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Abstract 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) with linear formula (C10 H14 S)nand its derivatives are polymer-

based materials with π conjugation framework. It is useful in photoelectric material and can be used as a 

promising material for applications in solar cells, light-emitting diodes, displays, or other optoelectronic 

devices.In this work, a theoretical study on Poly(3-hexylthiophene-2,5-diyl) (P3HT) using together quantum 

methods, density functional theory (DFT) and its derivative time dependent-density functional theory (TD-

DFT) as implemented in Gaussian 09 package using B3LYP/6-31++G (d, p) and B3LYP/6-31+G(d) basis 

sets. Electronic properties , charge transfer properties such as  frontier molecular orbitals (FMOs), ionization 

potential (IP), and electron affinity (EA), and optical properties such as the maximum absorption (λmax) along 

with oscillator strengths (f) at the excited states in vacuum and solvents were calculated and reported for the 

neutral, anionic, and cationic forms of the  molecule. The energy band gap ൫ܧ௚൯ of the material was best 

obtained at the anionic form with a value of 2.073eV using the 6-31+G(d) basis set. This small band gap of 

the material eases the transporting of electrons from HOMO level to LUMO level when the material absorbs 

the wavelength light. The NLO properties show that anionic has the highest value of total dipole moment 

(µtot) as 5.84116a.u while cationic has the highest value of first order hyperpolarizability (βtot) as  (2.623x10-

30esu using 6-311++G(d,p) basis. This value is found to be seven times more than that of urea (0.3728 x 10-

30esu) which is commonly used for the comparison of NLO properties. The oscillator strength expresses the 

probability of absorption of electromagnetic radiation, larger oscillator strength represents larger absorption 

coefficient. The UV-vis results show that thiophene solvent at excited state  ܵଵ corresponds to the strongest 

absorption at  370.34nm(݂ = 0.8517) with excitation energy of 3.3479	eV using 6-311++G(d,p) basis set. 

The theoretical values of the open circuit voltage were found to be 1.685 eV for neutral, 2.729 eV for 

cationic, and 0.576 eV for anionic. The ir spectra results confirm the stability of the molecule with the most 

intense frequency of 3023cm-1 at an intensity of 91.2256km/mol for neutral molecule and the least intense 

frequency was found to be 1112.9091cm-1 at an intensity of 158.8877km/mol for the cationic molecule. This 

work could be applied in the design of more efficient functional photovoltaic organic materials. 
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Introduction 

Shortage of energy has become a serious issue around the globe in the 21st century [1]. The urge to look for 

renewable energy to replace fossil fuel has driven substantial research effort into the energy sector [2]. Many 

research efforts were made in order to study the properties of other materials to solve the problem of this 

energy shortage, heterocyclic compounds included. Heterocyclic compounds are commonly distributed in 

nature and are essential to life in various ways [3]. Since the emergence of organic metals, a large amount of 

research work has been carried out in order to improve the conductivities of salts and charge transfer 

complexes (CT) of P3HT derivatives. Organic semiconductors such as small molecules [4] and conjugated 

polymers [5] are widely used in organic photovoltaic cells [6], dye-sensitized solar cells [7], organic field-

effect transistors [8], and organic light-emitting diodes [9]. Poly (3-hexylthiophene-2,5-diyl) (P3HT) with 

linear formula (C10 H14 S)n is a semiconducting polymer that is widely used in electronic applications. It 

belongs to a class of semicrystalline polymers referred to as regioregular poly (3-alkyl thiophene)s (P3AT)s. 

It is of particular interest for applications in quite technology due to its high carrier mobilities, stability, 

precedent use in devices, and tunable young’s modulus [10]. However, interest in P3HT molecules goes 

beyond the area of conducting materials. To investigate its role as an important building block in 

supramolecular conductivity, various categories of organic conductors have now been described [11]. These 

include systems based upon molecular charge-transfer complexes, conjugated polymers, and stacked 

organometallic species, where the metal atoms play no active role in the conduction. Donor–acceptor type 

dyads using a Poly(3-hexylthiophene-2,5-diyl) (P3HT) framework have received considerable interest as 

materials for fluorescence switches, chemical sensors, molecular rectification, photovoltaic, and NLO 

applications [12]. Quantum mechanical calculation is one of the emerging methods in analyzing the physical 

and chemical properties of these molecules.  Density Functional Theory (DFT) has emerged as a powerful 

method for the study of electronic properties of polyatomic molecules. The application of DFT to chemical 

molecular systems has received much attention because of its faster convergence in time than traditional 

quantum mechanical correlation methods [13]. Interestingly, many experimental and theoretical studies have 

been carried out in the synthesis and applications of poly(hexylthiophene-2,5-diyl) and its derivatives 

including Density Functional Theory and Time-Depended Density Functional Theory. For example, [14] 

carried out the study of electronic properties of P3HT by first principles density functional theory. A major 

breakthrough of over 10% power conversion efficiencies (PCEs) in both polymer and low molecular weight 

OPVs has been reported [15].  [16] examined the behavior of poly (3-hexylthiophene-2,5- diyl) between the 

upper and lower gold electrodes using the Fowler-Nordhein model and reported that the HOMO level of 
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P3HT was 5.2 eV and LUMO 3.1 eV. [17], investigated the effect of using single wall carbon nanotube 

(SWCNTs)-based hybrids as the hole transport layer on the performance of organic solar cells based on 

P3HT: PCBM blend using UV-Vis spectrophotometer. [18], investigated the effect of Cul doping in P3HT: 

PCBM active layer in inverted OSC for low light application using fluorine tin oxide (FTO)-Coated glass 

substrates. They reported that, the performance of the device with Cul-doped P3HT: PCMB improved hole 

collection and reduced charge recombination, leading to increased Jsc, FF and PCE of the device. 

Theoretical computational method such as geometry optimization is very important for understanding and 

predicting the pathways of electron and energy transfer processes in photoactive assemblies [13]. As a result, 

a set of global and local descriptors parameters to measure the reactivity of the molecule have been 

investigated. 

To the best of our knowledge, work on anionic and cationic effects on the global chemical index, non-linear 

optical properties, thermodynamics properties, and IR spectra of poly(3-hexylthiophene-2,5-diyl) have not 

been reported. In the present work, we investigated the effect of anionic and cationic on the structural 

properties, molecular geometry, thermodynamic properties, nonlinear optical (NLO) properties, and 

chemical reactivity such as HOMO-LUMO, energy gap, chemical hardness, chemical potential, and IR 

spectra of the P3HT molecule. For this purpose, it was also investigated the effects induced on the bond 

lengths, bond angles, and UV Visible spectrum. Figure 1 shows the ptimized structures of anionic and 

neutral P3HT.Aim of present work ??? 

 

Anionic  P3HT                                                               Neutral  P3HT 

Figure 1. Optimized structures of anionic and neutral P3HT 

 

2.0 Theoretical Background 

2.1 Density Functional Theory (DFT) 
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Density Functional Theory (DFT) is a computational method that derives properties of the molecules base on 

a determination of their electron density. DFT methods have become the most widely-spread ab-initio 

methods in Computational Material Science (CMS) and Solid-state Physics, due to their high computational 

efficiency and very good accuracy for the structure of molecules, crystals, surfaces and their interactions. In 

DFT methods, the energy of the molecule is a functional of the electron density [19]. Density functional 

theory (DFT) was proposed by Hohenberg and Kohn as a method to determine the electronic structure of a 

system at ground state with a theory stating that all ground-state properties for many-particle systems are 

functional of the electron density. In 1965, Kohn and Sham (KS) reformulated the problem in a more 

familiar form and opened the way to the practical application of DFT [20]. 

The theorem state that the ground state electron density uniquely determines the electronic wave function 

and hence all ground state properties of an electronic system. 

(ݎ)ߩ = ߰ଶ(ݎ)(1) 

ܧ = ௜௡ܧ + ௘௡ܧ + ଵ
ଶ∫ݎ݀(ݎ)ߩ ∫ ఘ(௥)

௥೐ି௥೔
ݎ݀ +  ௑஼(2)ܧ

  The other theorem says that: the energy of an electron distribution functional reaches a minimum in 

correspondence to the actual ground-state electron density [21].  

But ψ’ ≠ ψ 

E(n) = 〈ψ’ܪψ’〉>〈߰଴	߰ܪ଴	〉(3) 

2.1.1 Time Dependent Density Functional Theory (TD-DFT) 

The extension of Density functional theory (DFT) to the time-dependent domain, known as time-dependent 

density functional theory (TD-DFT) has been originally proposed by Runge and Gross 30 years ago. After 

ten years, Casida developed an effective linear-response (LR) formalism for TD-DFT (so-called random-

phase approximation or Casida’s equations) allowing to rapidly and efficiently determine the solution of the 

TD-DFT equations for molecules [22]. TDDFT is a conservatory of DFT but provides exact and basically 

suitable methods to evaluate electronic excitation energies of isolated systems and less commonly, solids 

[23]. TDDFT is a quantum mechanical theory used in physics and chemistry to investigate the properties and 

dynamics of many-body systems in the presence of time-dependent potentials, such as electric or magnetic 

fields. TD-DFT has become an extremely popular approach for modelling the energies, structures, and 

properties of electronically excited states (ES). 



 

5 
 

The Rung and Gross approach considers a single component system in the presence of time –dependent 

scalar field where the Hamiltonian is represented in the form [24]. 

Hs (t) = ෠ܶ + ෠ܸ s (t) + E                                                                (4) 

Where T is the kinetic energy operator, E is the electron-electron interaction, Vexact(t) the external potential 

which defines the system in as well as number of electrons.  

2.2 Vibrational Frequency  

The vibrational frequencies are calculated with the following equations [25]: 

௜ܸ௝ = ଵ

ඥ௠೔௠ೕ
൬ డమ௏
డ೜೔డ೜ೕ

൰ (5) 

Where ௜ܸ௝  is the Hessian matrix,݉௜ refers to the mass of atom i, and ߲௤௜   refers to a displacement of atom i in 

the x-, y-, or z-direction, 

ܸܷ =  (6) ܷߣ

Where U is a matrix of eigenvectors and ߣ is a vector of eigenvalues, and 

 ୀ(ଶగజೖ)మ (7)	௞ߣ

Where  ߣ௞ is the kth eigenvalue and vkis the kth vibrational frequency. 

The infrared intensities can be computed with the equation [25] 

డாೄ಴ಷ
డ௙డ௔

= 2∑ ℎ௜௝
௙௔ + 4∑ ∑ ௝ܷ௜

௔௔௟௟
௝

ௗ .௢
௜

ௗ.௢
௜                                      (8) 

Where   

ℎ௜௝
௙௔ ∑ జ௜଴ܥఓ௜଴ܥ ቀ

డమ௛ഋഔ
డ௙డ௔

ቁ஺ை
ఓజ (9) 

Where ESCF is the self-consistent field energy, f is the electric field,  is the nuclear coordinate, hUV is the 

one-electron atomic orbital integral,  is related to the derivative of the molecular orbital coefficient with 

respect to a by 

డ஼ഋ೔

డ௔
= ∑ ܷ௠௜௔ ఓ௠଴௔௟௟ܥ

௠ (10) 

2.3 Global Reactivity Descriptors 
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The global reactivity descriptors are represented by [26,27] follows:  

µ = -χ                                                      (11) 

The absolute electronegativity (χ) is given by the relation; 

χ =      ІⱣ୉୅
ଶ

(12) 

The global hardness (η) and global softness(S) are defined as; 

η =   ІⱣா஺
ଶ

(13) 

S = ଵ
ଶ
 η                                                                                            (14) 

The electrophilicity (ω) can be calculated using the chemical potential and the chemical hardness; 

ω = ఓ
మ

ଶ
 (15) 

The energy corresponding to HOMO represents the ionization potential and LUMO corresponds to the 

electron affinity of the molecule. Using Koopmans theorem;  

Ionization Potential (IP) = -EHOMO 

Electron Affinity (EA) = -ELUMO 

2.4 Electron donating Power(࣓ି), Electron accepting Power (࣓ା) and Net electrophilicity (ઢ૑±) 
 
The electron donating (߱ି)and  electron accepting (߱ା) powers are defined as [27] 

߱ି = (ଷூା஺)మ

ଵ଺(ூି஺)
( 16 )                                                                                                                       

and  

߱ା = (ூାଷ஺)మ

ଵ଺(ூି஺)
                                                                                                                                            (17 ) 

where I and A are the ionization potential and electron affinity respectively.It follows that a larger ߱ାvalue 

corresponds to a better 

capability of accepting charge, whereas a smaller value of߱ିvalue of a system makes it a better electron 

donor. In order to compare ߱ା with ߱ି , we the following  net electrophilicity as proposed by [27]. 

ઢ૑± = ߱ା − (−߱ି) = ߱ି + ߱ି  (18) 
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that is, the electron accepting power relative to the electron donating power. 
 

2.5 Open-Circuit Voltage (VOC)  

The maximum open-circuit voltage (VOC), is a crucial photovoltaic parameter that can be obtained 

theoretically by the difference between the highest occupied molecular orbital (HOMO) of the donor and the 

lowest unoccupied molecular orbital (LUMO) of the electron acceptor. The theoretical value of VOC has been 

calculated from the expression [28] 

VOC  =ܧுைெை஽௢௡௢௥ -  ܧ௅௎ெை
஺௖௖௘௣௧௢௥  - 0.3 (19) 

2.5 Non-Linear Optical (NLO) Properties 

To have a clearer picture for the study of the non-linear optical properties (NLO) of poly(3-hexylthiophene-

2,5-diyl) (P3HT) and its substituted molecules; the dipole moment (µ), polarizability (ߙ), anisotropic 

polarizability (Δα), and hyperpolarizability (β and Ƴ)were computed at DFT/B3LYP with two basis sets.   

For molecular systems, dipole moment can be obtained from [13,29]; 

µtot = ൣߤ௫ + ௬ߤ + ௭൧ߤ
ଶ
 (20) 

Where  ߤ௫, ߤ௬and ߤ௭ are the components of dipole moment in x, y and z coordinates 

Electric dipole polarizability is given by [30]; 

ߙ = 	 డమா
డிೌ డி್

(21) 

where a and b are coordinates of x, y, and z. 

The mean polarizability is calculated using [31]; 

< ߙ >  = ଵ
ଶ
൫ܽ௫௫ + ܽ௬௬ + ܽ௭௭൯(22) 

Where ܽ௫ , ܽ௬ , and ܽ௭ quantities are known as principal values of polarizability tensor. 

The anisotropic polarizability is given by [32]; 

ቂ൫ܽ௫௫ 2-1/2 = ߙ∆ − ܽ௬௬൯
ଶ

+ ൫ܽ௬௬ − ܽ௭௭൯
ଶ

+ (ܽ௭௭ − ܽ௫௫)ଶ + 6൫ܽ௫௭ + ܽ௫௬ + ܽ௬௭൯ቃ
ଵ/ଶ

(23) 

The first hyperpolarizability is defined as [29]; 

β = ቂ൫ߚ௫௫௫ + ௬௬௬ߚ + ௭௭௭൯ߚ
ଶ

+ ൫ߚ௬௬௬ + ௬௭௭ߚ + ௬௫௫൯ߚ
ଶ

+ ൫ߚ௭௭௭ + ௫௭௭ߚ + ௭௬௬൯ߚ
ଶ
ቃ
ଵ/ଶ

(24) 

The second order hyperpolarizability is given by [30]; 

Ƴ = ଵ
ହ
௫௫௫௫ߛൣ + ௬௬௬௬ߛ + ௭௭௭௭ߛ + 2൫ߛ௫௫௬௬ + ௫௫௭௭ߛ +  ௬௬௭௭൯൧(25)ߛ
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3. COMPUTATIONAL METHODS 

All computations were perfumed using the G09 suite of programs [33]. The molecular structures and 

geometries of P3HT were completely optimized using ab-initio quantum mechanical calculations at the DFT 

levels of theory without using any symmetry constraints using (6-31++G (d, p) and 3-21G (d,) basis sets. The 

parameters were allowedto fully relax and each of the calculations converged to an optimized geometry 

corresponding  to a true energy minimum. Geometry optimization is a name given to the procedure that 

attempts to find the configuration of minimum energy of the molecule. The procedure calculated the wave 

function and the energy at the starting geometry and then proceeded to search a new geometry of a lower 

energy. This was repeated until the lowest energy geometry was obtained. Stability check was performed on 

the molecule to confirm its stability status prior to geometry optimization. The optimized geometries were 

then used to set up further calculations to compute the HOMO, SOMO , and  LUMOvalues  as well as global 

chemical index parameters. At the same levels of the theory, dipole moment, electric dipole polarizability, 

mean polarizability, anisotropic polarizability, hyperpolarizability were also computed using the same 

optimized geometries. The nonlinear optical properties of the molecule such as dipole moment, isotropic 

polarizability, anisotropic polarizability and total first and second order hyperpolarizability were also 

computed by using similar procedure. The IR frequencies were calculated by obtaining the Hessian matrix 

and the force constants for all the normal modes of the molecule. No imaginary frequencies were seen thus 

confirming the stability of the molecule.The  analysis of the spectra was done using IRPal 2.0 version 

software [34]. The excited states of the molecules were determined using time-dependent density functional 

theory (TD- DFT) [35] utilizing B3LYP functional with (6-31++G (d, p) and 3-21G (d,) basis sets from 

ground state optimized geometry in vacuum and in some  solvents (Chloroform, Acetone, Methanol, 

Toluene, and Thiophene).  

4. RESULTS AND DISCUSSION 

4.1Optimized Bond Lengths (Å) of poly(3-hexylthiophene-2,5-diyl) (P3HT) Molecule for neutral, 

anionic, and cationic 

The distance between the nuclei of two atoms covalently bonded together named as bond length whereas 

bond angle is the angle between two adjacent bonds of an atom in a molecule [27]. The optimized values of 

bond lengths and bond angles of the studied molecule were calculated and reported in Tables 1 and 2 at 

DFT/B3LYP level using 3-21G(d) and 6-311++G (d, p) basis sets in neutral, anionic, and cationic.  From 

Table 1, there are small variations in bonds lengths of P3HT when optimized in anionic and cationic 

compared with that in neutral. The result shows that the lowest value obtained was 1.0827Å R (4,5) in 
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cationic. However, when compared the results of P3HT molecule in neutral and anionic, the bond lengths are 

a bit lower than  inneutral andcationic forms. It is worth noting that, the smaller the bond length, the higher 

the bond energy and stronger the bond will be [36]. Accordingly, this shows that the bond energy of P3HT in 

cationic is slightly stronger than in neutral and anionic forms. Hence, large amount of energy is required to 

break these bonds. However, the longest bond length which doubles as the weakest  is1.7701Å (C21-S23). 

This is found in anionic molecule. It requires smaller amount of energy to break the bonds. The structural 

geometry of the studied molecule that consists of bond lengths and bond angles are found to be in good 

agreement with those from previous work reported by [37,38].  

Table 1. Selected bond lengths (Å) of the optimized structure of P3HT molecule theneutral, anionic, 

and cationic molecule  

Bond 
length 

Neutral Anionic Cationic Neutral Anionic  Cationic Previous 
work 

[35,36] 
 3-21G(d) 6-311++G (d, p)  

R(1,2) 1.754 1.7701 1.7222 1.7542 1.7575 1.7221 1.70 
R(1,3) 1.7482   1.7658 1.7686 1.7483 1.7538 1.7686  
R(2,4) 1.3706 1.3861 1.4431 1.3706 1.376 1.4431 1.43 
R(2,6) 1.4996 1.4946 1.4815 1.4998 1.5018 1.4815  
R(3,5) 1.3626   1.3782 1.3931 1.3626 1.3674 1.3931 1.37 
R(3,7) 1.4979 1.4929 1.4800 1.4983 1.5004 1.4800 1.42 
R(4,5) 1.0857 1.0866 1.0827 1.0845 1.0866 1.0827  
R(5,9) 1.0939 1.0945 1.0979 1.0939 1.0959 1.0980  
R(6,10) 1.0955 1.108 1.0893 1.0953 1.1006 1.0893  
R(6,11) 1.0917 1.0934 1.095 1.0953 1.0951 1.095  
R(6,12) 1.0946 1.1056 1.0964 1.0944 1.0993 1.0964  
R(7,13) 1.0946 1.0958 1.0965 1.0945 1.097 1.0965  
R(7,14) 1.0946 1.0958 1.0965 1.0945 1.097 1.0965  

4.2 Optimized bond angle ( ͦ) of poly(3-hexylthiophene-2,5-diyl) (P3HT) molecule for neutral, anionic, 
and cationic. 

The optimized bond angles of P3HT molecule in neutral, anionic, and cationicforms are listed in Table 2. 

The bond angle is the average angle between the orbitals of the central atom containing the bonding electron 

pairs in the molecule [39]. It is expressed in degrees. The bond angle throws more light on the distribution of 

orbital’s around a central atom in a molecule. The bond angles also contribute to the shape of a molecule. 

From Table 2, there is a slight increase in the bond angles of the studied molecule in neutral and anionic 

when compared to cationic. From the results obtained, the values obtained in neutral and anionic are a bit 

higher than the one obtained in cationic. This indicates that, in terms of bond angles, P3HT molecule has 
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greater stability in neutral and anionic than in cationic.The bond angles were found to have an average value 

of 110˚ in neutral, anionic  as well as cationic. The structural geometry of the titled molecule that consists of 

bond lengths and bond angles are found to be in good agreement with those from previous work reported by 

[40] 

Table 2. Selected bond angles (˚) of the optimized structure of P3HT molecule in the gas phase and in 
different solvents 

Bond 
length 

Neutral Anionic Cationic Neutral Anionic  Cationic Previous 
work 
[40] 

 3-21G(d) 6-311++G (d, p)  
A (2,1,3) 92.4398 92.1881 91.3787 92.4426 92.5301 91.3815  
A (1,2,4) 110.7346 110.274 111.9248 110.7087 110.673 111.9221  
A (1,2,6) 119.5339 119.4881 121.4864 119.5614 119.8534 121.4926  
A (4,2,6) 129.7199 129.2237 126.5722 129.7222 129.3944 126.5672  
A (1,3,5) 109.7536 109.3478 110.8397 109.7741 109.6247 110.8361  
A (1,3,7) 121.4481 120.9921 120.8342 121.445 121.7466 120.8368  
A (5,3,7) 128.7954 128.6271 128.3249 128.7783 128.6206 128.326 129.00 
A (2,6,11) 111.9626 112.5354 112.5927 111.8166 111.9442 112.5936 113.00 
A (2,6,12) 110.8115 110.8893 110.5018 110.5603 110.6712 110.5112  

A (10,6,11) 107.2157 106.5283 108.3085 107.4199 107.3053 108.3109  
A (10,6,12) 107.378 107.0605 106.5245 107.5957 107.531 106.5191  
A (11,6,12) 107.3385 106.8315 109.0086 107.5138 107.173 109.015 109.00 
A (3,7,13) 112.0727 112.322 110.8435 111.9088 112.0313 110.835  

4.3 Frontier Molecular Orbital Energies 
Table 3, gives the total  energy, values of Highest Occupied Molecular Orbital (HOMO) , Lowest 

Unoccupied Molecular Orbital (LUMO) ,Singly-Occupied Molecular Orbital (SOMO), and Energy gap 

(Egap) in electron volt (eV) of the studied molecule in neutral, anionic, and cationic forms calculated at the 

DFT/B3LYP level using 3-21G(d) and 6-31++G (d, p) basis sets. The values of HOMO, LUMO and their 

energy gap reflect the chemical activity of the molecule. The values of the SOMO are only associated with 

the ionic forms of the molecule. Molecules with lower HOMO-LUMO gap value tend to have higher 

stability [20]. Both HOMO and LUMO are the main orbital taking part in chemical reaction. It is clear from 

Table 3 that the HOMO-LUMO energy gap for anionic is lower in 6-31G basis set with value of about 

2.125eV,but for 6-311++G(d,p) basis set, the value is a bit higher of about 3.02 eV. This isfollowed 

bycationic moleculewith value of 3.050 eV, using 6-31G(d) basis set and  neutral with value of3.882 eV, by 

6-311++G(d,p) basis set.  The results show that, P3HT has the best band gap energy in anionic form as  

2.125 eV than in cationic and neutral.Conjugation allows free movement of electrons within the molecule. 

The more conjugation (and therefore free movement of electrons) there is in a molecule, the less of an energy 

gap will exist between the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied 
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Molecular Orbital (LUMO). Thus the smaller the band gap, the much better is the result. Therefore, the 

electron transfer from HOMO to LUMO of the molecule in anionic is relatively harder than that in cationic 

and neutral. This shows that P3HT molecule is having higher stability in anionic than in cationic and neutral. 

However, P3HT has larger energy gap in neutral (3.882 eV) than in anionic and cationic, thus, the electron 

jumps from the HOMO to the LUMO energy orbital more easily in neutral than in ions. The HOMO-

LUMO/SOMO gap of P3HT obtained inboth vacuum and charged molecules are almost close to 3.10 eV and 

2.20 eV reported by [41,42]. The total energy calculation shows that the neutral molecule is most stable 

having the lowest energy value of −867.678429941a. u with6-311++G (d, p) basis set.The Calculated  

values of ionization potential (IP) , electron affinity , electron donating Power(߱ି), electron accepting Power 

(߱ା) and Net electrophilicity (Δω±) of neutral and ionic Poly(hexylthiophene-2,5-diyl) are presented in 

Table 4. Ionization potential (IP) and electron affinity (EA) are  important parameters for optoelectronic 

applications of conjugated organic materials and are called charge transfer properties of the molecule. A 

smaller IP value facilitates the hole injection from HOMO, whereas a larger EA value will ease the electron 

injection into the empty LUMO of the semiconducting materialswhich may be good for the electron transport 

and behaves as n-type semiconducting materials.Since  a smaller value of ߱ି makes it a better electron 

donor, it can be observed the ionic form of the molecule is lowest with a value of   2.053	eV using 6-

311++G(d,p) basis set. Thus the ionic molecule will be a better electron donor compared to the neutral form 

of the molecule. Similarly a larger value of ߱ା corresponds to a better capability of the molecule to accept 

charge. Based on this, the neutral molecule has the largest value of  ߱ା as 6.468	eV using 6-311++G(d,p) 

basis set. This makes it a better charge acceptor. 

Table 3: Calculated Total Energy,  HOMO, LUMO and Energy gap of Poly(hexylthiophene-2,5-diyl)  

Molecule Basis Sets Total Energy (a.u) EHOMO/SOMO 
(eV) 

ELUMO (eV) Egap(eV) Previous 
work (eV) 
[42,43] 

Neutral 3-2G(d) 
 

6-311++G (d, p) 

-867.652024657 
 

-867.678429941 

-5.008 
 

-5.2109 

-1.125 
 

-2.1488 

3.883 
 

3.062 

 
2.20 

 
 

3.10 
Anionic 3-2G(d) 

 
6-311++G (d, p) 

-867.622896352 
 
-867.551493384 

0.9012 
 

0.6894 

2.9742 
 

3.7132 

2.073 
 

3.024 
Cationic 3-2G(d) 

 
6-311++G (d, p) 

-867.403538100 
 
-867.403777116 

-8.3417 
 

-6.4549 

-5.2913 
 

-3.3796 

3.050 
 

3.075 
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Table4: Calculated Ionization potential (IP) , Electron affinity , Electron donating Power(߱ି), 
Electron accepting Power (߱ା) and Net electrophilicity(Δω±) of neutral and ionic 
Poly(hexylthiophene-2,5-diyl)  
 

 
Molecule IP (eV) EA (eV) ߱ି(ܸ݁) ߱ା(ܸ݁) Δω± (eV) 

6-
31G(
d) 

6-
311++
G(d,p) 

6-
31G(d) 

6-
311+
+G(d,
p) 

6-
31G(d) 

6-
311++G
(d,p) 

6-
31G(d) 

6-
311++G(d,p
) 

6-
31G(d
) 

6-
311++G(
d,p) 

Neutral  
5.008 
 

 
5.2109 

 
`1.125 
 

 
2.149 

 
4.198 

 
6.468 

 
1.138 

 
2.774 

 
5.336 

 
9.242 

Ionic  
6.762 

 
7.474 

 
-0.793 

 
-3.44 

 
3.143 
 

 
2.053 

 
0.157 

 
0.0464 

 
3.300 

 
2.099 

 

4.4Global Chemical Reactivity Parameters (GCRP) 

The Global Chemical Reactivity Descriptors parameters of molecules such as hardness (η), 

softness (ʃ), chemical potential (μ), electronegativity (χ) and electrophilicity index (ω) in 

neutral, anionic and cationic  forms are calculated and reported in Table 5. Chemical 

hardness is proportional to the HOMO-LUMO energy gap. An increase in the chemical 

hardness makes the molecule more stable and less reactive. As seen in Table 5, P3HT 

molecule in the cationic with slightly higher value of chemical hardness of 1.3eV is 

considered to be harder and more stable. This is  followed by neutral and anionic with values 

as 1.2 eV and 0.9 eV respectively. This indicates that P3HT molecule in cationic is more 

stable. Electronegativity and chemical potential are important parameters in the quantum 

chemical reaction. The higher the value of electronegativity, the greater the ability of the 

atoms or molecules to attract electrons, whereas the greater the value of chemical potential, 

the more the reactivity andless stable the molecule [44]. P3HT molecule in the cationic has a 

higher electronegativity than in the neutral and anionic as. The molecule also has the greatest 

value of chemical potential in cationic. Consequently, this molecule is more reactive and less 

stable in cationic form. The electrophilicity index value is used for the determination of 

chemical reactivity of molecules. The result indicates that theelectrophilicity index with value 



 

13 
 

as 25.7179 eV was highest inthe cationic form. This affirms the stability of the molecule in 

cationic than in the neutral and anionic forms. 

Table 5: Global chemical indices of the optimized poly(hexylthiophene-2,5-diyl) 

Molecule ղ (eV) Ѕ(eV) χ(eV) µ(eV) ω(eV) 
6-311+G(d) 

Neutral 1.2 0.83 1.18 -1.18 0.58 
Anionic 0.9 1.1 1.81 -1.81 1.82 
Cationic 1.3 0.7692 -7.9783 7.9783 24.4820 

6-311++ G (d, p) 
Neutral 1.1 0.91 1.28 -1.28 0.744 
Anionic 0.1882 0.0941 1.3822 -1.3822 5.0757 
Cationic 1.25 0.8 -8.0184 8.0184 25.7179 

 

4.4 UV-Visible Spectrum 

UV-VIS spectrum is due to the interaction of electromagnetic radiation in the UV-Visible 

region with molecules, ions, or complexes. It forms the basis analysis of different substances 

such as inorganic, organic and bio-molecules. On the other hand, how the absorption of a 

new material matches with the solar spectrum is an important factor for the application as a 

photovoltaic material and a good photovoltaic material should have broad and strong visible 

absorption characteristics [42]. For this study, the UV-Visible spectrum was calculated from 

the optimized geometry of the studied molecule using TD-DFT with 6-311+G(d) and 6-

311++G(d,p) basis sets. The absorption spectrum was presented as oscillator strength against 

excitation energy as shown in Fig 1(a) to (d). Gauss View5.0 was used to plot the spectra. 

The results obtained show that the studied molecule has maximum excitation energy of 

362.83nm and oscillator strength of 0.8891 at 6-31+G(d) basis set. While for 6-311++G(d,p) 

basis set, the maximum excitation energy was 370.34 nm and the oscillator strength was 

0.8517. These indicates that P3HT is a good photovoltaic material due to its strong 

absorption character. The excitation energy and oscillator strength are listed in with solvents: 

Acetone, Chloroform, Methanol, Thiophene and Toluene. The results obtained show that due 

to the solvent effect, there was an increase in the excitation energy and oscillator strength. 
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The excitation energies were in the range of 280.56-362.83nm for 6-31+G(d) basis set, and 

285.61-370.34nm for 6-311++G(d,p) basis set.The results further show that thiophene solvent at 

excited state  ܵଵ corresponds to the strongest absorption at  370.34nm(݂ = 0.8517) with excitation energy 

of 3.3479	eV using 6-311++G(d,p) basis set.Figure 2 shows the spectra of P3HT at different 

solvents and basis sets. 

Table 6: Wavelength λ(nm), Excitation energy (eV) and Oscillator strength of poly(3-hexylthiophene-2,5-

diyl) 

 

Vacuum/S

olvent 

 
Transitio
n state 

6-31+G(d) 6-311++G (d, P) 

Wavelength 
λ (nm) 

Excitatio
n energy       

(eV) 

Oscillator                           
strength 

(f) 

Wavelength 
λ (nm) 

Excitation 
energy (eV) 

Oscillator 
strength    

(f) 
 

Vacuum 

 

ܵ଴ → ଵܵ 360.72 3.4372 0.7168 361.39 3.4308 0.7152 

ܵ଴ → ܵଶ 305.57 4.0575 0.0163 305.79 4.0546 0.0160 

ܵ଴ → ܵଷ 282.82 4.3839 0.0213 284.17 4.3630 0.0011 

 

Chloroform 

 

ܵ଴ → ଵܵ 362.17 3.4303 0.8552 369.63 3.3543 0.8355 

ܵ଴ → ܵଶ 299.27 4.1400 0.0116 305.98 4.0520 0.0184 

ܵ଴ → ܵଷ 280.75 4.4113 0.0350 286.03 4.3347 0.0299 

 

Acetone 

ܵ଴ → ଵܵ 361.44 3.4303 0.8552 368.84 3.3615 0.8160 

ܵ଴ → ܵଶ 299.48 4.1400 0.0116 305.99 4.0520 0.0171 

ܵ଴ → ܵଷ 281.06 4.4113 0.0350 286.31 4.3304 0.0303 

 

Methanol 

 

ܵ଴ → ଵܵ 361.05 3.4340 361.05 368.44 3.3651 0.8091 

ܵ଴ → ܵଶ 299.50 4.1397 0.0114 305.97 4.0521 0.0169 

ܵ଴ → ܵଷ 281.02 4.4119 0.0348 286.27 4.3310 0.0302 

 

Toluene 

 

ܵ଴ → ଵܵ 362.34 3.4218 0.8839 369.86 3.3522 0.8464 

ܵ଴ → ܵଶ 299.06 4.1458 0.0133 305.95 4.0524 0.0195 

ܵ଴ → ܵଷ 280.31 4.4232 0.0340 285.61 4.3410 0.0290 

Thiophene ܵ଴ → ଵܵ 362.83 3.4172 0.8891 370.34 3.3479 0.8517 

ܵ଴ → ܵଶ 299.13 4.1448 0.0133 305.99 4.0519 0.0196 

ܵ଴ → ܵଷ 280.56 4.4192 0.0346 285.86 4.3373 0.0295 
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Chloroform  6-311++G(d,p)                                                                    Chloroform   6-31+G(d)  

 

 

 

 

 

 

Methanol   6-311++G(d,p)Methanol  6-31+G(d) 

Figure 2: UV-Visible Spectra of P3HT 

 

4.5 Non-Linear Optical Properties 

Non-linear optical (NLO) effect arises from the interactions of electromagnetic fields in 

various media to produce new fields altered in phase, frequency, amplitude and other 

propagation characteristics from the incident fields [45]. Also, dipole moment in a molecule 

is an important electronic property which results from non-uniform distribution of charges on 

the various atoms in the molecule [46]. It is worth noting that, the molecule with higher 

dipole moment tends to be a polar material. Our investigation considered the effects of ionic 

on the non-linear optical properties of P3HT. This is necessary for fully understanding of the 

nonlinear optical response of the molecule. Table 7 shows the non-linear optical properties of 

P3HT in anionic, cationic and neutral forms. It can be observed from the table that there is an 

increase in values of total dipole moments (ߤ௧௢௧), anisotropy of polarizability 〈∆ߙ〉, first-
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order hyperpolarizability (ߚ௧௢௧), second order hyperpolarizability (ߛ௧௢௧), and the mean 

polarizability 〈ߙ〉 due to the effects of the ionic. From the results obtained, anionic has the 

highest values of dipole moment with a value of 5.84116 Debye. The increase in the dipole 

moments of P3HT in anionicaffirms  that the molecule may behave as polar material in ionic. 

Our findings reveal that P3HT molecule in the cationic has slightly higher value of mean 

polarizability when compared with the results obtained in anionic and neutral. However, the 

results obtained for total anisotropic polarizability show that P3HT in neutral has slightly 

higher value as 3.87x10ିଶସwhen compared with the results obtained in anionic and cationic. 

Also, from the results in Table 7, P3HT molecule in cationic has slightly higher value of 

first-order hyperpolarizability (2.623x10-30esu) followed by cationic and neutral with values 

as (1.439x10-30 esu) and (9.48x10ିଷଵesu) respectively. The value obtained for the first order 

hyperpolarizability  in cationic (2.623x10-30esu) is seven times more than that of the urea 

molecule (0.3728x10-30 es), which commonly used for the comparison of NLO properties, 

which makes the molecule a good material for photovoltaic applications. 

Table 7. Non-linear optical properties (in electrostatic unit, esu) and dipole moment in (Debye) of the 
optimized P3HT Molecule in the gas phase and different solvents 

Molecule ࢚࢕࢚ࢽ ࢚࢕࢚ࢼ 〈ࢻࢤ〉 〈ࢻ〉 ࢚࢕࢚ࣆ 
 6-31+G(d)  

Neutral 0.69374 -3.37x10ିଶଷ 3.77x10ିଶସ 9.38x10ିଷଵ -2.475x10ିଵ଻ 
Anionic 5.81114 -4.091x10-23 1.704x10-24 1.139x10-30 -8.199x10-20 

Cationic 4.58540 -2.641x10-23 1.169x10-24 2.523x10-30 -8.675x10-20 

 6-311++G(d,p)  
Neutral 0.69378 -3.47x10ିଶଷ 3.87x10ିଶସ 9.48x10ିଷଵ -2.485x10ିଵ଻ 
Anionic 5.84116 -4.061x10-23 1.804x10-24 1.439x10-30 -8.599x10-20 

Cationic 4.71540 -2.731x10-23 1.169x10-24 2.623x10-30 -8.475x10-20 

 

4.5 Infrared Spectrum 

Infrared spectroscopy is the study of how molecules absorb infrared radiation and thus 

convert it to heat. Thus, an IR spectrum is the study of the interaction of infrared light with 

matter. When a molecule absorbs infrared radiation, its chemical bond vibrates and may 

either be stretched, contracted, or bend [19]. molecule has no imaginary frequency in both 
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ions and neutral. This shows that the molecule was stable. The spectrum was plotted as IR 

against frequency in Figure 3(a) and (b). In a neutral, the most intense frequency was found 

to be 3023cm-1 at an intensity of 91.2256km/mol, at this frequency there is a medium =C-H 

stretch, strong (broad) dimer OH, and small Ar-H stretch mode of vibrations were observed. 

The second most intense frequency was found to be 3018cm-1 at an intensity of 

75.7146km/mol. At this frequency there is a medium =CH stretch, strong(broad) dimer OH 

and small Ar-H stretch mode of vibrations were observed. IR PAL 2.0 was used to interpret 

these frequencies [43]. In the medium, the most intense frequency for anionic was found to 

be 2980.5244cm-1 at an intensity of 1497.1328km/mol. At this frequency, medium =CH 

stretch, strong (broad) dimer OH, strong (broad)dimer OH, and Ar-H stretch were observed. 

The second most intense frequency was 3088cm-1 at an intensity of 958.2909km/mol. At this 

frequency, strong (broad) dimer OH, strong (broad) dimer OH, and small Ar-H stretch were 

observed. For the cationic,the most intense frequency was found to be 1112.9091cm-1 at an 

intensity of 158.8877km/mol. At this frequency, there was a strong = C-F stretch, strong C-O 

stretch, medium stretch, small C=S thiocarbonyl, waggP-H phosphine oxide, strong P=O 

phosphate and as well as strong C-O stretch mode of vibrations were observed.The second 

most intense frequency was found to be 1112.9030cm-1 at an intensity of 157.7526km/mol. 

At this frequency, there was a strong = C-F stretch, strong C-O stretch, medium stretch, small 

C=S thiocarbonyl, wagg P-H phosphine oxide, strong P=O phosphate and as well as strong 

C-O stretch mode of vibrations were observed. 
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Anionic +                                                                         Anionic ++ 

 

Cationic +                                                                             Cationic ++ 

 

Neutral +                                                                                   Neutral ++ 

Figure 3 IR Spectrum of P3HT (a) Vacuum (b) Medium 

4.6 Open-circuit Voltage (VOC) 

The open-circuit voltage of an organic solar cell is related to the difference between the 

HOMO of the donor and the LUMO of the electron acceptor, considering the energy loss 

during photo charge generation [44]. The theoretical values of VOC have been calculated 

using equation (16), the values obtained were: 1.685 eV for neutral, 2.729 eV for cationic, 

and 0.576 eV for anionic. These valuesare sufficient for possible efficient electron injection; 

therefore, the studied molecule can be used for organic solar cell application.  

5. CONCLUSION 
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We presented a detailed theoretical characterization of the most stable neutral, anionic and 

cationic P3HT. This allows knowledge of its relative stability, structural and thermochemical 

and spectroscopic properties to be expanded. This is certainly an important step for the 

determination of their composition and the possible reactions leading to their formation in 

both laboratory and industrial environments, reactions that occur either in the gas phase, on 

small aggregates or on medium surfaces. The optimized parameters (bond length and bond 

angle) were calculated at DFT/B3LYP/6-311+G(d), the results obtained show that the lowest 

average value of bond length in vacuum and medium are 1.08311Å and 1.0830Å while the 

lowest value of the bond angle ranges from 105.429-105.8150 in vacuum and 105.449-

105.9230 in medium. The HOMO, LUMO, and energy gap were obtained as -5.2109 eV, -

2.1488 eV, and 3.06 eV in vacuum. While in medium they were obtained as 1.0897 eV, 

4.1021 eV, and 3.01 eV. The chemical potential, electronegativity, hardness, softness and 

electrophilicity of the studied molecule were calculated and reported. The results indicate 

high stability and low reactivity of the molecule in chemical reaction and also indicate that 

the studied molecule is a good electrophile. The result of the IR spectrum shows that the 

studied molecule was stable in both the neutral and ions since no imaginary frequency was 

observed. It was also observed that the most intense frequency was found to be 3023cm-1 at 

an intensity of 91.2256km/mol in neutral. In the medium, the most intense frequency for 

anionic was found to be 2980.5244cm-1 at an intensity of 1497.1328km/mol. At this 

frequency, medium =CH stretch, strong (broad) dimer OH, strong (broad)dimer OH, and Ar-

H stretch were observed. The theoretical values of the open circuit voltage were found to be 

1.685 eV for neutral, 2.729 eV for cationic, and 0.576 eV for anionic. Thus, these values are 

sufficient for possible electron injection, thus making poly (3-hexylthiophene -2,5- diyl) as a 

useful material for solar cells applications. 

 

REFERENCES 

1. Lior N. Energy resources and use: The present situation and possible paths to the future. Energy. 
2008;33(6):842-857. ISSN 0360-5442    

Comment [MF35]: Re-write this part and use 
only the best result that need to present. 

Comment [MF36]: Unity the style of references  



 

20 
 

2. Hottel H. Fifty years of solar energy research supported by the Cabot Fund. Solar Energy. 
1989;43(2):107-128. ISSN 0038-092X  

3.  Acheson RM. An introduction to the chemistry of heterocyclic compounds. John Willey, BSP Books 
New Delhi, India;2009. 

4. Abhishek Kumar Mishra (2018). Conducting Polymers: Concepts and Applications, Journal of 
Atomic, Molecular, Condensate & Nano Physics; Vol. 5, No. 2, pp. 159–193, 2018, DOI: 
10.26713/jamcnp.v5i2.842. 

5. BurakKadem,  Aseel Hassan,  Wayne Cranton (2016). Efficient P3HT:PCBM bulk heterojunction 
organic solar cells; effect of post deposition thermal treatment, Material and Engineering Research 
Institute, Sheffield Hallam University, Sheffield, UK, DOI 10.1007/s10854-016-4661-8. 

6. M. Lawala,b,��, M.A. Saeedc, A. Musad, Muhammad Saeed Aktharc(2018). Enhancement of low 
energy photon absorption in Bi2S3 based Ti replacement: Prospect for high performance solar cells; 
Optik - International Journal for Light and Electron Optics 172 (2018) 680–690; 
https://doi.org/10.1016/j.ijleo.2018.07.077. 

7. Muneerah M. Al Mogren& Adel A. El-Azhary& Wad. Z. Alkiali&MajdiHochlaf (2013). Electronic 
structure and properties of neutral, anionic and cationic silicon–nitrogen nanoclusters: Journal of 
Molecular Modeling: 1610-2940, DOI 10.1007/s00894-013-1809-9. 

8. Si.MohamedBouzzine, GuillermoSalgado-Morán, MohamedHamidi, MohammedBouachrine, 
AlisonGeraldoPacheco,5 andDanielGlossman-Mitnik(2015). DFT Study of Polythiophene Energy 
Band Gap and Substitution Effects: Hindawi Publishing Corporation Journal of Chemistry, Volume 
2015, Article ID 296386, 12 pages http://dx.doi.org/10.1155/2015/296386.  

9. Mark A. Faist, Panagiotis E. Keivanidis, Samuel Foster, Paul H. Wo¨bkenberg, Thomas D. 
Anthopoulos, Donal D. C. Bradley, James R. Durrant, Jenny Nelson (2010). Effect of Multiple 
Adduct Fullerenes on Charge Generation and Transport in Photovoltaic Blends with Poly(3-
hexylthiophene-2,5-diyl): JOURNAL OF POLYMER SCIENCE: PART B: POLYMER PHYSICS 
2011, 49, 45–51 45, DOI: 10.1002/polb.22125.  

10. Brinkmann M., Structure and Morphology Control in Thin Films of Regioregular Poly(3-

hexylthiophene). Polymer Physics. 2011; 49(17):1218-1233. 

11. A. K. Thakur, A. K. Mukherjee, D. M. G. Preethichandra, W. Takashima, and K. Kaneto (2007). 
Charge injection mechanism across the Au-poly„3-hexylthiophene-2,5-diyl… interface: JOURNAL 
OF APPLIED PHYSICS 101, 104508 2007, 0021-8979/2007/10110/104508/5/$23.00.  

12. M. Bourass , A. TouimiBenjelloun , M. Benzakour , M. Mcharfi , M. Hamidi , S.M. Bouzzine ,  F. 
Serein-Spirau , T. Jarrosson , J. P. Lère-Porte , J. M. Sotiropoulos , M. Bouachrine(2015). Theoretical 
Studies by Using the DFT and TD-DFT of the effect of the bridge formed of thienopyrazine in solar 
cells: J. Mater. Environ. Sci. 6 (6) (2015) 1542-1553,  

13. Taura , L. S. Rabiu Nuhu Muhammad , Abdullahi Lawal  and A. S. Gidado (2022). Electronic 
Structure and IR Spectra Analysis of Tetrathiafulvelene (TTF) Using RHF and DFT Quantum 
Mechanical Methods : Journal of Energy Research and Reviews , DOI: 
10.9734/JENRR/2022/v10i430262  

14. Arnaud Maillard and Alain Rochefort (2009). Structural and electronic properties of poly(3-
hexylthiophene) stacked crystals. Journal of American Physical Society, 1098-
0121/2009/79(11)/115207(7), DOI: 10.1103/PhysRevB.79.115207. Green , M. A. K. 



 

21 
 

15. Green , M. A. K. Emery , Y. Hishikawa , W . Warta , E. D. Dunlop , Prog.(2012). Photovoltaic: Res. 
Appl. 2012 , 20 , ; b) http://www.heliatek. com/wp content/uploads/2013/01/130116 PR Heliatek 
achieves record cell_effiency_for OPV.pdf. 

16. Thakur A.K., Mukherjee A.K. ,Preethichandra D.M.G.,  Takashima W. and Kaneto K. (2007). 
Cgarge injection mechanism across the Au poly (3-hexylthiophene-2,5-diyl) interface. Journal of 
applied Physics. 

17. Kadem, B.Y., Kadhim, G.R. and Banimu, S. (2018). Efficient P3HT:SWCNTs hybrids as hole 
transport layer in P3HT:PCBM organic solar cells. Journal of materials science. 
https://doi.org/10.1007/s10854-018-8974-7 

18. Khairulama, F.L. Yap, C.C. and Jumali, M.H. (2020). Improved Performance of Inverted Type 
Organic Solar Cell Using Copper Io� dide-doped P3HT:PCBM as Active Layer For Low Light 
Application. Journal of pre-proofs: 128827. DOI: https://doi.org/10.1016/j.matlet.2020.128827. 

19. Hassana Muhammad Shuwa, Mansur Said and A. S. Gidado (2021). Study of Electronic and 
Molecular Properties of Poly (3-Octylthiophene-2,5 diyl) Polymer using Density Functional Theory 
(DFT) And TimeDependant Density Functional Theory (TD-DFT). Journal of Materials Science 
Research and Reviews, 8(2): 41-52, 2021; Article no.JMSRR.70854. 

20. Rabiu Nuhu Muhammad and A. S. Gidado (2021). Investigating the Effects of Mono-Halogen 
Substitutions on the Electronic, Non-Linear Optical and Thermodynamic Properties of Perylene 
Based on Density Functional Theory. Journal of Materials Science Research and Reviews, 8(2): 29-
40, 2021; Article no.JMSRR.70860. 

21. Ravindram P. Introduction to Density Functional Theory, Condensed Matter Physics; 2015. 
22. Casida, M. E.; C. Jamorski; F. Bohr; J. Guan; D. R. Salahub (1996). S. P. Karna and A. T.  
23. . Ullrich CA, Yang Z (2014) A Brief Compendium of Time-Dependent Density Functional Theory. 

Brazilian Journal of Physics 44: 154-188. 
24. Collins U Ibeji, Isaiah A Adejoro, and Babatunde B Adeleke(2015). A Benchmark Study on the 

Properties of Unsubstituted and Some Substituted Polypyrroles. Journal of Physical Chemistry & 
Biophysics; Biophys 5: 193. doi:10.4172/2161-0398.1000193.  

25. Gidado A.S, Babaji B.G and Ado M (2015). Determination of vibrational frequencies, HOMO-
LUMO Energy and IR spectra of Nucleobases (Adenine, Cytosine, Guanine Thymine and Uracil). 
J.NAMP 2015;31: 465-476. 

26. Bendjeddou A, Tahar A, Abdelkrim G, Didier V (2016). Quantum chemical studies on molecular 
structure and stability descriptors of some p Nitrophenyltetrathiafulvalenes by density functional 
theory (DFT). Acta Chim.Pharm.Indica: 2016;6(2):32-44. ISSN 2277-288X. 

27. Abdulaziz H, Gidado AS, Musa A, Lawal (2019). “Electronic structure and nonlinear optical 
properties of neutral and ionic pyrene and its derivatives based on density functional theory”. J Mater. 
Sci. Rev. 2019;2(3):1-13 

28. El Alamy A, Bourass  M, Amina  A, Mohammed  H, Mohammed B(2017). New organic dyes based 
on phenylenevinylene for solar cells: DFT and TD-DFT investigation. Karbala. International Journal 
of Mordern Science. 2017;3:75-82. 

29. Tahar Abbaz1, Amel Bendjeddou1, Didier Villemin (2018). Molecular structure, HOMO, LUMO, 
MEP, natural bond orbital analysis of benzo and anthraquinodimethane derivatives. Journal of 
Pharmaceutical and Biological Evaluations 2018; Vol. 5 (2): 27-39. DOI: 
http://dx.doi.org/10.26510/2394-0859.pbe.2018.04. 

30. Haider Abbas, MohdShkir, AlFaify S (2015). Density functional of spectroscopy, electronic 
structure, linear and non-linear optical properties of L-proline lithium chloride and L-proline lithium 
bromide monohydrate: For laser applications. Phys. Sci. int. J. 2015;(12):2342-2344. 



 

22 
 

31. Oyeneyin OE (2017). Structural and solvent dependence of the electronic properties and corrosion 
inhibitive potentials of 1,3,4thiadiazole and its substituted derivatives: A theoretical investigation. 
Phys. Sci. int. J. 2017;16(2):1-8. 

32. Khan MF, Bin Rashid R, Hossain A, Rashid MA (2017). Computational study of solvation free 
energy, dipole moment, polarizability, hyperpolarizability and molecular properties of botulin, a 
constituent of Coryphataliera (Roxb.). Dhaka Univ. J. Pharm. Sci. 2017;16(1):1-8. 

33. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman JR, Scalmani G, Barone 
V, Mennucci B, Petersson GA et al (2009) Gaussian 03 and Gaussian 09, Revision A.1, Gaussian, 
Wallingford CT 

34. Wolf Van H. (2010) " IR Pal 2.0: A Table-driven Infrared Application" Available from 
http://home.kpn.nl/~vheeswijk 

35. Stratmann, R.E., Scuseria, G.E., Frisch, M.J., 1988. An efficient implementation of time-dependent density-
functional theory for the calculation of excitation energies of large molecules. J. Chem. Phys. 109 (19), 8218–
8224. 
 

36. Suzuki S, Morita Y, Fukui K, Sato K, Shiomi D, Takui T, Nakasuji K. Aromaticity on the pancake-
bonded dimer of neutral phenalenyl radical as studied by MS and NMR spectroscopies and NICS 
analysis. J. Am. Chem. Soc. 2006;128(8):2530–2531. 

37. Dkhissi. A, Oluhib. F, Chaalane. A, Hiorns. C.R, Lartigau.D.C, Iratcabal. P, Desbrieres. J. and 
Pouchan. C. (2012). Theoretical and experimental study of low band gap polymers for organic solar 
cells. Journal of Physical Chemistry Chemical Physics: 14, 5613–5619. DOI: 10.1039/c2cp40170c 

38. Roldao. C. J, Neto. B.A, Lavarda.C.F, and Sato. F.(2018). Effects of Mechanical Stretching on the 
Properties of Conjugated Polymers: Case Study for MEH-PPV and P3HT Oligomers. JOURNAL OF 
POLYMER SCIENCE, PART B: POLYMER PHYSICS 2018, 56, 1413–1426 

39. Mason P. E. and J. W. Brady J. Phys. Chem. B; (2007) Tetrahedrality and the Relationship between 
Collective Structure and Radial Distribution Functions in Liquid Water. 

40. Thaneshwor P. Kaloni, Georg Schreckenbach& Michael S. Freund (2016). Band gap modulation in 
polythiophene and polypyrrolebased systems, Scientific Reports | 6:36554 | DOI: 10.1038/srep36554 

41. Mohamed Si. Bouzzine Guillermo SalgadoMorán, Mohamed Hamidi, Mohammed Bouachrine, 
Alison Geraldo Pacheco, and Daniel Glossman-Mitnik. DFT Study of Polythiophene Energy Band 
Gap and Substitution Effects, Journal of Chemistry. 2015; 1-12. 

42. Lakhlifi T, Abram T, Chtita S, Bejjit L, Bouachrine M,(2014). Electronic and photovoltaic  
Properties of new materials based on 6-mono-substituted and 3,6disubstituted acridines and their 
application to design novel materials for organic solar cells. Journal of Computational Methods in 
Molecular Design. 4(3):19-27. 

43. Wolf VH IR PAL V2.0, A table driving infrared Application; 2010.  Available: 
Bhttp://home.kpn.nl/~vheeswijk 

44. Kumer A, Boshir A, Sharif M.A and Abdullah. A (2017). A theoretical study of Aniline and 
Nitrobenzene by computational overview. AJOPACS 38092, 4(2):1-12. 

45. Md. RajibMunshi , Md. Zuel Rana , Sapan Kumar Sen , Md. Ruhul Amin Foisal and Md. Hazrat Ali. 
Theoretical investigation of structural, electronic, optical and thermoelectric properties of GaAgO2 
based on Density Functional Theory (DFT): Two approach" World Journal of Advanced Research 
and Reviews, 2022;13(02):279–291. DOI: https://doi.org/10.30574/wjarr.2022.13 .2.0130 

46. Hanaa S. H. Ahmed and Yousif H. Azeez (2021). “Theoretical Study for Chemical Reactivity 
Descriptors of Tetrathiafulvalene in gas phase and gas phase and solvent phases based on Density 
Functional Theory” Passer J. 2021;3(2):167-173. 



 

23 
 

 


