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Materials

All solvents and reagents were purchased from Sigma-Aldrich. All other materials were of a 

common commercial level and were used as received. All solvents used were purified prior to 

use. BDD and PBDB-EH-3Cl was synthesized following the previous literature. [S0]

Measurements
1H-NMR and 13C-NMR were recorded with a Bruker DRX-300 and Avance 500 spectrometer, 

respectively. Mass spectra were recorded on a JEOL JMS-700 spectrometer. Thermal 

gravimetric analysis (TGA) was performed on a TA TGA 2100 thermogravimetric analyzer 

under nitrogen atmosphere with a heating rate of 10 °C/min. Differential scanning calorimetry 

(DSC) was conducted under nitrogen on a TA Instruments 2100 DSC. The sample was heated 

at 10 °C /min from 30 to 300 °C. The UV-Vis absorption spectra were determined using a Cary 

5000 UV-vis-near-IR double beam spectrophotometer. Cyclic voltammetry (CV) was 

performed using a PowerLab/AD instrument model system in a 0.1 M tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) solution in anhydrous acetonitrile as the supporting 

electrolyte, at a scan rate of 100 mV/s. A glassy carbon electrode was used as the working 

electrode. A platinum wire was used as the counter electrode, and an Ag/AgCl electrode was 

used as the reference electrode.
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Figure S1. 1H NMR and 13C NMR spectra of DMO-3-Cl-BDT.
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Figure S2. HR-mass spectra of DMO-3-Cl-BDT.
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Figure S3. 1H NMR and 13C NMR spectra of DMO-3Cl-BDT-Sn.
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Figure S4. HR-mass spectra of DMO-3Cl-BDT-Sn
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Figure S5. 1H NMR and 13C NMR spectra of EH-4Cl-BDT.
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Figure S6. HR-mass spectra of EH-4Cl-BDT.
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Figure S7. 1H NMR and 13C NMR spectra of DMO-4Cl-BDT.
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Figure S8. HR-mass spectra of DMO-4Cl-BDT.
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Figure S9. 1H NMR and 13C NMR spectra of EH-4Cl-BDT-Sn.
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Figure S10. HR-mass spectra of EH-4Cl-BDT-Sn.
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Figure S11. 1H NMR and 13C NMR spectra of DMO-4Cl-BDT-Sn.
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Figure S12. HR-mass spectra of DMO-4Cl-BDT-Sn.
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Figure S13. 1H NMR spectra of PBDB-DMO-3Cl.

Figure S14. 1H NMR spectra of PBDB-EH-4Cl.
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Figure S15. 1H NMR spectra of PBDB-DMO-4Cl.
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Figure S16.  GPC curves of PM7 series polymer (a) PBDB-EH-3Cl (b) PBDB-EH-4Cl (c) 

PBDB-DMO-3Cl (d) PBDB-DMO-4Cl in chloroform.

Figure S17. TGA plots of PM7 series polymer with a heating rate of 10 °C/min under the N2 

atmosphere
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Figure S18. DSC plots of PM7 series polymer donor (a) PBDB-EH-3Cl (b) PBDB-DMO-3Cl 

(c) PBDB-EH-4Cl (d)PBDB-DMO-4Cl under the N2 atmosphere

Figure S19. Cyclic voltammetry curves of PM7 series polymer donors
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Figure S20.  UV-vis absorption spectra of PM7 series polymer donor in chloroform (a) and 

film (b) 

Figure S21.  Dark curve of PM7 series polymer donor based OPVs



20

The performance of the OPVs is often described with a single-diode equivalent circuit 
model, including one current source and two parasitic resistances, a shunt resistance (RP) and a 
series resistance (RS) under illumination. The RP is related to the leakage current, 
recombination, etc., and the RS is originated from the resistive components of the device such 
as the resistance of electrodes and bulk resistance of photoactive layers.

By using the Shockley Eq. 1,2, the circuit model under illumination can be formulated, and the 
JSC and the VOC can be expressed as follows,

𝐽𝑆𝐶 =‒
1

1 +
𝑅𝑆

𝑅𝑃

[𝐽𝑝ℎ ‒ 𝐽0{𝑒𝑥𝑝(|𝐽𝑆𝐶| 𝑅𝑆𝐴

𝑛𝑘𝑇
𝑒

) ‒ 1}] ‒‒‒‒‒‒‒‒‒‒‒ (1)

𝑉𝑂𝐶 =
𝑘𝑇
𝑞

ln {1 +
𝐽𝑝ℎ

𝐽0
(1 ‒

𝑉𝑂𝐶

𝐽𝑝ℎ𝑅𝑃𝐴)} ≈
𝑘𝑇
𝑞

ln {1 +
𝐽𝑝ℎ

𝐽0
} ‒‒‒‒‒‒‒‒‒ (2)

where Jph is the photo-current density, J0 is the reverse saturation current density, n is the 
ideality factor, q is the elementary charge number (1.602 × 10−19 C), k is the Boltzmann constant 
(8.617 × 10−5 eV/K), T is temperature, and A is the area of the photoactive region. Also, when 

RP  RS and Jph = JSC, Eq. (2) can be written as VOC , which seems to be ≫
≈

𝑘𝑇
𝑞

ln {1 +
𝐽𝑝ℎ

𝐽0
}

independent of RS and RP. The RSA and RPA values were extracted from the inverse slope of 
the J-V characteristics under illumination in the range of 0.96 – 1.0 V and near 0 V (close to the 
JSC point), respectively. The FF (Jmax×Vmax/JSC×VOC) can be shown as a function of the 
normalized VOC (vOC = eVOC/nkT), normalized RS (rS = RS/RCH), and normalized RP (rP = 
RP/RCH), where the characteristic resistance (RCH) is defined as RCH = VOC/(JSCA). The equation 
for the ideal FF0 of the OPVs is expressed as follows:

where, RS = 0 and RP = ∞. However, owing to the parasitic 
𝐹𝐹0 =

𝑣𝑂𝐶 ‒ 𝑙𝑛(𝑣𝑂𝐶 + 0.72)

𝑣𝑂𝐶 + 1
      ‒ (3)

resistance effects, the real FF value should deviate from the ideal FF0, and thus, semi-empirical 
expressions with the parasitic effects are shown below:

and,
𝐹𝐹𝑆 = 𝐹𝐹𝑆(1 ‒ 1.1𝑟𝑆) + 0.19𝑟2

𝑠 ,    (0 ≤ 𝑟𝑆 ≤ 0.4, 1 𝑟𝑃
= 0)      ‒ (4)

𝐹𝐹𝑆𝑃 = 𝐹𝐹𝑆{1 ‒
(𝑣𝑂𝐶 + 0.7)

𝑣𝑂𝐶

𝐹𝐹𝑆

𝑟𝑃 },  (0 ≤ 𝑟𝑆 + 1
𝑟𝑃

≤ 0.4)       ‒ (5).

𝑉𝑂𝐶 =
𝐸𝑔𝑞𝑝

𝑞
‒

𝑘𝑇
𝑞

ln {(1 ‒ 𝑃𝐷)𝛾𝑁2
𝐶

𝑃𝐷𝐺 } ‒‒‒‒‒‒ (6)

where Egap is the energy difference between the HOMO-donor and LUMO-acceptor, q is the 

elementary charge, k is the Boltzmann constant, T is the temperature in Kelvin, PD is the 

dissociation probability of the electron (e)-hole (h) pairs, γ is the Langevin recombination 

constant, NC is the effective density of states, and G is the generation rate of bound e-h pairs.
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Fig. S22. Parasitic resistance effects based on the single-diode equivalent circuit model.

Figure S23. Device shlef-lifetime under the LED lighting of PBDB-DMO-4Cl:Y6 based 

device.
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Scheme S1. Synthetic scheme for PBDB-EH-3Cl and PBDB-DMO-3Cl.

Scheme S2. Synthetic scheme for PBDB-EH-4Cl and PBDB-DMO-4Cl.
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Table S1. List of renewable power sources along with a capacity of harvested power.
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Power sources Type Transducers Typical harvested 
power density Ref

Solar Electromagnetic
Solar Panels 

(outdoors)
(0-200 k lux)

~ 15 mW/cm2 S1

Indoor lights Electromagnetic
Solar Panels 

(indoors)
(1-3 k lux)

~ 15 µW/cm2 S2

Thermal Thermal Thermoelectric 
generators (TEG) ~ 15 µW/cm2 S3

Piezoelectric 
generators ~ 330 µW/cm2 S4

Vibration Mechanical
Electrostatic 
generators ~ 50 µW/cm2 S5

RF Electromagnetic Antenna ~ 12 nW/cm2 S6
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Table S2. UV-vis data and energy level for PM7 series polymer

Donor
Mn (pdi)
[kDa]

 λmaxsol

[nm](a)

λmaxfilm 

[nm](b)

Egopt

[eV](c)

HOMO
[eV](d)

λmaxsol

[eV](d)

PBDB-EH-3Cl 26 (1.9) 609 614 1.82 -5.33 -3.51

PBDB-EH-4Cl 20 (2.2) 607 615 1.82 -5.34 -3.52

PBDB-DMO-3Cl 32 (2.3) 607 612 1.82 -5.35 -3.53

PBDB-DMO-4Cl 30 (2.2) 612 621 1.83 -5.36 -3.53

aλmax values of corresponding chloroform solutions.  bλmax values of corresponding thin-films 

spin-coated from chloroform solutions. cOptical bandgaps calculated from the absorption 

onsets. cabsorption coefficients at the λmaxs estimated from film absorption spectra. dHOMO 

energy levels were estimated from cyclic voltammetry: EHOMO (eV) = -(Eonset
ox. -Eonset

Fc/Fc+) + 

EHOMO
Fc; Eonset

Fc/Fc+ = 0.46 eV, EHOMO
Fc = -4.8 eV, ELUMO(eV)= EHOMO (eV)- Egopt (eV).

Table S3. Summary of recently reported photovoltaic performance under halogen lamp 1000 

lx illumination.

Photoactive layer
VOC

(mV)
JSC

(μA/cm2)
FF
(%)

Pmax

(μW/cm2)
ref

PBDB-T:IDIC 710 202.7 65.0 94.1 [1]

PBDB-T:IDICO1 770 252.4 66.0 102.1 [1]

PBDB-T:IDICO2 770 271.2 63.0 141.4 [1]

PM6:Y6 720 454.2 77.7 254.1 [2]

PM7:IT-4F 750 309.8 72.6 168.7 [2]

PTB7-Th:IEICO-4F 630 403.2 69.8 177.3 [2]

PBDB-T:BTA3 1050 289.2 52.4 159.1 [3]

PBDB-TF:BTA3 1140 180.4 54.3 111.7 [3]

PBDB-TCl:BTA3 1180 138.2 43.6 71.1 [3]

PDTBTBz-2Fanti:PC71BM 809 116.8 70.2 66.3 [4]

P3HT:PC71BM 486 71.8 71.0 24.8 [4]

PBDB-T:PC71BM 669 108.3 71.0 51.4 [4]

PTB7:PC71BM 576 171.4 67.4 66.5 [4]
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(1) Synthesis of 2-alkyl-3-chloro-thiophene (1a,1b)

To a solution of 3-chlorothiophene (10 g, 84.7 mmol) in anhydrous THF (50 mL) at -78℃ was 

added LDA (42.4 mL, 84.7 mmol, 2 M in THF) under nitrogen atmosphere. The mixture was 

stirred at -78℃ for 2 hours, alkyl bromide (84.7 mmol) was added dropwise into the flask and 

then the mixture was elevated to the temperature slowly to room temperature overnight. The 

reaction mixture was poured into water and extracted with diethyl ether and then dried over 

anhydrous MgSO4. The crude product was obtained through vacuum distillation and used 

directly for next step without further purification.

(2) Synthesis of 2-alkyl-3-chloro-thiophene-BDT (2a,2b)

To a solution of 2-alky-3-chloro-thiophene (20 mmol) in anhydrous THF (150 mL) at -0℃ was 

added LDA (10 mL, 20 mmol, 2 M in THF) under nitrogen atmosphere, After stirring for 2 

hours, Benzo[1,2-b:4,5-b′]dithiophene-4,8-dione (1.76 g, 8 mmol) was added into the flask and 

stirred at 60oC for 5 hours. After cooling to room temperature, a solution of SnCl2•2H2O (4.2 

g, 20 mmol) in 10% HCl was added and stirred overnight. The mixture was poured into ice 

water and extracted with diethyl ether, the organic phase was dried over anhydrous MgSO4 and 

removed solvent. The crude product was purified by silica gel chromatography using hexane as 

an eluent to afford the product as a yellow solid. 

2a:  EH-3Cl-BDT (3.0 g, yield 53%), 1H NMR matched well with previous report[S1]. 

2b: DMO-3Cl-BDT (3.2 g, yield 58%), 1H NMR (300 MHz, CD2Cl2) δ 7.61 (d, J = 5.7 Hz, 2H), 

7.52 (d, J = 5.7 Hz, 2H), 7.25 (s, 2H), 2.95 – 2.88 (m, 4H), 1.82 – 1.71 (m, 2H), 1.62 – 1.49 (m, 

6H), 1.41 – 1.15 (m, 12H), 0.99 (d, J = 6.3 Hz, 6H), 0.89 (d, J = 6.6 Hz, 12H). 13C NMR (125 

MHz, CDCl3) δ 139.67, 139.16, 136.66, 135.72, 128.25, 128.16, 123.42, 123.19, 122.02, 39.43, 

37.85, 37.13, 32.65, 28.13, 25.79, 24.85, 22.88, 22.80, 19.70. HRMS (EI, m/z): calcd. for 

C38H48Cl2S4, 702.2016, found, 702.

(3) Synthesis of 2-alkyl-3-chloro-thiophene-BDT-Sn (3a,3b)

To a solution of 2-alkyl-3-chloro-thiophene-BDT (10 mmol) in anhydrous THF (50 mL) at -

78℃ was added LDA (12.5 mL, 25 mmol, 2 M in THF) under nitrogen atmosphere, after 

stirring for 3 hours, trimethyltin chloride solution (25 ml, 25 mmol,1M in THF) was added into 

the flask and stirred at 25oC overnight. The mixture was poured into water and extracted with 

diethyl ether, the organic phase was dried over anhydrous MgSO4 and removed solvent. The 

crude product was purified by recrystallization from methanol to afford product as yellow solid.

3a: EH-3Cl-BDT-Sn (3.3 g, yield 55%), 1H NMR matched well with previous report. [S1]

3b: DMO-3Cl-BDT-Sn (3.4 g, yield 54%), 1H NMR (300 MHz, CD2Cl2) δ 7.65 (s, 2H), 7.25 

(s, 2H), 2.93 (m, 4H), 1.78 (m, 2H), 1.66 – 1.49 (m, 6H), 1.42 – 1.13 (m, 12H), 1.00 (d, J = 6.3 
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Hz, 6H), 0.88 (d, J = 6.6 Hz, 12H), 0.42 (s, 18H).13C NMR (125 MHz, CDCl3) δ 143.48, 143.36, 

139.30, 137.47, 136.48, 130.75, 128.05, 121.87, 121.70, 39.45, 37.82, 37.15, 32.70, 28.12, 

25.82, 24.86, 22.88, 22.80, 19.70, -8.11.HRMS (EI, m/z): calcd. for C44H64Cl2S4Sn2, 

1030.1312, found, 1030.

(4) Synthesis of 2-alkyl-4-chloro-thiophene (1d,1e)

To a solution of (3-chlorothiophen-2-yl)trimethylsilane (16 g, 84.7 mmol) in anhydrous THF 

(50 mL) at -78℃ was added LDA (42.4 mL, 84.7 mmol, 2 M in THF) under nitrogen 

atmosphere. The mixture was stirred at -78℃ for 2 hours, alkyl bromide (84.7mmol) was added 

dropwise into the flask and then the mixture was elevated to the temperature slowly to room 

temperature overnight. The reaction mixture was poured into water and extracted with diethyl 

ether and then dried over anhydrous MgSO4. The crude product was obtained through vacuum 

distillation and used directly for the next step without further purification.

(5) Synthesis of 2-alkyl-4-chloro-thiophene-BDT (2d,2e)

To a solution of 2-alkyl-4-chloro-thiophene (20 mmol) in anhydrous THF (150 mL) at -0℃ 

was added LDA (10 mL, 20 mmol, 2 M in THF) under nitrogen atmosphere, After stirring for 

2 hours, Benzo[1,2-b:4,5-b′]dithiophene-4,8-dione (1.76 g, 8 mmol) was added into the flask 

and stirred at 60 oC for 5 hours. After cooling to room temperature, a solution of SnCl2•2H2O 

(4.2 g, 20 mmol) in 10% HCl was added and stirred overnight. The mixture was poured into ice 

water and extracted with diethyl ether, the organic phase was dried over anhydrous MgSO4 and 

removed solvent. The crude product was purified by silica gel chromatography using hexane as 

an eluent to afford the product as a yellow solid.

2d: EH-4Cl-BDT (3.1 g, yield 60%), 1H NMR (300 MHz, CD2Cl2) δ 7.60 (d, J = 5.7 Hz, 2H), 

7.53 (d, J = 5.7 Hz, 2H), 7.24 (d, J = 1.6 Hz, 2H), 2.85 (d, J = 7.0 Hz, 4H), 1.76 (q, J = 6.2 Hz, 

2H), 1.51 – 1.27 (m, 16H), 0.95 (m, 12H). 13C NMR (125 MHz, CDCl3) δ 139.16, 138.48, 

136.65, 136.04, 128.19, 128.15, 123.42, 123.17, 122.86, 41.07, 32.66, 32.21, 28.97, 25.97, 

23.15, 14.27, 11.01. HRMS (EI, m/z): calcd. for C34H40Cl2S4, 646.1390, found, 646.

2e: DMO-4Cl-BDT (3.5 g, yield 66%)1H NMR (300 MHz, CD2Cl2) δ 7.61 (d, J = 5.7 Hz, 2H), 

7.54 (d, J = 5.7 Hz, 2H), 7.25 (s, 2H), 2.98 – 2.85 (m, 4H), 1.78 (m, 2H), 1.65 – 1.49 (m, 6H), 

1.44 – 1.13 (m, 12H), 0.99 (d, J = 6.3 Hz, 6H), 0.88 (d, J = 6.6 Hz, 12H). 13C NMR (300 MHz, 

CDCl3) δ 139.69, 139.18, 136.68, 135.74, 128.27, 128.18, 123.44, 123.21, 122.04, 39.45, 37.87, 

37.15, 32.67, 28.15, 25.81, 24.87, 22.90, 22.82, 19.72. HRMS (EI, m/z): calcd. fozr 

C38H48Cl2S4, 702.2016, found, 702.

(6) Synthesis of 2-alkyl-4-chloro-thiophene-BDT-Sn (3d,3e)
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To a solution of 2-alkyl-4-chloro-thiophene-BDT (5 mmol) in anhydrous THF (50 mL) at -78℃ 

was added LDA (6 mL, 12 mmol, 2 M in THF) under nitrogen atmosphere after stirring for 3 

hours, trimethyltin chloride solution (15 ml, 15 mmol,1M in THF) was added into the flask and 

stirred at 25oC overnight. The mixture was poured into water and extracted with diethyl ether, 

the organic phase was dried over anhydrous MgSO4 and removed solvent. The crude product 

was purified by recrystallization from methanol to afford product as yellow solid.

3d: EH-4Cl-BDT-Sn (2.4 g, 50%), 1H NMR (300 MHz, CD2Cl2) δ 7.66 (s, 2H), 7.26 (s, 2H), 

2.86 (d, J = 7.0 Hz, 4H), 1.75 (m, 2H), 1.51 – 1.27(m, 16H), 0.99 – 0.83 (m, 12H), 0.41 (s, 

18H). 13C NMR (125 MHz, CDCl3) δ 143.48, 143.37, 138.10, 137.44, 136.80, 130.74, 127.90, 

122.68, 121.68, 41.01, 32.67, 32.27, 28.99, 26.05, 23.18, 14.30, 11.07, -8.16. HRMS (EI, m/z): 

calcd. for C40H56Cl2S4Sn2, 974.0686, found, 974.

3e: DMO-4Cl-BDT-Sn (2.8 g, 62%), 1H NMR (300 MHz, CD2Cl2) δ 7.65 (s, 2H), 7.26 (s, 2H), 

3.11 – 2.73 (m, 4H), 1.80 (m, 2H), 1.66 – 1.47 (m, 6H), 1.46 – 1.12 (m, 12H), 1.00 (d, J = 6.3 

Hz, 6H), 0.88 (d, J = 6.6 Hz, 12H), 0.42 (s, 18H). 13C NMR (125 MHz, CDCl3) δ 143.36, 

139.30, 137.46, 136.48, 130.75, 128.04, 121.88, 121.70, 39.45, 37.82, 37.15, 32.69, 28.12, 

25.82, 24.86, 22.89, 22.80, 19.70, -8.10.

HRMS (EI, m/z): calcd. for C44H64Cl2S4Sn2, 1030.1312, found, 1030.

(7) Synthesis of PBDB-EH-3Cl and PBDB-DMO-3Cl.

2-alkyl-3-chloro-thiophene-BDT-Sn (0.1 mmol), 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-

ethylhexyl)-4H,8H-benzo[1,2-c:4,5-c']dithiophene-4,8-dione(77mg, 0.1mmol), and Pd(pph3)4 

(5.8mg, 0.005mmol) were combined in a 10 mL two-necked flask. Anhydrous toluene (5 mL) 

was added under the argon atmosphere. The mixture was reacted 24 hrs at 110 oC after cooled 

down, then the reactant mixture was poured into methanol (200 mL) for precipitation. The 

precipitate was filtered and Soxhlet extracted with methanol, hexane, and chloroform. The 

ingredient extracted from chloroform was concentrated, precipitated into 200 mL methanol, 

filtered, and dried under vacuum to give the dark solid.  

PBDB-EH-3Cl (80 mg, 67%). (Mn= 27 KDa, PDI= 1.9)

PBDB-DMO-3Cl (90 mg, 70%). (Mn= 32 KDa, PDI= 2.3)
1H NMR (300 MHz, CDCl3): δ (ppm) 7.70 – 6.68 (broad, 8H), 3.15 – 2.70(broad, 8H), 1.91– 

0.45 (broad, 68H).

(8) Synthesis of PBDB-EH-4Cl, and PBDB-DMO-4Cl.

2-alkyl-4-chloro-thiophene-BDT-Sn (0.1 mmol), 1,3-bis(5-bromothiophen-2-yl)-5,7-bis(2-

ethylhexyl)-4H,8H-benzo[1,2-c:4,5-c']dithiophene-4,8-dione(77mg, 0.1mmol), and Pd(pph3)4 

(5.8mg, 0.005mmol) were combined in a 10 mL two-necked flask. Anhydrous toluene (5 mL) 
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was added under the argon atmosphere. The mixture was reacted 24 hrs at 110 oC after cooled 

down, then the reactant mixture was poured into methanol (200 mL) for precipitation. The 

precipitate was filtered and Soxhlet extracted with methanol, hexane, and chloroform. The 

ingredient extracted from chloroform was concentrated, precipitated into 200 mL methanol, 

filtered, and dried under vacuum to give the dark solid.  

PBDB-EH-4Cl (90 mg, 71%). (Mn= 20 KDa, PDI= 2.2)
1H NMR (300 MHz, CDCl3): δ (ppm) 7.67 – 6.80 (broad, 8H), 3.06 – 2.68(broad, 8H), 1.91– 

0.45 (broad, 60H).

PBDB-DMO-4Cl (93 mg, 71%). (Mn= 30 KDa, PDI= 2.2)
1H NMR (300 MHz, CDCl3): δ (ppm) 7.70 – 6.68 (broad, 8H), 3.15 – 2.72(broad, 8H), 1.90– 

0.46 (broad, 68H).
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