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Experimental Section
General Measurement and Characterization: All chemicals were obtained from commercial
sources and used as received unless otherwise specified. NMR measurements are reported for Varian
Unity-300 spectrometers (*H, 300 MHz). Chemical shifts (6 values) are reported in ppm with respect
s 10 Me,Si (6 = 0 ppm) for 'H NMR. Multiplicities of peaks are denoted by the following abbreviations:
s, singlet; d, doublet; t, triplet; m, multiplet; br, broad. Thermogravimetric analysis (TGA) was
recorded on a PerkinElmer Pyris analyzer under nitrogen atmosphere at a heating rate of 10 °C min .
Absorption spectra were collected on a HP8453 UV-Vis spectrophotometer. The molecular weight of
polymers was determined by gel permeation chromatography on a Viscotek VE2001GPC instrument,
» polystyrene was used as the internal standard, and THF is the eluent. Electrochemical cyclic
voltammetry (CV) was conducted on an Autolab ADC 164 analyzer. A carbon glass coated with a thin
polymer film was used as the working electrode and Ag/Ag” electrode as the reference electrode, while
0.1 M tetrabutylammonium tetrafluoroborate in acetonitrile was the electrolyte. CV curves were
calibrated using ferrocence as the standard, whose oxidation potential is set at —4.8 eV with respect to
» zero vacuum level. The HOMO energy levels were obtained from the equation HOMO = —(Eq, ™™ —
Etrerrocene) - + 4.8) eV. The LUMO levels were obtained from the equation LUMO = —(Eeq®™* —

E trerrocene) - + 4.8) eV

Synthesis of PBDCPDT-FBT
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To a 50 mL round-bottom flask were introduced Sn-BDCPDT (163 mg, 0.107 mmol),
5,6-difluoro-4,7-diiodo-benzothiadizole (45.4 mg, 0.107 mmol), Pd,(dba)s (3.9 mg, 0.0043 mmol),
tri(o-tolyl)phosphine (10.4 mg, 0.034 mmol), and dry chlorobenzene (6 mL). The mixture was
degassed by bubbling nitrogen for 10 min at room temperature. The reaction was then carried out in a
s microwave reactor and reacted for 50 min under 270 Watt. In order to end-cap the resulting polymer,
tributyl(thiophen-2-yl)stannane (20.2 mg, 0.054 mmol) was added to the mixture and the microwave
reaction was continued for 10 min under 270 Watt. Subsequent to tributyl(thiophen-2-yl)stannane,
another end-capping reagent, 2-bromothiophene (9.4 mg, 0.058 mmol) was added and the reaction was
continued for another 10 min under otherwise identical conditions. The mixture was then added into
1 methanol dropwise. The precipitate was collected by filtration and washed by Soxhlet extraction with
acetone and hexane sequentially for three days. The crude polymer was dissolved in hot THF and the
residual Pd catalyst and Sn metal in THF solution were removed by Pd-thiol gel and Pd-TAAcOH
(Silicycle Inc.). After filtration and removal of the solvent, the polymer was re-dissolved in THF and
re-precipitated by methanol. The resultant polymer was collected by filtration and dried under vacuum
« for 1 day to give a dark-green fiber-like solid (120 mg, 82%, Mn = 49900, PDI = 1.48): 'H NMR
(CDCl3, 300 MHz) 0.86 (br, 12 H), 1.26-1.41 (br, 40 H), 1.73 (br, 8 H), 3.89 (br, 8 H), 6.81 (br, 8 H),

7.26 (br, 8 H), 7.93 (s, 2 H), 8.30 (s, 2 H).

Preparation of the m-PEDOT:PSS solution. 10 mL of PEDOT:PSS (Clevios PVP Al-4083), 10 mL

» Of isopropanol, and Zonyl FSN (0.0265 mL) were mixed together and stirred for 3 days.

Inverted Device Fabrication. Indium tin oxide (ITO)-coated glass substrate was ultrasonically
washed by detergent, de-ionic water, acetone and isopropanol sequentially for 15 min/each and then
cleaned by UV-ozone for another 15 min. A methanol (1 mL) solution of Zinc acetylacetonate hydrate

» (20 mg) was filtered, heated at 80 °C under nitrogen atmosphere, and spin-coated on the cleaned
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ITO-coated glass at 1000 rpm for 60 s to produce a 20 nm thick interlayer, followed by baking it at 150
°C under air atmosphere for 5 min. An ODCB (1 mL) solution of P3HT (17 mg) and ICgBA (17 mg)
and an ODCB (1 mL) solution of PBDCPDT-FBT (18 mg) and PC7:BM (18 mg) were heated at 70 °C
for 12 h and filtered. The filtrates were then spin-coated on top of the ZnO layer respectively at various
s spin-coating conditions (P3HT/ICgBA: 500 rpm, 40 s, 220 nm thickness for device A,
PBDCPDT-FBT/PC7;:BM: 600 rpm, 4 min, 90 nm thickness for device B). The P3HT/ICsBA film
was covered in a Petri dish to allow the solvent to slowly evaporate (solvent annealing) until the film is
dried and then baked at 150 °C for 15 min. The PBDCPDT-FBT/PC,;BM film was directly thermally
annealed at 140 °C for 10 min. For device A, the m-PEDOT:PSS solution was then spin-coated on top
1 Of the active layer (P3HT/ICsBA) at 600 rpm for 8 s followed by 1300 rpm for 4 min. It was heated to
80 °C for 5 min in a glove box. The top electrode was then prepared by evaporation of Ag (150 nm) at
reduced pressure below 107° torr to furnish the BHJ solar-cell devices. For device B, the hole
transporting layer and top electrode were then prepared by sequential thermal evaporation of MoO3 (7
nm) and Ag (150 nm) at reduced pressure below 10°torr to furnish the BHJ solar-cell devices. All
s devices contain an active area of 0.04 cm? and the photovoltaic parameters were measured at room
temperature under air atmosphere with a Xenon lamp coupled to an AMI.5G solar filter
(YAMASHITA DENSO YSS-50A solar simulator). J-V characteristics were recorded in a Keitheley
2400 Source Measurement Unit.
Tandem Inverted Device Fabrication. Indium tin oxide (ITO)-coated glass substrate was
» Ultrasonically washed by detergent, de-ionic water, acetone and isopropanol sequentially for 15
min/each and then cleaned by UV-ozone for another 15 min. A methanol (1 mL) solution of Zinc
acetylacetonate hydrate (20 mg) was filtered, heated at 80 °C under nitrogen atmosphere, and
spin-coated on the cleaned ITO-coated glass at 1000 rpm for 60 s to produce a 20 nm thick interlayer,
followed by baking it at 130 °C under air atmosphere for 5 min. An ODCB (1 mL) solution of P3HT

» (17 mg) and ICgBA (17 mg) and an ODCB (1 mL) solution of PBDCPDT-FBT (18 mg) and PC;;BM
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(18 mg) were heated at 70 °C for 12 h and filtered. The P3HT/ICgBA filtrate was then spin-coated on
top of the ZnO layer at 600 rpm for 40 s to form a film of 190 nm thickness. It was covered in a Petri
dish to allow the solvent to slowly evaporate (solvent annealing) until the film is dried and then baked
at 150 °C for 5 min. The m-PEDOT:PSS solution was then spin-coated on top of the P3HT/IC¢BA
s layer at 600 rpm for 8 s followed by 1300 rpm for 4 min to furnish a 100 nm thick film. It was then
heated to 80 °C for 5 min in a glove box. Afterwards, a filtered and pre-heated (80 °C, under nitrogen
atmosphere) methanol (1 mL) solution of Zinc acetylacetonate hydrate (20 mg) was spin-coated on the
m-PEDOT:PSS layer at 1000 rpm for 60 s to produce a 20 nm thick interlayer, followed by baking it at
130 °C in a glove box for 5 min. The interconnection layer was thus made up of ZnO and
v M-PEDOT:PSS. The PBDCPDT-FBT/PC;;BM filtrate was then spin-coated on top of the
interconnection layer at 600 rpm for 4 min to form a film of 90 nm thickness which was thermally
annealed at 140 °C for 10 min. Lastly, the hole transporting layer and top electrode were then prepared
by sequential thermal evaporation of MoOs (7 nm) and Ag (150 nm) at reduced pressure below 10°°
torr to furnish the BHJ solar-cell devices. All devices contain an active area of 0.04 cm? and the
s photovoltaic parameters were measured at room temperature under air atmosphere with a Xenon lamp
coupled to an AMI1.5G solar filter (YAMASHITA DENSO YSS-50A solar simulator). J-V

characteristics were recorded in a Keitheley 2400 Source Measurement Unit.

Hole-only devices.

» In order to investigate the respective hole mobility of the different copolymer films, unipolar devices
have been prepared following the same procedure except that the active layer is made of pure
PBDCPDT-FBT and the Ca/Al cathode is replaced by evaporated gold (40 nm). The hole mobilities
were calculated according to space charge limited current theory (SCLC). The J-V curves were fitted

according to the following equation:
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Where ¢ is the dielectric permittivity of the PBDCPDT-FBT, p is the hole mobility and L is the film

thickness (distance between the two electrodes).
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Synthetic Scheme of Monomer
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Fig. S1 Synthetic scheme of distannylated BDCPDT monomer.

Transmission Spectrum of Interconnecting Layer and Absorption Spectra of the Tested Device
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Fig. S2 Transmission spectrum of the m-PEDOT:PSS (100 nm)/Zn0O (20 nm) film
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Computational Details
Quantum—chemical calculations were performed with the Gaussian09 suite' employing the B3LYP
density functional in combination with the 6—311G(d,p) basis set. Geometry optimizations were
s performed with solvation in toluene by applying the polarized continuum model (PCM) and with tight
SCF and convergence criteria and an ultrafine integration grid by applying the GEDIIS optimization
algorithm. The minimum nature of each stationary point was confirmed by a frequency analysis.
Time—dependent density functional (TDDFT) calculations were performed including the keyword
IOP(9/40=2) in order to output information on smaller contributions to each electronic transition.
w Electron density difference maps for electronic transitions were generated from TDDFT output by
GaussSum 2.2 and visualized by GaussView 5.0. The electronic transitions can therefore be visualized
through EDDMs. Red indicates a decrease in charge density, while green indicates an increase.
Considering an insignificant effect on electronic properties, all the side-chain substituents were
replaced with methyl groups for simplicity.

15
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Cartesian coordinates (A) and energy (Hartree) of the Gaussian B3LYP/6—-311G(d,p) optimized
structure of PBDCPDT-FBT

Top view
s E=—4679.91297758 (Nimg = 0)
C 3.044130904115 -0.452804491569 -0.171564662759
C 2.268168470918 -1.653001019769 -0.074880355456
C 0.884771210221 -1.655192723788 —-0.056986767307
C 0.212024497850 -0.424668042344 -0.131875598995
0w C 0.987264716226  0.775132207507 -0.232232520714
C 2.371250871305  0.776413511808 —0.255861992625
H 0.329270365823 -2.580368872330  0.014974336367
H 2.926173906011  1.701182166286 —0.335419562866
C  -1.188469390702 -0.132472835814 -0.142269654433
s C —2.494271120376 -0.941010236185 -0.022253728100
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»C  —2.275872883964 -2.620275935672 -3.485056230277
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Table S1. Calculated® HOMO/LUMO energy, excitation energy, oscillator strength, and configuration
(with large CI coefficients) of the excited state of PBDCPDT-FBT

HOMO (eV) LUMO (eV) Excitation energy Oscillator Symmetry Configuration®
}\'max,exp (nm)b Xcalc (nm) Strength
=5.06 —2.86 658 651 0.6404 Singlet-A H—-L
433 456 0.848 Singlet-A" H—-L+1
H-—2—-L

* TD-B3LYP/6-311G(d,p), PCM=Toluene

b Experimental values were measured for non-simplified PBDCPDT-FBT in toluene solution

s ¢ Configurations with largest coefficients in the CI expansion of each state are highlighted in boldface
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HOMO LUMO

Fig. S3 Plots (isovalue = 0.02 au) of frontier orbitals of PBDCPDT-FBT calculated at the level of
s B3LYP/6-311G (d,P) in chloroform.

TGA and *H NMR Spectra of PBDCPDT-FBT
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w Fig. S4 Thermogravimetric analysis of PBDCPDT-FBT
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Fig. S6 Cyclic voltammogram of PBDCPDT-FBT in the thin film at a scan rate of 100 mV/s.
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