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Theoretical investigations on the charge transfer process in the 3H-
benzo[e]indoline squaraine dye crystal

PENG Jisheng, WANG Yuchen, PEI Zheng, LIANG Wanzhen, ZHAO Yi™

( State Key Laboratory of Physical Chemistry of Solid Surfaces, Fujian Provincial Key Laboratory of Theoretical and Computational Chemistry,

College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China )

Abstract Due to various merits such as the good photochemical stability and the strong absorbance in the visible and near-
infrared regions, the squaraine dyes are one of the most prominent electron donor materials for small-molecule organic solar
cells at present. However, the hole transport mechanism therein is yet to be uncovered, and the low hole mobility severely
limits the enhancement of the power conversion efficiency of the devices. By combining first-principles calculations, Marcus
electron transfer theory and master equation simulations, this paper systematically investigates the electronic properties,
molecular stacking types and charge transfer properties of the 3H-benzo[e]indoline squaraine (USQ-BI) dyes. The results
show that due to the alternating occurrence of two different molecular stacking types, the driving force exhibits a positive -
negative alternating character, and the process of overcoming the positive driving force is the rate-limiting step in the hole
transport. As such, a theoretical strategy of increasing mobilities by reducing the absolute value of the driving force is
proposed. Further investigations indicate that the introduction of cyano groups at some sites of the USQ-BI molecule can
significantly improve the hole-transfer electronic coupling strength, and then improve the hole mobility. Finally, the study on
the electron transfer process in the USQ-BI crystal shows that USQ-BI may not be a good electron transport material because
the large reorganization energy leads to a small electron transfer rate.
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Fig. 1 Schematic diagram of the configuration optimization process for the USQ-BI one-dimensional molecular chain model
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Fig. 2 Not optimized Molecular (a) and crystal structures (b) of USQ-BI
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Fig. 3 Single-molecule absorption spectra in the chloroform solution calculated by different functionals
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Tab.1 Properties of the excited states corresponding to the three absorption peaks in the experimental spectrum
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H-2—-L 95%
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H-2-L+6 1.3%
H-1-L 83.5%
H-L 4.9%
3 S; 3709 H-3—L 3.0% 0.140
H-7-L 1.3%
H-4—-L 1.2%
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Fig. 4 The frontier molecular orbitals of the USQ-BI monomer at the optimized geometry
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Fig. 5 The USQ-BI molecule embedded in the crystal environment (a), dimer stacking types and the corresponding hole-transfer electronic coupling
strengths (b)
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Tab.2 Dihedral angles between some structural units of the cationic or neutral molecules in the dimer
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SERIE -1 2Ky 298 121 281 123

Cs [) -7 A% -0.493 -2.53 -0.568 -2.64
TIBRAZ- IRk 0.818 -2.68 0.690 -3.30
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Fig. 6 The hole transport path in the USQ-BI crystal (a), Energy level alignment of the local cationic states along the hole transport path (b)
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Tab.3 The calculated values of hole transfer rates and mobilities
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Fig. 7 Variations of the maximal (red line) and minimal (black line) hole mobilities versus the absolute value of the driving force
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Fig. 8 The gas-phase absorption spectra of the USQ-BI molecule substituted by the cyano group at different sites
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Fig. 9 Dimer stacking types and the corresponding electron-transfer electronic coupling strengths
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Tab.4 The calculated values of electron transfer rates and mobilities
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