measured by a QE system 

(QE-R3011, Enlitech) with the light intensity calibrated by a standard single-crystal silicon 

photovoltaic cell (Enlitech).

Light-intensity dependence: The light-intensity dependence measurements were carried out 

in illumination with a photon flux between 10−100 mW cm–2, which was calibrated by a 

standard single-crystal silicon solar cell (Enlitech). The current density and voltage were 

recorded with a Keithley 2400 source meter.

Fabrication and characterization of single-carrier devices: Single-carrier devices were 

fabricated to measure hole and electron mobility by using the space-charge-limited current 

(SCLC) method. The device structures of the hole-only and electron-only devices are 

ITO/PEDOT:PSS (40 nm)/active layer (100 nm)/MoOx (10 nm)/Ag (100 nm) and ITO/ZnO (40 

nm)/active layer (100 nm)/PFN-Br (10 nm)/Ag (100 nm), respectively. The dark current 

densities of the devices were measured by applying a voltage between 0 and 5 V using a 

computer-controlled Keithley 2400 source meter under a nitrogen atmosphere. The data were 

analyzed according to the Mott–Gurney law that considers a Poole–Frenkel-type dependence 

of mobility on the electric field, given by J = εrε0μ0 exp (0.89γ ) , where ε0 is the 
9
8 𝑉/𝑑

permittivity of free space, εr is the dielectric constant which is assumed to be 3 for organic 

semiconductors, μ0 is the zero-field mobility, V is the voltage drop across the device, d is the 

film thickness of the active layer, and γ is a parameter that describes the strength of the field-

dependence effect. The applied voltage is used without correcting for series resistance or built-
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in voltage, which offers the best fitting of the experimental data following the protocol reported 

in literature.7 The hole and electron mobilities are extracted with the fit parameters at an electric 

field (E) of 1 × 105 V cm−1 by the Murgatroyd equation μ = μ0exp (γ ).𝐸

Transient Optoelectronic Measurements: For TPV measurements, the solar cells were first 

illuminated by a halogen lamp with 100 mW cm-2 illumination to reach working condition. A 

set of neutral optical filter were utilized to produce 0.01−1 sun illumination. Perturbed charge 

carriers were then generated by a 532 nm laser pulse from a Nd:YAG pulse laser (Q-smart 100 

of Quantel). The TPV signals were monitored by a Tektronix DPO4014 oscilloscope with high 

input impedance option to achieve open-circuit condition. For TPC measurements, the solar 

cells were in series with a 50 Ω load resistor. The voltage transient across the resistor was 

recorded by the oscilloscope under the same illumination and laser perturbation. The transient 

is translated into a current transient by Ohm’s law.

4. Additional figures and tables

Fig. S1. Ranking of the solvents investigated for OSCs processing based on the overall 
greenness criterion. Reproduced with permission.8 Copyright 2020, the Royal Society of 
Chemistry.
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Table S1. CHEM21 solvent guide of common solvents. Reproduced with permission.9 
Copyright 2016, the Royal Society of Chemistry.
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Table S2. Sanofi solvent guide of common solvents. Reproduced with permission.10 Copyright 
2013, the Royal Society of Chemistry.

Table S3. GlaxoSmithKline solvent guide of common solvents. Reproduced with permission.11 
Copyright 2011, the Royal Society of Chemistry.
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Table S4. The reported evaluation coefficient, HSP parameters and boiling point of solvents.

NO. Solvent Health
scorea

Safety
scorea

Environment
scorea Ranking by defined δ

D
δ

P
δ

H b.p.

1 CF 2 7 5 Highly hazardous 17.8 3.1 5.7 61 ℃

2 CB 3 2 7 Problematic 19.0 4.3 2.0 132 ℃

4 Toluene 6 6 3 Problematic 18.0 1.4 2.0 110 ℃

5 o-Xylene 4 2 5 Problematic 18.0 2.6 2.8 144 ℃

6 THF 7 6 5 Problematic 16.8 5.7 8.0 66 ℃

7 Me-THF 5 6 3 Problematic 16.4 4.7 4.6 80 ℃

8 Water 1 1 1 Recommend 15.5 16.0 42.3 100 ℃

9 Ethyl alcohol 4 3 3 Recommend 15.8 8.8 19.4 78 ℃

10 Anisole 2 3 2 Recommend 17.8 4.4 6.9 155 ℃

a The value represents the hazard level.

Fig. S2. GHS labels of representative solvents and anisole.
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Fig. S3. The GPC trace of PBNT-TzTz recorded at 140 °C with 1,2,4-trichlorobenzene as 
eluent.

Table S5. The solubility of the polymers in anisole at room temperature.
Polymer D18 PM6 PTQ10 PBDT-TzTz PTTz-3HD PBNT-TzTz

Mn (kDa) 45 47 32 43 54 42

Solubility (mg mL–1) ˂0.1 ˂0.1 ˂0.1 ˂0.1 ˂0.1 11.2

Fig. S4. Photographs of PBNT-TzTz, PBDT-TzTz, and PTTz-3HD in anisole.
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Fig. S5. The dipole moment of BNT (left) and BDT (right) calculated at the B3LYP/6-31+G* 

level. 
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Fig. S6. Photographs of the other BNT-based polymers in anisole at the concentration of 8 mg 
mL–1.

Fig. S7. DFT calculation results based on three repeat units of PBNT-TzTz at the B3LYP/6-
31+G* level. (a) Optimized molecular geometries. (b) Calculated molecular orbitals.
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Fig. S8. Temperature-dependent UV-vis absorption spectra of PBNT-TzTz in anisole solution 
(1.0×10−5 M).
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Fig. S9. Square wave voltammograms of PBNT-TzTz and Y6-BO. ELUMO/HOMO = –
(5.13+Eox/re–EFc/Fc+) eV and EFc/Fc+= 0.63 eV.
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Fig. S10. Thermal properties of the polymer PBNT-TzTz. (a) The TGA plots. (b) The DSC 
traces.
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Fig. S11. The chemical structures and boiling points of commonly used solvent additives and 
limonene.
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Fig. S12. Normalized absorption spectra of the PBNT-TzTz:Y6-BO blend films processed from 
different Anisole:LM solvent mixtures.

Table S6. The device parameters of the OSCs based on PBNT-TzTz:Y6-BO blend under 
AM1.5G irradiation at 100 mW cm–2.

D/A ratio Solvent (v:v) TA Voc
(V)

Jsc
(mA cm−2)

FF
(%)

PCE
(%)

1:1.2 Anisole:LM=10:0 / 0.88 24.18 63.5 13.52
1:1.2 0.88 25.40 70.0 15.65
1:1 0.86 24.65 67.3 14.27

1:1.5
Anisole:LM=8:2 100 °C

10 min
0.88 23.97 65.1 13.73

60 °C
10 min 0.87 24.96 66.7 14.48

80 °C
10 min 0.88 25.13 68.3 15.10Anisole:LM=8:2

120 °C
10 min 0.88 25.25 68.6 15.24

Anisole:LM=6:4 0.88 24.64 66.9 14.51
Anisole:LM=4:6 0.88 24.66 62.3 13.52
Anisole:LM=2:8 0.87 23.62 58.0 11.95

1:1.2

Anisole:LM=0:10

100 °C
10 min

0.87 22.26 54.7 10.59
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Fig. S13. The photoluminescence spectra of PBNT-TzTz, Y6-BO, and the blends. (a) PBNT-
TzTz and the PBNT-TzTz:Y6-BO blend films processed from different solvents with excitation 
wavelength at 580 nm. (b) Y6-BO and the PBNT-TzTz:Y6-BO blend films processed from 
different solvents with excitation wavelength at 780 nm.

Table S7. The quenching efficiency of the PBNT-TzTz:Y6-BO blend films.

Solvent ΔPLD
a ΔPLA

b

Anisole:LM=10:0 90.5% 80.5%

Anisole:LM=8:2 95.4% 85.3%

Anisole:LM=6:4 93.3% 81.5%

a ; b 
∆𝑃𝐿𝐷=

1 ‒ 𝑃𝐿𝑏𝑙𝑒𝑛𝑑
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Fig. S14. The J–V curves of the single-carrier devices based on the PBNT-TzTz:Y6-BO blends 
processed from different solvents. (a–c) The hole-only devices. (d–f) The electron-only devices.



S15

Table S8. The mobilities of the PBNT-TzTz:Y6-BO blend films acquired from single-carrier 
devices.

Solvent μe (cm2 V−1 s−1) μh (cm2 V−1 s−1)

Anisole:LM=10:0 7.72×10−4 9.97×10−4

Anisole:LM=8:2 1.19×10−3 1.51×10−3

Anisole:LM=6:4 9.15×10−4 1.22×10−3

Table S9. The exciton dissociation probability of the PBNT-TzTz:Y6-BO blend films.

Solvent P(E, T)

Anisole:LM=10:0 95.3%

Anisole:LM=8:2 97.6%

Anisole:LM=6:4 95.8%
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Fig. S15. (a) Transient photovoltage and (b) transient photocurrent of the OSCs based on 
PBNT-TzTz:Y6-BO processed from anisole:LM solvent mixtures.

Table S10. The charge carrier lifetime and decay times in the PBNT-TzTz:Y6-BO devices.

Solvent Charge carrier lifetime (μs) Charge carrier decay time (μs)

Anisole:LM=10:0 0.72 2.63

Anisole:LM=8:2 0.77 1.53

Anisole:LM=6:4 0.59 3.53
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Fig. S16. The 2D-GIWAXS patterns of the neat PBNT-TzTz and Y6-BO films.

Table S11. Characteristic length scale of the neat PBNT-TzTz and Y6-BO films measured by 
GIWAXS.

π−π stacking (010) Lamellar stacking (100)
Film q (Å−1) d-spacing (Å) CCL (Å) q (Å−1) d-spacing

(Å) CCL (Å)

PBNT-TzTz 1.68 3.74 16.44 0.35 17.94 NA
Y6-BO 1.77 3.55 19.63 0.28 22.27 53.42

Table S12. Characteristic length scale of the PBNT-TzTz: Y6-BO blend films measured by 
GIWAXS.

π−π stacking (010) Lamellar stacking (100)
Film q (Å−1) d-spacing

(Å) CCL (Å) q
(Å−1)

d-spacing
(Å) CCL (Å)

Anisole:LM=10:0 1.73 3.63 12.71 0.37 16.97 35.89
Anisole:LM=8:2 1.73 3.63 15.28 0.36 17.44 36.30
Anisole:LM=6:4 1.73 3.63 14.81 0.37 16.97 36.30

Table S13. Summary for reported OSCs processed from eco-compatible solvents.a

Solvent Active layer Voc 
(V)

Jsc
(mA cm−2) FF PCE (%) Reference

2-MA PBDT-TS1:PC71BM 0.79 17.39 0.70 9.67 12

Anisole PBDT-TS1:PPDIODT 0.76 14.67 0.49 5.43 13

Anisole PB3T:IT-M 1.00 18.9 0.63 11.9 14

Water/Ethanol PPDT2FBT-A:PC61BO12 0.76 5.08 0.53 2.05 15

2-MA PffBT-RT4:PC71BM 0.71 17.40 0.71 8.84 16

2-MA asy-BTBDTs:PC71BM 0.80 10.4 69.7 5.70 17

2-MA PTB7-Th:PC71BM 0.78 16.9 0.72 9.50 18

Water/Ethanol PPDT2FBT-A: PC71BO15 0.75 6.23 0.54 2.51 19

Water/Ethanol PFO:PCBO-12-AM 0.60 6.14 0.61 2.25 20

Anisole/LM PBNT-TzTz:Y6-BO 0.88 25.40 0.70 15.65 This work
a 2-MA represents 2-methylanisole; LM represents limonene.
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