
Supporting Information

High-Efficiency Organic Solar Cells Enabled by Halogen 

Modification of Polymers Based on 2D Conjugated Benzobis(thiazole)

Shuguang Wen,a,b Yonghai Li,a,b Nan Zheng,c Ibrahim Oladayo Raji,a Chunpeng 

Yang,a Xichang Bao*, a,b

a CAS Key Laboratory of Bio Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese 

Academy of Sciences, Qingdao 266101, China. E-mail: baoxc@qibebt.ac.cn

b Functional Laboratory of Solar Energy, Shandong Institute of Energy, Qingdao 266101, China.

c State Key Laboratory of Luminescent Materials and Devices, South China University of 

Technology, Guangzhou 510640, China

Materials

All reactions were carried out in argon atmosphere. Common solvents were dried and 

purified by standard procedures. Column chromatography characterizations were 

performed with the use of silica gel (200-300 mesh). Compounds 1 was synthesized 

according to the literature methods.[1] Other reagents were purchased from commercial 

sources and used directly unless otherwise noted.

General characterization
1H NMR and 13C NMR spectra were recorded using a Bruker AVANCE-III 600 

spectrometer with tetramethylsilane (TMS) as an internal standard. Mass spectra were 

measured in the MALDITOF mode. Elemental analysis was performed on a standard 

elemental analyzer. The molecular weights of the polymers were measured by GPC 

using 1,2,4-trichlorobenzene (TCB) as the solvent and polystyrene as the standard at 

150 °C. TGA was performed on a SDT Q600 setup with a heating rate of 10 °C/min 

under nitrogen atmosphere. UV-vis absorption spectra were obtained on a Perkin Elmer 

Lambda 25 spectrophotometer. All film samples were spin-casted on quartz glass 

substrates. Cyclic voltammetry was measured on a CHI660D electrochemical 

workstation in a solution of tetrabutylammonium hexafluorophosphate (Bu4NPF6, 0.1 
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M) in acetonitrile at a scan rate of 100 mV/s. The three-electrode system was composed 

of a glass carbon electrode coated with the sample film as the working electrode, a Pt 

wire as the counter electrode, and a saturated calomel electrode (SCE) as the reference 

electrode. Ferrocene/ferrocenium (Fc/Fc+) couple was used as an internal reference. 

The HOMO levels of the polymers were determined using the oxidation onset value. 

Onset potentials are values obtained from the intersection of the two tangents drawn at 

the rising current and the baseline changing current of the CV curves. Atomic force 

microscopy (AFM) measurements were performed using an Agilent 5400 AFM in 

tapping mode under ambient conditions. The ground-state geometries of BDT-DTBT 

molecules were fully optimized with DFT method under B3LYP/6-31G(d, p) level.[2] 

For the 2D-GIWAXS characterizations, thin films of the polymers spin-coated on 

silicon substrates were used. Grazing-incidence wide-angle X-ray scattering 

(GIWAXS) measurements were carried out with a Xeuss 2.0 SAXS/WAXS laboratory 

beamline with detector Pilatus3R 1M, Dectris (X-ray Source: MetalJet-D2, Excillum).

Fabrication of Photovoltaic Devices

Conventional PSC devices were fabricated with the configuration of 

ITO/PEDOT:PSS/Polymer:IT-4F/PDINO/Al. The ITO-coated glass substrates with a 

nominal sheet resistance of 15 Ω/sq were cleaned in an ultrasonic bath with detergent, 

ultrapure water, acetone, and isopropyl alcohol. After a 6 min oxygen plasma treatment, 

a thin layer of PEDOT:PSS (30 nm) was spin-coated onto the ITO anode and then dried 

at 160 °C for 20 min. The polymer and IT-4F were dissolved in chlorobenzene with a 

concentration of 10 mg/mL for polymer. The solution was stirred several hours at room 

temperature and spin-coated on the PEDOT:PSS layer. The thickness of the active layer 

was ∼110 nm. Then a thin layer of PDINO was spin-coated onto the active layer at 

4000 rpm for 30 s from the methanol solution (1.0 mg/mL). Finally, 100 nm Al layers 

were successively thermally evaporated onto the active layer at a pressure of 4.0 × 10-

4 Pa. The active area of the device in this work was 0.1 cm2. The current density-voltage 

(J-V) characteristics were recorded with a Keithley 2420 source measure unit under AM 

1.5G illumination (100 mW/cm2) from a Newport solar simulator. A standard silicon 



solar cell was used to calibrate the light intensity. The external quantum efficiencies 

(EQE) of the PSCs were measured using a certified Newport incident photon 

conversion efficiency (IPCE) measurement system.

Mobility Measurements

Hole-only devices were fabricated using the architectures 

ITO/PEDOT:PSS/Polymer:IT-4F/MoO3/Al. The mobility was extracted by fitting the 

current density-voltage curves using space charge limited current (SCLC),[3] which is 

described by the equation, 

𝐽 =  
9
8

𝜀0𝜀𝑟ℎ
𝑉2

𝑑3

where J is the current, µh is the zero-filed mobility, and ε0 and εr are the permittivity of 

free space and relative permittivity of the material, respectively. V is the effective 

voltage, and d is the thickness of the organic layer. The effective voltage can be 

obtained by subtracting the built-in voltage (Vbi) and the voltage drop (Vs) from the 

substrate’s series resistance from the applied voltage (Vappl), V = Vappl−Vbi−Vs. The hole 

and electron mobility can be calculated from the slope of the J1/2–V curves.

Synthesis and characterization of polymers
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Synthesis of 4,8-bis(5-(2-hexyldecyl)thiophen-2-yl)-2,6-di(thiophen-2-yl)benzo 

[1,2-d:4,5-d']bis(thiazole) (2)

Compound 1 (1.41g, 1.33 mmol), trimethyl(thiophen-2-yl)stannane (988 mg, 4.0 

mmol) and Pd(PPh3)4 were dissolved in 30 mL of anhydrous toluene, and deoxygenated 

by argon for 30 min. The mixture was stirred at 115 oC for 24 hours. The mixture was 



poured into water, extracted with dichloromethane, and dried over anhydrous Na2SO4. 

After concentration, the residue was purified by column chromatography to afford the 

product as a yellow solid (1.05 g, 81%). 

1H NMR (600 MHz, CDCl3) δ 7.86 (d, J = 3.6 Hz, 2H), 7.73 (d, J = 3.6 Hz, 2H), 7.52 

(d, J = 4.9 Hz, 2H), 7.18-7.14 (m, 2H), 6.92 (d, J = 3.6 Hz, 2H), 2.90 (d, J = 6.6 Hz, 

4H), 1.78 (br, 2H), 1.46-1.21 (m, 48H), 0.92-0.84 (m, 12H).

Synthesis of 2,6-bis(5-bromothiophen-2-yl)-4,8-bis(5-(2-hexyldecyl)thiophen-2-yl) 

benzo[1,2-d:4,5-d']bis(thiazole) (3)

In a dry flask, compound 2 (480 mg, 0.49 mmol) was dissolved in 10 ml anhydrous 

THF under argon and cooled to -78 °C and n-BuLi (1.2 mL, 1.6 M in hexane) was 

added dropwise. The solution was stirred for two hours in the cold bath. After this 

period, a solution of tetrabromomethane (492 mg, 1.48 mmol) in 5 ml anhydrous THF 

was added. The reaction mixture was gradually warmed to room temperature and stirred 

overnight. The mixture was poured into water, extracted with dichloromethane, and 

dried over anhydrous Na2SO4. After concentration, the residue was purified by column 

chromatography to afford the product as a yellow solid (375 mg, 63%). 1H NMR (600 

MHz, CDCl3) δ 7.77 (d, J = 3.6 Hz, 2H), 7.39 (d, J = 3.9 Hz, 2H), 7.09 (d, J = 3.9 Hz, 

2H), 6.88 (d, J = 3.6 Hz, 2H), 2.89 (d, J = 6.5 Hz, 4H), 1.77 (br, 2H), 1.46-1.23 (m, 

48H), 0.93- 0.84 (m, 12H). 13C NMR (151 MHz, CDCl3) δ 159.4, 147.9, 147.36, 139.2, 

136.3, 132.6, 131.0, 128.5, 128.4, 125.1, 121.5, 117.7, 39.9, 34.5, 33.4, 32.0, 31.9, 30.1, 

29.7, 29.4, 26.8, 26.7, 22.8, 22.7, 14.2, 14.1. HRMS (APCI) m/z calcd for 

C56H74Br2N2S6 [M+H]+: 1125.2616, found: 1125.2615.

General procedure for the synthesis of polymers



Monomer BDT-X (0.05 mmol), monomer 3 (0.05 mmol), Pd2(dba)3 (0.9 mg) and P(o-

tol)3 (1.8 mg) were mixed in 10 mL of toluene. The flask was purged three times with 

successive vacuum and argon filling cycles. The reaction mixture was stirred for 24 h 

at 120 oC under argon atmosphere. After cooling to room temperature, the mixture was 

precipitated in 100 mL methanol. The precipitate was filtered and washed with 

methanol, acetone and CH2Cl2 successively in a Soxhlet apparatus to remove catalyst 

residues and oligomers. Finally, the polymer was extracted with chloroform. The 

chloroform fraction was concentrated and precipitated in methanol. The precipitate was 

filtered and dried in vacuum at 40 oC overnight to give the product.

PBB-H: 65 mg (yield: 84%). HT-GPC: Mn = 147 kDa; Mw = 316 kDa; PDI = 2.15.

PBB-F: 64 mg (yield: 81%). HT-GPC: Mn = 35 kDa; Mw = 78 kDa; PDI = 2.23.

PBB-Cl: 72 mg (yield: 89%). HT-GPC: Mn = 77 kDa; Mw = 182 kDa; PDI = 2.37.



Figure S1. TGA curves of the polymers measured at a heating rate of 10 oC min-1 under 

nitrogen.



Figure S2. Theory calculated optimized molecular orbitals (a) and geometries (b) of 
polymers by DFT calculation at the B3LYP/6-31G(d) level (alkyl chains were ignored 
in order to simplify calculations).

(a)

(b)



Figure S3. Cyclic voltammograms of PBB-H, PBB-F and PBB-Cl on glassy carbon 
electrodes in 0.1 M Bu4NPF6 in CH3CN at a scan rate of 100 mV s-1.

Figure S4. Recorded photovoltaic parameters in the devices with IT-4F as the acceptor 
materials.

Figure S5. J-V curves and photovoltaic parameters (inset) of the OSCs based on 



another batch of PBB-H and PBB-Cl with Mn/PDI of 48KDa/2.35 and 49KDa/2.23, 
respectively.

Figure S6. Hole-only diodes made with pristine polymer (a) and optimized blends (b). 
The experimental data (hollow symbols) are fitted using the space-charge-limited 
current (SCLC) model (solid lines).

Figure S7. Line-cut profiles of GIWAXS patterns for (a) pristine and (b) blend films.



Table S1. Photovoltaic performance of the devices based on PBB-H:IT-4F with 
different processing conditions under the illumination of AM1.5G, 100 mW/cm2.

D:A Ratio Additive VOC [V] JSC [mA cm-2] FF [%] PCE [%]
1:0.8 --- 0.87 20.7 62.4 11.2
1:1 --- 0.86 21.1 62.5 11.4

1:1.2 --- 0.87 20.2 62.7 11.0
1:1a --- 0.87 20.7 65.1 11.7
1:1 DPE 0.82 21.1 59.1 10.2
1:1 DIO 0.71 5.28 26.8 1.0
1:1 CN 0.85 19.8 49.5 8.29
1:1a DPE 0.82 21.5 67.8 12.0

a Thermal annealing at 100 oC for 10 min. 

Table S2. Photovoltaic performance of the devices based on PBB-F:IT-4F with 
different processing conditions under the illumination of AM1.5G, 100 mW/cm2.

D:A Ratio Additive VOC [V] JSC [mA cm-2] FF [%] PCE [%]
1:0.8 --- 0.95 20.0 57.0 10.8
1:1 --- 0.94 19.0 64.6 11.6

1:1.2 --- 0.93 18.0 63.6 10.7
1:1a --- 0.94 18.9 67.8 12.0
1:1 DPE 0.93 21.3 62.2 12.4
1:1 DIO 0.86 13.1 42.0 4.7
1:1 CN 0.94 19.8 62.0 11.5
1:1a DPE 0.92 22.4 71.1 14.7

a Thermal annealing at 100 oC for 10 min.

Table S3. Photovoltaic performance of the devices based on PBB-Cl:IT-4F with 
different processing conditions under the illumination of AM1.5G, 100 mW/cm2.

D:A Ratio Additive VOC [V] JSC [mA cm-2] FF [%] PCE [%]
1:0.8 --- 0.93 18.3 57.6 9.8
1:1 --- 0.95 19.1 57.9 10.5

1:1.2 --- 0.95 18.7 55.2 9.8
1:1a --- 0.95 20.2 56.0 10.7
1:1 DPE 0.95 20.4 63.8 12.4
1:1 DIO 0.70 5.48 32.0 1.23
1:1 CN 0.95 15.8 49.0 7.37
1:1a DPE, TA 0.94 21.8 72.5 14.8

a Thermal annealing at 100 oC for 10 min.



Table S4. Reported photovoltaic performance of the devices with IT-4F as the acceptor 
materials.

polymer VOC (V) JSC (mA cm-2) FF PCE (%) Ref.
PTO2 0.91 21.5 0.75 14.7 [4]

PBDB-T-SF 0.88 20.5 0.72 13.1 [5]

PDTB-EF-T 0.90 20.7 0.76 14.2 [6]

PBTA-TF 0.73 20.2 0.72 10.6 [7]

PTQ10 0.93 20.5 0.67 12.8 [8]

PQSi05 0.91 21.4 0.69 13.6 [9]

PBDE-DFDT 0.86 21.8 0.75 14.2 [9]

PBTz-2 0.92 19.7 0.69 12.2 [10]

PB2F-2Cl 0.92 20.5 0.66 12.5 [11]

PB3TCN-BO 0.91 21.2 0.69 13.4 [12]

TPD-3F 0.91 20.5 0.74 13.8 [13]

PBDBTz-2 0.86 17.9 0.67 10.4 [14]

PPN4T-2F 0.82 16.3 0.64 8.5 [15]

PDTPO-BDTT 0.81 19.2 0.70 10.9 [16]

PBDT-PhI 0.86 16.0 0.60 8.2 [17]

PDBT(E)BTz-d 0.95 14.7 0.55 7.8 [18]

PDBT-Cl 0.82 22.3 0.69 12.6 [19]

PBT1-2Cl 0.85 19.7 0.76 12.7 [20]

PBDT-SF-2TC 0.93 20.7 0.57 11.1 [21]

PBDS-TZ 0.80 20.0 0.73 12.0 [22]

PBT-Cl 0.77 22.6 0.66 11.6 [23]

PBZ-ClSi 0.93 19.2 0.71 12.8 [24]

PBN-S 0.89 21.0 0.70 13.1 [25]

PhI-ffBT 0.91 19.4 0.76 13.3 [26]

PCl(4)BDB‐T 0.84 20.6 0.71 12.3 [27]

PBB-Cl 0.94 21.8 0.72 14.8 This work

References
[1] S. Zhang, J. Zhang, M. Abdelsamie, Q. Shi, Y. Zhang, T. C. Parker, E. V. Jucov, 

T. V. Timofeeva, A. Arnassian, G. C. Bazan, S. B. Blakey, S. Barlow, S. R. Marder, 
Chem. Mater., 2017, 29, 7880.

[2] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, 
M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. 
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, 
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A., Jr. Montgomery, J. 
E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. 
Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. 
C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. 
E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. 



Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. 
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. 
Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. 
Cioslowski and D. J. Fox, Gaussian 09, Revision B.01; Gaussian, Inc.: 
Wallingford, CT, 2010.

[3] G. G. Malliaras, J. R. Salem, P. J. Brock, C. Scott, Phys. Rev. B 1998, 58, 13411.
[4] H. Yao, Y. Cui, D. Qian, C. S. Ponseca, Jr., A. Honarfar, Y. Xu, J. Xin, Z. Chen, 

L. Hong, B. Gao, R. Yu, Y. Zu, W. Ma, P. Chabera, T. Pullerits, A. Yartsev, F. 
Gao, J. Hou, J. Am. Chem. Soc. 2019, 141, 7743.

[5] W. Zhao, S. Li, H. Yao, S. Zhang, Y. Zhang, B. Yang, J. Hou, J. Am. Chem. Soc. 
2017, 139, 7148.

[6] S. Li, L. Ye, W. Zhao, H. Yan, B. Yang, D. Liu, W. Li, H. Ade, J. Hou, J. Am. 
Chem. Soc. 2018, 140, 7159.

[7] W. Zhao, S. Zhang, Y. Zhang, S. Li, X. Liu, C. He, Z. Zheng, J. Hou, Adv. Mater. 
2018, 30, 1704837.

[8] D. Yuan, F. L. Pan, L. J. Zhang, H. Y. Jiang, M. J. Chen, W. Tang, G. M. Qin, Y. 
Cao, J. W. Chen, Solar RRL 2020, 4, 2000062.

[9] S. Li, W. Zhao, J. Zhang, X. Liu, Z. Zheng, C. He, B. Xu, Z. Wei, J. Hou, Chem. 
Mater. 2020, 32, 1993.

[10]P. Wan, C. An, T. Zhang, K. Ma, N. Liang, Y. Xu, S. Zhang, B. Xu, J. Zhang, J. 
Hou, Polym. Chem. 2020, 11, 1629.

[11]K. Ma, C. An, T. Zhang, Q. Lv, S. Zhang, P. Zhou, J. Zhang, J. Hou, J. Mater. 
Chem. C 2020, 8, 2301.

[12]B. Zhang, Y. Yu, J. Zhou, Z. Wang, H. Tang, S. Xie, Z. Xie, L. Hu, H.-L. Yip, L. 
Ye, H. Ade, Z. Liu, Z. He, C. Duan, F. Huang, Y. Cao, Adv. Energy Mater. 2020, 
10, 1904247.

[13]C.-Y. Liao, Y. Chen, C.-C. Lee, G. Wang, N.-W. Teng, C.-H. Lee, W.-L. Li, Y.-
K. Chen, C.-H. Li, H.-L. Ho, P. H.-S. Tan, B. Wang, Y.-C. Huang, R. M. Young, 
M. R. Wasielewski, T. J. Marks, Y.-M. Chang, A. Facchetti, Joule 2020, 4, 189.

[14]D. Zhang, Q. Li, J. Zhang, J. Wang, X. Zhang, R. Wang, J. Zhou, Z. Wei, C. 
Zhang, H. Zhou, Y. Zhang, ACS Appl. Mater. Inter. 2020, 12, 667.

[15]J. Wang, Y. Gao, Z. Xiao, X. Meng, L. Zhang, L. Liu, C. Zuo, S. Yang, Y. Zou, J. 
Yang, S. Shi, L. Ding, Mater. Chem. Front. 2019, 3, 2686.

[16]J. Zhu, Q. Liu, D. Li, Z. Xiao, Y. Chen, Y. Hua, S. Yang, L. Ding, ACS Omega 
2019, 4, 14800.

[17]H. Meng, Y. Li, B. Pang, Y. Li, C. Zhan, J. Huang, J. Mater. Chem. C 2019, 7, 
8442.

[18]D. Liu, Y. Zhang, L. Zhan, T.-K. Lau, H. Yin, P. W. K. Fong, S. K. So, S. Zhang, 
X. Lu, J. Hou, H. Chen, W.-Y. Wong, G. Li, J. Mater. Chem. A 2019, 7, 14153.

[19]J. Huang, L. Xie, L. Hong, L. Wu, Y. Han, T. Yan, J. Zhang, L. Zhu, Z. Wei, Z. 
Ge, Mater. Chem. Front. 2019, 3, 1244.

[20]L. Ye, Y. Xie, K. Weng, H. S. Ryu, C. Li, Y. Cai, H. Fu, D. Wei, H. Y. Woo, S. 
Tan, Y. Sun, Nano Energy 2019, 58, 220.

[21]S. Huang, W. Gu, L. Chen, Z. Liao, Y. An, C. An, Y. Chen, J. Hou, Macromol. 



Rapid Commun. 2019, 40, 1800906.
[22]G. Xu, L. Chen, H. Lei, Z. Liao, N. Yi, J. Liu, Y. Chen, J. Mater. Chem. A 2019, 

7, 4145.
[23]Y. Dong, H. Yang, Y. Wu, Y. Zou, J. Yuan, C. Cui, Y. Li, J. Mater. Chem. A 

2019, 7, 2261.
[24]W. Su, G. Li, Q. Fan, Q. Zhu, X. Guo, J. Chen, J. Wu, W. Ma, M. Zhang, Y. Li, J. 

Mater. Chem. A 2019, 7, 2351.
[25]Y. Wu, H. Yang, Y. Zou, Y. Dong, J. Yuan, C. Cui, Y. Li, Energ. Environ. Sci. 

2019, 12, 675.
[26]J. Yu, P. Chen, C. W. Koh, H. Wang, K. Yang, X. Zhou, B. Liu, Q. Liao, J. Chen, 

H. Sun, H. Y. Woo, S. Zhang, X. Guo, Adv. Sci. 2019, 6. 1801743
[27]Y. Wu, C. An, L. Shi, L. Yang, Y. Qin, N. Liang, C. He, Z. Wang, J. Hou, Angew 

Chem. Int. Ed. 2018, 57, 12911.


