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ABSTRACT 

  To boost the performance of solar cells (SCs), four non-fullerene π-conjugated acceptor compounds, including iodo-

substituted (SubPcs) subphthalocyanines is π-conjugated rigid tetrahedral geometry aromatic molecule composed of three units 

combined around a boron atom bearing a macrocycle core with a perpendicular axial ligand. The C3 designed molecule shows the 

optoelectronic analysis is better than the reference molecule R due to absorption range because its range found to be nearer the 

reference compound as well as the absorption occur at 645.53 nm, 519 nm respectively. Examination of the frontier molecular orbital 
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(FMO) as well as transition density matrix (TDM) are performed that offers fundamental knowledge on the distribution of charges and 

electronic excitation, as well as the process of transition between the examined compound. The overall reported molecules show the 

charge density which is spread over the whole molecules. With a small band difference of 2.54 eV, the C3 compound effectively 

move their electron density from the maximum or higher energy state named as (HOMO) to the lowest energy state such as (LUMO). 

It has been shown that the structural tailoring of the terminal will efficiently modify the frontier molecular orbital such as HOMO and 

LUMO, captivation spectra, energy band difference, and open-circuit voltage and reorganization energy of the compounds under 

investigation. Our findings indicate that the compounds under examination acted as fine-donating materials. In addition, a few of the 

compounds under examination may be used as a hole as well as transport of electrons material for OSC. 

 

Introduction 

 

 The mostly used modern sources of energy used worldwide include water, petroleum storage products and coal even these sources 

may have a lot of threats around the world environment. These energy sources are depleting day by day due to over usage [1]. So due 

to this reason, alternative to these sources, it’s the need of time to discover more sources of energy which should be environmentally 

friendly and also have renewable feature. Photovoltaic devices are the most efficient cells in this regard as they contain remarkable 

properties like solution processibility. A huge amount of energy can be produced through photovoltaic devices [2].Organic 

photovoltaics are polymer composed substances having less expensive nature. Organic photovoltaic solar devices contain remarkable 

optical and electronic characteristics [3].The interest of research on photovoltaics have been strengthening as the awareness of sources 

of fossil energy grown rapidly since last decade worldwide. These are consistent and long term available materials known now a days 

[4]. 

Solar energy, fuel cells are most promising energy creating technology for the production of renewable energy [1]. High power 

conversion efficiency of up to 44.4% has been achieved from inorganic solar cells like silicon solar cells[2]. Inorganic solar cells have 

some drawbacks in terms of costly content, are not environmentally friendly, and exhibit complex behavior during fabrication 

[4].Organic solar cells proved to be a promising candidate for converting solar energy compared to inorganic solar cells due to their 

lightweight and low cost[5]. Nowadays, solution-processable bulk heterojunction (BHJ) solar cells has been dominated in OPV  cells 

with a PCE of up to 12%[6]. 
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Fig:1 Absorption spectra of newly designed molecule C3 

In OSCs, fullerene and its derivatives are widely used electron receptors nowadays e.g. [6, 6]-phenyl-C61-butyricacid-methyl-ester 

(PC61BM), PC71BM, indene C60 bis adduct IC60BA and IC70BA etc are also used due to rapid electron mobility and nanoscale 

transformation of PM-OSC D-A molecules(Cheng et al., 2014). Research on non-fullerene receptors (NFAs) has progressed rapidly in 

recent years and has resulting in outstanding performance of OSCs with PCE of up to 17%[8]. Device performance dependent on 

terminal groups and spacers. Very low band approximately. 1, 65 eV polymer molecule (3-hexyl-2,5-thienylene vinylene) was 

synthesized using acyclic diene polymerization and implemented in BHJ-SCs with PCBM. Almost 60 % of the maximum 

performance of PM-SCs was found from PCBM thin film with polymer, and higher PCEs were also observed. [9]. 

 In the last few years, more than 9% power conversion efficiency (PCEs) has been recorded for OPVs focused on conjugated polymers 

as electron donor materials. Among the numerous small molecules developed for solution-processed solar cells, molecules including 

benzo-[1,2-b:4,5-b0] dithiophen (BDT) building blocks have emerged with good OPV efficiency. BDT, for the following purposes, 

was chosen as an appealing donor building block for donor molecules in OPVs. Firstly, its structural symmetry and the rigid fused 

aromatic system could improve the delocalization of electrons and enable solid state cofacial p-p stacking, while benefting the devices' 

charge transport. BDT will stabilize the energy density of the resulting molecules at the lowest occupied molecular orbital 

(HOMO)[1]. 

Recently PCE of SubPcs was obtained over 8% due to attachment of dialkylthiol substituted BDT homopolymer. In BDT 

molecule the acceptor fragment contains sulphur, oxygen and nitrogen due to these atoms the acceptor gave good efficiency, and also 

gave effectiveness in results and due to this acceptor groups, the ICT is also improved. To enhance the photovoltaic performance two 

different alkyl chains, 2-ethylhexyl and 2-hexyldecyl were employed on the thiophene unit.  So overall it is very good acceptor but to 

improve the more efficiency we designed four other molecules namely; C1, C2, C3 and C4. The designed molecule is formed by the 

replacement of acceptor group. The optical and electronic properties of developed molecules were then compared with the reference 

molecule R. 
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Computational Details  

For the geometry optimization and electronic properties of newly developed molecules, the distribution patterns of frontier molecular 

Orbitals (FMOS) are considered. All the calculations were carried out on the Gaussian 09[16]. The density functional theory was 

implemented to optimize all molecules' geometry with anion, cation, and neutral density[17]. By using CAM-B3LYP [18], 

MPW1PW91 [19], B3LYP [20], and WB97XD [21]theory stage, and 6-31 G(d, p) [22] theory level at  basis set. Using the four 

different functionals hybrid for the ground state's geometry optimization for the reference molecule R, MPW1PW91, B3LYP, 

WB97XD, and CAM-B3LYP optimized by using the basis set 6-31G,  at (d, p) level [23].TD-SCF was employed for the electronic 

and excited-state calculations joined with absorption spectra, usually used for up to 100 atoms[24].  

For absorption spectra, toluene  was used as an isotropic solvent taken from the IEFPCM [25]. After optimizing the reference 

molecule with different hybrid functional, λmax was then compared with the experimental value found in the literature. For the 

visualization of absorption spectra, Wizard software was used through Origin 6.0[26]. 

For geometrically designed structures, the molecules' reorganization energies have been determined at the B3LYP / Lan2D G (d, 

p).slevel. The energy of reorganization consists of two components, the strength of external reorganization (λext) and the energy of 

internal reorganization (λint). The λext represents the influence of distortion on an ambient medium, while λint is a function of rapid 

molecular structure transition[27]. The estimated external energy values for reorganization were poor in condensed pure organic 

phases and far lower than their internal components. 

 

λ+=[E0
+

 – E+] + [E
0
+ – E0]                                  (1) 

λ- = [E
-
0– E-] + [E-

0
 – E0]                                  (2) 

E10 (E20) expresses the energy cation (anion), measured at the neutral molecule's optimized structure. E+ (E-) is also the cation 

energy (anion) that is predicted through the neutral molecule's optimized cation structure (anion). Additionally, at ground level, E0 

reflects that the neutral molecule and E0 + (E0-) energy would be a neutral molecule's energy at optimized cation design (anion). The 

density of state (DOS) represents an increase in levels of energy per unit of atoms. DOS also describes the semiconductor materials ' 

electronic form. The state density is also explained at the specific energy level were computed through PyMOlyze with the same basis 

set[28]. For Wave function analysis, Multiwfn was used for visualizing real space function and transition density matrix files[29].  

 

3. Results and discussions 

First of all, the R reference molecule was investigated with four different methods like B3LYP, CAM-B3LYP, MPW1PW91, and 

WB97XD. Their absorption values were 598.53nm, 625.41 nm, 605.09nm, 558.37 respectively.  
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Figure 2. ChemDraw molecular structure of (R) reference molecule and a developed donor molecule (C1- C4) 
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Figure 3. Optimized structure of (R) reference molecule and developed donor molecules (C1-C4) optimized at ground level the 

theoretical stage of B3LYP at Lan2DZ (G) d, p with toluene solvent 

The MPWIPW91 basis set and hybrid functional 6-31G (G) d, p was selected as best for all further calculations.TD-DFT was used at 

B3LYP / Lan2D G (d, p).s basis set to calculate the absorption spectra of the newly constructed small molecules (C1-C4) and R with 

solvent and without toluene (gas phase). 
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Fig.4. Theoretical structures of molecular frontier orbital distribution for reference molecules(R) and developed  molecules (C1-C4) at 

B3LYP at Lan2DZ (G) d, p with toluene solvent 

Table 1. The energy of HOMO, LUMO and its energy difference B3LYP at Lan2DZ (G) d, p with toluene solvent 

 

Fig.5. The energy gap of developed molecules C1-C4 and R using Origin 6.0. 

Table: 2 Energy gap of all newly developed molecules and reference R 

3.1. Quantum Mechanical Approach 

http://dx.doi.org/10.29322/IJSRP.11.03.2021.p11151
http://ijsrp.org/


International Journal of Scientific and Research Publications, Volume 11, Issue 3, March 2021              453 

ISSN 2250-3153   

  This publication is licensed under Creative Commons Attribution CC BY. 

http://dx.doi.org/10.29322/IJSRP.11.03.2021.p11151   www.ijsrp.org 

Molecular orbital frontier distribution patterns define the electronic and optical characteristics of newly developed molecules. The 

ability to accept or donate electrons is indicated by the lowest unoccupied orbital (LUMO) around the highest molecular orbit 

(HOMO), as shown in (Fig4). The recently developed molecules (C1-C4) are designed to prevent self-assembly. The newly developed 

HOMO values for the small molecules (C1-C4) are -5.27, -5.49, -5.53, and -5.59 eV, and the LUMO values for C1 to C4 are-2.84,-

2.86, -2.99, and -3.34 eV, respectively in (Fig 5). The HOMO-LUMO energy gap (Eg) refers to the chemical reactivity of various 

substituents. These newly structured small molecules (C1-C4) have energy gaps of 2.40eV, 2.50eV, 2.19eV, and 2.25eV. The 

reference R molecule has an energy gap of 2.19eV, as shown in (Table 1). The critical framework is band gap, and Charge transfer 

depends on the energy gap. In this research, Eg is within the 2.19-2.50eV range. Basically energy gap is required to move the electron 

from ground state to excited state. The lowest energy gap of 2.19eV of C3 is associated with its more stable LUMO due attachment of 

cyanoacrylate acceptor groups. 

Thus, the stronger the conjugation, the greater the electron's transition from HOMO to LUMO due to the smaller Eg.C3 has lower 

energy gap than C4 due to presence of strong electron-withdrawing methylene malononitrile conjugation with thiophene acceptor 

groups.C1 molecule exhibited very smaller energy gap than the reference molecule C2 due to electron acceptor (Z)-5-ethylidene-3-

methylthiazolidine-2, 4-dione thiophene end cape group. Different changes in the distribution of electrons in fundamental molecular 

orbitals have occurred due to the molecules' different nature attached to it by the acceptor. Different types of electron acceptor species 

modified the distribution pattern of the electrons on the molecular orbitals. These results were further validated for all of these 

molecules by the state's density involving LUMO and HOMO. The State density also shows the analysis of the distribution pattern. 

Zero density status states the energy level is not in control. There are five different color types in the state density graph, red, green, 

blue, black, and pink. The blue and green line indicates the energy level of HOMO, and the energy level of LUMO is shown by the 

red and the pink line. Varying energies represent band gap in the LUMO and HOMO. So, the difference between the green and the red 

line is band gap 

Electron-withdrawing moties can influence the electron density for all the HOMOs and LUMOs in electronic state density. The energy 

of molecular orbitals occupied and DOS characterizes unoccupied. The DOS of HOMO is the same for all designed (C1-C4), 

and R molecules indicate that HOMO originally comes from the bridge and the donor side. LUMO of all molecules is different due to 

unoccupied molecular orbitals from the end-capped acceptor moties, and a little bit spreads over the bridge. 

Molecules EHOMO (eV) ELUMO (eV) Eg (eV) 

R 

C1                      

-5.93 

-6.15 

-3.22 

-3.58 

2.23 

2.57 

C2 -6.13 -3.06 2.53 

C3 -6.24 -3.07 2.54 

C4 -6.10 -3.41 2.69 
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Fig.6. State density of both the newly developed small molecules C3, around LUMO as well as HOMO and the basis set  6-31G (d, p) 

R molecule. 

 

 

3.2. Optical Properties  

The absorption spectra were analyzed and measured using TD-DFT. Firstly, R was examined through different functionalities such as 

B3LYP, CAM-B3LYP, MPW1PW91, and WB97XD our absorption values of 598.53 nm, 624.41 nm 645.53 nm, and 558.37nm.  

MPW1PW91 with basis set 6-31G was selected for further calculations because its λmax (645.53 nm) was close to experimental 

values found in the literature. The λmax shows reciprocal trend with the Eg values[30]. The larger the λmax value of the compounds, 

the smaller would be the Eg value. Hence, B3LYP / Lan2D G (d, p).s with basis set 6-31G (d, p). The U.V/ visible spectra of the 

newly developed small molecules C1, C2, C3, C4, and the R reference molecule with solvent and without solvent (gas phase) were 

calculated using TD-DFT at B3LYP / Lan2D G (d, p).s basis. Calculations on the molecules ' initial four transition states were also 

carried out in the gas phase. Some of the other properties for all molecules, such as dipole moment, were also calculated. Throughout 

the investigation, we found an inverse relationship between the absorption and energy gap. Band gap energy decreases of designed 

molecules due to electron-withdrawing acceptor moties are attached to the donor core. 
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Fig7: The absorption spectra of all designed molecules with reference molecule 

The absorption spectra of C3 are blue shifted 74nm from R. When the effect of electron withdrawal moieties on the acceptor then 

increased, the absorption also increased. Maximum absorption in the gas phase for the specified small molecules is from 645.53 nm to 

625.41ynm. Total absorption (λmax) of all newly designed small-donor molecules was 561.97nm, 563.10 nm, 544.78 nm, and 618.42 

nm, respectively. The reference molecule R presented the 569.04 nm λmax. Due to the extended conjugation of attached moieties, C3 

exhibited maximum absorption between all newly designed small molecules.  

The C3 molecule represents the maximum λmax due to dimethoxyphenyl malononitrile conjugated with thiophene acceptor groups. 

Dipole moment was investigated and determined using theMPW1PW91 reference set with 6-31G (d,p)  and all the newly developed 

small molecules. The Solubility of the newly created small molecules in the organic solvents depends on the dipole moment. The 

manufacture of organic solar cells is strongly effected by the moment of the dipole. If there is a higher dipole moment value, it will be 

better for manufacturing. Therefore, if the dipole moment is increased in value, the molecules' Solubility also increases in the different 

types of organic solvents. Because of the increased dipole moment value, the manufacture and processing of organic solar cells 

became simpler. The results showed that among all the newly developed small molecules, the R molecule exhibited the lowest dipole 

moment, 4.32D, which describes the poor Solubility of R in chloroform.  Dipole moment has a great influence on the production of 

donor content in self-assembly film. C3 shows the highest dipole moment and greater charge transfer rate due to electron-withdrawing 

groups.  
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The higher value also increases the fill factor, reduces the combination of charges, and allows for donor-acceptor substituent planning. 

We also anticipate the dipole's improved moment to lead to higher self-assembly, resulting in a higher level of order at the recipient-

acceptor interface, which would lower the recombination value and improve F.F. The moment of excited state, ground condition and 

the difference between them. 

A dimensionless quantity is used to investigate the transition of electrons between the two states by using oscillator strength. It plays a 

key role in describing the optical characteristics of both atoms and molecules. Oscillator strength almost seems to be unity in the 

U.V./Vis region of all organic molecules[31]. The oscillator strength should be less than unity for showing the strong absorption in the 

visible region. Here we see only greater oscillator strength of C2 our designed molecules (C1-C4). 

1. The excitation energy value Ex (eV), oscillator strength (f) Energy gap (Eg), and dipole moment (𝜇e),  at maximum absorption 

value without  solvent of the newly developed  small  molecules C1, C2, C3 and C4 and the R reference value for B3LYP at 

Lan2DZ (G) d, p in gas phase  

Molecules 
Calculated 

λmax (eV) 

Experimental 

λmax (eV) 
Ex (eV) F 

Eg 

(eV) 

Dipole moment 

(D) 

R 519.2             571 2.2632 0.0039 2.71 2.0551 

C1 598.53 - 2.167 0.0018 2.57 7.2856 

C2 625.41 - 2.097 0.0242 2.53 8.0543 

C3 645.53 - 2.043 0.0003 2.54 7.1359 

C4 558.37 - 2.319 0.0085 2.69 5.7158 

 

 

 

Open circuit voltage (Voc)  

The open-circuit voltage depends on the individual saturation and the current generated by the light to calculate any of the devices' 

recombination. It determines the overall amount of current that can be produced from any optical system[32].VOC is actually highest 

voltage at the level of zero current that can be extracted from any device. To achieve the maximum value of the open-circuit voltage, 

the HOMO value in the donor material must be higher than the LUMO value in the receiving material. In organic solar cells, donor 

compounds like polymer such as BDTA etc move their electrons to acceptor compounds for electrical conduction depending on the 

energy band gap sandwiched between the HOMO of the electron donor compound and the LUMO of the electron acceptor 

compound also defined as open-circuit voltage (VOC) [33]. 

 Generally, VOC focuses on mutually the saturation current and the light produced current to assist the recombination of the systems. 

The open circuit voltages can be determined by scale - up the HOMO of the donor and the LUMO of the acceptor species. In order to 

obtain larger VOC, the LUMO level of the electron acceptor must be high and, in exchange, the HOMO level must be lower level[34] 

Utilizing electron-donating as well as electron-withdrawing units inside the compound, lower band gap energy is recorded to raise the 

absorption coefficient, resulting in a rise in VOC as well as light-harvesting capacity. The energy band difference will be minimized if 

the HOMO and LUMO of the polymer are at higher and lower energy level, accordingly[35, 36]. 
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Fig.8. For PCBM polymer, Expected open-circuit voltage and design donor molecule (C1- C4) of the R. 

Here, we correlated our small molecules constructed by well-known PCBM donor polymers to the lowest unoccupied molecular 

orbitals (LUMOs). Results can be found in Figure 6. The open-circuit voltage measured for R concerning PCBM is 2.23 eV. C3 

displayed the highest open-circuit voltage value, 2.36 eV, of all molecules. 
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