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Section S1. Materials Synthesis 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance III1  600 MHz 
system with two Radio frequency (RF) channels, and a Bruker Avance III HD 500 MHz system 
equipped with a Triple Resonance Prodigy probe at ambient temperature. Chemical shifts for 1H 
and 13C spectra are referenced to residual protic-solvent signals (δ 1H = 7.26 for CDCl3; δ 13C = 
77.16 for CDCl3) and chemical shifts are reported in ppm. Mass spectrum (MS) was performed 
on a Bruker AmaZon-SL instrument using Electrospray ionization (ESI) and a Bruker Impact-II 
instrument using atmospheric pressure photoionization (APPI) in both negative and positive 
ionization modes.  

All reactions were carried out under an argon atmosphere, and all starting materials and solvents 
were purchased from commercial suppliers and used without further purification. Compound 1, 
D18, PTQ10 (99.9 %) were purchased from Derthon Optoelectronic Materials Science Technology 
Co LTD. The compounds 2, 3, 4, 5, 6, 7, BT-BO-CF3, were synthesized via reported methods.S1 
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Scheme S1. The route for BT-BO-CF3 synthesis. 

 

Section S2.  Materials Characterization 

The solution and film ultraviolet-visible (UV-vis) spectra were recorded on a Varian Cary 100 and 
a Perkin Elmer LAMBDA 1050 UV-vis spectrophotometer. The solutions were prepared at 0.01 

 
1 Certain commercial equipment, instruments, or materials are identified in this paper to foster understanding. Such 
identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, 
nor does it imply that the materials or equipment identified are necessarily the best available for the purpose. 
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mg/mL in chloroform and measured at ambient temperature. The film optical absorption spectra 
were recorded from films cast from chloroform (5.0 mg/mL, 1500 rpm) onto glass slides.  

The cyclic voltammograms of polymers and acceptors were measured using a three-electrode 
system using a disk platinum (Pt) working electrode, an Ag/AgCl reference electrode and a 
platinum wire counter electrode in acetonitrile solution of tetrabutylammonium 
hexafluorophosphate (n-Bu4NPF6), and a ferrocene/ferrocenium (Fc/Fc+) couple is used as an 
internal reference. The highest occupied molecular orbital (HOMO) energies of the materials were 
determined according to the equation EHOMO = −(Eoxonset + 4.80), where Eoxonset is the positive 
sweep onset of the oxidation potential relative to the measured Fc/Fc+ redox couple. The  
lowest unoccupied molecular orbital (LUMO) energies of the acceptors were determined 
according to the equation ELUMO = −(Eredonset + 4.80), where Eredonset is the positive sweep onset of 
reduction potential relative to the measured Fc/Fc+ redox couple. 

Thermogravimetric Analysis (TGA) measurements were carried out on Mettler Toledo 
TGA/DSC 3+ instrument, the scanning rate is 10 ⁰C/min from 50 oC to 600 oC, and differential 
scanning calorimetry (DSC) measurements were performed on an indium-calibrated Mettler-
Toledo DSC822e equipped with a TSO801RO autosampler. The samples were placed in lidded 40 
μL Al pans and thermally cycled twice under nitrogen with a heating/cooling rate of 10 °C/min. 
The reported data correspond to the first cooling cycle and second warming cycle. 

 

Section S3.  Solar Cell Device Fabrication and Characterization 

The inverted device architecture is indium tin oxide (ITO)/ZnO/(active layer)/MoO3/Ag. Pre-
patterned ITO-coated glass wafers (Thin Film Devices, Inc.) with a sheet resistance of ≈ 20 Ω/sq 
were used as substrates. The ZnO precursor solution was prepared by dissolving 220 mg of zinc 
acetate dehydrate (Sigma Aldrich) and 62 mg of 2-ethanolamine (Sigma Aldrich) in 2 mL 2-
methoxyethanol (Sigma Aldrich), then stirring overnight. The ZnO precursor was spin-coated on 
precleaned ITO glass at 7000 rpm after filtering through a 0.45 μm polyvinylidene difluoride 
(PVDF) filter and annealing for 20 min at 170 °C in ambient. Then the device was transferred into 
an argon glove box where active layer solutions (12 mg/mL in total) were spin-coated onto the 
ZnO layer at 2100 rpm (film thickness ≈ 150 nm). Note that a higher or lower concentration of 
active layer solution was found to be ineffective in forming a uniform film. The substrates were 
then loaded into a metal-evaporation chamber and covered with shadow masks with a top electrode 
area of 6.25 mm². Then, a molybdenum oxide interlayer (10 nm) and silver (100 nm) electrodes 
were vapor-deposited at high vacuum (≈ 6 x 10-6 Torr). All the devices were measured under a 
simulated AM1.5G irradiation (100 mW cm–2) illumination with a standard ABET Sun 2000 Solar 
Simulator in the nitrogen-filled glovebox. A standard silicon solar cell was used to calibrate the 
light intensity. The voltage was scanned from 1.20 V to -0.20 V. External quantum efficiency 
(EQE) was measured using a Newport QE-PV-SI system in ambient. A calibrated silicon solar cell 
was used as a reference. 
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Table S1. Average photovoltaic performance parameters of polymer:BT-BO-CF3 blends (15 
devices) with different donor polymers. The symbol “±” denotes the standard deviation in all tables. 

Active 
layers 

Donor 
polymer 

Voc 
(V) 

Jsc 
(mA/cm-2) 

FF 
(%) 

PCE 
(%) 

 
 
 
 

Polymer: 
BT-BO-

CF3 
 

 
D18 

0.82 
(0.82±5.2x10-3) 

26.20 
(26.05±0.16) 

70.40 
(69.01±1.49) 

15.19 
(14.78±0.38) 

 
PM6 

0.82 
(0.82±3.4x10-3) 

26.44 
(26.40±0.14) 

69.11 
(67.72±1.61) 

14.95 
(14.66±0.34) 

 
PBTABT-

4f 

0.81 
(0.81±3.9x10-3) 

26.48 
(26.25±0.35) 

68.25 
(68.16±0.36) 

14.63 
(14.43±0.22) 

PTQ10 0.86 
(0.85±8.2x10-3) 

25.85 
(25.85±0.36) 

64.04 
(64.19±1.13) 

14.28 
(14.04±0.16) 

 

Table S2. Average photovoltaic performance parameters of D18:BT-BO-CF3 blends (15 devices) 
in different D/A ratios. 

Active 
layers 

D/A 
 ratios 

Voc 
(V) 

Jsc 
(mA/cm-2) 

FF 
(%) 

PCE 
(%) 

 
 
 
 

D18:BT-
BO-CF3 

 

 
1.0:1.1 

0.85 
(0.84±4.1x10-3) 

26.31 
(26.22±0.23) 

69.14 
(67.18±1.40) 

15.38 
(14.81±0.35) 

 
1.0:1.2 

0.82 
(0.82±5.2x10-3) 

26.20 
(26.05±0.16) 

70.40 
(69.01±1.49) 

15.19 
(14.78±0.38) 

 
1.0:1.0 

0.84 
(0.84±5.1x10-3) 

25.78 
(25.79±0.19) 

68.77 
(68.12±1.80) 

14.91 
(14.68±0.33) 

 
1.1:1.0 

0.84 
(0.84±7.2x10-3) 

26.32 
(26.37±0.44) 

70.75 
(68.43±1.48) 

15.63 
(15.12±0.33) 

 
1.2:1.0 

0.84 
(0.84±2.7x10-3) 

26.12 
(25.57±0.37) 

69.93 
(67.43±1.53) 

15.35 
(14.45±0.47) 

 

Table S3. Average photovoltaic performance parameters of D18:BT-BO-CF3 blends (15 devices) 
with different spinning speeds. 

Active 
layers 

Spinning 
speed (rpm) 

Voc 
(V) 

Jsc 
(mA/cm-2) 

FF 
(%) 

PCE 
(%) 

 
 
 
 

D18:BT-
BO-CF3 

 

 
1500 

0.85 
(0.85±2.8x10-3) 

26.77 
(26.55±0.39) 

68.28 
(66.45±1.50) 

15.60 
(15.04±0.35) 

 
1800 

0.85 
(0.85±3.6x10-3) 

26.73 
(26.52±0.34) 

70.48 
(68.58±1.54) 

16.06 
(15.38±0.80) 

 
2100 

0.85 
(0.85±1.4x10-3) 

26.72 
(26.75±0.17) 

72.10 
(69.57±2.69) 

16.39 
(15.85±0.58) 

 
2400 

0.85 
(0.85±4.7x10-3) 

26.20 
(26.03±0.31) 

67.12 
(64.83±1.77) 

15.03 
(14.40±0.40) 

 

Table S4. Average photovoltaic performance parameters of D18:BT-BO-CF3 blends (15 devices) 
at different annealing temperatures for 3 min. 
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Active 
layers 

Temperature 
(oC) 

Voc 
(V) 

Jsc 
(mA/cm-2) 

FF 
(%) 

PCE 
(%) 

 
 
 
 

D18:BT-
BO-CF3 

 

 
100 

0.86 
(0.86±2.3x10-3) 

26.44 
(26.24±0.10) 

66.39 
(66.03±0.09) 

15.10 
(14.90±0.17) 

 
110 

0.85 
(0.86±3.2x10-3) 

26.56 
(26.42±0.34) 

72.90 
(69.27±4.72) 

16.55 
(15.69±0.82) 

 
120 

0.84 
(0.84±8.9x10-3) 

26.04 
(26.39±0.39) 

67.50 
(65.10±2.21) 

14.64 
(14.40±0.19) 

 
As cast 

0.87 
(0.87±3.8x10-3) 

25.83 
(25.77±0.21) 

70.49 
(70.15±0.70) 

15.83 
(15.65±0.10) 

 

 

Section S4. Charge Transport and Integrated Photocurrent Device Analysis 

Hole and electron mobilities were measured using the space charge limited current (SCLC) 
structures which were fabricated according to a standard procedure for photovoltaic devices.2 The 
structure of ITO/MoO3/(active layer)/MoO3/Ag was used for hole-only devices and the structure 
of ITO/ZnO/(active layer)/PFN-Br/Ag was used for electron-only devices, respectively. The 
SCLC mobilities were calculated by the Mott-Gurney equation that is obtained via the following 
steps: 

𝐽𝐽𝐿𝐿3 =  
9
8
𝜀𝜀𝑟𝑟𝜀𝜀0𝜇𝜇ℎ (𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑉𝑉𝑏𝑏𝑏𝑏)2 

𝐽𝐽
1
2𝐿𝐿

3
2 = �9

8
𝜀𝜀𝑟𝑟𝜀𝜀0𝜇𝜇ℎ  (𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑉𝑉𝑏𝑏𝑏𝑏) 

 

𝐽𝐽
1
2 =

�98𝜀𝜀𝑟𝑟𝜀𝜀0𝜇𝜇 

𝐿𝐿
3
2

 (𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑉𝑉𝑏𝑏𝑏𝑏),  

  k = 
�98𝜀𝜀𝑟𝑟𝜀𝜀0𝜇𝜇 

𝐿𝐿
3
2

 ,   𝜇𝜇 = 8𝑘𝑘2𝐿𝐿3

9𝜀𝜀𝑟𝑟𝜀𝜀0
 

where J is the current density, εr is the dielectric constant of the active layer, ε0 is the vacuum 
permittivity, μ is the mobility of the hole or electron, L is the thickness of the active layer, k is the 
slope from a plot with  𝐽𝐽

1
2 as ordinate and (𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑉𝑉𝑏𝑏𝑏𝑏)  as abscissa. Note that Vapp - Vbi is the internal 

voltage in the device, where Vapp is the voltage applied to the device, and Vbi is the built-in voltage 
resulting from the relative work function difference between the two electrodes. Thus, mobility is 
obtained from the slope k. 

For impedance spectroscopy and integrated photocurrent device analysis (IPDA), organic solar 
cells (OSCs) were measured in ambient conditions and illuminated using a 100 mW/cm2 simulated 
AM 1.5G light source. J-V characteristics were measured by using a Keithley 2400 source-
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measurement unit controlled by home-built NI LabView programs. Impedance measurements 
were carried on a Solartron 1260 impedance analyzer using an AC amplitude of 100 mV 
(frequency range: 100 Hz - 5 MHz). The filter wheel and measurement programs in the LabView 
and ZPlot were controlled by a homemade Autoit script (https://www.autoitscript.com/site/) to 
achieve full automation of the measurement  

(https://github.com/MikeHeiber/AutoItScripts/tree/master/Hersam%20Lab).  

 

Section S5. Microstructure Analysis 

Atomic force microscopy (AFM) was measured on a Dimension Icon scanning probe microscope 
(Bruker Dimension FastScan AFM) in standard tapping mode. The blend thin films were prepared 
in the same way as the photovoltaic devices and spun cast on Si substrates. The neat films were 
spun-cast on Si substrates in chloroform 16 mg mL-1 solutions. 

Thin film samples for aqueous contact angle measurements were prepared by spin-coating the 
respective solutions on silicon substrates. Advancing aqueous contact angles on neat or blends 
films were measured by a VCA Optima Contact Angle Measurement system (AST Products, Inc.). 
At least four measurements were made for each sample for reproducible results. The measurement 
of the aqueous contact angle is analyzed using ImageJ software with its Contact Angle plugin 
following these steps: First, we clicked on the two endpoints where the liquid makes contact with 
the film to determine the baseline; then, we draw five points along the droplet arc to define the 
liquid interface; finally, we used the software to automatically calculate the Theta C value, and its 
supplementary angle is taken as the aqueous contact angle. 

Transmission electron microscopy (TEM) was measured on a Hitachi HT-7700 Biological 
S/TEM instrument. The blend thin films were prepared in the same way as the photovoltaic devices 
and spun cast on Si substrates. 

Grazing-incidence wide-angle x-ray scattering (GIWAXS) measurements were performed at 
Beamline 8ID-E at the Advanced Photon Source at Argonne National Laboratory. The samples 
were irradiated at incidence angles from 0.130° to 0.140° in vacuum at 10.915 keV for two 
summed exposures of 2.5 s each. Signals were collected with a Pilatus 1M detector located at a 
distance of 228.16 mm from the samples. Samples for GIWAXS were cast on Si. Blend films were 
prepared according to the procedure for photovoltaic devices. For neat films, 16 mg mL-1 solutions 
of corresponding polymers in chloroform were used for casting. GIWAXS measurements were 
performed at the 11-BM Complex Materials Scattering (CMS) Beamline of the National 
Synchrotron Light Source II (NSLS-II) with an incident X-ray energy of 13.5 keV. The 2D 
scattering patterns were collected at an X-ray incidence angle of 0.14° with a Pilatus 1M detector 
with a pixel size of 172 μm and placed about 250 mm from the sample. The 2-D data were analyzed 
using Nika software based on Igor ProS3 (Wavemetrics, Inc.). Sector-averaged 1D scattering 
profiles were obtained from 10° cake sectors. Pole figures were constructed from the 2D GIWAXS 
images corrected for the missing wedge by integrating the intensities at each detector azimuth 
within the q-range of the diffraction peaks. A linear background defined by the intensities at the 
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two ends of the integrated q-range was subtracted. The relative degree of crystallinity (rDoC) was 
calculated by integrating the intensities over a crystallographic orientation sphere: rDoC = 
∫ 𝐼𝐼(𝜒𝜒) sin𝜒𝜒𝑑𝑑𝜒𝜒𝜋𝜋/2
0  and normalized to illuminate volume (sample width and film thickness). 

Section S6. Computation 

For the e-coupling, the procedure was followed according to the literature.4 Briefly, the atomic 
coordinates of the non-fullerene acceptors (NFAs) from a single crystal region containing the 
highest packing density were selected for e-coupling calculations with density functional theory 
(DFT). The side chains of the NFAs were truncated down to methylene units and then hydrogen 
atoms were added to form methyl units, in the Avogadro program (version 1.2.0). The added 
hydrogen atoms were energy minimized at the molecular mechanics / universal force field level 
MM/UFF, in Avogadro; this gives reasonable C-H bond lengths and angles. The nuclear 
coordinates of a central NFA molecule were labeled A, and the nearest neighbor molecules to each 
A were given the labels B, C, D…etc. With structure A, the nearest neighbors form the dimer pairs 
for the electron coupling calculations, such as AB, AC, AD…etc. The coupling was performed 
with the Frozen density embedding (FDE)S5 method in the Amsterdam density functional (ADF)S6) 
program. See Fig. 6 in the manuscript for details of the molecular labeling scheme.  

Table S5. The computed electronic coupling strength of BT-BO. The computed electronic 
coupling strength of BT-BO-CF3 can be found in ref. S1.  

BT-BO dimer e-coupling strength / meV 
AB 0.61 
AC 96.6 
AD 13.7 
AE 8.89 
AF 34.8 
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Figure S1. Cyclic voltammograms of (a) BT-BO-CF3 (b) and BT-BO (c) D18 and (d) Fc/Fc+ 
measured in 0.1 mol L−1 Bu4NPF6 acetonitrile solution. 

 

 

Figure S2. (a), (b) Thermogravimetric analysis (TGA) of BT-BO and BT-BO-CF3, respectively. 
The scanning rate is 10 oC/min from 50 oC to 600 oC. The black line shows 95 % weight.  
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Figure S3. (a), (b) The hole-only and the electron-only current-voltage curves of the devices in 
the space charge limited current (SCLC) regime, respectively. The mobilities were calculated from 
the slope k over the voltage ranges of 2 – 3 V in (a) and 2.5 – 4 V in (b).   

 

 

Figure S4. Atomic force microscopy (AFM) topography images obtained in non-contact mode. 
Rq stands for root-mean-square roughness. 
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Figure S5. (a), (b) Pictures of aqueous drops on films to extract nearly identical contact angles of 
93.80⁰ and 94.30⁰ for neat acceptor films BT-BO and BT-BO-CF3, respectively. (c), (d) Contact 
angle measurements showing a slightly larger contact angle for neat donor D18 film (102.40⁰) 
compared to PTQ10 film (100.30⁰). (e), (f) Blends D18:BT-BO and D18:BT-BO-CF3 showing 
nearly identical contact angles. (g), (h) Blends PTQ10:BT-BO and PTQ10:BT-BO-CF3 showing 
nearly identical contact angles.  
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Figure S6. Two-dimensional GIWAXS data from neat films (a) BT-BO-CF3, (b) BT-BO, (c) D18, 
and (d) PTQ10.  
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Figure S7. In-plane and out-of-plane 1D profiles from D18, BT-BO-CF3, and BT-BO neat and 
blend films. 
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Figure S8. (a) Pole figures calculated from low-q peaks over the q-range 0.2 Å-1 to 0.5 Å-1. The 
curves from top to down are in order for these samples: D18:BT-BO-CF3 AS (as cast), D18-BT-
BO-CF3 AN (annealed), and D18:BT-BO AS (as cast). (b) A plot of relative diffraction strength 
of the D18:BT-BO-CF3 and D18:BT-BO blend films obtained by integrating the pole figures in 
(a). 
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Figure S9. Two-dimensional GIWAXS data from (a) PTQ10:BT-BO-CF3, (b) PTQ10:BT-BO 
blend samples. 1-D and profiles in the (c) in-plane and (d) out-of-plane directions. Pole figures 
calculated from (e) low-q peaks over the q-range 0.2 Å-1 to 0.5 Å-1, (f) π-π stacking peak centered 
at ≈1.7 Å-1. 
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Figure S10. Transmission electron microscopy (TEM) images of the indicated blend films. 
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