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1. General Experimental Details 

Methods and Materials: All reagents from commercial sources were used without further 

purification. Solvents were dried and purified using standard techniques. Reactions were carried 

out under nitrogen atmosphere when appropriate. Microwave-assisted reactions were performed 

in a Biotage Initiator (Initiator+). Flash chromatography was performed with analytical-grade 

solvents using Silicycle Silica Flash P60 (particle size 40-63 µm, 60 Å, 230 – 400 mesh) silica 

gel. Flexible TLC plates PE SilG/UV 250µm from Whatman were used for TLC. Recycling SEC 

in THF or ethanol-blended chloroform was carried out through a set of two JAIGEL-4H-40 

preparative SEC columns mounted on a LC-9130NEXT (JAI) system equipped with coupled 

UV-254NEXT and RI-700NEXT detectors. All compounds were characterized by NMR 

spectroscopy on Bruker Avance III Ultrashield Plus instruments with 400 and 700 MHz proton 

frequency at the given temperatures. The spectra were referenced on the internal standard TMS. 

High-resolution mass spectrometry (HRMS) data was recorded using a Thermo Scientific - LTQ 

Velos Orbitrap MS. UV-Vis spectra in solution were recorded on a Varian Cary 100 instrument 

in single beam mode in 1 cm quartz cuvettes. Spectroscopy-grade CHCl3 was filtered through 

basic alumina prior to use in order to suppress solvent acidity and avoid undesired protonation 

reactions that may influence the spectral absorption of the small-molecule analogues examined in 

this study.  
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2. Synthetic Procedures 

Overview Scheme 

 

Note: 4-bromo-2,1,3-benzothiadiazole-4-carboxaldehyde (2),	   4-Bromo-7-dicyanovinyl-2,1,3-

benzothiadiazole (10), 7,7'-(9,9-dioctyl-9H-fluorene-2,7-diyl)dibenzo[c][1,2,5]thiadiazole-4-

carbaldehyde (3) and 4,4-dioctyl-2,6-bis(trimethylstannanyl)-4H-cyclo-penta[2,1-b:3,4-

b']dithiophene (9) were synthesized according to previously reported methods.1-3 

7,7'-(9,9-dioctyl-9H-fluorene-2,7-diyl)dibenzo[c][1,2,5]thiadiazole-4-carbaldehyde (3): A 

solution of 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (1) 

(0.31 g, 0.5 mmol) and 4-bromo-2,1,3-benzothiadiazole-4-carboxaldehyde (2) (278 mg, 1.15 

mmol) in THF (30 ml) was degassed, and Pd(PPh3)4 (20 mg, 0.03 eq) was added to the reaction 

vessel. A solution of K2CO3 (1M, 1.5 ml) was then added to the reaction mixture, and the 

reaction was refluxed overnight. The reaction mixture was then cooled to room temperature, 

quenched with water and extracted with CH2Cl2. The organic phase was dried over sodium 

sulfate, the solvent was removed by rotary evaporation and the crude mixture was purified via 

column chromatography over SiO2 with CH2Cl2 as the eluent, affording intermediate (3) as a red 

solid (164 mg, 46%). 1H NMR (400 MHz, CDCl3): δ 10.84 (s, 2H), 8.37 (d, J = 7.2 Hz, 2H), 

8.12-7.98 (m, 8H), 2.17-2.14 (m, 4H), 1.19-1.09 (m, 20H), 0.88-0.85 (m, 4H), 0.79 (t, J = 7.0 Hz, 

6H). 
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2,2'-(7,7'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-diyl))bis(me-

than-1-yl-1-ylidene)dimalononitrile (5, FBM): A mixture of 7,7'-(9,9-dioctyl-9H-fluorene-2,7-

diyl)dibenzo[c][1,2,5]thiadiazole-4-carbaldehyde (3) (1100 mg, 1.54 mmol), malononitrile (4) 

(407 mg, 6.16 mmol), and basic aluminum oxide (2.2 g) in anhydrous toluene (60 mL) was 

heated to 70 °C and stirred for 2h. The reaction mixture was then cooled to room temperature, 

and the basic aluminum oxide residue was removed by filtration and thoroughly washed with 

toluene. The solvent of the filtrate was removed by rotary evaporation, and the crude product 

was purified via column chromatography over SiO2 with CH2Cl2 as the eluent. The product 

fractions were pooled, concentrated and further purified by recycling SEC (CHCl3), yielding 

FBM (5) as a red solid (610 mg, 48%). 1H NMR (700 MHz, CDCl3): δ 8.92 (s, 2H), 8.89 (d, J = 

7.0 Hz, 2H), 8.16 (d, J = 7.0 Hz, 2H), 8.11 (s, 2H), 8.06 (d, J = 7.0 Hz, 2H), 8.01 (d, J = 7.0 Hz, 

2H), 2.17-2.14 (m, 4H), 1.19-1.09 (m, 20H), 0.88-0.85 (m, 4H), 0.79 (t, J = 7.0 Hz, 6H), 13C 

NMR (176 MHz, CDCl3): δ 154.45, 153.05, 153.00, 152.29, 142.10, 140.80, 135.46, 130.71, 

129.12, 127.35, 124.45, 122.48, 120.78, 113.76, 112.99, 83.35, 55.74, 40.16, 31.81, 30.02, 29.25, 

24.97, 24.03, 22.62, 14.09. HRMS (+APCI, m/z): calcd. for C49H46N8S2 [M+H]+: 811.33204; 

found 811.33552. 

7,7'-(9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl)dibenzo[c][1,2,5]thiadiazole-4-carbalde-

hyde (7): A solution of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-9H-carbazole (6) (2.52 g, 3.93 mmol) and 4-bromo-2,1,3-benzothiadiazole-4-carboxaldehyde 

(2) (2.2 g, 9.04 mmol) in THF (80 ml) was degassed, and Pd(PPh3)4 (136 mg, 0.03 eq) was added 

to the reaction vessel. A solution of K2CO3 (1M, 10 ml) was then added to the reaction mixture, 

and the reaction was refluxed overnight. The reaction mixture was then cooled to room 

temperature, quenched with water and extracted with CH2Cl2. The organic phase was dried over 

sodium sulfate, the solvent was removed by rotary evaporation and the crude mixture was 

purified via column chromatography over SiO2 with CH2Cl2 as the eluent, affording intermediate 

(7) as a red solid (1.52g, 53%). 1H NMR (700 MHz, CDCl3): δ 10.85 (s, 2H), 8.47 (s, 1H), 8.40 

(d, J = 7.0 Hz, 2H), 8.37 (d, J = 7.0 Hz, 1H), 8.34 (d, J = 7.0 Hz, 1H), 8.24 (s, 1H), 8.08 (d, J = 

7.0 Hz, 2H), 7.88 (d, J = 7.0 Hz, 2H), 4.79 (m, 1H), 2.50-2.45 (m, 2H), 2.07-2.02 (m, 2H), 1.35-

1.10 (m, 24H), 0.79 (t, J = 7.0 Hz, 6H). HRMS (+APCI, m/z): calcd. for C49H46N8S2 [M+H]+: 

730.32047; found 730.32485. 
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2,2'-(7,7'-(9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-

diyl))bis(methan-1-yl-1-ylidene)dimalononitrile (8, CBM): A solution of 7,7'-(9-(heptadecan-

9-yl)-9H-carbazole-2,7-diyl)dibenzo[c][1,2,5]thiadiazole-4-carbaldehyde (7) (0.27 g, 0.37 mmol) 

and malononitrile (4) (0.15 g, 2.2 mmol), and basic aluminum oxide (0.5 g) in anhydrous toluene 

(60 mL) was heated to 70 °C and stirred for 2h. The reaction mixture was then cooled to room 

temperature, and the basic aluminum oxide residue was removed by filtration and thoroughly 

washed with toluene. The solvent of the filtrate was removed by rotary evaporation, and the 

crude product was purified via column chromatography over SiO2 with CH2Cl2 as the eluent. The 

product fractions were pooled, concentrated and further purified by recycling SEC (CHCl3), 

yielding CBM (8) as a dark red solid (165 mg, 54%). 1H NMR (700 MHz, CDCl3): δ 8.94 (s, 

2H), 8.91 (d, J = 7.0 Hz, 2H), 8.50 (s, 1H), 8.38 (d, J = 7.0 Hz, 1H), 8.35 (d, J = 7.0 Hz, 1H), 

8.28 (s, 1H), 8.11 (d, J = 7.0 Hz, 2H) 7.92 (d, J = 7.0 Hz, 2H), 4.79 (m, 1H), 2.50-2.44 (m, 2H), 

2.09-2.04 (m, 2H), 1.35-1.10 (m, 24H), 0.79 (t, J = 7.0 Hz, 6H), 13C NMR (176 MHz, CDCl3): δ 

154.52, 153.16, 153.08, 143.15, 141.40, 141.30, 139.70, 134.10, 133.50, 130.75, 130.72, 127.66, 

124.67, 123.35, 122.37, 121.35, 121.10, 120.66, 120.57, 113.79, 113.02, 110.99, 83.23, 56.90, 

33.96, 31.77, 29.42, 29.36, 29.22, 26.87, 22.60, 14.07. HRMS (+APCI, m/z): calcd. for 

C49H47N9S2 [M+H]+: 826.34294; found 826.34640. 

2,2'-(4,4-dioctyl-4H-cyclo-penta[2,1-b:3,4-b']dithiophene-diyl)bis(benzo[c][1,2,5]thiadi-

azole-7,4-diyl))bis(methan-1-yl-1-ylidene)dimalononitrile (11, CDTBM): A mixture of 4,4-

dioctyl-2,6-bis(trimethylstannanyl)-4H-cyclo-penta[2,1-b:3,4-b']dithiophene (9) (0.128 g, 0.17 

mmol), 4-Bromo-7-dicyanovinyl-2,1,3-benzothiadiazole (10) (0.1 g, 0.344 mmol) and Pd(PPh3)4 

(5.9 mg, 0.03 eq) in a microwave vial was subjected to three vacuum/nitrogen cycles, and 

degassed toluene (3.0 ml) was added to the flask. The mixture was heated in a microwave reactor 

for 3 min at 120 °C, 3 min at 140 °C and 60 min at 175 °C. The solvent was removed and the 

residue was subjected to column chromatography using CH2Cl2/ethyl acetate (10/1) as the eluent. 

The product was further purified by recycling SEC (CHCl3), yielding CDTBM (11) as a dark 

green solid (95 mg, 65%). 1H NMR (700 MHz, CDCl3): δ 8.82 (s, 2H), 8.81 (d, J = 7.0 Hz, 2H), 

8.32 (s, 2H), 8.07 (d, J = 7.0 Hz, 2H), 2.09-2.06 (m, 4H), 1.28-1.18 (m, 20H), 1.11-1.07 (m, 4H), 

0.81 (t, J = 7.0 Hz, 6H), 13C NMR (176 MHz, CDCl3): δ 161.95, 154.53, 152.02, 150.94, 142.90, 

141.65, 133.79, 130.76, 125.04, 123.34, 121.20, 114.17, 113.42, 81.46, 54.65, 37.88, 31.80, 
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29.95, 29.33, 29.24, 24.72, 22.62, 14.09. HRMS (+APCI, m/z): calcd. for C45H42N8S4 [M+H]+: 

823.24488; found 823.24796. 

3. Computational Analyses 

All density functional theory (DFT) calculations were performed at the B3LYP/6-31G(d,p) level 

of theory with the Gaussian 09 (Revision C.01) software.4 Side chains were modeled as methyl 

groups to reduce the computational cost. Although the side chains play an important role in the 

organization of small molecules and polymers in thin films, it is commonly assumed that the 

electronic properties of the single isolated small-molecule/polymer chain in the gas phase are 

well represented via this approach.5-6 

 

Figure S1. Optimized geometries and torsion angles for FBM, CBM and CDTBM obtained at 

the B3LYP/6-31G(d,p) level of theory. 
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Figure S2. Representations of the LUMO and HOMO of FBM, CBM and CDTBM obtained at 

the B3LYP/6-31G(d,p) level of theory. The modeled frontier orbitals emphasize π-electron 

delocalization and localization effects across the SM acceptors. 
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4. UV-Vis Absorption 

    

 
Figure S3. Normalized UV-Vis spectra of (a) FBM, (b) CBM and (c) CDTBM in chloroform 

solution (dotted curves) and for thin films cast from chlorobenzene onto glass substrates (solid 

curves). 

 

  

a) b) 

c) 
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5. Photoelectron Spectroscopy in Air (PESA) Measurements 

Photoelectron spectroscopy in air (PESA) measurements were recorded using a Riken Keiki 

PESA spectrometer (Model AC-2) with a power setting of 10 nW and a power number of 0.33. 

Samples for PESA were prepared on glass substrates. 

  

 

Figure S4. PESA curves for a) FBM, b) CBM, c) CDTBM and d) PCE10. 

  

a) b) 

c) d) 



11	  
	  

6. Cyclic Voltammetry (CV) Measurements 

Electrochemical measurements were performed with a BAS 100W Bioanalytical electrochemical 

workstation, using Pt as working electrode, platinum wire as auxiliary electrode, and a porous 

glass wick Ag/Ag+ as the pseudo-reference electrode standardized against ferrocene/ferrocenium 

(Fc/Fc+); IP=Eonset,ox+5.1 eV and EA=Eonset,red+5.1 eV (absolute values). The oxidation onsets 

were measured in CH2Cl2 solutions and the reduction onsets were measured in DMF solutions 

containing 0.1 M of n-Bu4NPF6 as the supporting electrolyte, and using a scan rate of 100 mV s–

1. Fc/Fc+ is taken to be 5.1 eV relative to the vacuum level.7-8 

      

     
Figure S5. (a) Oxidation and (b) reduction cycles of PC71BM vs. Fc/Fc+. (c) Oxidation and (d) 

reduction cycles of the SM acceptors FBM, CBM, and CDTBM vs. Fc/Fc+. 

  

a) b) 

c) d) 
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7. Thermogravimetric Analyses (TGA) 

Thermogravimetric analyses (TGA) were performed with a NETZSCH TG 209 F1 Iris under 

nitrogen atmosphere, with a set ramp rate of 10 K/min, and using Al2O3 (alox) crucibles. 

 
Figure S6. Thermogravimetric analyses (TGA) of FBM, CBM and CDTBM.  
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8. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) analyses were performed with a NETZSCH DSC 204 

F1 Phoenix under a nitrogen atmosphere, using aluminum crucibles. 

     

 
Figure S7. Differential scanning calorimetry (DSC) traces of 2nd cycle of a) FBM, b) CBM and 

c) CDTBM. Traces collected at a scan rate of 5 °C min–1 between 20 °C and 270 °C 

(temperatures converted and reported in °C on each plot); heating: bottom traces, cooling: upper 

traces. 

 

a) b) 

c) 
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9. Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) Details 

GIWAXS measurements were performed at the DELTA Synchrotron on beamline BL09. The 

beam size was 1.0 mm × 0.2 mm (width x height), and samples were irradiated just below the 

critical angle for total reflection with respect to the incoming X-ray beam (∼0.1°); photon energy 

of 13 keV (λ = 0.9537 Å). The scattering intensity was detected on a 2D image plate (MAR-345) 

with a pixel size of 150 µm (2300 × 2300 pixels), and the detector was placed 523 mm from the 

sample center. All X-ray scattering measurements were performed under vacuum (~1mbar) to 

reduce air scattering and beam damage to the sample. All GIWAXS data were processed and 

analyzed with the software package Datasqueeze. 

a) b)  

c)  
Figure S8. GIWAXS patterns of (a) FBM, (b) CBM, and (c) CDTBM in neat films cast from 

CB. In (a) and (b) the scattering intensities are parasitic and pertain to the substrate (Si wafer); 

the GIWAXS patterns of the films of FBM and CBM do not show any reflections characteristic 

of π-stacking, and lack higher-order reflections characteristic of long-range ordering. In (c) the 

scattering peak intensity along qz (0.2-0.5 Å-1, circled white, interlayer peak) and the weak π-

stacking reflection centered along qxy (ca. 1.75 Å-1, circled red) suggest the presence of edge-on-
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oriented aggregates in films of CDTBM; in-plane π-stacking peak: 0.35 nm; out-of-plane 

interlayer spacing: 1.50 nm. 

10. Device fabrication 

The solar cells were prepared on glass substrates with tin-doped indium oxide (ITO, 15 Ω sq−1) 

patterned on the surface. Substrates were first scrubbed with isopropanol to remove organic 

residues before immersing in an ultrasonic bath of dilute Extran 300 for 15 min. Samples were 

rinsed in flowing deionized water for 5 min before being sonicated (Branson 5510) for 15 min 

each in successive baths of deionized water, acetone and isopropanol. Next, the samples were 

dried with pressurized nitrogen before being exposed to an UV−ozone plasma for 15 min. In 

parallel, a precursor solution of zinc acetate dihydrate (200 mg), 2-methoxyethanol (4 ml), and 

ethanolamine (55 µl) was prepared and stirred vigorously in air for at least 12h. This resulting 

precursor solution was spun-cast at 3000 rpm onto the cleaned ITO substrates, affording smooth 

amorphous ZnO thin films (a-ZnO) (serving as electron transport/extraction layers; detailed 

synthesis and method described in our prior published work9), which were then baked at 150°C 

for 20 min. Immediately after baking the a-ZnO-coated substrates, the samples were transferred 

into a dry nitrogen glovebox (< 3 ppm O2) for active layer deposition. 

All solutions were prepared in the glovebox using the polymer PCE10 (purchased from 1-

Material) and the SM acceptors FBM, CBM and CDTBM. PCE10 and the SM acceptors were 

dissolved in chlorobenzene, and the solutions were stirred for at least 2h at 50°C. Optimized 

devices were prepared using solution blends of 20 mg mL-1 concentration, a PCE10:SM ratio of 

4:6 (by weight) for PCE10:FBM and CDTBM, and a PCE10:SM ratio of 3:7 (by weight) for 

PCE10:CBM. The effects of different blend ratios and additive concentrations on device 

performance were also examined. The active layers were spun-cast from the solutions at 50°C at 

an optimized spin speed of 2000 rpm for 30 s, using a programmable spin coater from Specialty 

Coating Systems (Model G3P-8), resulting in a film of ca. 70 nm in thickness. The samples were 

then dried under vacuum for at least 1 hour. Next, the samples were placed in a thermal 

evaporator for evaporation of a 5 nm thick molybdenium oxide (MoO3) layer evaporated at 0.5 Å 

s−1, and a 100 nm thick layer of silver evaporated at 5 Å s−1; pressure of less than 2x10-6 Torr. 

Following electrode deposition, samples underwent J-V testing. 
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J-V measurements of solar cells were performed in the glovebox with a Keithley 2400 source 

meter and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5 G, with a KG-5 

silicon reference cell certified by Newport. The external quantum efficiency (EQE) 

measurements were performed at zero bias by illuminating the device with monochromatic light 

supplied from a Xenon arc lamp in combination with a dual-grating monochromator. The 

number of photons incident on the sample was calculated for each wavelength by using a silicon 

photodiode calibrated by NIST. 

11. Additional PV Device Performance Data 

Table S1. Summary of average PV performance for PCE10:FBM, PCE10:CBM and 

PCE10:CDTBM active layers cast from different donor/acceptor (D/A) ratios. 

Acceptors D/A 

Ratio 

VOC [V] JSC 

[mA/cm2] 

FF 

[%] 

Avg. 

PCE [%] 

FBM  6:4 0.86±0.01 5.9±0.2 31±0.6 1.6±0.04 

 5:5 0.86±0.03 9.8±0.4 36±2 3.0±0.3 

 4:6 0.88±0.01 10.8±0.5 44±2 4.2±0.1 

CBM 5:5 0.75±0.04 8.5±0.1 38±0.9 2.5±0.2 

 4:6 0.85±0.02 9.7±0.2 40±2 3.3±0.2 

 3:7 0.89±0.01 9.4±0.4 48±2 4.0±0.1 

 2:8 0.88±0.02 6.0±0.1 56±1 3.0±0.03 

CDTBM 6:4 0.68±0.01 7.9±0.1 39±1 2.1±0.1 

 5:5 0.68±0.01 11.5±0.1 44±0.6 3.4±0.1 

 4:6 0.68±0.01 11.7±0.2 53±2 4.2±0.2 

 3:7 0.66±0.01 11.0±0.1 56±2 4.1±0.2 
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Table S2. Summary of average PV performance for PCE10:FBM, PCE10:CBM and 

PCE10:CDTBM active layers cast from an optimized D/A ratio and using different 

concentration of solution-processing additive (CN or DIO). 

Acceptors vol% 

additive 

VOC [V] JSC 

[mA/cm2] 

FF 

[%] 

Avg. 

PCE [%] 

FBM (4:6, CN) 0.8 0.88±0.01 10.5±0.1 52±1 4.8±0.03 

 1 0.88±0.01 11.2±0.5 51±2 5.0±0.05 

 1.4 0.87±0.003 11.7±0.05 48±1 4.9±0.13 

 1.8 0.86±0.01 11.6±0.02 46±4 4.6±0.5 

CBM (3:7, DIO) 0.4 0.89±0.01 9.5±0.2 53±4 4.4±0.2 

 1 0.88±0.003 9.8±0.2 52±0.7 4.5±0.05 

 1.5 0.88±0.005 10.2±0.7 51±3 4.6±0.05 

 2 0.88±0.005 10.6±0.7 53±3 5.0±0.2 

CDTBM (4:6, CN) 0.3 0.66±0.01 12.4±0.1 53±4 4.3±0.4 

 0.5 0.65±0.01 12.4±0.2 54±4 4.4±0.5 

 0.8 0.66±0.01 11.9±0.6 60±3 4.8±0.1 

 1 0.68±0.003 11.9±0.1 52±2 4.2±0.2 
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12. BHJ Thin-Film Absorption 

 

 
Figure S9. Normalized thin-film absorption spectra of (a) FBM, PCE10, and a PCE10:FBM 

blend film (4:6 w/w), (b) CBM, PCE10, and a PCE10:CBM blend film (3:7 w/w), and (c) 

CDTBM, PCE10, and a PCE10:CDTBM blend film (4:6 w/w). 

 

13. JSC Modeling via Transfer Matrix 

Transfer matrix modeling10 was used to simulate maximum theoretical JSC plots as a function of 

active layer thickness (thickness range: 0-400 nm) for optimized blends of PCE10:FBM, 

PCE10:CBM, and PCE10:CDTBM; the model assumes 100% internal quantum efficiency 

(IQE). The transfer matrix code used for these simulations was developed by George F. 

Burkhard and Eric T. Hoke; code available from: http://web.stanford.edu/group/mcgehee/ 

b) a) 

c) 
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transfermatrix/index.html. The active layers optical constants n and k were collected via multi-

sample analysis by variable angle spectroscopic ellipsometry (VASE) with an M-2000 

ellipsometer (J.A. Woolam Co., Inc). The active layers were cast on clean silicon substrates with 

different thicknesses of SiO2 (25 nm, 51 nm, 70 nm and 115 nm) according to the device casting 

conditions described earlier in Section 10. Device Fabrication. The VASE measurements were 

performed with incident angles being varied from 45 to 75° in steps of 10° relative to the 

samples. The software Complete Ease (J.A. Woolam Co., Inc) was used to process all collected 

data, and the optical constants n and k were inferred from the B-splines11 model. 

 

Figure S10. Maximum theoretical JSC plots as a function of active layer thickness simulated via 

transfer matrix for optimized blends of PCE10:FBM, PCE10:CBM, and PCE10:CDTBM; the 

model assumes 100% IQE. 

 

14. Transmission Electron Microscopy (TEM) Imaging 

Films of ca. 70 nm thickness were spun-cast on PEDOT:PSS-coated glass substrates. The 

PCE10:SM BHJ films were floated off the PEDOT:PSS-coated substrates in deionized water and 

collected on lacey carbon coated TEM grids (Electron Microscopy Sciences). TEM images were 

recorded in bright field mode with a microscope operating at 120 keV (Tecnai Bio twin, FEI), 

using an 4k x 4k eagle CCD camera (FEI). 
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15. Atomic Force Microscopy (AFM) Imaging 

A Dimension Icon atomic force microscope (AFM) from Bruker was used to image the active 

layers in tapping mode (heights and phase images are represented below). 

 

Figure S11. (a,b) AFM height, (c,d) phase images and (e-f) 3D images of 5 x 5 µm2 for 

PCE10:FBM (4:6, w/w) active layers. (a,c,e,g) without additive,	   root-mean-square (RMS) 

roughness: 1.35 nm, and (b,d,f,h) with 1% CN, RMS roughness: 2.99 nm. 

 

Figure S12. (a,b) AFM height, (c,d) phase images and (e-f) 3D images of 5 x 5 µm2 for 

PCE10:CBM (4:6, w/w) active layers. (a,c,e,g) without additive, RMS roughness: 2.21 nm, and 

(b,d,f,h) with 3% DIO, RMS roughness: 2.81 nm. 
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Figure S13. (a,b) AFM height, (c,d) phase images and (e-f) 3D images of 5 x 5 µm2 for 

PCE10:CDTBM (3:7, w/w) active layers, (a,c,e,g) without additive, RMS roughness: 2.97 nm, 

and (b,d,f,h) with 0.8% CN, RMS roughness: 1.18 nm. 

16. Photoluminescence (PL) Quenching 

	  	  

	   	  

a) b) 

c) d) 
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Figure S14. Photoluminescence (PL) quenching of PCE10 and the SM acceptor analogues FBM 

and CBM in neat films without additive (solid lines), and in the presence of the donor/acceptor 

counterpart (dashed lines) as in BHJ thin films; (a) PCE10:FBM, without additive, excitation at 

500 nm, (b) PCE10:FBM without additive, excitation at 650 nm, (c) PCE10:CBM, without 

additive, excitation at 500 nm, (d) PCE10:CBM, without additive, excitation at 650 nm, (e) 

PCE10:CDTBM, without additive, excitation at 650 nm, (f) PCE10:CDTBM with additive, 

excitation at 650 nm. 

17. Additional GIWAXS Details 

a) b)   

e) f) 
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c)  
Figure S15. GIWAXS patterns of (a) PCE10, (b) PCE10:CDTBM cast from CB and (c) 

PCE10:FBM cast from CB+1%CN. Red circles point to π-stacking reflections and white ones 

are related to interlayer peaks; unmarked reflections arise from substrate scattering. We note that 

PCE10 aggregates adopt preferential face-on orientations in neat films as indicated by (i) the 

broad wide-angle out-of-plane reflection (circled red in Fig. S15a) which points to relatively 

pronounced π-stacking correlations (π-π stacking distance of ca. 0.39 nm), and (ii) the small-

angle in-plane scattering intensity characteristic of lamellar stacking (d-spacings of 2.27 nm). 

The GIWAXS plots of all PCE10:SM blend films showed the same common pattern (see 

PCE10:CDTBM in Fig. S15b) consisting of a single/main reflection attributed to the polymer 

lamellar stacking (ca. 2.10 nm in PCE10:CDTBM) with two contributions: one main out-of-

plane peak characteristic of edge-on-oriented aggregates and a secondary isotropic reflection/ring 

characteristic of randomly-oriented aggregates. The comparable ordering patterns of all 

PCE10:SM blend films is consistent with the comparable solar cell performance of all active 

layers. Using CN or DIO additives in the solution-casting process did not change the overall 

aggregation pattern and lack of long-range order in the blend films of PCE10 and the SM 

acceptors (see PCE10:FBM in Fig. S15c, but led to a slight increase in the polymer interlayer 

spacing to 2.24 nm in PCE10:FBM and PCE10:CBM, and to 2.14 nm in PCE10:CDTBM. 
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18. Carrier Mobility Measurements 

The carrier mobilities (hole and electron mobilities) of optimized BHJ films with PCE10 and the 

SM acceptors were determined by fitting the dark currents of hole/electron-only diodes to the 

space-charge-limited current (SCLC) model. Hole-only diode configuration: Glass/ITO/PEDOT 

/BHJ/MoO3/Ag. First, a thin layer (ca. 30 nm) of PEDOT:PSS was spin-coated at 4000 rpm for 

30 s onto the ITO-coated glass in air and then baked at 150º C for 10 min. After deposition of the 

active layer on the PEDOT:PSS-coated substrates, MoO3 (5 nm, 0.3 Å s-1) and Ag (100 nm, 5 Å 

s-1) were deposited via thermal evaporation in a vacuum chamber at a base pressure of 2×10–6 

mbar. Electron-only diode configuration: Glass/ITO/a-ZnO/PFN-Ox12/BHJ/Ca/Ag. Amorphous 

ZnO layers were prepared as described in Section 10. Device Fabrication. A solution of 0.5 mg 

mL-1 PFN-Ox in methanol:acetic acid (100:1 v/v) was spun-cast at 2000 rpm onto the ZnO/ITO-

coated substrates to yield a ca.  5 nm interlayer, which was then heated and cross-linked at 150 °C 

for 20 min. The active layers were then deposited on top of the PFN-Ox/ZnO/ITO-coated 

substrates, and calcium (7 nm, 0.4 Å s-1) and Al (100 nm, 5 Å s-1) were subsequently deposited 

via thermal evaporation in a vacuum chamber at a base pressure of less than 2×10–6 mbar. 

Active-layer thicknesses were measured with a Tencor surface profilometer.  

The carrier mobilities were inferred from fitting the data to the Murgatroyd expression:13 

( )2
0 0 3

9( ) exp 0.89
8

bibi
r

V VV VJ V
L L

ε ε µ β
⎛ ⎞ −−

= ⎜ ⎟⎜ ⎟
⎝ ⎠

 

Definition Variable Units 
zero-field mobility µ0 cm2 V-1 s-1 
film thickness L cm 
dark current density J A cm-2 
voltage V V 
vacuum permittivity ε0 (8.854×10-14) A s V-1 cm-1 
dielectric constant εr (3.3) - 
field activation factor β cm1/2 V-1/2 
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Table S3. Carrier mobilities for BHJ thin films of FBM, CBM, CDTBM and PC71BM acceptors 
blended with the polymer donor PCE10. 

Acceptors µ0,h (cm2V-1s-1) µ0,e (cm2V-1s-1) βe (cmV-1)1/2 

FBM (CB+1%CN) (1.4±0.1) × 10–4 (1.0±0.3) × 10–6 (3.6±0.4) × 10–3 

CBM (CB+2%DIO) (1.0±0.3) × 10–4 (1.9±0.5) × 10–6 (4.2±0.6) × 10–3 

CDTBM (CB+0.8%CN) (3.4±1.0) × 10–4 (1.8±0.4) × 10–6 (2.6±0.3) × 10–3 

PC71BM (CB) (7.3±2.0) × 10–4 (1.5±0.8) × 10–4 (4.9±2.6) × 10–4 

 

a) b)  

c) d)  
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e) f)  

g)  h)  

Figure S16. Dark J–V curves of PCE10:SM and PCE10:PC71BM BHJ thin films of various 

thicknesses: a) hole-only diodes, b) electron-only diodes based on PCE10:FBM (4:6 with 1% 

CN), c) hole-only diodes, d) electron-only diodes based on PCE10:CBM (3:7 with 2% DIO), e) 

hole-only diodes, f) electron-only diodes based on PCE10:CDTBM (4:6 with 0.8% CN), g) hole-

only diodes, h) electron-only diodes based on PCE10:PC71BM. The hole-only device structure is 

Glass/ITO/PEDOT/BHJ/MoO3/Ag; here, Vbi = 0 (flat band pattern formed by PEDOT-MoO3) 

and, as a result Vin = V - Vbi = V. The electron-only device structure is Glass/ITO/a-ZnO/PFN-

Ox/BHJ/Ca/Ag; here, Vbi = 0.4 V. The solid lines are fits to the experimental data according to 

the Murgatroyd expression. 
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19. Solution NMR Spectra 

 
Figure S17. 1H NMR spectrum of FBM. 

 

Figure S18. 13C NMR spectrum of FBM. 
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Figure S19. 1H NMR spectrum of CBM. 

 

Figure S20. 13C NMR spectrum of CBM. 
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Figure S21. 1H NMR spectrum of CDTBM. 

 

Figure S22. 13C NMR spectrum of CDTBM. 
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