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General Experimental Procedures 

Thin Film Preparation, device fabrication and characterization: 

Solution preparation of macromonomers, tri-BCP and its molar blend  

Each respective material was prepared by first dissolving each stock solution separately for 12hrs at 50°C 

in chloroform (CF) at a concentration of 20mg/ml, before filtering with a 1.0µm pore diameter PTFE filter, 

and left to stir for another hour before deposition onto the respective substrates. For the blend solution, 

each component was mixed and left to stir for at least 2hrs before filtering. 

Spin coated thin film preparation 

Pre-patterned ITO on glass was cleaned by sequential sonication in water, isopropanol and acetone for 30 

min each, and dried by argon. ZnO (20 nm) was utilized for the electron transport layer in the inverted 

solar cells. The ZnO precursor solution, which contains 0.5 M zinc acetate dehydrate and 0.5 M 

monoethanolamine in 2-methoxyethanol, was stirred under 60 oC for overnight. The ZnO electron 

transport layer was deposited on the clean ITO substrates via spin-coating with the spin rate of 5000 rpm. 

After exposing a section of the ITO electrical contact, the substrates were annealed at 200 oC in air for 30 

min to obtain a thin layer of ZnO film on ITO. The respective solution prepared were then prepared via 

spin-coating onto the substrate at 1500rpm for 60 seconds to obtain a thickness of approximately ≈120nm 

as measured from a Bruker Dektak XT profilometer. 

UV-Vis and PL Characterization:  

Absorption spectra of the solution and thin films were acquired with a UV–vis-NIR UV-3600 (Shimadzu) 

spectrophotometer, and the optical band gap (Eg
opt) was determined from the absorption edge of the thin 

film sample. Photoluminescence spectra of the thin films were carried out on a Fluorolog-3 
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spectrofluorometer (Horiba) equipped with a Xe lamp with an excitation light source at 532 nm. The 

sample was placed at a 45° from the lamp to the detector. 

Cyclic voltammetry measurements: The electrochemical CV was conducted on a computer controlled SP-
200 potentiostat (Biologic Technologies) in a three electrode configuration with a glassy carbon disk, Pt 
wire and Ag/Ag+ electrode as the working electrode, counter electrode, and reference electrode, 
respectively in a 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) acetonitrile solution as 
supporting electrolyte, at a scan rate of 50mV s−1. Thin Films of individual primary component were drop 
casted on a bare Pt foil from a 2.0mgmL−1 CF solution. The potential of Ag/Ag+ reference electrode was 
internally calibrated by using Ferrocene/Ferrocenium (Fc/Fc+) redox couple. The electrochemical energy 
levels were estimated by using the empirical formula: EHOMO= −(4.80 + Eonset, ox) and  ELUMO= −(4.80 + Eonset, 

red). A platinum bead was used as a working electrode, a platinum wire was used as an auxiliary electrode, 
and a silver wire was used as a pseudo-reference. Fc/Fc+ was used as an internal standard, and potentials 
were recorded versus FeCp2

+ /FeCp2
0. 

Solar-Cell Fabrication and Testing 

Upon spin coating of the respective BHJ active layer on ZnO/ITO/Glass, the substrates were then 

transferred into the deposition chamber to thermally evaporate 4 nm of MoO3 and 100 nm Ag  at ~10-6 

mbar through a shadow mask with an active area of 16 mm2 by thermal evaporation (Kurt J. Lesker Mini-

SPECTROS). Electronic characterization was performed under simulated AM1.5G irradiation from a 300 W 

Xe arc lamp set to 100 mW cm −2 with a calibrated Si photodiode (ThorLabs) at room temperature. Current–

voltage curves were obtained with a Keithley 2400 source measure unit. Thermal annealing at 150°C for 

15 minutes was performed after the deposition of the top electrode under argon atmosphere and cooled 

down to room temperature before measuring its photovoltaic performance. Electronic characterization 

was measured by Keithley 2400 source measure unit. The external quantum efficiency (EQE) of the devices 

was characterized by illumination from a Tunable PowerArc illuminator (Optical Building Blocks 

Corporation). A calibrated Si photodiode was employed to measure the incident photon number at each 

wavelength. 

General synthetic/characterization procedures 

Analytical Size exclusion Chromatography (SEC) and Preparatory-SEC (prep-SEC): 

Polymers were analyzed and fractionalized using Shimadzu Prominence LC-20AP (Preparative Liquid 

Chromatography) in chlorobenzene solvent at 80°C with the UV-Vis detectors at 663 nm and 552 nm. 

Preparative size exclusion chromatography was performed by firstly dissolving 100 mg of product 

dissolved in 10 ml of chlorobenzene (80°C) and injecting the solution in a size exclusion preparative column 

(PSS SDV preparative linear M, 40mm×250mm) at 80°C using chlorobenzene as mobile phase at a constant 

elution flow of 6 mL/min. Fraction collection was carried out every 20 seconds (0.33 mL). Single fractions 

(and crude polymerizations) were analyzed through an analytical size exclusion PSS SDV analytical linear 

M column (8 mm × 250 mm, 80°C, CB mobile phase, 1 mL/min). 

Matrix assisted laser desorption/ionization time-of-flight Mass spectrometry (MALDI-TOF MS) 

Separate solution of the matrix (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenyllidene] 

malononitrile) at 5 mg/mL in tetrahydrofuran (THF), and the respective polymer at 5 mg/mL in CF were 

mixed at a ratio of 2:1 – matrix:polymer, where a volume of 1μL of the mixture was dropped on the target 

and allowed to dry at room temperature before measurements. Mass spectra were acquired in the 

positive-ion reflector mode at the respective detection range.  
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1H Nuclear Magnetic Resonance (1H NMR)  

For monomer characterization: The (1H) & (13C) NMR spectra were recorded at room temperature using 

per-deuterated solvents as internal standards on a 400 MHz NMR Bruker AVANCE III-400 spectrometer 

(Bruker, Rheinstetten, Germany) unless explicitly mentioned. Macromonomer and tri-BCP 

characterization were performed on a 800 MHz NMR Bruker AVANCEII-800 spectrometer (Bruker, 

Rheinstetten, Germany). Chemical shifts are given in parts per million (ppm) referenced to residual 1H or 
13C signals in deuterated chloroform- d, and tetrachloroethane-d2.  

General Synthetic methods: 

All reagents were of commercial reagent grade (Sigma-Aldrich, Acros & Fluorochem) and were used 

without further purification. Toluene, CF, THF (Fisher Chemical, HPLC grade) and chlorobenzene (Alfa 

Aesar, HPLC grade) were purified and dried on a Pure Solv-MD Solvent Purification System (Innovative 

Technology, Amesbury, United States) apparatus. Normal phase silica gel chromatography was performed 

with an Acros Organic silicon dioxide (pore size 60 Å, 40–50 μm technical grades). EI-MS spectrum was 

recorded on an EI/CI-1200L GC-MS (Varian) instrument & APPI-MS spectrum was recorded on an ESI/APCI 

LC-MS Autopurification System with a ZQ Mass detector (Waters, Milford, United States) instrument using 

a positive mode. 

  

Scheme S1. Full synthetic route for the formation of tri-BCP, pPDIV-b-pBDTTDPP-b-pPDIV. 
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Macromonomer Synthesis Procedures 

Synthesis of pBDTTDPP-(Br/Br) 

In an over-dried Schlenck tube, the monomers M1 and M2 were added at the specified molar ratios, and 

the reagents were dried under vacuum and flushed with argon (3x). The tube was then transferred into an 

argon glove box, to add Pd(PPh3)4 at a 10% molar equivalence. This mixture was then dissolved in 

Toluene:DMF at a volume ratio of  10:1 ratio with a concentration of concentration 0.76 mg/mL of the 

total mass of the starting monomers. After removal from the glove box, the solution was degassed with 

an argon-vacuum evacuation cycle (3x), and subsequently heated at 95°C for 12 h. To stop the reaction, 

the mixture was cooled to room temperature and a 2M solution of potassium fluoride was added and left 

to stir for an hour before precipitation in excess methanol. The solid precipitate was then filtered over 

celite, and washed with three rounds of methanol and hexane. The crude mixture was then dissolved in 

CF and subjected to GPC analysis before performing prep-SEC, and an average reaction yield 46% was 

obtained. After purification, the polymer was characterized via 1H NMR, MALDI TOF MS and SEC as 

described in the main text. 

Synthesis of pPDIV-(H/V) 

In an over-dried schlenck tube, the monomers M3 and M4 were added at the specified molar ratios, and 

the tube was transferred into an argon glove box. Pd2dba3 and P(o-tol)3 at 5% and 20% molar equivalence 

(ratio of 1:4) was added into the tube, and the solid mixture was dissolved in toluene at a concentration 

of 37.5 mg/mL of the total mass of the monomers. After removal from the glove box, the solution was 

degassed with an argon-vacuum evacuation cycle (3x), and subsequently heated at 95°C for 12 h. To stop 

the reaction, the mixture was cooled to room temperature and a solution of 2M HCl was added and left 

to stir for an hour before precipitation in excess methanol. The solid precipitate was then filtered over 

celite, and washed with three rounds of methanol and hexane. The crude mixture was then dissolved in 

CF and subjected to GPC analysis before performing prep-SEC, and an average reaction yield 96% was 

obtained. After purification, the polymer was characterized via 1H NMR, MALDI TOF MS and SEC as 

described in the main text. 

Tri-BCP Synthesis Procedure 

The respective marcomonomers were added into a 10 ml Schlenk flask at a stoichiometric ratio of 1:2.3 - 

pBDTTDPP-(Br/Br): pPDIV-(H/V), and dissolved in a mixture of Tol:DMF: triethylamine (TEA) – 0.3 : 0.3: 

0.25 at a concentration of 20 mg/mL with respective to the total weight ratio of the macromonomers. 

Pd(OAc)2 (5% mol) and P-(o-tol)3 (20%mol) was then added into the reaction solution. The flask was 

subsequently degassed and purged with Argon (3 cycles), and was left at 95°C for 12 h. After cooling the 

crude reaction to room temperature, methanol was added into flask to precipitate crude polymer. This 

was then filtered through celite and washed with methanol and hexane sequentially, and finally dissolved 

in CF which was evaporated and precipitated in methanol to collect a solid crude product. The crude was 

then purified via prep-SEC to obtain the purified sample of tri-BCP. After purification, the polymer was 

characterized via 1H NMR, and analytical SEC as described in the main text. 
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Monomer Synthesis Procedures and Characterization 

M1 and M2 were synthesized according literature procedureS1 and the precursor (C6H13)PDI for M3 was 

synthesized according to literature procedure.S2 M4 was purchased commercially from Sigma Aldrich and 

used without further purification. 

Synthesis of M3 

 
(C6H13)2PDI (1.00 gm; 1.32 mmol; 1 eq.) was taken in a Schlenk flask and dissolved in CF (10 mg/mL 

concentration). Then, argon gas was bubbled through for 10 minutes to remove dissolved gases. Excess 

liquid bromine (5.5 mL; 80eq.) was injected into the solution and the flask was heated to reflux for 72 h. 

After cooling down the solution, compressed air was bubbled to remove bromine (channeled into reducing 

agent). The crude was adsorbed onto dry silica to perform dry loaded column chromatography. Broadly, 

three fractions were isolated and the fraction with the highest Rf value is mixture of the two 1,6 and 1,7 

M3 isomers. Flash column chromatography using an elution of CF/Hexane were performed to isolate out 

the mono brominated PDI and any unreacted starting compound. The separated mixture of M3 isomers 

was then recrystallized by heating in solvent mixture of isoprpanol:hexane at 70°C until the solid dissolves 

and left to cool overnight. The crystals formed were filtered, redissolved and cooled down multiple times 

until the purity of the crystals obtained reaches approximately 97% at a ratio of 1:42 (1,6-M3:1,7-M3) as 

confirmed by 1H NMR (See Figure S2). 

1H NMR (800 MHz, Chloroform-d at 50°C) δ 9.67 (d, J = 7.8 Hz, 1H), 9.08 (s, 1H), 9.00 – 8.76 (m, 1H), 5.34 

(tt, J = 9.9, 5.9 Hz, 1H), 2.41 (dtd, J = 14.6, 9.6, 5.1 Hz, 3H), 2.03 (ddt, J = 15.0, 10.8, 5.2 Hz, 3H), 1.45 (dddd, 

J = 58.4, 21.4, 14.5, 6.8 Hz, 21H), 1.01 (t, J = 7.0 Hz, 6H); MS APCI (positive mode): 913.296 m/z. See Figures 

S10 and S11 for NMR characterization.  
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Supporting Figures and Tables 

 Table S1. Summary of reported PCE of SC-BCP and its respective synthetic methodology  

Entr
y 

SC-BCPc
 Method Mn 

(kg mol-1) 
Jsc 

(mA/cm-2) 

Voc 
(V) 

Fill 
Factor 

(%) 

PCE 
(%) 

Ref. 

1 
P3HT-b-
PFTBT 

1. Grignard metathesis 
(GRIM) Polymerization 
2. Suzuki Coupling  

35.8 3.1 1.10 26 0.91 17 

2 
P3HT-F-
PFTBT 

Same as above 29.0 4.73 1.11 42 2.24 18 

3 
P3HT-b-
PFTBT 

Same as above 29.0 5.2 1.23 47 2.7 19 

4a 

P3HT-
PNBI-
P3HT 

1. GRIM and Stille 
polymerization  
2. Yamamoto Coupling 

21.8 4.57 0.56 39 1.28 9 

5 
P3HT-b-

PBIT2 
1. GRIM 
2. Stille Polymerization 

25.2 5.29 0.43 43 1.00 14 

6b PTQI-b-
PNDIS 

1. Stille Polymerization 
2.Stille Coupling 

12.4 4.04 0.79 48.1 1.54 33 

7 P3 
1. Stille Polymerization 
2.Stille Coupling 

18.3 8.26 0.86 50.3 3.87 34 

8 tri-BCP 
1. Stille polymerization  
2. Heck-Mizoroki 
Coupling 

16.9 6.17 0.72 40 1.51 
This 

work* 

a GRIM polymerization was used for the P3HT macroinitiator while Stille coupling was used to prepare the acceptor monomer before the 
final Yamamoto coupling to obtain P3HT-PNBI-P3HT. 
b Individual donor and acceptor block were prepared via Stille polymerization and Stille coupling was used for the BCP reaction. 
c See structures below 
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Figure S1. Representative mass spectrum of pBDTTDPP-(Br/Br) magnified at the peaks for n=2 (left panel) 
and n=3 (right panel). Insets are a further magnification of the peaks.  

 

Table S2. Representative summary of estimated and calculated m/z of pBDTTDPP-(Br/Br) at 
m=3 and 4. 

End capping 
groups 

m Calculated aExperimental 

H/Br 

3 2509.9 - 

4 3724.9 - 

Br/Br 

3 3224.79 3220.39 

4 4439.79 4436.88 

a Values were assigned from the highest peak on the MALDI-TOF spectrum shown in Figure S1.  
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Figure S2.  Zoomed 800 Mhz 1H NMR spectrum of pBDTTDPP-(Br/Br) stacked with the corresponding 

monomer M2 and M1 to indicate the relation of the respective protons or the aromatic region in the 

marcomonomer. Full 1H NMR spectrum of pBDTTDPP-(Br/Br) is shown in the experimental procedure 

figure S10 (*indicates deuterated chloroform peak for M1 and M2, while deuterated tetrachloroethane 

was used for PBDTT-DPP-Br2 not shown in the NMR spectrum – 6.0ppm). 
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Figure S3. 800 Mhz 1H NMR analysis of the monomer M3. a) 1H NMR spectrum of the aromatic region of 

the crude, recrystallized and mother liquor samples of M3; b) Schematic of the 1,6 and 1,7 regio-isomers 

of M3; c) Calculation of the integration peaks of proton environment, Ha , to determine the purity of the 

1,7 isomer (Deconvolution assuming a Lorentzian behavior of the peaks for recrystallization of M3 had to 

be performed  in origin since the integration of the 1,6 peak was not detected in MestReNova, unlike the 

mother liquor and crude samples). The aromatic region of the recrystallization mother liquor and the crude 

(non-recrystallized) material is also shown in (d) and (e), respectively, for comparison. Refer to Figure S10 

and S11 below for proton assignments of M3 via 1H NMR and 2D-COSY spectroscopy. 
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Figure S4. Representative mass spectrum of pPDIV-(H/V) magnified at the peaks for m=3 and 4. Insets are 

a further magnification of the peaks.   

Table S3. Representative summary of estimated and calculated m/z of pPDIV at m=3 and 4. 

End capping 
groups 

m 
Calculated aExperimental 

(M) (M+Na+) (M) (M+Na+) 

H/H 

3 2316.33 2339.33 - - 

4 3097.44 3120.44 - - 

H/V 

3 2343.33 2366.33 2342.46 2365.28 

4 3124.44 3147.44 3123.42 3146.75 

V/V 

3 2370.38 2393.38 - - 

4 3151.49 3174.49 - - 

Br/V 

3 2444.33 2467.33 - - 

4 3225.44 3248.44 - - 

a Values were assigned from the highest peak on the MALDI-TOF spectrum shown in Figure S4.  
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Figure S5. 800 Mhz 1H NMR spectra of the macromonomers and tri-BCP zoomed to the chemical shift to 

indicate the aromatic region and the distinctive aliphatic protons (Ha, Hb and Hc). (* )indicates deuterated 

tetrachloroethane peak for pBDTTDPP-(Br/Br) and pPDIV-(H/V) and deuterated chloroform for tri-BCP, and 

Full 1H NMR spectra of pBDTTDPP-(Br/Br),  pPDIV-(H/V) and tri-BCP are shown in the experimental 

procedure Figure S10, S11 and S12. 
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Figure S6. a) Reaction scheme of homopolymer test reaction under Heck-Mizoroki coupling conditions: (i) 
pBDTT-DPP-Br2 or pPDIV-(H/V) (1eq), Pd(OAc)2 (5%), P-(o-tol)3 (20%), TEA:DMF:Toluene, 95°C, 12h; GPC 
traces of the reaction before and after b) pBDTTDPP-(Br/Br) (Mn = 3.68 kg mol-1, Đ=1.45 and recovered 
yield =55%); c) pPDIV-(H/V) (Mn = 3.52 kg mol-1, Đ=1.32 and recovered yield =32%);. The reaction was 
performed using the procedure described for the synthesis of tri-BCP and the GPC analysis were measured 
after work-up and without purification using prep-SEC.  
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Figure S7. Optical absorption spectra of macromonomers, tri-BCP and its molar blend (1:2 - 

pDBTTDPP:pPDIV): a) solution in CF at a concentration of 0.002mL/mg.; b) Thin film of as cast films. A lower 

peak intensity at 748nm is expected as it implies a lower molecular weight fraction of the pBDTTTDPP 

block in the tri-BCP, which is similar to the absorption spectrum of the molar blend; Photoluminescence 

emission spectra of the respective thin films after excitation at 633nm: c) as Cast; d) after annealing at 

150°C for 15min. On a side note, no significant emission from the donor block was observed probably due 

to a lower absorption intensity at excitation wavelength of 633nm. (See experimental procedures for thin 

film preparation method). 
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Figure S8. a) Oxidation and b) reduction of pBDTTDPP-(Br/Br), tri-BCP and pPDIV-(H/V) as determined by 
cyclic voltammetry. 

Table S4. Summary of estimated Energy levels of pBDTTDPP-(Br/Br), pPDIV-(H/V) and tri-BCP. 

OSC 
aEox

onset vs 
Ag/AgCl 

HOMO Level 
(eV) 

aEred
onset vs 

Ag/AgCl 

LUMO Level 
(eV) 

bEg  
(eV) 

pBDTTDPP -0.564 -5.36c 
-1.22 

 
3.58c 1.79 

pPDIV -0.971 -5.77 c -0.91 3.87 c 1.88 

tri-BCP -0.595 -5.39c 
-0.92 

 
3.89c 

 

1.52 
 

a See General Experimental Procedures on Cyclic voltammetry calculation of the estimated HOMO, LUMO 
levels and Eg. Briefly, The potential of Ag/Ag+ reference electrode was internally calibrated by using 
Ferrocene/Ferrocenium (Fc/Fc+) redox couple. The electrochemical energy levels were estimated by using 
the empirical formula: EHOMO= −(4.80 + Eonset, ox) and  ELUMO= −(4.80 + Eonset, red) using the onset of the 
respective oxidative and reduction  
b EHOMO - ELUMO = Eg. 
cThe estimated HOMO and LUMO levels of pBDTTDPP-(Br/Br), pPDIV-(H/V) corresponds closely to 
literature reported values (See Ref in main text) 
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Figure S9. a) J-V curve of the as-cast devices of tri-BCP and the blend at a molar ratio of 1:2 – pBDTT-DPP: 

pPDIV 

 

Table S5. Overall summary of photovoltaic parameter of tri-BCP and its blend at 1:2 molar ratio 

BHJ 
Annealing 

Conditions (°C) 

Jsc 
(mA/cm-2) 

Voc 
(V) 

Fill Factor 
(%) 

PCE 
(%) 

tri-BCP 
As cast 0.13 0.34 35 0.01 

150°C 6.17 0.72 40 1.51 

Molar Blenda  
pBDTTDPP: 
pPDIV - 1:2 

As cast 0.20 0.58 33 0.04 

150°C 0.16 0.36 36 0.02 

a Molar blend ratio is calculated based on the estimated ratio of the pBDTT-DPP  and pPDIV blocks present in the tri-BCP 
estimated using GPC analysis. 
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Figure S10. 800 Mhz 1H NMR spectrum of Recrystallized monomer M3 (* indicates deuterated 
chloroform peak and a H2O impurity peak was observed at 1.58ppm. 
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Figure S11. 800Mhz 1H NMR  2D Correlation Spectroscopy (COSY) spectrum of Recrystallized monomer 
M3. Inset shows the magnified spectrum to indicate the assignments of the aromatic peaks on the 1,7 
isomer. 
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Figure S12. 800 Mhz 1H NMR spectrum of pBDTTDPP-(Br/Br) (* indicates deuterated tetrachloroethane 

peak) 

  

Figure S13. 800 Mhz 1H NMR spectrum of pPDIV-(H/V)  (* indicates deuterated tetrachloroethane peak) 
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Figure S14. 800 Mhz 1H NMR spectrum of tri-BCP (* indicates deuterated chloroform peak) 
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