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      This paper analyzes the computational aspects of a planar non-fullerene acceptor, specifically indenoindene (IDTIC-4F), in the context 

of organic solar cell production. The B3LYP/6-31G(d,p) and TD-B3LYP/6-31G(d,p) methods are identified for predicting optoelectronic 
properties, with calculations comparing HOMO and LUMO energies, E୥ୟ୮, λ୫ୟ୶ to experimental results. Illustrative techniques, including 

TDM, RDG, ELF analysis, and hole-electron isosurface, depict electronic excitation processes and electron-hole positioning. The study 

evaluates IDTIC-4F as an electron donor alongside fullerenes and their derivatives, revealing varied V୭ୡ values (0.754 to 1.254 V). 

Emphasizing IDTIC-4F's substantial potential, the research suggests its promising viability as an electron donor for solar cell integration. 
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INTRODUCTION 
 
    The energy problem is today's most pressing and intriguing 
topic [1]. Over the last few decades, urbanization [2], 
industrialization [3], and population growth [4] have greatly 
increased energy consumption. Fossil fuels such as oil, gas, 
and coal now dominate worldwide energy acquisition, while 
renewable resources such as hydropower, wind, solar, 
biofuels, and others lag behind [5].  
     Renewable energy appears as a noteworthy solution to a 
variety of energy-related issues [6]. Solar energy stands out 
as the most promising renewable source due to its 
tremendous energy potential and minimal carbon footprint, 
accounting for only 1.1% of total emissions. Photovoltaics, 
when triggered by sunlight, create electrical energy, making 
solar energy a sustainable, environmentally benign, easily 
deployable, plentiful, and cost-effective renewable energy 
source [7-10]. For many decades, inorganic and silicon-based 
solar cells dominated the photovoltaic industry due to their  
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high power conversion efficiencies (PCE) of 15% to 20% 
[11]. Despite their excellent efficiency, the high production 
costs, difficult manufacturing methods, and inability to 
manage energy levels led the way for the development of 
organic solar cells [12].  
     Organic solar cells may be easily manufactured using 
simple and inexpensive technologies such as sputter 
deposition, spin coating, printing, and different roll-to-roll 
production techniques [13]. These organic devices 
outperform their inorganic counterparts because of their high 
optical absorption coefficient, unique structure, ease of 
integration, and changing energy levels [14,15]. 
     In bulk heterojunction organic solar cells (BHJ), a blended 
zone comprising donor and acceptor materials sits between 
two layers of electrodes. Following radiation absorption, this 
mechanism produces an electron-hole pair known as an 
exciton [16]. The degree of exciton dissociation and the 
efficient transfer of dissociated charges to their respective 
electrodes both have a major impact on solar cell efficiency 
[17]. Furthermore, the fill factor (FF), open-circuit voltage 
(V୭ୡ), and  short-circuit  current  density (Jୱୡ)  are  critical in  
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determining the efficiency of organic solar cells (OSCs) [18]. 

While fullerene materials and their derivatives, particularly 

[6,6]-phenyl butyric acid methyl ester (PC଺ଵBM and 

PC଻ଵBM), are often used as acceptors in organic solar cells 

(OSCs), their application in the photovoltaic industry is 

limited due to factors such as their compact structure, non-

tunable energy levels, limited absorption range, low open-

circuit voltage (V୭ୡ), and high production costs [19]. 

     Donor-acceptor semiconductors can be built in a variety 

of topologies to maximize their electrical characteristics. 

Linear D-A-D designs have donor units flanking a central 

acceptor, which promotes efficient charge transfer. Star-

shaped structures combine a central acceptor with many 

donor arms to improve charge separation and transport. 

Coplanar topologies organize donor and acceptor units in a 

planar form, allowing for π-π stacking and improved charge 

mobility. Additionally, D-A block copolymers integrate 

donor and acceptor blocks in a single polymer chain, 

resulting in balanced charge transfer. Finally, dendritic 

architectures have a central core with branching donor-

acceptor units, resulting in a larger surface area and better 

NLO characteristics [20-22]. 

     The acceptor-donor-acceptor (A-D-A) framework is a 

well-established technique in the field of non-fullerene 

acceptors (NFAs). This is due to its adjustable optical 

bandgap, changeable LUMO and HOMO energy levels, high 

thermal stability, and significant absorption capabilities in 

both the visible and near-infrared regions [23-26]. Power 

conversion efficiencies (PCEs) of organic solar cells (OSCs) 

utilizing acceptors of  the  acceptor-donor-acceptor (A-D-A)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

type have increased rapidly in recent years, topping 14%, 

thanks to material transformation and device optimization. 

Furthermore, advancements in molecular drift and absorption 

have led to the development of A-π-D-π-A-type acceptors 

with varied donor-acceptor connections [27,28]. As a result, 

tandem devices using these architectures have attained power 

conversion efficiencies (PCEs) greater than 18% [16-19].  

     In our current investigation, the polymer indenoindene 

was chosen as a typical electron-donating substance. This 

decision was made due to its good solubility in nonaromatic 

solvents, simple planar structure, strong UV-visible 

absorptions, and close proximity to end-capping groups, 

which act as electron acceptors in the creation of organic 

photovoltaic (OPV) cells. Inspired by recent studies on 

indandione and benzodithiophene, we focused on studying 

the structural, optical, and electrical properties of a molecule 

developed and synthesized by Zulfiqar et al. [29].  

     Throughout the manuscript, we will refer to this 

compound as IDTIC-4F for simplicity. Its selection is 

grounded in its straightforward synthesis and the capacity for 

chemical modification of the ring acceptor moieties. This 

modification has the potential to influence various material 
properties, including HOMO, E୥ୟ୮, photoluminescence 

spectra, and more. The recently developed high-efficiency 

compound, IDTIC-4F, characterized by a central fused ring 

(indenoindene core), underwent modifications to its alkyl 

side chains. Additionally, an acceptor group was introduced 

at the exterior to augment its electron-withdrawing capability 

(refer to Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. Molecular configuration of the IDTIC-4F compound. 
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     The main objective of the manuscript is to investigate the 

structural and optoelectronic properties of the non-fullerene 

acceptor IDIC-4F through computational methods. The study 

aims to provide insights into the electronic structure, charge 

transfer properties, and potential applications of IDIC-4F in 

organic solar cells. By analyzing the HOMO and LUMO 

energy levels, energy gap, and electron distribution within 

the molecule, the researchers seek to contribute to the 

understanding of IDIC-4F's performance in photovoltaic  

devices. To accomplish this objective, we employed Density 

Functional Theory (DFT) and Time-Dependent Density 

Functional Theory (TD-DFT). The selection of the most 

appropriate method was determined by comparing the 

obtained results with experimental findings in the literature. 

Furthermore, we evaluated the potential of the IDTIC-4F 

compound as a donor molecule, using the fullerene 

compound PCBM and the fullerene derivative PC଺ଵBM as 

acceptors.  

 

COMPUTATIONAL DETAILS 
  

    Initially, all of the molecular structures analyzed were 

constructed using ChemDraw 7.0 [30]. These designs were 

then imported into Gauss View 5.1.8 [31], which was also 

used to show the results of Gaussian 09 [32] quantum 

chemical calculations. B3LYP/6-31G(d,p) [33] was chosen 

to determine the geometric structures and electronic 

properties of the recommended compounds following an in-
depth investigation of the band gap (E୥) of the parent 

molecule IDTIC-4F using the density functional method 

(DFT). Furthermore, the GaussSum software [34] was used 

to calculate density of states (DOS), and the Multiwfn 3.8 

program [35] was used to generate transition density matrices 

(TDM) and charge density difference (CDD) maps. 

      Furthermore, the B3LYP/6-31G(d,p) approach was 

utilized to simulate UV-Vis absorption spectra in solvent 

(THF) with the IEF-PCM model (Integral Equation 

Formalism Polarizable Continuum Model) [36]. The 

correctness of the IEF-PCM model has been confirmed in the 

existing literature, as it concentrates on weak interactions 

such as hydrogen bonding and van der Waals forces, which 

are relevant to our molecular systems [37]. It is worth noting 

 

 

that remarkable NLO characteristics can have an effect on 

short-circuit current density. Equations (1) and (2) used 

B3LYP functionals with 6-31G(d,p) to calculate 

polarizability (α) and hyperpolarizability (β).  

 

      α = 
ଵ

ଷ
 ( 𝛼௫௫ + 𝛼௬௬ + 𝛼௭௭)                                               (1) 

 

β = 

ඥ(β௫௫௫ +  β௫௬௬ +  β௫௭௭) ଶ + (β௬௬௬ +  β௬௫௫ +  β௬௭௭) ଶ +  (β௭௭௭ +  β௭௫௫ +  β௭௬௬) ଶ                                                                                              

                                                                                           (2) 

 

RESULTS AND DISCUSSION 
 

Electronic Properties  
     The bandgap energy (E୥ୟ୮ = E୐୙୑୓ - Eୌ୓୑୓) is 

principally responsible for electronic characteristics, as 

demonstrated by various previous studies [38-40]. To 

correctly duplicate the experimentally discovered electronic 

characteristics of IDTIC-4F, several DFT functionals must be 

used, followed by a comparison of theoretical and 

experimental results. It is crucial to note that DFT 

calculations assume the IDTIC-4F molecule is in an isolated 

form, which may affect the HOMO and LUMO levels in 

solution. Table 1 shows the HOMO and LUMO energy 
levels, as well as the E୥ୟ୮ of the IDTIC-4F molecule, as 

estimated using various functionals. The values obtained for 

the B3LYP/6-31G(d,p), B3LYP/6-311G(d,p), B3PW91/6-

311G(d,p), and MPW1PW91/6-311G(d,p) methods are             

(-5.254, -3.295, 1.959 eV), (-5.495, -3.530, 1.965 eV),                  

(-5.577, -3.597, 1.980 eV), and (-5.676, -3.451, 2.225 eV), 

respectively. The computed energy gaps range between            

1.959 eV and 2.225 eV. When these findings are compared 

to experimental values (-5.680, -3.800, 1.880 eV), we can see 

that the B3LYP functional with 6-31G(d,p) base gives 

comparable results with a fair margin of error (Fig. 2). The 

observed disparity is mostly due to the assumptions 

employed in the DFT calculations, which assume the 

chemical under investigation as being in a gaseous form. As 

a result, it can be concluded that the B3LYP function with a 

base of 6-31G(d,p) is particularly well-suited for defining the 

electrical characteristics of the examined molecule [41]. 
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Fig. 2. The experimentally determined gap energy (E_gap) of 

the IDTIC-4F compound was compared to values calculated 

using DFT/6-31G(d,p) and 6-311G(d,p) at various functional 

levels. 

 

 
Geometrical Parameters 
     The geometrical properties of the IDTIC-4F compound 

were ascertained by extensively optimizing its structure in 

the ground state. This optimization was performed using 

several methods, including B3LYP/6-31G(d,p) [42], 

B3LYP/6-311G(d,p), B3PW91/6-311G(d,p) [31], and 

MPW1PW91/6-311G(d,p) [43]. Figure 3 depicts the bond 

lengths and dihedral angles in the IDTIC-4F complex. In                      

Fig. 4, the optimal geometry obtained through the B3LYP/6-

31G(d,p) technique is depicted. The corresponding bond 

lengths and dihedral angles, presented in Table 2, were 

calculated using various methods. According to Table 2, The 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bond lengths (d1 and d2) computed using methods B3LYP/6-

31G(d,p), B3LYP/6-311G(d,p), B3PW91/6-311G(d,p), and 

MPW1PW91/6-311G(d,p) are (1.39, 1.41 Å), (1.38, 1.41 Å), 

(1.38, 1.41 Å), and (1.38, 1.41 Å), respectively. Another set 

of bond lengths (d3; d4; d5; d6) are (1.46, 1.46, 1.41, 1.38 Å), 

(1.46, 1.46, 1.41, 1.38 Å), (1.46, 1.46, 1.41, 1.38 Å), and 

(1.46, 1.46, 1.41, 1.38 Å), varying between 1.38 Å and                

1.46 Å, indicating the nature of C = C and C - C bonds based 

on the results obtained. Dihedral angles θi (i = 1-6) range 

from 180° to 154°, confirming a planar conformation that 

enhances conjugation. Specifically, θ1, θ2, θ5, and θ6 are close 

to 180° due to minimal deviation from the plane, whereas θ3 

and θ4 range between 157.04° and 153.94°, influenced by 

intermolecular forces. The bond lengths di (i = 1-6) closely 

approximate 1.4 Å, underscoring the molecule's highly planar 

structure and promoting π–π* interactions to facilitate charge 

carrier mobility [44]. 

 

 
Fig. 3. Chemical structure of the IDTIC-4F compound 

showing the positions of the bond lengths 𝑑௜ and the dihedral 

angles 𝜃௜. 

Table 1. The Calculated Values of the HOMO and LUMO Energy Levels and the Gap Energy E୥ୟ୮ Obtained by the 

B3LYP/6-31G(d,p), B3LYP/6-311G(d,p), B3PW91/6-311G(d,p), and MPW1PW91/6-311G(d,p) Methods 

 

Methods Eୌ୓୑୓ 

(eV) 

E୐୙୑୓ 

(eV) 

E୥ୟ୮ 

(eV) 

μ 

(Debye) 

B3LYP/6-31G(d,p) 

B3LYP/6-311G(d,p) 

B3PW91/6-311G(d,p) 

MPW1PW91/6-311G(d,p) 

Exp. [29] 

-5.254 

-5.495 

-5.577 

-5.676 

-5.680 

-3.295 

-3.530 

-3.597 

-3.451 

-3.800 

1.959 

1.965 

1.980 

2.225 

1.880 

7.045 

6.922 

7.023 

6.940 

- 
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Fig. 4. Optimized structure of the IDTIC-4F compound 

obtained by B3LYP/6-31G(d,p) method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Optical Properties 
     Several evaluations were carried out using various 

quantum chemistry approaches to determine the best 

quantum method for understanding the effect of excitation 

and electronic transitions in the IDTIC-4F molecule. The 

optimized geometries were created using the following 

methods: TD-DFT/B3LYP/6-31G(d,p), B3PW91/6-

31G(d,p), CAM-B3LYP/6-31G(d,p), MPW1PW91/6-

31G(d,p), and WB97XD/6-31G(d,p). Table 3 summarizes 

the parameters for absorption wavelengths (𝜆௠௔௫), oscillator 

strengths (f), vertical excitation energies, and experimental 

absorption data from IDTIC-4F spectra. Table 3 shows that 

the maximum absorption values (𝜆௠௔௫) calculated by TD-

DFT/B3LYP/6-31G(d,p), B3PW91/6-31G(d,p), CAM-

B3LYP/6-31G(d,p), MPW1PW91/6-31G(d,p), and 

WB97XD/6-31G(d,p) methods are (712.01, 710.40, 552.04, 

670.55, 534.460 nm), while the experimental value in THF 

solvent was 715 nm. As a consequence, TD-B3LYP/6-

31G(d,p) was chosen for additional electrical simulations 

because of its close agreement with the literature-reported 

max value (711 nm). These results lend credence to the TD-

B3LYP/6-31G(d,p) technique for assessing the IDTIC-4F 

molecule's absorption characteristics. The observed first 

transition has a low transition energy and a high oscillation 

factor, followed by a secondary transition with a low 

oscillation factor. The most common transition from the 

ground state to the excited state is the p-p* transition, which 

occurs between the highest occupied molecular orbital  

(HOMO) p  and   the  lowest  unoccupied  molecular  orbital 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Geometric Parameters (Bond Lengths 𝑑௜(Å), Dihedral Angles 𝜃௜(º)) of the Optimized Structure of the IDTIC-4F 

Compound Obtained at Different Theoretical Levels 

 

Methods Bond lengths 𝑑௜ (Å) Dihedral angles 𝜃௜  (º) 

𝑑ଵ 𝑑ଶ 𝑑ଷ 𝑑ସ 𝑑ହ 𝑑଺ 𝜃ଵ 𝜃ଶ 𝜃ଷ 𝜃ସ 𝜃ହ 𝜃଺ 

B3LYP/6-31G(d,p) 

B3LYP/6-311G(d,p) 

B3PW91/6-311G(d,p) 

MPW1PW91/6-311G(d,p) 

1.39 

1.38 

1.38 

1.38 

1.41 

1.41 

1.41 

1.41 

1.46 

1.46 

1.46 

1.46 

1.46 

1.46 

1.46 

1.46 

1.41 

1.41 

1.41 

1.41 

1.38 

1.38 

1.38 

1.38 

-179.73 

-179.58 

-179.47 

-179.67 

-179.73 

-179.73 

-179.69 

-179.79 

156.15 

154.98 

155.46 

154.35 

157.04 

154.93 

154.22 

153.94 

-175.23 

-162.04 

-175.21 

-174.79 

-172.47 

-172.32 

-172.35 

-172.56 
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(LUMO) p*. Figure 5 shows the UV-visible absorption 

spectra of the IDTIC-4F compound as simulated using 

several TD/DFT techniques, with TD-B3LYP/6-31G(d,p) 

demonstrating significant, wide absorption in the visible 

region (400-800 nm) and a peak at 712.01 nm.  

 

 

 
Fig. 5. Study of the spectra of molecule IDTIC-4F with three 

various functionals in solvent phase (THF). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Non-linear Optical Properties (NLO)  
 

 

 

 

 

 

 

 

 

 

     The nonlinear absorbance (NLO) characteristics of 

molecules are critical in optoelectronic applications [45]. 

Indeed, delocalized intramolecular charge influences the 

nonlinear optical (NLO) characteristics of organic molecules, 

allowing for efficient charge separation between donor (D) 

and acceptor (A) units. The π-conjugated bridges increase 

electron mobility and optimize energy levels, which 

improves light absorption and charge transfer. A greater 

Intramolecular Charge Transfer (ICT) value correlates with a 

larger NLO [46]. As a result, NLO characteristics may be 

utilized to explain the electronic charge transport efficiency 

of organic compounds, which influences saturation current 

(Jୱୡ) and energy conversion efficiency (PCE). Table 4 

displays the determined NLO parameters of the IDTIC-4F 

molecule, including polarizability (α) and first-order 

hyperpolarizability (β). Table 4 shows that IDTIC-4F has a 

higher electronic charge transfer efficiency (𝛼 = 1910.973 

a.u). Concerning β, IDTIC-4F has a value of 35499.620 a.u, 

indicates better photocurrent responsiveness and 

effectiveness due to its substantial NLO features [47].  

Table 3. Values of Absorption Length, Oscillator Strengths, Excitation Energy, and the Transition Character in the UV-visible 
Area of the IDTIC-4F Compound were Calculated at the TD-DFT Level in the Solvent Phase (THF) 
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Table 4. The Values of Calculated Polarizability (α), and 

First-order Hyperpolarizability (β) of the IDTIC-4F 

Compound 
 

Parameters IDTIC-4F 

Polarizability (a.u) 

𝛼௫௫ 3875.584 
𝛼௬௬ 1134.906 

𝛼௭௭ 722.429 

𝛼௧௢௧ 1910.973 

Hyperpolarizability (a.u) 

𝛽௫௫௫  25581.202 

𝛽௫௫௬  -24129.159 

𝛽௫௬௬ -607.049 

𝛽௬௬௬ -224.295 

𝛽௫௫௭  6683.538 

𝛽௫௬௭ -721.248 

𝛽௬௬௭ -22.689 

𝛽௫௭௭ 25.753 

𝛽௬௭௭ 46.435 

𝛽௭௭௭ 2.227 

𝛽௧௢௧ 35499.620 

 

 
Frontier Molecular Orbitals (FMO) 
     Understanding a molecule's Frontier Molecular Orbitals 

(FMO) is essential for studying its optoelectronic capabilities 

since it reveals the distribution of charge density across the 

molecule. When electrons in a molecule are exposed to light 

of a specific wavelength, they move from the ground state 

(HOMO) to the excited state (LUMO). The energy difference 

between these states, known as the band gap (HOMO-

LUMO), is essential [48-51]. Figure 6 shows the HOMO and 

LUMO configurations of the IDTIC-4F molecule, showing 

an acceptor-bridge-donor-bridge-acceptor (A-π-D-π-A) 

structure with acceptor malononitrile connected to the donor 

compound's indenoindene group. The electron-drawing 

acceptor groups at the terminal, which start with the 

indenoindene donor core and work their way up to the 

malononitrile acceptor groups, induce charge  mobility. This 

 

 

process allows for significant charge delocalization on the 

IDTIC-4F via conjugation, which is facilitated by the 

compound's rigid, planar structure. The HOMO has a 

concentrated charge density in the indenoindene group, 

whereas the LUMO has a distributed charge density, mostly 

in the malononitrile acceptor groups. 

     Due to its relatively flat structure, the HOMO distribution 

is primarily located in the indenoindene donor group [52]. 

Conversely, the LUMO distribution in the acceptor 

(malononitrile) is less spatially overlapping, enhancing the 

electronic coupling between the acceptor and donor units. 

This results in a greater driving force for charge transfer and 

reduced recombination losses. The red and green FMO lobes 

represent the positive and negative phases, respectively [53]. 

The findings on FMO spatial delocalization and energy level 

alignment suggest that the acceptor has efficient charge 

extraction and transport capabilities, higher conductivity, and 

a reduced likelihood of current loss due to recombination. 

The analyzed molecular charge distribution pattern 

demonstrates excellent charge transfer capabilities, which are 

essential for the development of improved Organic Solar 

Cells (OSCs). 
 

 
LUMO 

Fig. 6. Frontier molecular orbital of IDTIC-4F compound at 

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

HOMO 
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Molecular Electrostatic Potential Surface (MEPS) 
     Molecular electrostatic potential (MEP) surface maps 

illustrate the spatial arrangement of positive and negative 

charges across a molecular system. These MEP surfaces 

employ a color scale, with red indicating highly negative 

potential and blue representing positive electrostatic 

potential. The 3D surface analysis evaluates molecule 

segments based on their sensitivity to electrophilic or 

nucleophilic attacks. A red zone signifies a favorable site for 

electrophilic attack, whereas a blue region indicates 

sensitivity to nucleophilic attack [54,55]. 

     Figure 7 shows the visual analysis of the IDTIC-4F 

compound using Density Functional Theory (DFT) at the 

B3LYP/6-31G(d,p) level of theory. The red and orange hues 

of the cyano groups in acceptors indicate a high electron 

density in the studied molecule, implying that dicyanide 

groups are loosely connected and particularly vulnerable to 

electrophilic attacks. Furthermore, the oxygen atom in the 

acceptor groups exhibits a red cloud, indicating a high 

electron density. Nitrogen atoms within the donor core have 

positive electron density, as seen by a slightly blue cloud in 

their proximity. Nitrogen's natural electron density is 

counteracted by electrically deficient adjacent acceptors, 

resulting in the formation of a positive electrostatic potential 

and making it a reactive nucleophilic site. In conclusion, the 

IDTIC-4F compound's remarkable charge transfer to 

excitation, which is linked to electron density occupancy in 

distinct locations, places it as a possible candidate for 

effective future photovoltaic solar cells (PSCs). 

 

. 

 
Fig. 7. MEP plots of IDTIC-4F compound at B3LYP/6-

31G(d,p) level. 

 

 
Density of State (DOS) Analysis  
     The electronic load transmission between distinct 
fragments within an organic system is examined using DOS 
analysis to validate FMO survey results [56]. This 

questionnaire is widely used to determine the percentage 
contribution of each unit in a compound to the overall 
distribution of electronic load [57,58]. As a result, the IDTIC-
4F compound studied is separated into three segments for the 
analysis of their DOS map: (i) the central donor, (ii) the 
bridge, iii) cap terminal acceptors (A). Each chromophore 

unit is denoted by a distinct color, with donor represented in 
bleu, π-spacing represented in vert, while the peripheral 
acceptors are depicted in pink, as shown in the DOS 
pictograms in Fig. 8. For IDTIC-4F, the DOS results reveal 
that in the current survey, the donor accounts for 44% of the 
electronic contribution to HOMO, whereas 6% is distributed 

to LUMO, while the distribution model presented by bridge 
is 39% for HOMO and 34% for LUMO. Additionally, the 
distribution model presented by terminal acceptors is 14% for 
HOMO and 60% for LUMO in the IDTIC-4F chromophore. 
     According to Fig. 8, the maximum intensity of the blue 
peak suggests that the HOMO load density is largely 

concentrated above the donor region of IDTIC-4F. In 
contrast, the pink peak shows that the acceptor has the highest 
load distribution compared to LUMO. In conclusion, the 
examined chromophore DOS spectrum (IDTIC-4F) shows a 
considerable load transfer from HOMO to LUMO, indicating 
that it is a good candidate for non-fullerene organic solar 

cells. According to the results (Fig. 8), HOMO density is 
predominantly found in the donor benzodithiophene group, 
whereas LUMO density is generally found in the accepting 
section. The donor entity of the compound investigated has 
the highest HOMO density, whereas the acceptor unit has the 
lowest vacant compound orbital. 

 
TDM (Transition Density Matrix) Analysis  
      Analyzing electronic excitation phenomena between 
distinct molecular fragments is effectively achieved through 
the use of TDM analysis. This research contributes to 
understanding the quantum geometry of model IDTIC-4F 

through excitation measurements. TDM analysis was 
performed on the compounds of interest using a 6-31G(d,p) 
basis and the selected hybrid functional (B3LYP). The 
obtained data was then processed with the Multiwfn 3.7 
software. 
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Fig. 8. Density of state (DOS) plots of the IDTIC-4F at 

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

 

 

    The electronic charge density is shown in the TDM maps 

with different hues, extending across the spectrum from blue 

to red, the bright spots in the figures signify notable charge 

mobilities originating from the donor moiety and moving 

towards the acceptor subunit. The electronic charge density 

increases from bottom to top on the right side of the vertical 

axis, because hydrogen atoms have limited significance in the 

excitation process, they are ignored in the TDM graphs. The 

bright edges of the TDM map analysis reflect the fraction of 

fermions and transition states controlling the excitation event 

[59,60]. In TDM graphs, a blue color implies lesser charge 

density, whereas a red tint shows higher charge density. 

Green, cyan, and yellow represent intermediate electrical 

densities [61]. Figure 9 depicts a visual depiction of TDM 

research using the model IDTIC-4F. Diagonal and off-

diagonal charge transfer signifies a low electron coupling, 

facilitating swift electron dissociation necessary for the 

optimal performance of organic solar cells (OSCs). In the 

TDM analysis, charge localization is visually shown by dark 

spikes [62]. 

 

Educed Density Gradient (RDG) Exploration  
     The   reduced  density  gradient   (RDG) s   examined  to 

 

 

 
Fig. 9. TDM plots of the IDTIC-4F at B3LYP/6-31G(d,p) 

level. 

 

 

determine the presence of non-covalent interactions (NCIs) 

caused by interacting forces inside molecules (O—S, O—H, 

F—H, and N—S). RDG is useful in studying several NCIs, 

including hydrogen bonding, London dispersion forces 

(LDF), Van der Waals forces, and steric hindrance. These 

interactions are critical in inhibiting molecular self-assembly, 

guaranteeing tight packing in the molecular structure, 

limiting free rotation around single bonds, increasing charge 

transfer, and promoting crystallinity [49]. These strategies 

dramatically improve the optoelectronic characteristics of 

molecules. Non-covalent interactions (NCIs) are shown 

using VMD 1.9 and Multiwfn 3.8 software. Positive sign (λ2) 

values reflect strong repulsive interactions in red saturation. 

Green color concentration is a main signal of attracting forces 

such as LDF, whereas blue colors indicate the presence of 

hydrogen bonds. These interactions are critical for 

determining molecular stability and promoting charge 

transfer. In the color spectrum, green saturation implies 

hydrogen bonding between extremely electronegative 

oxygen atoms and strongly electropositive hydrogen atoms, 

whereas blue saturation relates to electronegative elements 

such as fluorine, oxygen, and sulfur. Comparable structures, 

such as five- and six-membered rings, exhibit repulsive 

forces (Fig. 10). All of these interactions help to create 

planarity in the molecular structure, which facilitates 

efficient   charge   transfer.    These    results    improve   our  

π 
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understanding of the molecular principles underpinning 

organic solar cells, which aids in their optimization and 

progress. 

 
Electron Density Difference Maps 
      Examining electron density difference maps (EDDM) 

between excited and ground states helps us better 

comprehend exciton separation in the excited state and 

subsequent charge separation [50]. The EDDM maps             

(Fig. 11) show a charge transfer between the excited and 

ground states in the instance of compound IDTIC-4F under 

investigation. The flow of electrical charges from the donor 

(indenoindene core) to the malononitrile terminal via the 

cyclopentadithiophene bridge is what causes this dynamic. 

According to EDDM, the decrease in electron density (in 

blue) is mostly caused by the indenoindene group (as donor), 

. 

  

 
 

 
Fig. 10. a) Scatter graphs and b) gradient isosurfaces of 

IDTIC-4F molecule. 

 

 

with the spacer contributing minimally. For the chemical 

IDTIC-4F, the area of increased electron density (shown in 

purple) is concentrated on the acceptor, with little 

participation from the spacer. These results imply that in this 

compound IDTIC-4F, an intramolecular charge transfer 

between the HOMO and LUMO orbitals occurs, resulting in 

a reduction in the band gap and a shift in absorption to the red 

region, which is crucial for the efficiency of organic solar 

cells.  

 

 
Fig. 11. Electron density difference maps between the 

excited states and the ground ones of the compound IDTIC-

4F. 

 
Quantum Chemical Parameters 
      To assess the chemical reactivity and kinetic stability of 

the recently synthesized molecule, diverse chemical 

parameters were computed, and the outcomes are presented 

in Table 5 and Fig. 12. The calculation of the chemical 

potential was carried out using Eq. (3) [51]. 

 

      µ = 
(୉ౄో౉ోା୉ై౑౉ో)

ଶ
                                                        (3) 

a) 

b) 
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      The chemical potential characterizes the electron cloud's 

ability to disperse. In comparison to PC଺ଵBM, PC଻ଵBM and 

C଺଴, the IDTIC-4F molecule exhibits a higher chemical 

potential value, signifying its superior capability to donate 

electrons. 

 

      η = 
(୉ై౑౉ోି୉ౄో౉ో)

ଶ
                                                        (4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Computed via Eq. (4) [52], the chemical hardness values 

indicate that the IDTIC-4F molecule is categorized as soft, 

characterized by reduced band gaps and heightened chemical 

reactivity. 

 

      𝛚 =  
µమ

 

ଶ஗
                                                                          (5) 

 

Table 5. Calculated Eୌ୓୑୓, E୐୙୑୓, Hardness (η), Chemical Potential (μ), Electronegativity (𝛘), Electrophilicity Index 

(𝛚) Values of the Studied Compounds 

 

Compounds Eୌ୓୑୓ 

(eV) 

E୐୙୑୓  

(eV) 

μ  

(eV) 

η  

(eV) 

𝛘  

(eV) 

𝛚  

(eV) 

IDTIC-4F  

𝐏𝐂𝟔𝟏𝐁𝐌  

𝐏𝐂𝟕𝟏𝐁𝐌   

𝐂𝟔𝟎 

-5.254 

-6.100 

-5.960 

-5.900 

-3.295 

-3.700 

-3.900 

-4.200 

-4.274 

-4.900 

-4.930 

-5.050 

0.979 

1.200 

1.030 

0.850 

4.274 

4.900 

4.930 

5.050 

9.329 

10.000 

11.798 

15.001 
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Fig. 12. (a) Chemical potential (µ), (b) chemical hardness (η), (c) electron negativity (χ), and (d) electrophilicity index (ω) 

for IDTIC-4F compound calculated at B3LYP/6-31G(d,p) level. 
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      χ = - µ = - 
(୉ౄో౉ోା୉ై౑౉ో)

ଶ
                                             (6) 

  

      Using Eqs. (5) and (6) [53,63], we simulated the 

electrophilicity index and electron negativity values, 

respectively. These two parameters are commonly 

interrelated and offer a quantitative description of the 

electronic characteristics of molecules. In comparison to 

PC଺ଵBM, PC଻ଵBM and C଺଴, IDTIC-4F displays lower 

electronegativity and electrophilicity index values, 

suggesting its diminished capacity to attract electrons from 
the acceptors and function as an electron donor (Fig. 12). 
 

Photovoltaic Properties  
     To study the photovoltaic properties (fullerene 

derivatives), the ability of electron transfer from the IDTIC-

4F compound to the conducting band of the acceptor 

compounds (Fig. 13) must be investigated. To allow for 

efficient exciton dissociation, the energy level of the donor's 

LUMO appears to be at least 0.3 eV higher than that of the 

acceptor's LUMO [35]. a represents the difference between 

IDTIC-4F's and the acceptor's LUMOs: 

 

      α = E୐୙୑୓(IDTIC − 4F) - E୐୙୑୓(Acceptor)             (7) 

 

 
Fig. 13. Chemical structures of PC଺ଵBM, PC଻ଵBM and C଺଴ 

acceptors. 

 

 

 

 

 

 

 

 

 

 

 

 

     Figure 14 shows the HOMO and LUMO energy levels of 

the IDTIC-4F molecule with several acceptors. The obtained 

energy map shows that the LUMO level of IDTIC-4F 

surpasses that of acceptors such as PC଺ଵBM, PC଻ଵBM, and 

C଺଴, with energy differences of 0.268, 0.468, 0.568, and 

0.768 eV, respectively, as shown in Table 6. This discrepancy 

implies the possibility of electron transfer from the IDTIC-

4F compound to the conduction band of the matching 

acceptor molecules. 

     The open-circuit voltage (V୭ୡ), which represents the 

maximum voltage obtainable in a heterojunction-type open 

circuit, is one component that influences solar cell efficiency. 

V୭ୡ is defined as the difference between the HOMO of the 

electron donor and the LUMO of the electron acceptor, taking 

into account the energy lost during photocharge creation 

[64,65]. 
 

 
Fig. 14. The HOMO and LUMO energy levels of IDTIC-4F 

compound and the acceptors. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. The Values of Eୌ୓୑୓, E୐୙୑୓,  = 𝐸௅௎ெை
஽௢௡௢௥ −  𝐸௅௎ெை

஺௖௖௘௣௧௢௥  and the Open-circuit Voltage (V୭ୡ) in (V) of the Donor, 

IDTIC-4F, with Different Acceptors 

 

Molecules Eୌ୓୑୓  

(eV) 

E୐୙୑୓  

(eV) 

R/𝐏𝐂𝟔𝟏𝐁𝐌 R/𝐏𝐂𝟕𝟏𝐁𝐌 R/𝐂𝟔𝟎 

V୭ୡ (V)  V୭ୡ (V)  V୭ୡ (V)  

IDTIC-4F  

𝐏𝐂𝟔𝟏𝐁𝐌  

𝐏𝐂𝟕𝟏𝐁𝐌  

𝐂𝟔𝟎 

-5.254 

-6.100 

-5.960 

-5.900 

-3.295 

-3.700 

-3.900 

-4.200 

1.254 

- 

- 

- 

0.405 

- 

- 

- 

1.054 

- 

- 

- 

0.605 

- 

- 

- 

0.754 

- 

- 

- 

0.905 

- 

- 

- 
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The following empirical equation [66] expresses the V୭ୡ: 

 

      V୭ୡ =
ଵ

ୣ
(|Eୌ୓୑୓(D) − E୐୙୑୓(A)|) − 0.3                    (8) 

 

     Table 6 presents the energy levels E୐୙୑୓, Eୌ୓୑୓, V୭ୡ 
(open-circuit voltage), and   = 𝐸௅௎ெை

஽௢௡௢௥ −  𝐸௅௎ெை
஺௖௖௘௣௧௢௥ . The V୭ୡ 

values obtained from the IDTIC-4F compound combined 

with various acceptors are detailed in the table, ranging from 

0.754 to 1.254 V. These values indicate sufficient voltage for 

effective electron injection into the cell. Notably, the highest 

V୭ୡ value (1.254 V) is achieved when utilizing the PC଺ଵBM 

acceptor, which exhibits a minimal energy difference ( = 

𝐸௅௎ெை
୍ୈ୘୍େିସ୊ −  𝐸௅௎ெை

௉஼଺ଵ஻ெ = 0.3 eV), consistent with previous 

findings [67]. 

     Furthermore, an energy difference greater than this 

minimum value between the donor and acceptor LUMOs 

results in energy loss during exciton separation, which has a 

negative impact on device performance [68]. This finding is 

consistent with the table results, which demonstrate a 

decrease in V୭ୡ and an increase in LUMO energies between 

the donor and acceptor. This study demonstrates that the 

IDIC compound functions effectively as an electron donor 

material with the tested acceptors, ensuring a constant 

injection of electrons from the donor into the acceptors' 

conduction band. 

 

CONCLUSION 
 
     In this study, we used several functionals from the Density 

Functional Theory (DFT) technique to theoretically compute 

the structural, optical, and electrical characteristics of the 

IDTIC-4F compound. A. Zulfiqar and coworkers [29] created 

the IDTIC-4F molecule, which functions as an acceptor 

material. The fundamental goals of this work were twofold: 

first, to determine the most appropriate DFT and TD-DFT 

functionals that corresponded to experimental data, and 

second, to assess the IDTIC-4F molecule as an electron donor 

in combination with several fullerene derivatives as 

acceptors. 

     The results showed that the DFT/B3LYP/6-31G(d,p) level 

predicted the molecule's electrical and optical characteristics 

with great precision. At this level, the IDTIC-4F compound 

has a gap energy of 1.959 eV, diffuse visible light absorption 

 

 

from 500 to 900 nm, and a clear absorption peak at               

712.01 nm in its isolated state. When the studied compound 

was coupled with PC଺ଵBM, PC଻ଵBM and C଺଴  as an acceptor, 

the predicted open-circuit voltage (V୭ୡ) values ranged from 

0.754 to 1.254 V. The PC଺ଵBM acceptor had the greatest V୭ୡ 

value, indicating the substantial potential for effective 

electron injection from IDTIC-4F as a donor into the 

acceptors' conduction bands. When evaluated against several 

parameters, the IDTIC-4F molecule emerges as a potential 

option for organic solar cells, performing the role of a 

combined electron donor with the PC଺ଵBM fullerene acting 

as the acceptor. 
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