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Abstract 

The photovoltaic property of the triphenylamine organic dye was investigated by 
density functional theory in this study. The triphenylamine organic dye can be divided 
into donor motif, π-bridge and acceptor motif according to the nonplanar structure in 
the molecule. The photovoltaic property was achieved via the HOMO→LUMO transition 
powered by the solar system. 
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1. Introduction 

With the rapid development of the last century, the demand and consumption of non-renewable 

energy such as coal, petroleum and natural gas are increasing due to the increasing population. Energy 

crisis and environmental pollution have become a serious problem to be solved urgently. As a clean 

and renewable energy, the utilization and transformation of solar energy has attracted more and more 

attention. Compared with non-renewable energy, solar energy is inexhaustible and can be renewable. 

The energy of the sun irradiating the earth in 45 minutes is about equal to the total energy of human 

consumption in one year [1,2].  

The first generation solar cell based on silicon crystals with high conversion efficiency and mature 

technology, occupies a large proportion of solar cells and have been mass-produced in industry at 

present. However, the first generation of solar cell silicon single crystal products are not widely used 

due to their strict preparation conditions and high manufacturing cost. The second generation of solar 

cell, such as amorphous silicon, CdTe and CIGS, takes the advantages of low cost, high efficiency 

and simple manufacturing process, but the materials of these cells usually need to be doped with toxic 

rare elements, which greatly limit their industrial production and wide use. The third generation of 

solar cell, dye-sensitized solar cell (DSC) avoids the shortcoming of the first and second generation 

of solar cell and increasingly becomes the research hotspot around the world [3].  
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Third-generation solar cells have the following three advantages: firstly, compared with traditional 

photovoltaic cells (PV), the production cost of dye-sensitized solar cells is low, especially for the 

investment cost. Secondly, sensitized dyes are easy to be modified. For example, dye-sensitized solar 

cells can be designed to have multi-color and transparency, and can improve the appearance of the 

cell to be more beautiful. Thirdly, dye-sensitized solar cells have abundant material sources. 

Triphenylamine has been commercially produced and has low material cost and good economic 

benefits, so it is widely used as electron donor in organic photoelectric functional materials. 

Nowadays, people have developed a large number of triphenylamine dyes with different π-bridges, 

most of which can make devices with manufacturing processes to achieve ideal energy conversion 

efficiency.  

Yanagida et al. began to study triphenylamine compounds as electron donors in dye-sensitized solar 

cells. [4] Sun et al. further optimized it and adjusted the structure of organic dyes by introducing 

multiple triphenylamine units as electron donors to add methoxy group units, thus obtaining a series 

of highly efficient organic dyes[5]. Liu et al. also developed a series of different benzene π-conjugated 

bridge substitutions and triphenylamine dyes of different electron acceptor units and studied the 

effects of different dye solvents and dye structures on the performance of DSSC [6]. Tian et al. found 

a sensitizer bridging with isophorone, which had a simple synthesis process, simple structure and 

high power conversion efficiency [7]. Chen group reported a group of triphenylamine dyes with 

increased donor electron density [8]. Sun et al. successfully introduced the thiophene part as the 

linking group and synthesized the dye [9]. By adjusting the number of thiophene parts and introducing 

thiophene derivatives, they used conjugated systems containing thiophene groups of different lengths 

as π-bridges, effectively regulating the HOMO-LUMO content and broadening the absorption 

spectrum of sensitizers. 

In this study, we selected one triphenylamine organic dyes (shown in Figure 1) as the representative 

dyes to understand the relationship among chemical structure, the electronic structure and 

photovoltaic properties by the quantum mechanism calculation. In the representative molecule, 

triphenylamine motif was the donor, thiophene motif was π-conjuction and the rest part was the motif 

of electron acceptor in dyes. So molecule 1 was a typical D-π-A dye for dye-sensitized solar cells. 

 

Figure 1. The selected molecule 1 in this study. 

 

2. Computational details 

The geometries of two selected molecules were optimized in the Gaussian 09 software17 in this study. 

Hybrid density functional theory B3LYP method were employed in the quantum mechanism 

calculation of the geometric optimization and the relaxation of electronic structures, as the B3LYP 

function was demonstrated to provide reliable results in the aromatic amine dyes. The basis set of 6-

31G(d) was used in the all the calculation. The optimized geometry and the molecular orbitals was 

visualized in the the Gaussview program. 
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3. Results and Discussion 

3.1 The optimized geometry 

The optimized geometry of molecule 1 was shown in Figure 1. The whole molecule was divided into 

three parts: the donor, π connection and the acceptor. The junction was formed with nonplanar 

bonding at the 31C-34C and 39C-41C as the dihedral angles of (29C-31C-34C-36S) and (36S-39C-

41C-42C) were 25.2◦ and -21.6◦ respectively. The benzene structure with the atoms from 41C-50H 

was in the same planar with -COOH ligand, as the dihedral angle of (44C-48C-51C-52O) was -0.1◦. 

The bond length of 51C=52O was 1.21Å. The normal C=O was 1.25Å. So it indicated that the 48C-

51C was not the junction of donor, π connection and acceptor, and benzene was conjugated with the 

carboxyl group forming the acceptor motif. The chemical structure determined its electronic structure 

and photovoltaic property. In the donor motif, triphenylamine improved the hole transport ability of 

the material, and the nonplanar structure of triphenylamine prevented the aggregation among dye 

molecules. In the π-bridge motif, the nonplanar connection of triphenylamine-thiophene and 

thiophene-benzoic acid destroyed the conjugation in the whole molecule forming the D-π-A dye. In 

the acceptor motif, the conjugation in the benzoic acid was suggested.  

 

 

Figure 2. The optimized geometry of molecule 1. 

 

 

Figure 3. The photo-induced HOMO-LUMO excitation. 
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3.2 Chanism of photovoltaic transition 

The frontier molecular orbitals and their transition were shown in Figure 3. The highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) were the most 

important frontier orbitals. Most electrons were kept in the triphenylamine (donor motif) and 

thiophene (π-bridge) regions whereas the electrons in the benzoic acid region (acceptor) was almost 

vanish in the HOMO orbital. On the contrary, the electrons almost centralized in the acceptor benzoic 

acid motif in the LUMO orbital. The excitation from HOMO to LUMO led to the electron transfer 

from the triphenylamine to benzoic acid or from donor to acceptor via π-bridge. The energy gap of 

HOMO and LUMO was 3.09 eV and the photons with the wavelength of 402 nm would induce the 

HOMO→LUMO excitation leading to the electrons transition from donor to acceptor. The 

wavelength range of the visible sunlight was 380 ~780 nm. Thus, the conductivity and photovoltaic 

property of molecule 1 can be induced by solar power via the electron transfer from the donor motif 

to the acceptor motif shown in Figure 4. 

 

 

Figure 4. The photovoltaic transition induced by the solar power in the dye molecule 1. 

 

4. Conclusion 

The mechanism of photovoltaic transition in the triphenylamine-derived dyes was studied by density 

functional theory. The triphenylamine-derived dyes were the D-π-A systems. The donor motif, π-

bridge and acceptor motif were separated with the nonplanar structure in the molecule. The nonplanar 

structure of triphenylamine also prevented the aggregation among dye molecules. The electrons were 

gathered in the donor motif in the HOMO orbital and the electrons were, localized in the acceptor 

motif in the LUMO orbital. The HOMO→LUMO transition caused the electron transfer from the 

donor motif to the acceptor motif with the photons from solar power.  
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