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A B S T R A C T   

In this study, the structural, optical and electronic properties of a conjugated A-D-A compound based on 
indandione and benzobitiophene, which is widely used in the production of organic solar cells, were theoretically 
calculated using different functionals of the Density Functional Theory (DFT) method. For this purpose, different 
parameters such as frontier molecular orbital (FMO), which is called the highest occupied molecular orbital 
HOMO and the lowest unoccupied molecular orbital LUMO, energy gap Egap (HOMO-LUMO), the density of 
states (DOS), the absorption maximum λmax, excitation energy Eex and transition density matrix (TDM) were 
calculated. In addition, reduced density gradient (RDG) and open circuit voltages VOC were simulated to evaluate 
hole-electron localization. According to the results obtained from this study, the investigated compound exhibits 
significant visual absorption and interesting electron transport properties due to its hard-flat structures. The open 
circuit voltage (VOC) of compounds with BTPF acceptors is 1.45 V. This study has shown that BTPF compound 
has great potential for integration into solar cells as an electron donor material and has provided evidence that 
the investigated material may be a potential photovoltaic material candidate.   

1. Introduction 

Organic photovoltaic (OPV) cells are one of the most potential next- 
generation photovoltaic technologies to capture pure, renewable and 
unlimited solar energy due to their advantages such as low weight, wide 
absorption range, thermal stability and flexibility compared to inorganic 
silicon-based solar cells with high thermal stability. Compared to inor
ganic silicon-based solar cells with limited applications due to their 
inflated costs, flexible designs and low efficiencies, OPV cells have ad
vantages such as thermal stability, flexibility, mechanical compliance 
and ease of preparation. In the last few decades, OPV cells have attracted 
global attention as photoactive materials in academic and commercial 
sectors. Additionally, there are numerous publications in the valuable 
literature that theoretical construct and test various active layer mole
cules for use in solar cell applications. After bridging adjustments, 
discovered many donor compounds for extremely efficient solar cells. 
For effective solar cell applications, constructed and theoretical studied 

C-shape molecules. The various acceptor compounds based on benzo
thiadiazole units for high-performance organic solar cells were also 
tested [1–5]. Many scientific studies have been conducted on the design 
of new organic materials. One of the main objectives of these studies is 
the design of new organic materials with interesting structural, optical 
and electronic properties. By taking advantage of the benefits of the 
great efforts made to increase the power conversion efficiencies of OPV 
cells, PCEs have been improved up to 15–19% [6,7]. 

Due to their remarkable power conversion efficiencies, small- 
molecular donors based on benzodithiophene have lately gained ap
peal in organic solar cells (OPVs)[8]. There is currently a limited se
lection of organic electron acceptor materials. It is primarily caused by 
molecules becoming unstable once they carry an electron, electron- 
accepting semiconductors need to have the following qualities in 
order to be employed in photovoltaic devices: strong chemical and 
thermal stability and high electron mobility[9]. One of the most popular 
electron acceptor materials for organic electronics is the molecule 
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indandione[10,11]. An indandione-type core unit has recently drawn 
attention as an effective electron acceptor unit in the continuation of 
organic moieties because to its numerous modification sites and strong 
electron-withdrawing abilities[12]. By creating tiny organic molecules 
with various acceptor–donor-acceptor (A-D-A)[13–15] combinations 
and examining the impact of these combinations on optoelectronic and 
photovoltaic capabilities, it is possible to make major structural alter
ations to the indandione-type core unit[16–20]. In the current study, we 
used the polymer benzodithiophene as an electron-donating example 
because it has better solubility in most nonaromatic solvents, a simple 
planar structure, strong UV–visible absorptions, and is directly bordered 
by end capping groups that are used as electron acceptors to create OPV 
cells. Based on the indandione moiety straightforward production and 
potential for chemical modification, an electron-accepting moiety was 
chosen. Inspired by the results of the recent investigations of indandione 
and benzodithiophene, with the aim of investigating the structural, 
optical, and electronic properties of a molecule designed and synthe
sized by Ling et al [21]. The selection of this compound was based on the 
simplicity of the synthesis and the chemical modification possibility of 
the ring acceptors moieties, which has a direct impact on most of the 
materials properties, including the HOMO, Egap, photoluminescence 
spectra, etc. Just too briefly, the remainder of the manuscript will refer 
to this compound as BTPF. The newly emerging high-efficiency BTPF 
which has a central fused ring ((benzobitiophene) core), we modified its 
alkyl side chains and the addition of an acceptor group at the exterior to 
enhance its electron-withdrawing ability (Schema 1). 

The purpose of this article is to determine the structural, optoelec
tronic and photovoltaic properties (EHOMO, ELUMO, Egap, λmax…) of the 
BTPF molecule using Density Functional Theory (DFT) and Time- 
Dependent Density Functional Theory (TD-DFT) and to select the most 
appropriate method by comparing the results obtained with experi
mental results in the literature. In addition to these, the potential of 
BTPF compound as a donor molecule was tested by using fullerene 
compound PCBM, and fullerene derivative PC61BM as acceptors [22]. 

2. Results and discussion 

2.1. Computational details 

This theoretical study was carried out in order to study the structural, 
electronic, optical, and photovoltaic properties of the compound BTPF. 
All calculations in this study were completed using the Gaussian 09 
program [23] in the gas phase. The inputs and for the visualization of 
results were made using Gauss view 6.0 [24]. In order to validate the 
functional method adopted in the experimental results, the density 
functional theory (DFT) was used with the different sets of functional 
bases B3LYP[25], MPW1PW91 [26], WB97XD [27], and CAM-B3LYP 

[28]. 6-31G(d,p) [29–33], 6–31 + G(d,p), 6-311G(d,p) and 6-311++G 
(d,p)[34,35] basis set were used for study the optoelectronic and 
geometrical properties (EHOMO, ELUMO, Egap, λmax…) of the BTPF. After 
several calculations and testing, the value of the gap energy of the 
molecule BTPF obtained by B3LYP with 6–31++G(d,p) basis set was in 
good agreement with close to the experimental. Thus, it was the best 
choice for the remaining calculations of compound BTPF. To get the 
values of the λmax absorptions, oscillator strengths, and vertical elec
tronic excitation spectra of BTPF we used the TD-DFT approach on the 
DFT/B3LYP/6-31G(d,p) [36], DFT/B3LYP/6–31 + G(d,p), DFT/B3LYP/ 
6-311G(d,p), DFT/B3LYP/6-311++G(d,p) optimized structures [37]. 
We also used the TD-MPW1PW91/6-31G(d,p), and TD-CAM-B3LYP [38] 
methods the latter was used thanks to their ability to describe well the 
absorption properties of π-conjugated systems according to [39]. The 
functional which gave the value λmax absorptions close to the experi
mental by TD-B3LYP at 6-311++G(d,p) basis set. The Density of State 
(DOS) spectra were plotted via PyMOlyze-1.1 [40], transition density 
matrix (TDM), Reduced Density Gradient (RDG) analyses were plotted 
with by Multiwfn [41], and drawn with the VMD version 1.9.1 [42]. The 
GaussSum software was used to interpret the nature of the transitions 
and estimate the percent contribution of the predominant transition 
[40]. 

2.2. Electronic properties 

The Bandgap it a crucial factor for realistic electron mobility. Indeed, 
a molecule with a narrower band gap will have a higher charge mobility 
rate, hence the need for calculation, In order to have a general idea of 
the electronic properties of the studied compound [43]. The application 
of various DFT functions offers the opportunity to compare the experi
mental and theoretical values in order to choose the functional method 
that reflects well the correlation between the electrical properties of the 
BTPF obtained experimentally and those obtained theoretically. 

The difference between experimental and theoretical results may be 
due to the fact that DFT calculations of BTPF compound were performed 
in the gas phase, where there is no interaction. The HOMO and LUMO 
energy levels and Egap gap energy of the BTPF compound are tabulated 
in Table 1. 

According to Table 1, the HOMO, LUMO and gap energies calculated 
by the B3LYP/6-31G(d,p), B3LYP/6-311G(d,p), B3LYP/6–31 + G(d,p), 
B3LYP/6-311++G(d,p), MPW1PW91/6-31G(d,p), MPW1PW91/6- 
311G(d,p), WB97XD/6-31G(d,p) and WB97XD/6-311G(d,p) methods 
are respectively (-5.61,-5.84, − 5.92, − 5.95, − 5.85, − 6.03, − 7.17 and 
− 7.34 eV), (-3.57, − 3.81, − 3.91, − 3.95, − 3.54, − 3.74, − 2.01 and 
− 2.20 eV) and (2.04, 2.03, 2.01, 2.00, 2.31, 2.29, 5.16 and 5.14 eV). The 
results obtained with the B3LYP functional and the 6-311++G(d,p) 
basis set are found to be quite close to the experimental data (-5.68,-4.06 

Schema 1. Chemical structure of BTPF compound.  
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and 1.62 eV). As a result, it can be concluded that the B3LYP functional 
with the 6-311++G (d,p) basis set is the most compatible with experi
mental data for describing the electrical properties of the chemical 
compound under investigation. 

The results of the electronic properties obtained by the quantum 
method B3LYP/6-311++G(d,p) were confirmed by the calculation of 
the optical properties of the compound studied. We conducted several 
calculs by the quantum chemistry methods TD-DFT/B3LYP/6-31G(d,p), 
TD-DFT/B3LYP/6–31 + G(d,p), TD-DFT/B3LYP/6-311G(d,p), TD-DFT/ 
B3LYP/6-311++G(d,p), TD-DFT/CAMB3LYP6-31G(d,p), and TD-DFT/ 
MPW1PW91/6-31G(d,p). On the optimized geometries by each 
method in order to choose the best quantum method to describe the 
effects of excitation and electronic transition, the derived values of the 
Eex, oscillator strengths (f), and λmax. 

According to Table 2, λmax was calculated as (680.93, 693.93, 
685.68, 695.72, 560.91 and 652.07 nm) for TD-DFT/B3LYP/6-31G(d, 

p), B3LYP/6–31 + G(d,p), B3LYP/6-311G(d,p), B3LYP/6-311++G(d, 
p), CAMB3LYP6-31G(d,p) and MPW1PW91/6-31G(d,p) functions, 
respectively. However, according to the experimental values stated in 
the literature [20], the optical absorption values of the BTPF compound 
are found in the wavelength range of 600–900 nm. It is understood from 
the results obtained with TD-B3LYP/6-311++G (d,p) that is closest to 
the result in the literature. The difference between the results is thought 
to be due to the calculations being performed in the gas phase These 
findings suggest that the absorption characteristics of this chemical can 
be adequately described using the TD-B3LYP/6-311++G(d,p) tech
nique. Fig. 1. 

The most dominant transition in electronic transitions is the one with 
the lowest transition energy and the highest oscillator strength and is 
followed by a second transition with the lowest oscillator strength. 
Therefore, the most likely transition between the ground state and the 
excited state is π-π* or from (HOMO) π to (LUMO) π* transition. The 
UV–visible absorption spectra of BTPF compound were calculated using 
various TD-DFT methods and the results were presented in Table 2 
(Fig. 2). When looking at the spectra calculated using TD-B3LYP/6- 
311++G(d,p) method, which gives the λmax value closest to the 
experimental value, it can be seen that BTPF compound exhibits sig
nificant and widespread visible light absorption between 500 and 900 
nm and has a large absorption peak at 695.72 nm. 

2.3. Geometric optimization 

Using the optimized structures of the compound studied, the geo
metric parameters were determined using the functions listed in Table 3 
and presented. Fig. 3 shows the BTPF compound that depicts the 
placements of bond lengths and dihedral angles.Fig. 4. 

It makes sense that single and double bonds between two carbons 
(C–C and C = C) measure 1.54 Å and 1.34 Å, respectively [44]. Whereas 
the compound examined had a bond between 1.37 and 1.42 Å long 
(pictorially demonstrated in Fig. 3), which suggests their improved 
ability to conjugate and transfer charges. In order to study how the 
distances between atoms change and how is the overall planarity of the 
conjugated part affected by the substitutions, a planar structure is more 
likely to transfer the charge more easily, increasing mobility. In contrast, 
twists of the rings could hinder the charge transport [45]. The computed 
bond lengths (d1 and d2) by B3LYP/6 31G(d,p), B3LYP/6-311G(d,p), 
B3LYP/6-31G+(d,p), and B3LYP/6-311G++(d,p) methods. These 
values are respectively (1.38, 1.41 Å), (1.38, 1.41 Å), (1.39, 1.41 Å), and 
(1.38, 1.41 Å). Although the values of the bond lengths (d2; d3) (1.42, 
1.38 Å), (1.42, 1.37 Å), (1.42, 1.38 Å), and (1.42, 1.37 Å). The values 
range between 1.37 Å and 1.42 Å, which demonstrates the character of 
C = C and the C - C bonds, according to the results obtained. The impact 
of conjugation can be used to explain this. All of the analyzed dihedral 
angles θio range from 180◦ to 154◦, demonstrating a planar confirmation 
that represents improved conjugation. 

From Table 3, it is apparent that the dihedral angles θio (i = 1–4) 
values of the studied molecule are very close to 180◦ for θ1, θ2, and θ3 a 
result of the presence of atoms that deviate from the fitted plane to a 
smaller extent, while θ4 which have values between 1554.73◦-155.38◦

as due to intermolecular forces between atoms. The bond lengths di (i =
1–4) are very close to the 1.4 values of the investigated molecule, 
demonstrating that the molecule exhibits a highly planar structure [46]. 
This planarity represents improved conjugation that promotes π–π* 
interaction within the molecule in order to achieve higher mobility of 
the charge carrier. 

2.4. (FMOs) and DOS analysis 

Knowing the FMOs of a molecule is important for investigating the 
optoelectronic capabilities of the molecule by determining the charge 
density distribution on the molecule. Electrons in a molecule shift from 
the ground state (HOMO) to the excited state (LUMO) when stimulated 

Table 1 
Calculated theoretical values of the HOMO and LUMO and energy gap EH− L of 
the BTPF molecule in (eV) with different functional.  

Methods EHOMO ELUMO Egap 

B3LYP/6-31G(d,p)  − 5.61  − 3.57  2.04 
B3LYP/6-311G(d,p)  − 5.84  − 3.81  2.03 
B3LYP/6–31 þ G(d,p)  − 5.92  − 3.91  2.01 
B3LYP/6-311þþG(d,p)  − 5.95  − 3.95  2.00 
MPW1PW91/6-31G(d,p)  − 5.85  − 3.54  2.31 
MPW1PW91/6-311G(d,p)  − 6.03  − 3.74  2.29 
WB97XD/6-31G(d,p)  − 7.17  − 2.01  5.16 
WB97XD/6-311G(d,p)  − 7.34  − 2.20  5.14 
Exp[21].  − 5.68  − 4.06  1.62  

Table 2 
Calculated λmax, excitation energy first Eex, and oscillator strength (f), of BTPF 
obtained with different functionals.  

Methods λmax(nm) Eex 

(eV) 
f MO/ 

character 
(%) 

B3LYP/6-31G(d, 
p)  

680.93  1.8195  1.5181 HOMO → 
LUMO 

(99%)  

585.91  2.1146  0.2717 HOMO → 
LUMO + 1 

(93%)  

510.52  2.4269  0.1647 HOMO → 
LUMO + 2 

(94%) 

B3LYP/6–31 þ G 
(d,p)  

693.93  1.7854  1.5126 HOMO → 
LUMO 

(99%)  

591.53  2.0945  0.3005 HOMO → 
LUMO + 1 

(93%)  

518.92  2.3876  0.1466 HOMO → 
LUMO + 2 

(92%) 

B3LYP/6-311G(d, 
p)  

685.68  1.8069  1.5121 HOMO → 
LUMO 

(99%)  

587.66  2.1083  0.2884 HOMO → 
LUMO + 1 

(93%)  

511.51  2.4222  0.1521 HOMO → 
LUMO + 2 

(90%) 

B3LYP/6- 
311þþG(d,p)  

695.72  1.7809  1.4979 HOMO → 
LUMO 

(99%)  

593.96  2.0859  0.2968 HOMO → 
LUMO + 1 

(93%)  

522.81  2.3698  0.1553 HOMO → 
LUMO + 2 

(94%)   

560.91  2.2088  1.8296 HOMO → 
LUMO 

(81%) 

CAM-B3LYP/6- 
31G(d,p)  

463.92  2.6706  0.8157 HOMO → 
LUMO + 1 

(68%)   

386.37  2.2067  0.0430 HOMO → 
LUMO + 2 

(56%)   

652.07  1.9001  1.6230 HOMO → 
LUMO 

(97%) 

MPW1PW91/6- 
31G(d,p)  

552.07  2.2442  0.3357 HOMO → 
LUMO + 1 

(96%)   

480.07  2.5808  0.1413 HOMO → 
LUMO + 2 

(92%)  
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by light of a specific wavelength. The energy difference between these 
states (HOMO and LUMO) is known as the bandgap (HOMO-LUMO) 
[47–50]. Fig. 5 shows the HOMO and LUMO shapes of the BTPF mole
cule. These acceptors cores bonded to the donor compound benzodi
thiophene group, making the structure acceptor–donor-acceptor (A-D- 
A) in the studied compound. Due to these electron-withdrawing 
acceptor groups at the terminal, the charge shift starts from the core 
of the benzodithiophene donor, it then moves toward the acceptors 
groups indandiones, resulting in increased delocalization of charge over 

the BTPF through facilitation in the conjugation. Charge mobility is 
further aided by the stiff and planner structure of the compound. The 
charge density in HOMO is concentrated in its benzodithiophene group. 
The charge density in LUMO is diffused mostly over the indandiones 
acceptors groups. 

It is evident that the benzodithiophene donor group contains the 
majority of the HOMO distribution, due to their very planar geometry 
[51]. As opposed to this, the LUMO distribution acceptor (indandione) 
with lesser spatial overlap improves the electronic coupling between the 

Fig. 1. A comparison of the HOMO, LUMO and band gap energy values of BTPF compound with different methods.  

Fig. 2. The UV–Vis absorption spectra of BTPF compound simulated by the TD-DFT with different functionals.  

Table 3 
Selected distances (Å) and dihedral angle θi(o)of the optimized structure of the BTPF compound obtained at different theoretical levels.   

Bond lengths di(Å)   Dihedral angles θi(o)     

Methods d1 d2 d3 d4 θ1 θ2 θ3 θ4 
B3LYP/6-31G(d,p) 1.38 1.41 1.42 1.38 − 179.66 − 179.80 − 171.76 − 155.33 
B3LYP/6-311G(d,p) 1.38 1.41 1.42 1.37 − 179.64 − 179.73 − 169.91 − 155.38 
B3LYP/6-31Gþ(d,p) 1.39 1.41 1.42 1.39 − 179.79 − 179.65 − 170.99 − 154.73 
B3LYP/6-311Gþþ(d,p) 1.38 1.41 1.42 1.37 − 179.75 − 179.64 − 171.04 − 154.82  
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acceptor and donor unit, resulting in increased driving force for charge 
transfer and lower recombination losses. The positive and negative 
phases are represented by the red and green lobes of FMOs [52]. The 
results of the spatial delocalization and alignment of the FMO’s energy 
levels suggest that the acceptor exhibits effective charge extraction and 
transport capabilities, conductivity, and a lower risk of current loss due 
to recombination. The analyzed molecule charge distribution pattern 
demonstrates that the recommended molecule has an effective capacity 
for charge transfer, which is essential for the creation of enhanced OSCs. 

For an enhanced demonstration of FMOs, DOS analysis was also 
performed [53]. DOS is carried out using the B3LYP/6-311++G (d,p) 
technique. Fig. 6 shows the DOS plots of the compound studied. The 
attractive electron behavior of end-capped acceptor moieties has 
affected the distribution array of HOMO and LUMO charge densities, as 
shown in Fig. 5. According to the findings (Fig. 6), HOMO density is 
mainly found in the donor benzodithiophene group, while LUMO den
sity is found primarily in the accepting section. The donor entity of the 
compound studied has the highest HOMO density, whereas the acceptor 

unit has the lowest empty compound orbital density. As a result of the 
plots acquired, it was discovered that end-capped acceptors (indan
dione) efficiently extract electron density, as seen in Fig. 5. 

Electrochemical properties were determined using HOMO and 
LUMO energy values to evaluate BTPF compound as an optoelectronic 
material, and it was found that BTPF compound is an electron donor. A 
significant number of molecules were used for this purpose (Fig. 7). 

From of the values energies HOMO and LUMO previously calculated 
by the DFT/B3LYP/6-311++G(d, p) level, we determined several elec
trochemical parameters, such as chemical hardness, and electronega
tivity [54] which have successfully been calculated to provide a better 
understanding of chemical bonding and reactivity in studied systems 
[55]. Electronegativity (χ) can be defined as the electron donating 
property of the system and can be identified as the negative of the 
chemical potential (µ) [56] therefore: 

Electronegativity : χ = − μ = − (EHOMO +ELUMO)/2 (1)  

Fig. 3. Bond lengths (di) and dihedral angles (θi) (i = 1–4) of the BTPF compound.  

Fig. 4. Optimized structure of the BTPF compound obtained by B3LYP/6–31++G(d,p) level.  
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Chemical potential : μ = (EHOMO +ELUMO)/2 (2) 

The chemical hardness η has been calculated to better understand the 
resistance of a system to exchange electron density with its environment 
[57,58]. 

Chemical hardness : η = (ELUMO − EHOMO)/2 (3) 

The chemical hardness and the global electrophilicity index ω of the 
compound can be calculated using Koopmans theorem as follows: 

Electrophilicity : ω = μ2/2 η (4) 

Table 4 demonstrates that when compared to the chemical potential 
BTPF compound (-4.95 eV), the compound PCBM has the lowest 
chemical potential (-5.10 eV). It demonstrates that the compound 
studied with the highest chemical potential will transfer electrons to the 
C61 material with the lowest chemical potential. These findings 
demonstrate that the C61 will act as an acceptor material while the BTPF 
compound acts as a donor material. The compound PCBM has the 
highest electronegativity (5.10 eV) value when compared to BTPF (4.95 
eV), which demonstrates the compound capacity to draw electrons. 
BTPF will therefore act as an electron donor while the C61 compound 
acts as an electron acceptor in this transfer of electrons. The BTPF 
compound has the lowest electrophilicity index value (12.25 eV), 
whereas PCBM has the greatest value of ω (14.45 eV). As a result, more 
electrophilic than BTPF, demonstrating their capacity to accept elec
trons. As a result, good electron acceptor. Fig. 8 shows the electronic 
diagram of the BTPF compound and the acceptor (PCBM). 

In this work, we describe a theoretical study of the photovoltaic 
properties of BTPF compound based on indandione and benzodithio
phene units. PCBM has widely been used, due to its high electronic 
mobility and remarkable electronic conductivity [59–61]: 

The power conversion efficiency η was calculated according to the 
following expression (5) [62]. 

η =
Pmax

Pin
=

FF × VOC × JSC

Pin
(5) 

Where Pmax is the greatest amount of power that the cell is capable of 
producing, Pin stands for incident power density, Jsc for short-circuit 
current density, Voc for open-circuit voltage, and FF for fill factor. The 
energy difference between the HOMO and LUMO is known as the 
maximum open circuit voltage (Voc) of a solar cell. The research team of 
Brabec and Scharber [63,64]demonstrated in particular that the 
following relation may be used to predict the Voc of a donor/acceptor 
couple: 

Voc =
1
e
(|ED

HOMO| − |EA
LUMO|) − 0.3 (6) 

According to the previous equation, the open circuit voltage VOC 
linearly depends on the HOMO level of the donor and the LUMO level of 
the acceptor [65]. From Fig. 8, the theoretical value of the open circuit 
voltage Voc equals 1.45 V. This value is sufficient for a better injectionof 
efficient electrons. Therefore, the compound studied can be suggested as 
asensitizer, since the process of injecting electrons from the excited 
moleculeto the conduction band of PCBM will be spontaneous. 

2.5. Transition density matrix (TDM), and reduced density gradient 
(RDG) 

Most Frenkel excitons (bonded electron-hole pairs) are held together 
by a strong Coulomb force during photoexcitation rather than splitting 
into free charge carriers. It also happens with efficient exciton dissoci
ation of free charge carriers to improve Jsc and FF performance. TDM 
calculations were performed using TD/B3LYP/6-311++G(d,p) to learn 
more about electronic excitation mechanisms, electron hole localiza
tion, and consistency of particular excitations between segments of the 
molecular skeleton studied. Therefore, three parts of the studied mole
cule were separated and labeled as A for acceptor units and D for central 
core unit (benzodithiophene). The bottom and left sides of the matrix (as 

Fig. 5. HOMO and LUMO molecular orbital energy level diagram of the BTPF using B3LYP/6–31++G(d,p) level.  
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illustrated in Fig. 9) specify the number of atoms in the examined 
molecule, and the right y-axis of the matrix indicates the electron den
sity coefficient. 

The TDM maps diagonal terms can show which atoms have sub
stantial distributions of both the hole and the electron at the same time. 
In order to reinforce these results obtained with TDM, we compared the 

TDM maps findings to iso-surface density maps and an RDG Fig. 10 
color-coded map in order to comprehend them better. 

According to Fig. 9, based on the colors in the TDM map, the central 
BTPF core (benzodithiophene) was found to have a hole distributed 
along the diagonal, whereas the acceptors (A) were found to have an 
electron distributed along the diagonal. These results are in line with 
what the iso-surface density maps show to be the scenario. This indicates 
that the electron density is constantly switching from the donor core to 
the acceptor fragments of indandione. 

The color-coded RDG map shows strong interactions due to hydrogen 
bonding (blue color), greater interactions due to steric effect (red color), 
and intermediate Van der Waals interactions (the green color) [66]. The 
blue and green sections of the RDG (Fig. 10 b)) are indicative of an in
crease in the amount of hydrogen bonds and van der Waals interaction 

Fig. 6. Density of state (DOS) plots of the BTPF at B3LYP/6-311++G (d,p) level.  

Fig. 7. Molecular structure of phenyl-C61-butyric acid methyl ester 
(PCBM) acceptor. 

Table.4 
Electronic and chemical parameters (HOMO, LUMO (eV)), chemical hardness 
(η), chemical potential (μ), electronegativity (χ), and dipole moment (ρ) ob
tained by B3LYP/6-311++G(d, p) of the compound studied.  

Compound EHOMO ELUMO μ (eV) η (eV) χ (eV) ω (eV) 

BTPF  − 5.95  − 3.95  − 4.95  1.00  4.95  12.25 
PCBM  − 6.00  − 4.20  − 5.10  0.90  5.10  14.45  
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Fig. 8. Electronic diagram of BTPF compound and PCBM acceptor.  

Fig. 9. TDM plots of the BTPF at B3LYP/6-311++G(d,p) level.  
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regions, as seen in (Fig. 10 a)) (the scatter diagram). The interaction 
strength can be accurately determined using the low gradient peak 
densities (RDG). Plotting ρ(r) versus sign λ2 helps one understand the 
type and strength of interactions, it is preferable to utilize the sign λ2 to 
distinguish between bonding (λ2 < 0) and nonbonding (λ2 > 0) in
teractions when the 3D maps RDG values are versus [67–69]. 

3. Conclusion 

In this study, the structural, optical and electronic properties of BTPF 
compound were theoretically calculated using different functionals of 
the Density Functional Theory (DFT) method. This molecule was syn
thesized by L. Hong and these collaborators used it as acceptor material. 
The first objective of this study is to find the appropriate DFT and TD- 
DFT functional that reflects the experimental results obtained. On the 
other hand, it was to test the compound as electron donor with different 
fullerene derivatives as acceptor. With the results obtained, it was found 
that the DFT/ B3LYP/6-311++G(d,p) level gave very good results to 

predict the electrical and optical properties of the molecule. The BTPF 
compound was calculated to have a gap energy of 2.00 eV at the B3LYP/ 
6-311++G(d,p) level and diffuse visible light absorption between 500 
and 900 nm and a large absorption peak at 695.72 nm in its isolated 
state. The calculated Voc values for the studied compound with PCBM as 
acceptor are 1.45 V. This value is sufficient for possible efficient electron 
injection from BTPF as a donor to the conduction band of the PC61BM. 
Based on many criteria, BTPF compound can be proposed as a promising 
candidate in OSCs as a blended electron donor with PCBM fullerene as 
acceptor. 
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