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1. Materials and Methods

High-resolution Mass Spectrometry (HRMS): High-resolution MALDI mass
spectrometry measurements were performed courtesy of Jian Jun (Johnson) Li in the
Chemical Instrumentation Facility at the University of Calgary. A Bruker Autoflex I1l
Smartbeam MALDI-TOF (Na:YAG laser, 355nm), setting in positive reflective mode,
was used to acquire spectra. Operation settings were all typical, e.g. laser offset 62-69;
laser frequency 200Hz; and number of shots 300. The target used was Bruker MTP 384
ground steel plate target. Sample solution (~ 1 pg/mL in dichloromethane) was mixed
with  matrix  trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) solution (~ 5mg/mL in methanol). Pipetted 1pl solution above to target spot and
dried in the fume hood.

Density Functional Theory (DFT): Calculations were carried out using Gaussian16 [1],
input files and results were visualized using GausView05 [2]. All alkyl chains were
replaced with a methyl group. The B3LYP level of theory with 6-31G(d,p) basis set
were used for the calculations. TD-SCF [12] calculations were performed from the
optimized geometries. Single point calculations were performed on optimized structures
in order to generate molecular orbitals.

Power Conversion Efficiency (PCE): The current density-voltage (J-V) curves were
measured in air by a Keithley 2420 source measure unit. The photocurrent was measured
under AM 1.5 illumination at 200mW/cm? under a Solar Simulator (Newport 92251A-
1000). The standard silicon solar cell (Newport 91150V) was used to calibrate light
intensity.

Atomic Force Microscopy (AFM): AFM measurements were performed by using a
TT2- AFM (AFM Workshop) in tapping mode and WSxM software with a 0.01-0.025
Ohm/cm Sb (n) doped Si probe with a reflective back side aluminum coating. Samples
for AFM measurements were the same ones that were used to collect the respective
device parameters and EQE profiles.
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2. Solution NMR Spectra
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Figure S1: *H NMR spectrum of 1 in CDCls.
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Figure S2: 3C NMR spectrum of 1 in CDCla.

T T T T T T
150 140 130 120 110 100

S3



2000
1900
f ~1800
~1700
1600
e 1500
/ /// 1400
~1300
~1200
1100
1000
900
800
700

600

500
400
300
200

100
LA A
§

©oor TOOT N~ 100
LD © ©

636 -
431 {
462

414.00 1

0 45 40 385 30 25 20 15 10 05 00
1 (ppm)

Figure S3: *H NMR spectrum of 2 in CDCls.
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Figure S4: 3C NMR spectrum of 2 in CDCls.
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3. Mass Spectra (MALDI-TOF)
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Figure S5: MALDI-TOF of 1.
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4. Elemental Analysis

University of Calgary

Department of Chemistry EA Date: 1/24/2018
Name: TOM Group: GW

Sample: TAW241-1 Weight (mg): 1.183

%C (Actual): 74.00 %C (Theorectical): 74.43

%H (Actual): 6.33 %H (Theoretical): 6.45

%N (Actual): 6.07 %N (Theoretical): 6.46

B Ll

University of Calgary

Department of Chemistry EA Date: 1/24/2018

Name: TOM Group: GW

Sample: TAW241-2 Weight (mg): 1.079

%C (Actual): 73.65 %C (Theorectical): 74.43

%H (Actual): 6.33 %H (Theoretical): 6.45

%N (Actual): 6.08 %N (Theoretical): 6.46

Figure S7: Elemental analysis results of 1. Note: %C results are lower than theoretical

due to incomplete combustion of perylene diimide units.
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University of Calgary

Department of Chemistry EA Date: 1/24/2018
Name: TOM Group: GW
Sample: TAW245-1 Weight (mg): 1.43
%C (Actual): 73.70 %C (Theorectical): 74.43
%H (Actual): 6.18 %H (Theoretical): 6.45
%N (Actual): 6.09 %N (Theoretical): 6.46
L}
University of Calgary
Department of Chemistry EA Date: 1/24/2018
Name: TOM Group: GW
Sample: TAW245-2 Weight (mg): 1.682
%C (Actual): 73.35 %C (Theorectical): 74.43
%H (Actual): 6.24 %H (Theoretical): 6.45
%N (Actual): 6.06 %N (Theoretical): 6.46
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Figure S8: Elemental analysis results of 2. Note: %C results are lower than theoretical
due to incomplete combustion of perylene diimide units.



5. Electrochemical Characterization
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Figure S9: Cyclic voltammogram of 1.
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Figure S10: Differential pulse voltammogram of 1.
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Figure S11: Cyclic voltammogram of 2.
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Figure S12: Differential pulse voltammogram of 2.

S10



Table S1: Summary of electronic properties for 1 and 2.

1 2

Eox Onset (V) 1.08 1.08

Ei2 Ox (V) 1.17 1.17

Ered Onset (V) -1.13 -1.12

Ei2 Red (V) -1.23,-1.49 -1.21,-1.48
IP (V)" -5.88 -5.88

EA (eV)* -3.67 -3.68

Ee (eV) 2.21 2.20

“Energy values were calculated by (Onset V + 4.8) where 4.8 eV is HOMO of ferrocene
[13].

Table S2: Comparison of electrochemical properties of PDI—n-core—PDI type molecules.

m-core IP (eV) EA (eV) Ectec (€V)
TPD 5.9 3.7 2.2
Th 5.7 3.5 2.2
DPP 5.3 3.7 1.6
S2PO 5.7 3.6 2.1
ISI 5.6 3.6 2.0
None 6.0 3.8 2.2
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6. Optical Absorption - Solution
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Figure S13: Solution absorption spectra for 1 in 2Me-THF at varying concentrations.
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Figure S14: Absorbance versus concentration profile for 1.
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Figure S15: Solution absorption spectra for 2 in 2Me-THF at varying concentrations.
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Figure S16: Absorbance versus concentration profile for 2.
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Table S3: Summary of optical properties for 1 and 2.

1 2
Solution Absorbance Max (nm) 530 530
Solution Emission Max (nm) 581 582
Solution Optical Eg (eV)* 2.24 2.23
Solution Stokes Shift (eV)° 0.21 0.21
Molar Absorptivity (L mol cm™) 92274 89212
Thin film Absorbance Max (nm) 538 538
Thin film Emission Max (nm) 634 637
Thin film Optical E¢ (eV)* 2.09 211
Thin film Stokes Shift (eV)® 0.35 0.36
Excitation Wavelength (nm) 530 530

“Optical band gaps were calculated from the wavelength intercept of absorption and
emission profiles where (Exnt = h*c/Ain; h = Planck’s Constant, ¢ = speed of light).
bStokes Shifts were calculated by (Exabs — Eiems) where (Exmax = h*¢/Amax).
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7. Thin Film Treatments — Thermal Annealing
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Figure S17: Optical absorption spectra of thin-films of 1 measured “as-cast” and after
thermal annealing for five minutes at each temperature. Films where spin-cast from 10
mg/mL 2-MeTHF solutions at 1500 rpm for 30 s.
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Figure S18: Polarized optical microscopy (POM) images of thin-films of 1 measured
“as-cast” and after being thermally annealed up to 200 °C. Images taken under normal
and cross-polarized light. Images were taken at 20x magnification. Thermal annealing
caused no visible changes in films up to 200 °C.
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7. Thin Film Treatments — Solvent Vapour Annealing
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Figure S19: Optical absorption spectra of film of 1 measured “as-cast” and after being
solvent vapour annealed from various solvents. Films were
solvents for 10 min and 20 min.
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Figure S20: Optical absorption spectra of films measured “as-cast” and after being
solvent vapour annealed using o-dichlorobenzene (0-DCB). A) compound 1 and B)
compound 2.
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FigUre S21: POM images of films of 1 measured “as-cast” and after being solvent
vapour annealed with o-DCB for 15 min. Images taken under normal and cross-polarized
light. Images were taken at 20x magnification.
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7. Thin Film Treatments — VVolatile Solvent Additives
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Figure S22: Optical absorption spectra of films of 1 spin-cast from 10 mg/mL 2-MeTHF
solutions with 1,8-diiodooctane (DIO), diphenylether (DPE), or 1-chloronaphthalene
(CN) additives at 1% v/v concentration.
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Figure S23: Optical absorption spectra of films of 1 spin-cast from 10mg/mL 2-MeTHF

solutions with various concentrations (v/v) of DPE additive. Photos of the thin films are

also shown.
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Figure S24: POM images of thin-films of 1 processed with DPE solvent additive. Images
taken under normal and cross-polarized light. Images were taken at 20x magnification.
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8. BHJ Blends (PBDB-T:1)
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Figure 25: Optical absorption spectra of thin-films of PBDB-T/1 blends (1:1). A) films
thermal annealed, B) films solvent vapour annealed using o-DCB, C) films processed
with DPE solvent additive. The films were spin-cast from 10 mg/mL o0-DCB solutions at
1500 rpm for 30 s.
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Figure 26: POM images of PBDB-T/1 blend (1:1) thin films measured “as-cast” and
after being thermally annealed. Images taken under normal and cross-polarized light.
Images were taken at 20x magnification.
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Figure 27: POM images of PBDB-T/1 blend (1:1) thin films measured “as-cast” and
after being treated with solvent vapour. Images taken under normal and cross-polarized
light. Images were taken at 20x magnification.

As cast 1% DPE 3% DPE 5% DPE

Cross-Polarized Light Unpolarized Light

Figure 28: POM images of PBDB-T/1 blend (1:1) thin films measured “as-cast” and
processed with DPE solvent additive. Images taken under normal and cross-polarized
light. Images were taken at 20x magnification.
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9. Thermal Characterization

0.5
0.4 1

0.3 1
Cooling

© ©°
= N

Heat Flow (W/g)
o

Heating
E——

&S &6 o o
2w b S

50 100 150 200 250 300 350 400
Temperature (°C)

o

Figure S29: DSC profile for 1.
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Figure S30: TGA profile for 1 with decomposition temperature shown.
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Figure S31: DSC profile for 2.
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Figure S32: TGA profile for 2 with decomposition temperature shown.
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10. Theoretical Modeling (reproduced from main text)
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Figure S33: A) Optimized geometry for 1. B) Calculated electronic energy levels and
energy gap for 1. C) Calculated optical absorption profile for 1. Calculations were done
on Gaussianl6 [1], input files and results were visualized using GausView05 [2]. All
alkyl chains were replaced with a methyl group. The B3LYP
31G(d,p) [6-11] basis set were used for the calculations. TD-SCF [12] calculations were
performed from the optimized geometry. The single point calculation was performed on
this structure in order to generate molecular orbitals and electrostatic potential maps.
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Table S4: Summary of predicted optical transitions for (PDI),TPD.

Compound State Eopt (V) A (nm) f Composition

Optimized S3 2.44 508 0.130 H-1 > L (61%)

(PDI).TPD H - L+1 (35%)
S 2.45 506 0.795  H-1-> L+1 (69%)

H - L (25%)
H-1- L (3%)

Ss 2.76 450 0282  H-2-> L (56%)
H-3 > L+1 (37%)

Sts 3.39 365 0.108  H-1-> L+2 (56%)
H > L+3 (23%)
H-10 - L (5%)
H-12 > L+1 (3%)
H-9 > L+1 (2%)
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11. Organic Solar Cells

Devices were fabricated using I1TO-coated glass substrates cleaned by
sequentially ultra-sonicating detergent and de-ionized water, acetone, and isopropanol
followed by exposure to UV/ozone for 30 minutes. ZnO was subsequently deposited as a
sol-gel precursor solution in air following the method of Sun et al. [14]. The room
temperature solution was filtered and spin-cast at a speed of 4000 rpm and then annealed
at 200 °C in air for 15 min.

Active layer solutions of PBDB-T (Brilliant Matters, PCE12, Mw = 154 kg/mol
and Mn = 76 kg/mol, batch no BM3-009-6), and 1 were prepared in air with a total
concentration of 10 mg/mL in o-dichlorobenzene (0-DCB) with or without a 3% (v/v)
diphenyl ether (DPE) additive. Solutions were stirred overnight at room temperature and
heated for 4 h at 80 °C. Active layer materials were combined in a 1:1 weight ratio and
cast at room temperature in air at a speed of 1500 rpm for 60 seconds. Thermal annealing
was done for 5 min at 150 °C when indicated. Solvent vapour annealing from 0-DCB was
done for 15 min.

All substrates upon casting active layers were kept in an N2 atmosphere glovebox
overnight before evaporating MoOs and Ag. The evaporation of 10 nm of MoOs followed
by 100 nm of Ag were thermally deposited under vacuum (3x10® Torr). The active areas
of resulting devices were 0.09 cm?. Statistics listed below for each device were tabulated
from at least two substrates containing two devices each for a total of four devices.

Table S5: Organic solar cell data of 50:50 blends of PBDB-T and 1 cast from o-DCB.
Best results are highlighted in bold. Averages are in italics.

Parameters Voc (V) Jse (mA/cm?)  FF (%) PCE (%)
As Cast 1.07 4.62 34.64 1.70
1.06 4.53 34.71 1.67
1.03 4.65 34.13 1.64
1.07 4.84 35.15 1.81
1.06 4.66 34.66 1.71
TA 150 °C 5 min 1.06 4.96 35.76 1.89
1.08 4.88 36.90 1.94
1.07 5.04 38.59 2.09
1.08 4.78 37.29 1.92
1.07 491 37.14 1.96
SVA o-DCB 15 min  1.03 3.81 36.57 1.43
1.03 4.00 36.52 1.50
1.03 3.85 36.13 1.43
1.02 4.01 36.09 1.48
1.03 3.92 36.33 1.46
DPE 3% 1.04 6.91 43.30 3.12
1.05 6.91 42.82 3.10
1.05 7.40 42.37 3.28
1.04 6.85 42.91 3.07
1.04 7.02 42.85 3.14
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