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Abstract 

This study evaluates the electronic structure, charge transfer properties, and non-linear optical (NLO) potential of five 

new organic dyes with a Donor-π-Acceptor (D-π-A) structure, containing the commonly used anchoring group, 

cyanoacrylic acid. DFT/B3LYP calculations were carried out using a 6-31G(d,p) basis set. The optimized geometries 

indicate many frontiers molecular orbitals with energy gaps ranging from 1.766 to 2.717 eV, with MK162 having the 

lowest bandgap, making it a promising option for organic solar cells. Natural bond orbital (NBO) study reveals extensive 

electron delocalization, demonstrating strong donor-acceptor interactions within each molecule, notably for MC20 and 

MK162, with high stabilization energies indicating significant charge transfer properties. The Mulliken charge 

distribution shows that sulfur has a positive charge, while the carbon atoms that are close to sulfur have negative charges, 

which facilitates charge transfer. Furthermore, MK162 has the greatest levels of polarizability, hyperpolarizability, and 

dipole moments among the molecules examined by NLO analysis, making it the most promising of the group. These 

results support the possibility that these organic dyes might be useful options for organic solar cells.  
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Introduction  

With the increasing demand for more efficient 

optoelectronic materials, the research focus on 

Non-Linear Optical (NLO) materials has grown 

rapidly in recent years. Various practical and 

theoretical studies have been conducted in this field, 

with a particular interest in organic compounds 

possessing NLO characteristics. The versatility of 

these materials extends across various domains, 

encompassing applications in second harmonic 

generation (SHG) photonics [1], electro optics (EO) 

processes [2], telecommunications [3], data storage 

[4], and biological applications [5]. NLO materials 

could change the frequency of the incident laser 

when they interact. To improve the NLO response, 

much research has been conducted on electro-

optical materials using various approaches [6, 7]. 

These approaches include molecular systems with 

extended π-electron structures, twisted π-electron 

structures, donor–π–acceptor (D–π–A) models, 

octupolar molecules, bond length alternation 

theory, enhanced push-pull properties, and metal 

ligands in organic compounds [8, 9, 10].The NLO 

properties are determined by the extent of charge 

transfer (TC) interaction through conjugative 

pathways and the electron transfer capacity of an 

aromatic ring, as well as its ionization 

potential (PI) and electron affinity (AE) [11, 12].  

Linear polarization (Δα) and first-order hyperpol- 

arization (β) are necessary for rationally designing 

optimized materials for photonic devices such as 

electro-optical modulators and total-optical 

commutators [13, 14]. The most frequently 

mentioned organic small molecules typically 

adopt a variety of arrangements, including D-π-A, 

D-A-D, D-π-D, A-π-A, and D-π-A-π-D, to boost 

the efficiency of intramolecular charge transfer 

(ICT) and permit electron injections from the 

excited molecule to the acceptor [15,16]. Due to 

their exceptional optical properties, D-π-A push-

pull models have received a lot of attention in 

organic materials chemistry [17, 18]. These 

compounds have a unique molecular architecture, 
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with an electron donor (D) coupled to an electron 

acceptor (A) via an extended π-system. The D-π-

A configuration promotes electron delocalization 

across the molecule, allowing for efficient light 

absorption at a wide range of wavelengths [19, 

20]. 

This article focuses on the development of a novel 

class of organic electron donor compounds 

designed for application in organic photovoltaic 

cells. Through a comprehensive computational 

investigation employing B3LYP and time-

dependent density functional theory (TD-DFT), we 

present the characterization of a series of novel 

compounds, namely MC28, MC20, MZ173, 

MZ175, and MK162 (Table 1). The research 

integrates experimental and computational results, 

demonstrating a consistent alignment between the 

molecular structure and its electronic properties 

with theoretical predictions. 

Building on the foundation of previous studies, this 

work explores the unique features of these modified 

molecules, shedding light on their potential in 

enhancing the performance of organic photovoltaic 

cells. The investigation delves into key aspects such 

as the electronic structure, dipole moment, first-

order hyperpolarization, gap energy, electronic 

affinity, electronegativity, chemical potential, 

chemical hardness, softness, and electrophilicity 

index, employing TD-DFT calculations. The 

subsequent sections of this article delve deeper into 

the specifics of these findings, providing valuable 

insights into the potential of these novel organic 

compounds for advancing the field of organic 

photovoltaics. 

Table 1. Designed molecular structures (MC28, MC20, MZ173, MZ175 and MK162) 

 

MC 20 

N

S

S

N
O

OH

 
   

MC 28 

N

S

S

S

OH

O

N

 
 

MZ 175  

N

CH3

N

O

OH

 
 

 

MZ 173 
N

CH3

S

N
O

OH  
 

 

MK 162  
N

N

O

OH

H13C6O

H13C6O  



 

 

 

Malays. J. Anal. Sci. Volume 29 Number 2 (2025): 1293 

3 

 

Computational Methods 

The theoretical calculation method is critical for 

modeling the structure of the organic dyes and 

determining its molecular characteristics [21].  The 

TD-DFT calculations were performed using 

Gaussian09 software and the correlation exchange 

functional B3LYP with Gaussian basis 6-31G for 

the optimization of the proposed molecules with 

titles MC28, MC20, MZ173, MZ175, and MK162 

[22, 23]. The optimized structure was visualized 

with Gauss View 6.0.16. The experimental and 

computational data converge to show that the 

molecular structure and its electronic properties are 

coherent with the theoretical predictions, as 

anticipated. During the geometry optimization 

process, no symmetrical constraints were used [21]. 

Additionally, the following equations were used to 

compute the values of the total dipole moment (µ), 

the average polarizability (α), and the first order 

hyperpolarizability (β) The values of α and β in 

atomic units (a.u.) have been transformed to 

electrostatic units (esu) according to the 

relationship (α; 1a.u = 0.1482×10-24 esu, β; 1a.u = 

8.6393×10-33). These parameters can be used in 

certain equations, giving as follows [25, 26].  

 

The dipole moment was identified by: 

       𝜇 = (𝜇𝑎
2 + 𝜇𝑦

2 + 𝜇𝑧
2)

1

2                               (1) 

The polarizability is determined by: 

     < 𝛼 >=
1

3
(𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼2𝑧)                    (2) 

The expression for the first-order 

hyperpolarizability is: 

          𝛽𝑡𝑜𝑡 = (𝛽𝑥
2 + 𝛽𝑦

2 + 𝛽𝑧
2)

1

2                       (3) 

Where 𝛽𝑥 𝛽𝑦, and 𝛽𝑧 are provided by 

       𝛽𝑥 = (𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧  )
2
            (4) 

    𝛽𝑦 = (𝛽𝑦𝑦𝑦 + 𝛽𝑦𝑧𝑧 + 𝛽𝑦𝑥𝑥  )
2
   

𝛽𝑧 = (𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑥𝑥 + 𝛽𝑧𝑦𝑦 )
2
 

Equation (3) can be rewritten as follows, using 

equation (4): 

𝛽𝑦 = [(𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧 )
2

+ (𝛽𝑦𝑦𝑦 + 𝛽𝑦𝑧𝑧 +

𝛽𝑦𝑥𝑥  )
2

+ (𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑥𝑥 + 𝛽𝑧𝑦𝑦 )
2

]           (5) 

The global reactivity parameters of a molecule can 

be calculated using the energies of its HOMO and 

LUMO orbitals.  

The chemical potential (m), global hardness (ƞ), 

softness (S), global electrophilicity index (ω), 

electron affinity (EA), ionization potential (IP), 

and electronegativity (v) are all expressed as 

equations in [27, 28, 29]. 

m = 
(EHOMO + ELUMO)

2
                                 (6) 

ƞ= 
I−A

2
                                                        (7) 

S =  
1

2ƞ
                                                        (8) 

ω = 
µ2

2ƞ
                                                        (9) 

 AE = −ELUMO                                          (10) 

 I = −EHOMO                                              (11) 

   χ =  
I+A

2
                                                     (12) 

 

Results and Discussion 

Structural geometry and molecular frontier 

orbitals 

Figure 1 shows the optimized molecular 

geometries of stable compounds obtained by 

B3LYP calculations using the 6-31G(d,p) base 

group. The various geometric parameters  are 

shown in Table 2. The reactivity of organic 

compounds and the nature of their intramolecular 

charge transfer (ICT) can be determined by 

frontier molecular orbital (FMO) analysis. 

Molecular frontier orbitals (FMOs) are essential 

for understanding the reactivity of organic 

compounds. The most occupied molecular orbital 

(HOMO) characterizes the electron-rich region, 

while the least occupied molecular orbital 

(LUMO) represents the electron-poor region [30]. 

Table 2 illustrates the energies of HOMO, LUMO 

and the energy gap (Egap). 

 

The bandgap energies of the studied compounds 

range from 1.766 to 2.7171 eV and are classified 

as follows: Egap(MK 162) > Egap(MZ 175) > 

Egap(MZ 173) > Egap (MC 20) > Egap ( MC28). 

Mk162 has the lowest gap energy compared to 

other molecules, indicating its potential as a very 

favorable candidate for use in organic 

heterojunction solar cells, to more effectively 

demonstrate the disparity in energy gaps, the 

HOMO and LUMO frontier orbitals for each 

molecule have been illustrated in Figure 2. 
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Figure 1. The optimized structures of the investigated molecules 

 

Figure 2. Optimized molecular frontier orbitals of designed molecules MC20, MC28, MK1623, MZ175 

and MZ173 based on DFT/B3LYP 6-31G(d,p) 

 

Natural bond orbital (NBO) analysis 

The (NBO) study is an important tool for 

understanding the intramolecular and 

intermolecular bond interactions that cause 

electron density delocalization and charge transfer 

in molecular systems. Thus, all possible 

interactions between filled Lewis bonds (donors) 

and empty non-Lewis bonds (acceptors), by 

estimating their energetic importance through 

second-order perturbation theory E(2) [34, 35]. 

Since these interactions lead to an occupancy 

donor for the localized NBO of the idealized 

Lewis structure in the empty non-Lewis orbitals. 

For each donor (i) and acceptor (j) NBO, the 

stabilization energy E(2) associated with electron 
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delocalization between donor and acceptor is 

expressed according to the following equation: 

𝐸(2) = ∆𝐸𝑖𝑗 = 𝑞𝑖

(𝐹𝑖𝑗)2

𝜀𝑗 − 𝜀𝑖
                                     (13) 

where qi is the donor orbital occupancy, εi and εj 

are diagonal elements (orbital energies) and Fi,j is 

the fock matrix element and E(2) is stabilization 

energy [36].  

The stabilization energy E(2) is proportional to the 

interaction intensities of the NBOs, so a large 

value of E(2) shows an intensive interaction 

between the donor orbital, which has a greater 

tendency to supply an electron, and the acceptor 

orbital, which has a greater tendency to accept an 

electron, and the degree of electron delocalization 

is higher [37]. 

The major results of the NBO calculations for the 

molecules MC20, MC28, MK162, MZ173 and 

MZ175, carried out with the NBO 3.1 program 

integrated into Gaussian 09 using B3LYP/6-31G, 

are given in Table 2 The numbering of the 

molecules studied is shown in Figure 1. The most 

likely transition obtained for the MC20 molecule 

is LP3(O31) to LP*1(H32) with a huge 

stabilization energy 476.90 kcal/mol, which offers 

high stabilization and represents a strong 

interaction between donor (LP3) and acceptor 

(LP*1). Other transitions such as π(C25-C26) → 

π*(C28-C29), π(C28-C29) → π*(C33-N34), 

π(C28-C29) → π*(C30-O35) and π(C33-N34) → 

σ*(C24-H49) with very close energies 35.26, 

35.02, 41.57 and 46. 25 kcal/mol respectively. In 

addition, electron delocalization from π*(C25-

C26) to π*(C23-C24) and π*(C16-C21) to 

π*(C19-C20) with huge stabilization energy 

244.86 and 301.07 kcal/mol respectively. 

 

For the MC28 molecule the most likely transition 

observed is LP1(C19) to π*(C22-C31) with a huge 

stabilization energy 103.21 kcal/mol, which offers 

great stabilization and represents a strong 

interaction between donor (LP1) and acceptor 

(π*). Other transitions such as π(C17-C18) → 

LP1(C19), π(C20-C21) → LP1(C19), π*(C22-

C31) → LP1(C19), LP1(C19) → π*(C17-C18) 

and LP1(C19) → π*(C20-C21) with various 

energies 45.95, 44.22, 43.76, 70.87 and 72. 72 

kcal/mol respectively. In addition, electron 

delocalization from π*(N5-C16) to π*(C17-C18) 

and π*(N5-C16) to π*(C20-C21) with higher 

stabilization energies 136.56 and 147.11 kcal/mol 

respectively.  

 

For the MK162 molecule the most likely transition 

obtained is LP3(O57) to LP*1(H58) with a huge 

stabilization energy 478.36 kcal/mol, which offers 

great stabilization and represents a strong 

interaction between donor (LP3) and acceptor 

(LP*1). Other transitions such as π(C52-C53) → 

π*(C54-O71), π(C61-C63) → π*(C62-C66), 

LP1(N14) →π*(C28-C29) and LP2(O57) → 

π*(C54-O71) with various energies 40.53, 54.00, 

64.93 and 50. 39 kcal/mol respectively, in 

addition, electron delocalization from π*(C28-

C29) to π*(C30-C31) and π*(C30-C31) to 

π*(C34-C39) with higher stabilization energies 

229.57 and 220.38 kcal/mol respectively. 

 

For the MZ173 molecule the most likely transition 

to be noticed is LP1(N7) to LP*1(C8) with a huge 

stabilization energy 145.46 kcal/mol, which offers 

great stabilization and represents a strong 

interaction between donor (LP1) and acceptor 

(LP*1). Other transitions such as π(C15-C16) → 

LP*1(C8), π(C18-C19) → LP*1(C8), LP1(C17) 

→ π*(C15-C16), LP1(C17) → π*(C18-C19) and 

LP1(C17) → π*(C21-C22) with varying energies 

59.05, 56. 61, 77.79, 79.99 and 105.05 kcal/mol 

respectively. In addition, electron delocalization 

from π*(C9-C14) to π*(C12-C13) with higher 

stabilization energy 231.44 kcal/mol respectively. 

For the MZ175 molecule the most likely transition 

observed is LP1(C23) to π*(C26-C27) with a 

largest stabilization energy value 91.50 kcal/mol, 

which offers great stabilization and represents a 

strong interaction between donor (LP1) and 

acceptor (π*). Other transitions such as π(C17-

C18) → LP*1(C20), π(C21-C22) → LP*1(C20), 

π(C24-C25) → LP*1(C20), LP1(C23) → π*(C21-

C22), LP1(C23) → π*(C24-C25) with varying 

energies 57.18, 54.46, 52.70, 74.38 and 75. 47 

kcal/mol respectively. In addition, electron 

delocalization from π*(C8-C19) to π*(C15-C16) 

and π*(C9-C14) to π*(C10-C11)with a huge 

stabilization energy of around 327.97 and 289.42 

kcal/mol respectively. 

 

Furthermore, the results clearly show that the 

delocalization of π electrons from C-C bonding 

orbitals to their anti-bonding π* orbitals, of LP 

electrons from C atom orbitals to anti-bonding π* 

C-C bonding orbitals, of LP electrons from O atom 

orbitals to LP* of H atom orbitals and of LP 

electrons from N atom orbitals to LP* of C atom 

orbitals promotes molecule stabilization. 

Although the presence of conjugation along the 

studied molecules is quite clear by the transitions 

π*(C-C) → π*(C-C) and π*(N-C) → π*(C-C). 

 

Consequently, our NBO calculations indicate that 

intramolecular interactions and extended 

hyperconjugation provide more stability and an 

important explanation for charge transfer 

properties in the five compounds studied. As a 

result, they may be useful for potential NLO 

features.
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Table 2. NBO analysis data for MC20, MC28, MK162, MZ173 and MZ175 molecules obtained by 

B3LYP/31-G 

 

 Donor (i) Type Acceptor  (j) Type 

E(2)  

kcal/mol 

E(j)-E(i)  

a.u. 

F(i,j)  

a.u. 

 

 

 

 

 

 

MC20 

C 1 - C 2 π C  3 - C  4 π* 18.42 0.29 0.068 

C 3 – C 4 π C  1 - C 2 π* 18.48 0.29 0.068 

C 16 – C 21 π C 19 - C 20 π* 20.55 0.29 0.070 

C 17 - C 18 π C 16 - C 21 π* 21.88 0.27 0.071 

C 17 - C 18 π C 19 - C 20 π* 19.05 0.29 0.068 

C 19 - C 20 π C 16 - C 21 π* 20.06 0.27 0.066 

C 19 - C 20 π C 17 - C 18 π* 20.48 0.27 0.069 

C 19 - C 20 π C 22 - C 27 π* 28.63 0.28 0.079 

C 22 - C 27 π C 19 - C  20 π* 21.88 0.29 0.071 

C 22 - C  27 π C 25 - C  26 π* 25.19 0.27 0.074 

C 23 - C 24 π C 22 - C 27 π* 25.18 0.28 0.075 

C 25 - C 26 π C 23 - C  24 π* 19.83 0.29 0.071 

C 25 - C  26 π C 28 - C  29 π* 35.26 0.28 0.092 

C 28 - C 29 π C 25 - C  26 π* 15.77 0.31 0.065 

C 28 - C 29 π C 30 - O  35 π* 41.57 0.27 0.096 

C 28 - C  29 π C 33 - N  34 π* 35.02 0.36 0.104 

C 33 - N 34 π C 24 - H  49 σ* 46.25 0.95 0.188 

S 10 LP 2 C 6 - C 7 π* 25.12 0.26 0.073 

S  10 LP 2 C 8 - C 9 π* 23.09 0.26 0.071 

S  15 LP 2 C 11 - C12 π* 25.41 0.26 0.073 

S  15 LP 2 C13 - C 14 π* 23.11 0.26 0.071 

O  35 LP 2 C 29 - C 30 σ* 15.90 0.87 0.108 

O  35 LP 2 C 30 - O  31 σ* 32.81 0.59 0.125 

C 16 - C 21 π* C 19 - C  20 π* 301.07 0.01 0.082 

C 25 - C 26 π* C 23 - C  24 π* 244.86 0.01 0.083 

C 28 - C  29 π* C 33 - N  34 π* 49.65 0.05 0.095 

C 30 - O  35 π* C 28 - C  29 π* 83.76 0.04 0.089 

O 31 LP 3 H  32 LP*1 476.90 0.64 0.494 

O  31 LP 3 H  32 RY*1 30.51 1.13 0.191 

H  32 LP*1 H  32 RY*1 64.08 0.49 0.318 

MC28 

C   1 - C   2 π C   3 - C   4 π* 18.59 0.29 0.068 

C   3 - C   4 π C   1 - C   2 π* 18.32 0.29 0.068 

N   5 - C  16 π C   1 - C   2 π* 18.90 0.40 0.080 

N   5 - C  16 π C   3 - C   4 π* 18.89 0.40 0.080 

C   8 - C   9 π C   6 - C   7 π* 15.75 0.28 0.063 

C 11 - C  12 π C 13 - C  14 π* 16.33 0.28 0.062 

C 13 - C  14 π C 11 - C  12 π* 15.95 0.28 0.063 

C 17 - C  18 π C  19 LP 1 45.95 0.14 0.091 

C 17 - C  18 π N   5 - C  16 π* 32.60 0.23 0.089 

C 20 - C  21 π C  19 LP 1 44.22 0.15 0.091 
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C 20 - C  21 π N   5 - C  16 π* 31.69 0.24 0.088 

C 22 - C  31 π C  19 LP 1 43.76 0.17 0.097 

C 22 - C  31 π C 32 - C  33 π* 20.10 0.27 0.069 

C 23 - C  24 π C 25 - O  30 π* 40.51 0.28 0.095 

C 23 - C  24 π C 28 - N  29 π* 33.08 0.38 0.104 

C 23 - C  24 π C 32 - C  33 π* 16.79 0.28 0.063 

C 32 - C  33 π C 23 - C  24 π* 33.33 0.31 0.091 

S  10 LP 2 C   6 - C   7 π* 25.12 0.26 0.073 

S  10 LP 2 C   8 - C   9 π* 23.17 0.26 0.071 

S  15 LP 2 C 11 - C  12 π* 25.45 0.26 0.073 

S  15 LP 2 C 13 - C  14 π* 22.97 0.26 0.071 

C  19 LP 1 C 17 - C  18 π* 70.87 0.13 0.107 

C  19 LP 1 C 20 - C  21 π* 72.72 0.13 0.107 

C  19 LP 1 C 22 - C  31 π* 103.21 0.11 0.114 

O  26 LP 2 C 25 - O  30 π* 50.44 0.32 0.119 

N  29 LP 1 C 28 RY* 1 15.65 1.10 0.118 

O  30 LP 1 C 25 RY* 1 14.09 1.36 0.124 

O  30 LP 2 C 24 - C  25 σ* 15.36 0.88 0.106 

O  30 LP 2 C 25 - O  26 σ* 33.66 0.59 0.127 

S  34 LP 2 C 22 - C  31 π* 26.53 0.26 0.075 

S  34 LP 2 C 32 - C  33 π* 23.33 0.26 0.070 

N   5 - C  16 π* C  1 - C   2 π* 43.44 0.04 0.052 

N   5 - C  16 π* C  3 - C   4 π* 44.28 0.04 0.052 

N   5 - C  16 π* C 17 - C  18 π* 136.56 0.04 0.096 

N   5 - C  16 π* C 20 - C  21 π* 147.11 0.04 0.096 

C 23 - C  24 π* C 28 - N  29 π* 41.58 0.07 0.098 

C 25 - O  30 π* C 23 - C  24 π* 98.45 0.03 0.090 

C 32 - C  33 π* C 23 - C  24 π* 108.72 0.03 0.083 

 

 

 

MK162 

C   1 - C   2 π C   5 - C   6 π* 21.88 0.27 0.071 

C   3 - C   4 π C   1 - C   2 π* 22.10 0.28 0.071 

C   5 - C   6 π C   1 - C   2 π* 20.02 0.28 0.067 

C   5 - C   6 π C   3 - C   4 π* 21.88 0.28 0.071 

C 15 - C  20 π C 16 - C  17 π* 21.11 0.28 0.069 

C 16 - C  17 π C 18 - C  19 π* 21.26 0.27 0.070 

C 18 - C  19 π C 15 - C  20 π* 21.28 0.29 0.071 

C 18 - C  19 π C 16 - C  17 π* 18.48 0.29 0.065 

C 28 - C  29 π C 30 - C  31 π* 22.07 0.29 0.073 

C 30 - C  31 π C 32 - C  33 π* 22.71 0.27 0.071 

C 30 - C  31 π C 34 - C  39 π* 22.69 0.30 0.074 

C 32 - C  33 π C 28 - C  29 π* 22.36 0.27 0.073 

C 34 - C  39 π C 37 - C  38 π* 24.00 0.31 0.078 

C 35 - C  36 π C 34 - C  39 π* 24.46 0.32 0.080 

C 37 - C  38 π C 35 - C  36 π* 23.73 0.31 0.078 

C 37 - C  38 π C 42 - C  46 π* 23.58 0.31 0.076 
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C 41 - C  43 π C 44 - C  45 π* 25.31 0.26 0.076 

C 42 - C  46 π C 44 - C  45 π* 28.00 0.26 0.078 

C 44 - C  45 π C 47 - C  48 π* 27.20 0.24 0.073 

C 49 - C  50 π C 52 - C  53 π* 33.11 0.31 0.091 

C 52 - C  53 π C 54 - O  71 π* 40.53 0.27 0.095 

C 52 - C  53 π C 55 - N  56 π* 32.97 0.38 0.104 

C 60 - C  61 σ C 69 - C  70 π* 26.75 0.18 0.066 

C 61 - C  63 π C 62 - C  66 π* 54.00 0.35 0.124 

C 62 - C  66 π C 64 - C  65 π* 22.34 0.34 0.080 

C 64 - C  65 π C 62 - C  66 π* 20.65 0.33 0.075 

C 69 - C  70 π C 60 - C  61 σ* 26.05 0.14 0.056 

O   7 LP 2 C   5 - C   6 π* 29.79 0.33 0.095 

N  14 LP 1 C   3 - C   4 π* 21.12 0.28 0.070 

N  14 LP  1 C 28 - C  29 π* 64.93 0.29 0.126 

O  21 LP 2 C 18 - C  19 π* 32.08 0.33 0.098 

S  51 LP 2 C 47 - C  48 π* 26.11 0.26 0.075 

O  57 LP 2 C 54 - O  71 π* 50.39 0.32 0.119 

O  71 LP  2 C 54 - O  57 σ* 32.92 0.59 0.126 

C 28 - C  29 π* C30 - C  31 π* 229.57 0.02 0.081 

C 30 - C  31 π* C 34 - C  39 π* 220.38 0.02 0.086 

C 44 - C  45 π* C 41 - C  43 π* 76.17 0.05 0.089 

C 44 - C  45 π* C 42 - C  46 π* 83.99 0.05 0.089 

C 49 - C  50 π* C 52 - C  53 π* 108.54 0.03 0.083 

C 52 - C  53 π* C 55 - N  56 π* 41.88 0.07 0.098 

C 54 - O  71 π* C 52 - C  53 π* 99.22 0.03 0.091 

C 61 - C  63 π* C 64 - C  65 π* 37.78 0.04 0.062 

C 62 - C  66 π* C 64 - C  65 π* 162.18 0.02 0.083 

C 69 - C  70 π* C 59 - C  60 π* 84.54 0.01 0.059 

O  57 LP  1 H  58 LP* 1 15.82 0.69 0.107 

O  57 LP 3 H  58 LP* 1 478.36 0.64 0.495 

O  57 LP 3 H  58 RY*  1 30.68 1.13 0.191 

MZ173 

C  1 - C   6 π C   2 - C   3 π* 19.27 0.28 0.066 

C   1 - C   6 π C   4 - C   5 π* 20.91 0.28 0.069 

C   2 - C   3 π C   1 - C   6 π* 21.73 0.27 0.069 

C   2 - C   3 π C   4 - C   5 π* 20.55 0.27 0.067 

C   4 - C   5 π C   1 - C   6 π* 19.53 0.29 0.067 

C   4 - C   5 π C   2 - C   3 π* 20.09 0.29 0.068 

C   9 - C  14 π C 10 - C  11 π* 18.67 0.29 0.065 

C   9 - C  14 π C 12 - C  13 π* 21.60 0.30 0.072 

C 10 - C  11 π C   9 - C  14 π* 21.63 0.28 0.070 

C 10 - C  11 π C 12 - C  13 π* 17.66 0.29 0.064 

C 12 - C  13 π C   9 - C  14 π* 19.95 0.27 0.066 

C 12 - C  13 π C 10 - C  11 π* 23.03 0.27 0.071 

C 15 - C  16 π C   8 LP* 1 59.05 0.13 0.096 
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C 15 - C  16 π C  17 LP   1 40.01 0.15 0.088 

C 18 - C  19 π C   8 LP* 1 56.61 0.13 0.096 

C 18 - C  19 π C  17 LP  1 38.52 0.15 0.088 

C 21 - C  22 π C  17 LP  1 43.26 0.17 0.096 

C 21 - C  22 π C 23 - C  24 π* 20.30 0.27 0.069 

C 23 - C  24 π C 21 - C  22 π* 13.37 0.29 0.057 

C 23 - C  24 π C 26 - C  27 π* 33.42 0.31 0.091 

C 26 - C  27 π C 23 - C  24 π* 16.70 0.28 0.063 

C 26 - C  27 π C 28 - O  33 π* 40.91 0.27 0.096 

C 26 - C  27 π C 31 - N  32 π* 33.39 0.37 0.104 

N   7 LP 1 C   8 LP* 1 145.46 0.15 0.159 

N   7 LP  1 C   4 - C   5 π* 21.65 0.29 0.071 

N   7 LP  1 C  9 - C  14 π* 21.68 0.29 0.071 

C   8 LP*1 C 15 - C  16 π* 55.36 0.15 0.102 

C   8 LP*1 C 18 - C  19 π* 56.79 0.15 0.102 

C  17 LP  1 C 15 - C  16 π* 77.79 0.13 0.109 

C  17 LP  1 C 18 - C  19 π* 79.99 0.13 0.109 

C  17 LP  1 C 21 - C  22 π* 105.05 0.12 0.115 

S  25 LP 2 C 21 - C  22 π* 26.39 0.26 0.075 

S  25 LP 2 C 23 - C  24 π* 22.95 0.26 0.070 

O  29 LP 2 C 28 - O  33 π* 50.22 0.32 0.119 

O  33 LP 2 C  8 - O  29 σ* 33.69 0.59 0.127 

C   9 - C  14 π* C 12 - C  13 π* 231.44 0.01 0.084 

C 23 - C  24 π* C 26 - C  27 π* 109.39 0.03 0.083 

C 26 - C  27 π* C 31 - N  32 π* 42.99 0.07 0.098 

C 28 - O  33 π* C 26 - C  27 π* 99.46 0.03 0.090 

MZ175 

C   1 - C   2 π C   3 - C   4 π* 24.03 0.30 0.076 

C   1 - C   2 π C   5 - C   6 π* 23.50 0.29 0.075 

C   3 - C   4 π C   1 - C   2 π* 20.37 0.31 0.072 

C   3 - C   4 π C   5 - C   6 π* 20.52 0.29 0.071 

C   5 - C   6 π C   1 - C   2 π* 22.11 0.32 0.075 

C   5 - C   6 π C   3 - C   4 π* 21.62 0.32 0.074 

C   8 - C  19 π C 15 - C  16 π* 20.45 0.31 0.073 

C   8 - C  19 π C 17 - C  18 π* 23.97 0.32 0.079 

C   9 - C  14 π C 10 - C  11 π* 21.29 0.32 0.073 

C   9 - C  14 π C 12 - C  13 π* 23.10 0.32 0.077 

C 12 - C  13 π C  9 - C  14 π* 23.22 0.29 0.074 

C 12 - C  13 π C 10 - C  11 π* 25.31 0.30 0.078 

C 17 - C  18 π C 20 LP* 1 57.18 0.15 0.099 

C 17 - C  18 π C  8 - C  19 π* 22.77 0.29 0.073 

C 17 - C  18 π C 15 - C  16 π* 24.29 0.30 0.078 

C 21 - C  22 π C  20 LP* 1 54.46 0.16 0.102 

C 21 - C  22 π C  23 LP 1 49.73 0.15 0.098 

C 24 - C  25 π C  20 LP* 1 52.70 0.17 0.102 
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C 24 - C  25 π C  23 LP  1 46.53 0.16 0.096 

C 26 - C  27 π C  23 LP  1 31.48 0.17 0.084 

C 26 - C  27 π C 28 - O  31 π* 37.75 0.27 0.092 

C 26 - C  27 π C 32 - N  33 π* 29.93 0.38 0.099 

N  7 LP  1 C   5 - C   6 π* 42.93 0.31 0.103 

N   7 LP  1 C   8 - C  19 π* 45.79 0.31 0.107 

N   7 LP  1 C   9 - C  14 π* 42.89 0.31 0.104 

C  20 LP*1 C 17 - C  18 π* 70.33 0.15 0.112 

C  20 LP*1 C 21 - C  22 π* 67.51 0.15 0.114 

C  20 LP*1 C 24 - C  25 π* 71.03 0.14 0.114 

C  23 LP  1 C 21 - C  22 π* 74.38 0.16 0.119 

C  23 LP  1 C 24 - C  25 π* 75.47 0.15 0.117 

C  23 LP  1 C 26 - C  27 π* 91.50 0.14 0.125 

O  29 LP 2 C 28 - O  31 π* 47.36 0.31 0.112 

O  31 LP 2 C 28 - O  29 σ* 32.88 0.57 0.124 

C   5 - C   6 π* C  1 - C   2 π* 230.24 0.02 0.092 

C   5 - C   6 π* C  3 - C   4 π* 268.08 0.01 0.088 

C   8 - C  19 π* C 15 - C  16 π* 327.97 0.01 0.089 

C   8 - C  19 π* C 17 - C  18 π* 268.94 0.02 0.093 

C   9 - C  14 π* C 10 - C  11 π* 289.42 0.01 0.088 

C   9 - C  14 π* C 12 - C  13 π* 191.30 0.02 0.094 

C 26 - C  27 π* C 32 - N  33 π* 29.53 0.07 0.096 

C 28 - O  31 π* C 26 - C  27 π* 74.80 0.04 0.088 

Table 3. Dipole moment parameters and polarizability optimized with DFT B3LYP/6-31G 

 
MC20 MC28 MK162 MZ173 MZ175 

   
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 

αxx 
541,389 80,233 414,011 61,356 1669,501 247,420 407,760 60,430 362,749 53,759 

αxy 
148,679 22,034 67,797 10,047 -302,374 -44,811 130,066 19,275 -154,011 -22,824 

αyy 
505,903 74,974 611,652 90,646 815,921 120,919 657,517 97,444 673,794 99,856 

αxz 
-0,101 -0,014 -8,782 -1,301 -19,733 -2,924 -41,622 -6,168 9,368 1,388 

αyz 
-78,466 -11,628 -105,360 -15,614 -55,475 -8,221 -117,265 -17,378 -236,008 -34,976 

αzz 
202,073 29,947 201,279 29,829 646,884 95,868 189,320 28,057 258,559 38,318 

<α> 416,455 61,718 408,981 60,611 1044,102 154,735 418,199 61,977 431,701 63,978 

μx 
1,908 **** -0,437 **** -3,519 **** 0,280 **** 0,193 **** 

μy 
0,709 **** 1,985 **** 2,922 **** 3,211 **** -2,711 **** 

μz 
-0,369 **** -1,073 **** -0,894 **** -0,753 **** 1,768 **** 

μtot 
2,069 **** 2,299 **** 4,661 **** 3,311 **** 3,242 **** 
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Mulliken atomic charges 

           The calculation of mulliken atomic charges has an 

appreciable utility in the application of quantum 

mechanical calculations to molecular systems, in 

fact atomic charges have an influence on the 

dipole moment, molecular polarization, electronic 

structure and other properties of molecular 

systems, in addition the distribution of charges on 

atoms suggests the formation of pairs of donors 

and acceptors involving the transfer of charge in 

the molecule [38]. The mulliken atomic charges of 

the molecules MC20, MC28, MK162, MZ173 and 

MZ175 are optimized by the B3LYP method using 

the 6-31G base set. The distribution of the charges 

on the examined molecules are drawn in the figure 

3, the sulfur atoms indicate the greatest value of 

the positive charge (S10, S15, S34, S51 and S25), 

while the carbon atoms (C6, C9, C11, C14, C22, 

C33, C47 and C50) linked directly to sulfur carry 

the most negative charges, the nitrogen and 

oxygen atoms carry negative charges, it is found 

that the carbon atoms closest to sulfur are the most 

electronegative this may be due to the 

delocalization of electronic pairs and sulfur. 
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Figure 3. The mulliken charge analysis of the molecules MC20, MC28, MK162, MZ173 and MZ175 
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Table 4. First-order hyperpolarizability optimized with DFT B3LYP/6-31G 

 

 

  MC20 MC28 MK162 MZ173 MZ175 

  
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 
a.u 

esu 

(10-24) 

βxxx -5379,579 -46475,801 -873,500 -7546,435 177288,350 1531647,25 -1340,047 -11577,069 -1329,675 -11487,468 

βxxy -6442,154 -55655,702 -1797,685 -15530,745 -48823,206 -421798,323 -4387,769 -37907,254 5214,346 45048,307 

βyyz -7017,469 -60626,024 -4588,306 -39639,757 13419,711 115936,914 -9629,544 -83192,522 -15225,361 -131536,463 

βxyz -7258,191 -62705,691 -9299,519 -80341,341 -3786,819 -32715,466 -16137,692 -139418,36 37510,051 324060,586 

βxxz 1596,100 13789,192 536,473 4634,759 5458,203 47155,054 1171,499 10120,935 -2240,354 -19355,094 

βyyy 1562,703 13500,663 1194,528 10319,891 -1575,919 -13614,842 2504,573 21637,761 6195,654 53526,115 

βzzz 1635,834 14132,461 2510,525 21689,186 344,789 2978,739 4127,649 35660,003 -14655,613 -126614,24 

βxzz -304,865 -2633,825 -302,892 -2616,778 150,730 1302,206 -630,504 -5447,115 -2449,276 -21160,035 

βyzz  -343,118 -2964,307 -657,990 -5684,577 -274,795 -2374,036 -1004,531 -8678,450 5584,475 48245,962 

βxyy 57,360 495,551 151,411 1308,085 -1470,906 -12707,601 234,317 2024,342 -2021,341 -17462,975 

βtot 8559,766 73950,387 2239,800 19350,312 184125,384 1590714,43 5486,875 47402,761 36799,938 317925,705 
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Non-linear optical properties  

The calculations of the dipole moment, the 

polarizability and the first-order hyper-

polarizability are taught on the non-linear optical 

properties of the molecule [39]. The values 

calculated after transformation into electrostatic 

units (esu) for the molecules MC20, MC28, 

MK162, MZ173 and MZ175 are illustrated in the 

Tables 2 and 3. The high values of the dipole 

moment, the polarizability and the first-order 

hyperpolarizability show that the NLO properties 

are very active (Table 4). However, the higher 

total value of μ is obtained for the MK162 

molecule. Consequently, the µtot values of the 

studied molecules are classified in the following 

descending order: µtot(MK162)> µtot(MZ173)> 

µtot(MZ175)> µtot(MC28) > µtot(MC20). The 

maximum value of the polarizability is obtained 

for the molecule MK162, consequently the values 

of <α> are classified in the following descending 

order: <α>(MK162)> <α>(MZ175)> 

<α>(MZ173)> <α>(MC20) )> <α>(MC28). The 

maximum value of the first-order 

hyperpolarizability is obtained for the MK162 

molecule, therefore the ßtot values have been 

classified in the following decreasing order: 

ßtot(MK162) > ßtot(MZ175) > ßtot(MC20) > 

ßtot(MZ173) > ßtot(MC28). All the values of the 

optimized parameters are larger than that of the 

urea molecule which is one of the molecular 

systems most used to compare the NLO properties 

of organic compounds as a threshold value (urea: 

μ=1.3732 Debaye, α =3.8312×× A°3 and β 

=3.7289× 10−31cm5/esu) obtained by B3LYP/6-

31G(d) [40]. The high values of the optimized 

parameters affirm that the molecules studied are 

candidate molecules to be NLO materials. 

Conclusion  

This investigation reveals remarkable nonlinear 

optical activity in MC20, MC28, MK162, MZ173, 

and MZ175. Through meticulous calculations, we 

have observed elevated dipole moments, 

polarizability, and first-order hyperpolarizability 

values for these molecules, positioning them as 

promising candidates for applications in nonlinear 

optics materials. Significantly, the optimized 

parameters for these molecules outperform those 

of the reference urea molecule, underscoring their 

substantial potential for practical use in advanced 

nonlinear optics applications. 

 

The detailed exploration of structural geometries, 

Natural Bond Orbital (NBO) analyses, and NLO 

characteristics has provided valuable insights into 

the electron density dispersion across these 

molecules. The minor energy distinctions between 

the computed Highest Occupied Molecular Orbital 

(HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) levels facilitate efficient 

intramolecular charge transfer, indicating the ease 

and speed with which this process occurs. The 

NBO analysis further confirms the good electron 

density delocalization in all four studied 

compounds, leading to intense and successful 

intramolecular charge transfer. Notably, our 

findings position these molecules as superior to 

urea in terms of optimized NLO properties. 

 

This study raises intriguing questions for future 

exploration. The investigation into the thermo-

electric properties of the studied thiophene-based 

materials and their stability in solar cell systems 

presents avenues for further research. Addressing 

these questions in subsequent works holds the 

potential to enhance our understanding and 

utilization of these molecules in diverse 

applications, extending beyond their roles as 

excellent candidates for NLO materials to 

promising materials for organic photovoltaic 

systems [1]. 
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