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Abstract: The architectures of organic solar cells are based on two kinds of materials: electron donors (D) and 

electron acceptors (A), respectively. Organic compounds which possess donor-acceptor units exhibit important 

optical and photophysical characteristics. Donor-acceptor compounds are widely used in molecular electronics 

applications, and it is of interest to investigate how their properties can be manipulated and probed. The 

πelectronic characteristics of molecular donor (D) – acceptor (A) compounds have been attracting attention in 

solid state science as well as for their potential technological development in organic electronics. The DA solar 

cells apply the photoinduced electron transfer to separate the electron from the hole. The photo-induced electron 

transfer takes place from the excited state of the donor to the LUMO of the acceptor. One of the most important 

design considerations of TADF molecules is obtaining a small energy gap between the S1 and T1 states (∆ƐST). 

A molecule meets this requirement only when its lowest-energy transition has low singlet–triplet exchange 

energy. Current trends in the research into novel TADF emitters are mainly focused on intramolecular 

donoracceptor (D-A)-type molecules, as in the present case In this work, we have constructed benzophenone 

based butterfly compounds and investigated the structural and electronic properties theoretically at the level of 

Density Functional Theory (DFT). These D-π-A type compounds may be potential candidates for organic solar 

cell applications, organic lightemitting diodes or fluorescent organic materials.  
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Introduction 

 

The amount of energy that the sun produces is enormous such that Earth receives enough energy to fulfill the 

yearly world demand of it in less than an hour although not all of that energy reaches the Earth’s surface due to 

absorption and scattering [1]. The continous supply of energy from sun introduces the photovoltaic conversion 

of solar energy as an important challenge. Solar cells of inorganic materials have a record energy conversion 

efficiency of around 39%, [2] whereas commercially available solar panel systems, have a significantly lower 

efficiency range between 15 and 20%.   

 

Solar energy industry is seeking for both high power conversion efficiency and low cost materials. Yet, the 

prices of silicon based solar cell power plants or solar energy panels are still not competitive with other 

traditional combustion rivals. Use organic materials can serve an alternative approach for lowering the 

manufacturing costs of solar cells which can be processed under less demanding conditions. The research for 

novel organic photovoltaic's has been continued for more than 30 years, however, within the last decade the 

develepments in the field gained considerable momentum [3,4]. Organic solar cells bring the advantages of 

mechanical flexibility, ease of processing, and low cost of production. Moreover, chemical modification is easy 

for customization of desired properties. However, the energy conversion efficiency for these organics still needs 

to be improved, since a maximum efficiency of 4-5% could have only been reached, up to date [5].  

 

The architectures of organic solar cells are based on two kinds of materials: electron donors (D) and electron 

acceptors (A), respectively. Organic compounds which possess donor-acceptor units exhibit important optical 

and photophysical characteristics [6]. Donor-acceptor compounds are widely used in molecular electronics 
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applications, and it is of interest to investigate how their properties can be manipulated and probed. The π-

electronic characteristics of molecular donor (D)–acceptor (A) compounds have been attracting subjects for the 

solid state science as well as for the potential technological development in organic electronics. The DA solar 

cells apply the photo induced electron transfer [7] to separate the electron from the hole. The photo induced 

electron transfer takes place from the excited state of the donor to the LUMO of the acceptor. 

 

In order to gain higher efficiencies for organic solar cells, the primary strategy can be adjusting the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels by 

chemical tailoring. This strategy is rather usefull since the difference between HOMO and LUMO determines 

the light absorption regions [8], the open-circuit voltage (Voc) heavily depends on the gap of LUMOacceptor- 

HOMOdonor [9] and sufficient ∆ε (the difference between HOMOs or LUMOs of donor and acceptor), which 

usually needs to be at least 0.3 eV, is necessary for excitons dissociation at the interface of donor and acceptor 

[10]. Recently, two main methods have been used to modify the energy levels of potential molecules: (1) to 

establish a donor-acceptor (D-A) conjugated backbone by choosing appropriate donors and acceptors [11,12], 

(2) to introduce electron-donating or electron-withdrawing atoms and groups, such as F-atom, alcoxyl, cyano, 

rhodanine, etc. [13–17]. 

 

In this work, we have constructed a triazophenone centred butterfly compound and investigated the structural 

and electronic properties theoretically at the level of Density Functional Theory. These D-π-A type compounds 

may be potential candidates for organic solar cell applications or organic light emitting diodes or fluorescent 

organic materials. 

 

 

Method 

 

The three-dimensional ground state (S0) geometry of the compound was geometry optimized using Density 

Functional Theory (DFT) [18] by using the Gaussian 09W [19] package program and the hybrid functional 

B3LYP. The B3LYP is composed of Becke's three parameter exchange functional (B3) [20] and the nonlocal 

correlation functional by Lee, Yang, and Parr (LYP) [21]. The basis set used for all atoms was 6-31++G(d,p) in 

both DFT and time-dependent density functional theory (TD-DFT) method. We have applied default G09 grid 

for computations. 

 

For the nonel compound, vibrational analyses were carried out using the same basis set employed in the 

corresponding geometry optimizations. The frequency analysis of none of the compounds yielded any imaginary 

frequencies, indicating that the structure of each molecule corresponds to at least a local minimum on the 

potential energy surface. The normal mode analysis was performed for 3N-6 vibrational degrees of freedom, N 

being the number of atoms in the molecule. 

 

The low-lying triplet (T) and singlet excited states (S) of the compounds were relaxed to obtain their minimum 

energy geometries using the TD-DFT as implemented in G09 package program [22]. The vertical excitation 

energies and oscillator strengths were obtained for the lowest triplet and singlet transitions at the optimized 

ground state equilibrium geometries by using TD-DFT at the same hybrid functional and basis set [22]. 

Optimized ground state structures were utilized to obtain the electronic absorption spectra, including maximum 

absorption wavelengths, oscillator strengths, and main configuration assignment by using TD-DFT. 

 

 

Results and Discussion 
 

The demand for economically viable for large-scale power generation based on environmentally green materials 

with limitless availability and variaty force people to search for novel ideas and applications. Organic 

semiconductor materials are a cheaper alternative to inorganic counterparts like Si. Organic photovoltaics can 

have extremely high optical absorption coefficients which provide the potential for the production of very thin 

solar cells, therefore, they can be fabricated as thin flexible devices. 

 

 

Semiconductor Properties 

 

The electronic structure of all organic semiconductors is based on conjugation of π-electrons. A conjugated 

organic system consists of an alternation between single and double carbon-carbon bonds. Single bonds are 

named as σ-bonds and are associated with localized electrons, and double bonds are composed of a σ-bond and 
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a π-bond. The π-electrons are mobile and can jump between carbon atoms due to the mutual overlap of pi 

orbitals along the conjugation path, which causes the wave functions to delocalize over the conjugated skeleton. 

The empty π-bands are called the Lowest Unoccupied Molecular Orbital (LUMO) and π-bands filled with 

electrons are called the Highest Occupied Molecular Orbital (HOMO). The band gap (∆ε) of semiconductor 

materials ranges from 1 to 4 eV.  

 

Rigid polyaromatic planar carbon or heterocyclic compounds with donor-π-acceptor architecture have attracted 

much attention in recent years due to their special electro-optical properties originating from their low band gap 

[23,24]. Benzophenone was used in literature a building block for butterfly compounds. It has strong ability as 

an acceptor. Triazophenone, a derivative of benzophenone electronically, is a thought to be a very well acceptor 

unit to be used in organic photovoltaics which can connect either side with donors to provide semiconductor 

system (Figure 1). 

 

 
Figure 1. Chemical structure of triazophenone 

 

Pyrene is a polycyclic aromatic hydrocarbon consisting of four fused benzene rings, resulting in a 

flat aromatic system. This yellow solid is the smallest peri-fused polycyclic aromatic hydrocarbon (one where 

the rings are fused through more than one face). Pyrene forms during incomplete combustion of organic 

compounds. Pyrene and its derivatives are used commercially to make dyes and dye precursors, for 

example pyranine and naphthalene-1,4,5,8-tetracarboxylic acid. It has strong absorbance in UV-Vis in three 

sharp bands at 330 nm in DCM. The emission is close to the absorption, but moving at 375 nm. The 

morphology of the signals change with the solvent. Its derivatives are also valuable molecular probes 

via fluorescence spectroscopy, having a high quantum yield and lifetime (0.65 and 410 nanoseconds, 

respectively, in ethanol at 293 K). Pyrene was the first molecule for which excimer behavior was discovered.  

 

In the present research, a triazophenone based structure has been studied computationally at B3LYP/6-

31++G(d,p) level of theory. These highly conjugated systems are important in terms of their structural and 

electronic properties. They may be strong candidates for organic semiconductors and their potential applications 

as organic solar cells. The structures are designed in the form of D-π-A type organic systems. The geometry 

optimized ground state structure of the pyrene triazophenone structure is shown in Figure 2.  

 

 
Figure 2. Geometry optimized structure of pyrene triazophenone 

 

The interfrontier molecular orbital energy gap (Δε) provides information about the conductivity of the system. 

According to the literature data, Δε ≤ 0.1 eV conductors, Δε = 0.5-3.5 eV semiconductors and Δε ≥ 4.0 eV 

insulator. The interfrontier molecular orbital energy gap (Δε) for the present structure is 3.22 eV. Therefore, the 

novel compound is a potential semicoductor for OLED. 

 

 

TADF Properties 

 

One of the most important design consideration of TADF molecules is to obtain a small energy gap between the 

S1 and T1 states (∆ƐST). A molecule meets this requirement only when its lowest-energy transition has a small 

https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon
https://en.wikipedia.org/wiki/Benzene
https://en.wikipedia.org/wiki/Aromaticity
https://en.wikipedia.org/wiki/Combustion#Incomplete
https://en.wikipedia.org/wiki/Dye
https://en.wikipedia.org/wiki/Pyranine
https://en.wikipedia.org/wiki/Fluorescence
https://en.wikipedia.org/wiki/Ethanol
https://en.wikipedia.org/wiki/Excimer
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singlet–triplet exchange energy. Current trends in research of novel TADF emitters are mainly focusing on 

intramolecular donor-acceptor (D-A)-type molecules as in the present case. Therefore, appropriate donor-

acceptor units have to be selected carefully to obtain full-color TADF molecules, with their HOMO and LUMO 

being localized on different constituents. To obtain details about the geometric and electronic structures of the 

present compound time-dependent density functional theory (TD-DFT) calculations were performed at the 

B3LYP/6-31++G(d,p) level.  

 

The clear separation of the frontier molecular orbitals results in narrower ∆ƐST values. ∆ƐST data for the pyrene 

triazophenone unit is coputed top be 0.42 eV. Thus, ΔEST predicted by the TD-DFT calculation is small enough 

for thermal repopulation of the S1 state via T1→S1 reverse intersystem crossing (RISC) for all the compound. It 

might suggest a very high potential as TADF emitters by possessing the narrow S1-T1 energy difference and 

well separated HOMO and LUMO schemes. All computed lowest-energy excited states may be described by the 

HOMO-LUMO transition corresponds to an intramolecular charge transfer (ICT) with small exchange energy 

(Figure 3). 

 

 
Figure 3. 3D frontier molecular orbital schemes of the present compound 

 

 

Conclusion  
 

In the present study, we performed a computational study by the application of Density Functional Theory at 

B3LYP/6-31++G(d,p) level on a triazophenone derivative. 

       

The structure was constructed as D-A motif in order to increase the ability to achieve intramolecular charge 

transfer so that it may act as potential solar cell organic semiconductor. The interfrontier energy gap of the 

compound was obtained from DFT calculations and found to be 2.52 eV. Thermally activated delayed 

fluorescence (TADF) properties of the compound were discussed upon the results obtained by TDDFT 

calculations. Two critical points for potential TADF structures are; (i) separate distribution HOMO and LUMO 

orbitals throughout the molecule for small exchannge energy and (ii) nanrow energy gap between the S1 and T1 

states (∆ƐST). The ∆ƐST data was computed to be 0.42 eV. Thus, it may be considered for future TADF 

applications. 
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