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Molecular Design of Benzothiadiazole Derivatives Electron Acceptors and
Matching of Donor—Acceptor Materials

Shao, Rong Yang, Xinbo Yin, Shiwei Wang, Wenliang*

(Key Laboratory for Macromolecular Science of Shaanxi Province, School of Chemistry & Chemical Engineering, Shaanxi
Normal University, Xi'an 710119, China)

Abstract To better understand the relationships between the microstructure and the optoelectronic characteristics of the
electron acceptor and to meet the needs of donor-acceptor materials with excellent optical properties for solar cell, a series of
acceptor molecules with A'-n-A-m-A’ type are designed. In these molecules, the core framework of benzothiadiazole is used
as an acceptor (A), three kinds of conjugated heterocyclics (A’) with different abilities of electron-withdrawing and steric
effects are applied as the terminals, and various conjugated structures, such as the double bond, thiophene, benzothiophene
and vinyl thiophene, are utilized as n-bridge, respectively. Their geometric configurations, the characteristics of frontier mo-
lecular orbital, optical properties, as well as the electronic reorganization energy are predicted by DFT-B3LYP and
TD-DFT-CAM-B3LYP. Solvent effects from acetone and chlorobenzene on molecular properties are studied. Furthermore,
the Donor-Acceptor (D-A) interfaces are respectively constructed by combining the excellent acceptors with the selected two
donors. The DFT-D3 method is used to scan the binding energy of D-A complex, in order to determine the stacked displace-
ment of the interface. The degree of interface recombination is evaluated by calculating electronic coupling (Vi) between
HOMO of donors and LUMO of acceptors. The results show that modifying benzothiadiazole with a reasonable substituent is
an effective way to adjust LUMO energy levels and lead to the noticeable variation of the energy gap. Combining planar
electron acceptor materials (A’-n-A-n-A’ type) with non-planar electron donor materials (D), to form the optical active layer
is a practical approach for preventing interface recombination and achieving high open-circuit voltage (V,.). Considering
AE;, Vi, light absorption efficiency, and solvation effect, D1-1ay and D1-2ay combinations are the most promising candi-
dates of optical active layer materials in organic solar cell.

Keywords benzothiadiazole derivatives; electronic acceptors; Donor-Acceptor interface; electronic coupling; the power
conversion efficiency
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Scheme 1 The working principle diagram of organic photovoltaic cells
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Scheme 2 Chemical structures of electron acceptors containing benzo-
thiadiazole
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Figure 1 HOMO and LUMO energy levels of part of benzothiadiazole derivatives calculated at B3LYP/6-311G(d,p) level
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Table 1 Geometry parameters for the description of benzothiadiazole derivatives

Acceptors 0, 0, Acceptors 0, 0, Acceptors 0, 0,
lao 0.01° —0.02° 3da 0.00° 0.01° 2dy —0.51° —18.74°
1ba 10.31° —25.89° 3ca —9.93° —9.52° 1ad 0.02° —0.03°
1ca 6.72° 23.14° lay 0.02° —0.02° 1d6 —0.43° —23.72°
1da —1.51° 23.79° 1dy —1.80° 25.03° 2ad 0.01° —0.01°
2da 2.29° —18.72° 2ay 0.00° 0.00° 2do 0.81° —18.72°

R2 REDTERRBMI oo PRTUREE £+ BUKRE E ST HILRE L

Table 2 The maximum absorption wavelength A, oscillator strength £, excitation energy E and electronic reorganization energy A. of acceptors

Acceptors Amax/TIM f E/leV AJeV Acceptors Amax/TNM f E/eV AJeV
laa 520(448)“,448"  1.27(1.41) 2.38(2.77) 0.271 1da 605(502) 1.77(1.98) 2.05(2.47) 0.274
1ap 502 (430) 1.26(1.50) 2.47(2.88) 0.274 1dp 589(487) 1.78(2.07) 2.11(2.55) 0.271
lay 549 (461) 0.96(1.23) 2.26(2.69) 0.185 1dy 652(530) 1.36(1.72) 1.90(2.34) 0.186
1ad 721(631) 0.63(0.68) 1.72(2.12) 0.210 1do 847(757) 0.89(0.83) 1.46(1.86) 0.216
2a0 560 (477) 1.32(1.52) 2.22(2.6) 0.283 2do 628(516) 1.939(2.15) 1.98(2.40) 0.252
2ap 543 (461) 1.35(1.61) 2.28(2.69) 0.282 2dp 613(502) 1.94(2.25) 2.02(2.47) 0.247
2ay 598(497) 1.07(1.38) 2.07(2.5) 0.189 2dy 679(546) 1.5(1.89) 1.83(2.27) 0.174
2ad 776 (686) 0.70(0.69) 1.60(2.0) 0.21 2do 871(789) 1.01(0.88) 1.42(1.82) 0.196

“The parenthesis values obtained at the CAM-B3LYP/6-311G(d,p) level of theory; * The experimental values from reference [15].
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Table 3 Solvent effects on the maximum absorption wavelength Ana, oscillator strength £, excitation energy £ and electronic reorganization energy A.

Acceptors 6,/0,(°) LUMO/HOMO(eV) Amax/IM f EleV Ad/eV
0.0/0.0 —3.99/—6.50 549(461)° 0.96(1.23) 2.26(2.69) 0.185

lay —26.5/—7.4° —3.67/—6.36 534(447) 0.87(1.31) 2.32(2.77) 0.208
—24.5/—6.8° —3.72/—6.38 544(454) 0.84(1.33) 2.28(2.70) 0.206

0.0/0.0 —4.08/—6.36 598(497) 1.07(1.38) 2.07(2.50) 0.189

2ay 0.0/0.0¢ —3.76/—6.10 594(505) 1.12(1.59) 2.09(2.45) 0.152
0.0/0.0° —3.82/—6.14 604(513) 1.06(1.61) 2.05(2.42) 0.157

—1.8/25.1 —3.75/—5.89 652(530) 1.36(1.72) 1.90(2.34) 0.186

1dy —12.4/22.9¢ —3.59/—5.74 666(543) 1.33(1.89) 1.86(2.28) 0.145
—10.1/22.8" —3.62/—5.76 676(551) 1.28(1.91) 1.83(2.25) 0.147

—0.5/—18.7 —3.85/—5.90 679(546) 1.50(1.89) 1.83(2.27) 0.174

2dy —8.4/—14.8¢ —3.63/—5.69 694(562) 1.49(2.09) 1.78(2.21) 0.133
—5.4/—16.2° —3.67/—5.72 701(570) 1.45(2.21) 1.77(2.18) 0.138

“The second line values in acetone; ” The third line values in chlorobenzene; ¢ The parenthesis values obtained at CAM-B3LYP/6-311G(d,p) level of theory.
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Figure 2 Simulated absorption spectra for part of benzothiadiazole derivatives at the TD-DFT CAM-B3LYP/6-311G(d,p) level (“is in acetone)
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Table 4 D-A interface scanning result’, the electronic coupling Vi;’, the difference of LUMO energy level AE and the prediction of open circuit voltage

Voe
Coordinates(A)
No. D-A VidmeV AE/eV Vi/eV
x ¥ z
1 D1-1ay 0.0 3.6 —0.8 0 0.42 1.92
2 D1-2ay 0.0 3.6 —0.8 0 0.51 1.83
3 D2-1ay —0.8 3.8 0.4 30 0.62 1.47
4 D2-2ay —0.8 3.7 0.2 38 0.71 1.38
5 D2-1dy —22 3.7 —0.2 27 0.38 1.71
6 D2-2dy —1.0 3.8 0.4 31 0.48 1.61

“DFT-D3-B3LYP/6-311G(d,p); * DFT-B3LYP/6-311G(d,p).
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Figure S The diagram of hydrogen bonding in optimal configuration of D1-2ay interface (unit: A, top) and contour of frontier molecular orbital (below)
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