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The main focused of this work is the designing of isoquinoline-based derivatives through structural 
modeling of synthesized compound (BPDI). Two distinct series of derivatives were developed: MPBID1–
MPBID6, in which electron-withdrawing groups were introduced at unfused phenyl ring on isoquinoline 
core and MPBID1′–MPBID6′, where substitutions were made at unfused phenyl ring on isoquinoline 
core. Quantum chemical calculations were employed by DFT/TD-DFT at M06/6-311G(d, p) functional. 
Frontier molecular orbitals (FMOs), natural bonding orbital (NBO), non-linear optics (NLO), density 
of states (DOS), global reactivity parameters (GRPs), transition density matrix (TDM) and UV-Visible 
analyses of designed compounds were performed to understand their NLO responses. FMO results are 
supported by TDM analysis showing that all the designed compounds have smaller energy gap values 
than the reference compound. Among all the designed compounds, MPBID4′ is the most suitable 
candidate for NLO study because of the lowest energy gap with a larger bathochromic redshift. NBO 
study has confirmed the stability of compounds. Dipole moment, average hyperpolarizability, first 
hyperpolarizability and second hyperpolarizability values of designed compounds were also better 
than that of reference compound. This study reveals that structural tailoring performs a key role in the 
development of attractive and best NLO materials for optoelectronic devices.
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In recent years, non-linear optics (NLO) have gained considerable importance due to their various applications 
in optical communications, quantum optics1information technology, biomedical imaging2material 
sciences3optoelectronic devices4–6 optical data storage, dynamic image processing, telecommunications7, 
sensing, optical computing, and many more1. Furthermore, NLO has emerged as a prominent field of research 
in various disciplines of solid-state physics3medicine8nuclear research9 and chemical dynamics10. Researchers in 
both theoretical and experimental domains are increasingly focusing on NLO materials because of their critical 
role in advancing modern technologies11. The growing demand for high-performance NLO materials has led 
scientists to explore both organic and inorganic domains7,12. These materials have much more attention due 
to their low cost, ease of design and small dielectric constant13. Initially, NLO research was mainly focused on 
inorganic compounds that were used by scientists for NLO applications14. Alkali metal atoms like silicones 
were used for NLO materials as they show several properties like low toxicity, thermal stability, a potential 
source of electrons15 and high efficiency. Unfortunately, there were certain drawbacks associated with inorganic 
compounds including high cost, hardness, non-tunable energy levels and manufacturing difficulty16.

Over time, organic compounds gained substantial consideration over inorganic compounds due to their 
tremendous benefits like greater damage threshold, higher photovoltaic coefficient, speedy response time, low 
development cost, versatility of design, tunable bands and low dielectric coefficient17–21. Synthetic organic 
compounds are considered more important due to their simple reaction chemistry and tolerance of structural 
modeling for better NLO response22,23. Different organic compound classes like fullerene, non-fullerene, 
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polymers, and dyes have been studied in the literature to explore better NLO responses24. The properties of 
organic NLO compounds improved through electronic charge transfer from one fragment to another fragment 
with the aid of π-linker25. This charge transfer (ICT) increases with the structural tailoring of end-capped 
acceptors in various organic compounds. These NLO related properties arise from ICT generating push-pull 
mechanism that can minimize energy gap thus leading to the generation of high performing NLO material26–28.

Among various classes of organic chromophores, donor–π–acceptor (D–π–A) systems have emerged 
as promising candidates for NLO applications owing to their strong intramolecular charge transfer (ICT) 
characteristics, structural tunability, and high polarizability29.

Isoquinoline, a nitrogen-containing hetero aromatic compound, represents a versatile electron-accepting 
unit due to its extended conjugation and electron-deficient nature. Incorporating isoquinoline moieties into 
organic chromophores can enhance the molecular hyperpolarizability (β), facilitate ICT processes, and stabilize 
charge-separated states, making them ideal components in the design of efficient NLO materials. Moreover, the 
rigid and planar structure of isoquinoline contributes to improved thermal and photochemical stability, which 
is critical for practical applications30.

Recent studies have highlighted the potential of isoquinoline-functionalized compounds in organic 
electronics, but their role in NLO applications remains relatively underexplored. The present work aims to 
investigate the structure–property relationships of novel isoquinoline-based chromophores. Herein, a synthesized 
compound 5,6-diphenylbenzol[4,5]imidazole[2,1-a]isoquinoline (DPBI)31 has been taken as parent compound 
and designed into the reference compound MPBIR by structural modelling;30one of the phenyl groups of BPDI 
was replaced with the methyl group as shown in Fig. 1. Two new series (MPBID1-MPBID6 and MPBID1′-
MPBID6′) were designed by structural modulation of reference compound (MPBIR) by introducing electron 
withdrawing moieties at terminal benzene rings (Fig. 2). According to the literature survey, all the designed 
derivatives have not been reported yet and their NLO properties have not been studied. Their optoelectronic 
properties were investigated through DFT/TDDFT approaches. It is expected that this investigation might serve 
as a source for the researchers to explore advance NLO materials with outstanding characteristics.

Computational study
All the theoretical calculations of designed derivatives were accomplished at M06/6-311G(d, p) functional by 
employing Gaussian 16 program package32. At first, the geometrical optimization was performed to get true 
minima geometries. The absence of imaginary frequency supported the successful optimization of entitled 
chromophores. These optimized structures were then utilized to performed further analyses like absorption 
spectra, frontier molecular orbital (FMOs), density of states (DOS), global reactivity parameters (GRPs), 
transition density matrix (TDM), natural bond orbitals (NBO) and NLO investigations at the above-mentioned 
functional.

In order to check the effect of different media on absorption spectra of entitled compounds, UV-Visible 
analysis was accomplished at gaseous phase and in chloroform media. The conductor-like polarizable continuum 
model (CPCM)33 was utilized to explore the effect of chloroform solvent on UV-Vis properties of entitled 
compounds. For the interpretation of data different software like GaussSum34Multiwfn version 3.835, PyMOlyze 
version 2.034, Avogadro version 1.2.0n36Gauss-view version 5.037, and Chemcraft38 were utilized.

Result and discussion
The synthesized parent chromophore 5,6-diphenylbenzol[4,5]imidazo[2,1-a]isoquinoline (DPBI) is designed 
into the reference chromophore (MPBIR) by replacing one of the phenyl group with methyl group to reduce steric 
hindrance and lesser the computational cost. After this structural modification, two series of new compounds 
(MPBID1-MPBID6) and (MPBID1′-MPBID6′) are designed by introducing electron with drawing moieties at 
two different position on benzene ring of isoquinoline core. The first series MPBID1-MPBID6 was designed by 
introducing -F, -Cl, -Br, -NO2 moieties at the benzene ring that is fused with isoquinoline and the second series 
MPBID1′-MPBID6′ was designed by introducing these moieties at phenyl ring which is unfused with core as 
shown in Fig. 2. In order to investigate the effect of these electron with drawing moieties on isoquinoline core 
we divided the compounds in to three fragments as shown in Fig. 2 illustrated with red gray and white color 
balls. The IUPAC names of these designed compounds are presented in Table S1. Furthermore, the ChemDraw 
structure are displayed in Figures S1 and S2. Different analyses like electronic properties, first hyperpolarizability, 
second hyperpolarizability, energy gap, NBO and UV-visible spectra of the designed compounds have been 
performed by DFT computations. The cartesian coordinates of designed compounds are given in Tables S2-S13.

Fig. 1.  Structural modification of Parent chromophore DPBI into reference compound MPBIR.
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Frontier molecular orbital (FMO) analysis
FMO investigation is a powerful tool to examine different electronic transitions, light absorbance, molecular 
reactivity, optical behavior and chemical stabilities of the compound10,39,40. The highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) plays an important role in determining 
the optical and electronic properties of the compounds4114. HOMO is regarded as an electron donator while 
LUMO is regarded as an electron acceptor42,43. The energy difference is known as the energy gap (∆E), which 
is also defined as ELUMO-EHOMO. The ∆E of the designed compounds obtained by FMO is directly related to the 
chemical and kinetic stability of the molecules44. If the molecule has a higher ∆E value then it is considered as less 
reactive, hard molecule. While the molecule with a lower ∆E value shows a higher degree of softness and greater 
reactivity45,46. Thus, the molecules with lower ∆E possess higher ICT and offer the best NLO response47,48. The 
FMO results of MPBID1-MPBID6 and MPBID1′-MPBID6′ are shown in Tables 1 and 2. The other molecular 
orbital energy values of entitled compounds EHOMO−1, ELUMO+1, EHOMO−2, and ELUMO+1 are provided in Tables 
S14 and S15 and their structures are displayed in Figures S3 and S4.

Compounds EHOMO ELUMO ΔE

MPBIR -5.762 -1.938 3.824

MPBID1 -5.811 -2.061 3.750

MPBID2 -5.859 -2.096 3.763

MPBID3 -5.858 -2.083 3.775

MPBID4 -6.225 -3.146 3.079

MPBID5 -6.004 -2.027 3.977

MPBID6 -6.093 -2.312 3.781

Table 1.  Energies of frontier molecular orbitals of investigated compounds. Energy gap = ELUMO−EHOMO, units 
in eV.

 

Fig. 2.  Sketch map of designed compounds (MPBID1-MPBID6 and MPBID1′-MPBID6′).
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The calculated values of HOMO and LUMO energy of compounds MPBIR and MPBID1-MPBID6 
along with their energy gap values are tabulated in Table 1. The EHOMO, ELUMO and energy gap values of the 
MPBIR were examined as -5.762, -1.938 and 3.824 eV, respectively. The EHOMO values of the MPBID1-
MPBID6 were − 5.811, -5.859, -5.858, -6.225, -6.004 and − 6.093 eV, respectively. While the ELUMO values 
of MPBID1-MPBID6 were noted as -2.061, -2.096, -2.083, -3.146, -2.027 and − 2.312 eV respectively. The 
energy gap values of MPBID1-MPBID6 were investigated as 3.750, 3.763, 3.775, 3.079, 3.977 and 3.781 eV, 
respectively. Interestingly, all the designed compounds have lower ∆E than the reference compound except 
MPBID5. These reduced energy gap values are due to the introduction of electron withdrawing groups (-F, -Cl, 
-Br and -NO2, etc.) in fragment 3. The energy gap of the designed molecules reduces in the following order: 
MPBID5 > MPBIR > MPBID6 > MPBID3 > MPBID2 > MPBID1 > MPBID4. The highest energy gap value 
among all the designed molecules was found in MPBID5 (5-methyl-6-(4-(trifluoromethyl)phenyl)benzo[4,5]
imidazo[2,1-a]isoquinoline) because of the presence of -CF3 unit which is less electronegative than -NO2 unit. 
The lowest energy gap value (3.079 eV) was found in the MPBID4 molecule because of the replacement of the 
-Br group with the -NO2 group which is a strong electronegative unit with greater negative inductive effect (-I) 
on fragment 3. It shows that structural modeling of the acceptor moieties has a comparable influence on the 
energy gap of the molecules. Figure 3 showed the electron density on HOMO/LUMO of designed compounds.

Table 2 discloses the HOMO/LUMO values of reference and designed compounds (MPBIR and MPBID1′-
MPBID6′) along with their energy gap values. The ELUMO values of MPBIR and MPBID1′-MPBID6′ were 
− 1.938, -1.966, -2.071, -2.077, -3.304, -2.239 and − 2.456 eV respectively. While 5.797, -5.826, -5.823, -6.046, 
-5.904 and − 5.968 eV were the EHOMO values of derivatives MPBID1′-MPBID6, respectively. The 3.831, 3.755, 
3.746, 2.742, 3.665 and 3.512 eV were the energy gap values of MPBID1′-MPBID6, respectively. The presence 
of a strong electron withdrawing unit (-NO2) in MPBID4′ enhanced the π-conjugation and resonance of the 
molecule leading to a lower energy gap value (2.742 eV). The energy gap entitled chromophore diminished in 
the following order: MPBID1′> MPBIR′> MPBID2′> MPBID3′> MPBID6′> MPBID5′> MPBID4′. Except 
MPBID1′ all other derivatives showed reduced energy gap when electron withdrawing moieties are introduced 
on fused benzene ring of isoquinoline core might be due to greater resonance phenomena. Figures 3 and 4 
show that the electronic charge density is distributed on the entire molecule in both HOMO and LUMO which 
illustrated good ICT in these derivatives.

Fig. 3.  Molecular orbital of MPBIR and MPBID1- MPBID6 illustrating charge densities.

 

Compounds EHOMO ELUMO ΔE

MPBIR -5.762 -1.938 3.824

MPBID1′ -5.797 -1.966 3.831

MPBID2′ -5.826 -2.071 3.755

MPBID3′ -5.823 -2.077 3.746

MPBID4′ -6.046 -3.304 2.742

MPBID5′ -5.904 -2.239 3.665

MPBID6′ -5.968 -2.456 3.512

Table 2.  Energies of frontier molecular orbitals of investigated compounds. Energy gap = ELUMO−EHOMO, units 
in eV.
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The FMO analysis of these designed compounds (MPBID1-MPBID6 and MPBID1′-MPBID6′) are 
compared with each other in other to find out which end capped changes have better electronic results. When 
compared the energy gap of these designed compounds then it shows that almost all the values are comparably 
same except MPBID4 and MPBID4′. There is a great difference in their energy gap values MPBID4 (3.079 
eV), and MPBID4′ (2.742 eV). Both these compounds have same nitro group (-NO2) but the difference in 
their energy gap values is due to the location of attachment of end capped unit. In MPBID4 the -NO2 group is 
attached to fragment 3 which is not fused with fragment 2 (central core). While in MPBID4′ the -NO2 group 
is attached to fragment 1 which is fused with fragment 2 having a better resonance than the other one. This 
resonance property makes the energy gap of MPBID4′ lower (2.742 eV), making it a better option as compared 
to MPBID4 (3.079 eV). Optimized frequency structures of reference and all designed compounds are displayed 
in Figures S5 and S6.

Global reactivity parameters
The FMO (Egap=ELUMO−EHOMO) study is a important factor for the estimation of global reactivity parameters 
(GRPs) such as electron affinity (EA), electronegativity (X)49global electrophilicity index (ω), ionization potential 
(IP), chemical potential (µ), global softness and global hardness (η)50–52. These parameters were estimated 
using Koopmans’s theorem53. The electron donating and electron accepting capabilities of the compounds are 
determined by IP and EA that are the energy mandatory to extract the electron from the HOMO orbital10. 
The electrophilic strength of the compounds can be measured by using this parameter. The energy gap (∆E) is 
directly proportional to the hardness and stability of the compounds while inversely proportional to reactivity 
and softness. Thus, the molecules with smaller energy gaps are soft molecules that are more reactive, easily 
tunable and less stable as compared to the compounds having larger energy gap values. These soft molecules 
with lower energy gaps are considered as better competitor showing the best NLO response44,54. Equations for 
the calculation of global reactivity parameters are displayed in Table S15. The calculated GRP values of designed 
compounds are represented in Tables 3 and 4.

The data from the above Table 3 showed that GRP results for the MPBID1-MPBID6 were closely related 
to energy gap values. The ionization potential values for reference and designed compounds were ranged from 
5.762 to 6.093 eV, respectively. All the designed compounds have greater IP and EA values than the reference 

Compounds IP EA X η µ ω σ ΔNmax

MPBIR 5.762 1.938 3.85 1.912 -3.85 3.876 0.261 2.014

MPBID1 5.811 2.061 3.936 1.875 -3.936 4.131 0.267 2.099

MPBID2 5.859 2.096 3.978 1.882 -3.978 4.204 0.266 2.114

MPBID3 5.858 2.083 3.971 1.888 -3.971 4.176 0.265 2.104

MPBID4 6.225 3.146 4.686 1.539 -4.686 7.130 0.325 3.044

MPBID5 6.004 2.027 4.016 1.989 -4.016 4.054 0.252 2.019

MPBID6 6.093 2.312 4.203 1.891 -4.203 4.671 0.265 2.223

Table 3.  Computed GRPs of MPBIR and MPBID1-MPBID6. Units in eV, softness is eV− 1.

 

Fig. 4.  Molecular orbital of MPBID1′-MPBID6 illustrating charge densities drawn with the help of Avogadro 
software, Version 1.2.0. (http://Avogadro.cc/). All out put files of entitled compounds were accomplished by 
Gaussian 16 version D.01 (https://gaussian.com/g16citation/).
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compound MPBIR. The global hardness values of the reference and designed compounds were 1.912, 1.875, 
1.882, 1.888, 1.539, 1.989 and 1.891 eV, respectively. The MPBID5 has the highest η value (1.989 eV) means that 
it is a hard molecule with more stability and less reactivity than all other designed compounds. MPBID4 has 
the lowest η value (1.539 eV) along with the highest global softness value (0.325 eV − 1) and shows the highest 
reactivity and a larger rate of polarizability holding efficient NLO response. The increasing order of global 
softness (σ) was investigated as MPBID5 < MPBIDR < MPBID6 = MPBID3 < MPBID2 < MPBID1 < MPBID4.

Table  4 demonstrated the GRP values for the MPBID1′-MPBID6′ which showed that GRP results for 
MPBID1′-MPBID6′ were closely related to energy gap values. The global hardness and chemical potential are 
directly related to energy gap values i.e. lesser the global hardness of the molecule, the lower its energy gap 
value55. The ionization potential values for designed compounds were investigated as 5.797, 5.826, 5.823, 6.046, 
5.904, 6.004 and 5.968 eV respectively. All the designed compounds have greater IP, EA and electronegativity 
values than reference compounds. The 0.261, 0.266, 0.265, 0.365, 0.272 and 0.284 eV− 1 were the global softness 
values of the designed compounds MPBID1′-MPBID6′, respectively. MPBID4′ has the highest global softness 
value (0.365 eV− 1) means that it is a soft molecule with less stability and more reactivity and a larger rate of 
polarizability than all other designed compounds. The increasing order of global softness (σ) was found as 
MPBID1′< MPBID3′< MPBID2′< MPBID5′< MPBID6′< MPBID4′.

When compared the GRPs of MPBID4 and MPBID4′, both have the highest global softness (σ) values. In 
MPBID4, the -NO2 group is attached to fragment 3 while in MPBID4′ -NO2 group is attached to fragment 1. 
But when both of these compounds were compared with each other MPBID4′ showed a slightly better result 
(σ = 0.365 eV− 1) than that of MPBID4 (σ = 0.325 eV− 1 ) because it is directly attached to fragment 2 having a 
better resonance effect. Overall, this investigation found that these designed compounds have greater charge 
transfer capability from HOMO to LUMO resulting in good NLO response.

UV-visible analysis
UV-Visible analysis is performed at M06/6-311G(d, p) level in both gaseous and chloroform phase, in order to 
understand the absorption peak of designed compounds. UV-Visible analysis is performed to demonstrate the 
type of transitions, optical properties and photophysical properties of the designed compounds. Table S17 states 
all of the UV-visible parameters like excitation energy (E), oscillator strength (fos) and maximum absorption 
(λmax)of the designed compounds56. The absorption spectra of designed compounds (MPBID1-MPBID6) in 
both gaseous and chloroform phase is displayed in Fig. 5.

Fig. 5.  UV-Visible spectra of designed compounds (MPBID1-MPBID6) in gaseous and solvent phase. These 
spectra were drawn by utilizing the Origin 8.5 software (https://www.originlab.com/).

 

Compounds IP EA X ƞ μ ω σ ΔNmax

MPBID1′ 5.797 1.966 3.882 1.916 -3.882 3.933 0.261 2.026

MPBID2′ 5.826 2.071 3.949 1.878 -3.949 4.152 0.266 2.103

MPBID3′ 5.823 2.077 3.95 1.873 -3.95 4.165 0.265 2.109

MPBID4′ 6.046 3.304 4.675 1.371 -4.675 7.971 0.365 3.409

MPBID5′ 5.904 2.239 4.071 1.832 -4.071 4.523 0.272 2.221

MPBID6′ 5.968 2.456 4.212 1.756 -4.212 5.051 0.284 2.398

Table 4.  Global reactivity parameters of studied compounds (MPBID1′-MPBID6′). Units in eV, Softness is 
eV− 1.
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Table S16 demonstrates the absorption values of reference and designed compounds in both the gaseous 
and solvent phase. Due to the solvent effect, the λmax of the designed compounds observed more bathochromic 
shift in the chloroform phase as compared to the gaseous phase. Chloroform is utilized as a solvent due to its 
moderate polarity, enabling effective dissolution of various organic compounds. It influences molecular orbital 
parameters by lowering HOMO and LUMO energy levels, thereby reducing the HOMO-LUMO gap. The λmax 
of the reference compound was investigated as 319 nm with 3.888 eV excitation energy. The highest value of 
λmax (319 nm) was observed in MPBID4 with 0.049 oscillator strength in gaseous state. In solvent phase, the 
exciton energy values of MPBID1-MPBID6 were 3.860, 3.828, 3,823, 3.815, 4.046 and 3.992 eV, respectively. 
The exciton energy is directly related to charge transfer thus the above mention values show that the absorption 
spectra of the designed compound are better than the reference compound. The 321, 324, 324, 325, 306 and 311 
nm were the λmax values of MPBID1-MPBID6, respectively. The lowest value of λmax (306 nm) was observed in 
MPBID5 with 0.412 oscillator strength which may be due to the presence of -CF3 which is a less electronegative 
unit. The highest value of λmax (325 nm) was observed in MPBID4 with 0.636 oscillator strength. The lower 
excitation energy (3.815 eV) that defines the higher charge transfer ability was seen in MPBID4 due to the 
presence of a strong electron withdrawing moiety (-NO2). A higher value of λmax means a lower energy gap as 
wavelength and energy gap are inversely proportional to each other. The increasing order of λmax of the designed 
compounds was MPBID4 > MPBID3 > MPBID2 > MPBID1 > MPBIDR > MPBID6 > MPBIR5.

Table S31 demonstrated that the compounds MPBID1′-MPBID6′ have comparable results with respect to 
each other in both the gaseous and solvent phases. The highest λmax value (319 nm) in the gaseous state was 
found in compound MPBID4′ with 0.049 oscillator strength. In the solvent phase, the λmax of MPBIDR and 
MPBID1′-MPBID6′ were investigated as 319, 318, 323, 324, 338, 328 and 336 nm, respectively. MPBID4′ has 
the highest λmax value in both gaseous (319 nm) and solvent phase (338 nm) among all the designed compounds. 
This is due to the presence of the strongest electron withdrawing group -NO2 at fragment 1 which create a strong 
push-pull architecture. The increasing order of λmax of the designed compounds is MPBID4′> MPBID6′> 
MPBIR5′ MPBID3′> MPBID2′> MPBIDR > MPBID1′. The absorption spectra of designed compounds 
(MPBID1′-MPBID6′) in both gaseous and chloroform phase are displayed in Fig.  6. All other data related 
to UV-visible analysis of designed compounds (MPBID1-MPBID6 and MPBID1′-MPBID6′) is provided in 
supplementary tables (Tables S16-S45).

Natural bond orbital analysis (NBO)
NBO analysis is a powerful tool that is used to investigate the transfer of charge between empty and filled 
orbitals34,57,58. Some properties like intramolecular and intermolecular transitions, charge distribution, type of 
bonding and interactions in designed compounds are also described by NBO analysis59,60. Delocalization of 
charge density and their transfer from donor to acceptor region is also explored by NBO analysis61,62. These 
calculations are used to evaluate intramolecular and intermolecular interactions like hydrogen bonding, 
conjugated transitions, orbitals interactions and orbital hybridization63 which results in system stabilization. The 
interactions of donors and acceptors are the main reason to yield stabilization energies64. NBO analysis results 
of the designed compounds are tabulated in Tables 5 and 6. NBO analysis of designed compounds (MPBID1-
MPBID6 and MPBID1′-MPBID6′) performed at M06/6-311G (d, p) are tabulated in Tables S43-S55. Some 
properties like intramolecular and intermolecular transitions, charge distribution, type of bonding and 
interactions in designed compounds are also described by NBO analysis59,60. Delocalization of charge density 
and their transfer from donor to acceptor region is also explore by NBO analysis61,62. These calculations are 
used to evaluate intramolecular and intermolecular interactions like hydrogen bonding, conjugated transitions, 
orbitals interactions and orbital hybridization63 which result in system stabilization. The interactions of donor 
and acceptors are the main reason to yield stabilization energies64. NBO analysis results of the designed 

Fig. 6.  UV-Visible spectra of designed compounds (MPBID1′-MPBID6′) in gaseous and solvent phase. These 
spectra were drawn by utilizing the Origin 8.5 software (https://www.originlab.com/).
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compounds are tabulated in Tables 5 and 6. NBO analysis of designed compounds (MPBID1-MPBID6 and 
MPBID1′-MPBID6′) performed at M06/6-311G d, p) are tabulated in Tables S46-S58.

Usually, four types of accepted transitions take place i.e. π→ π*, σ→ σ*, LP → π* and LP → σ*. Other transitions 
are also present but they are forbidden and thus are neglected in NBO analysis. Among all the aromatic 
interactions that occur π → π* stands out since it exhibits higher stabilization energy values. The transitions of 
LP → π* and LP → σ* show slightly stronger behavior than σ→ σ* transitions which act as the least dominant 
transitions among all. The detection of hyperconjugation and charge transfer in designed compounds 
depends upon π→ π* transitions. For π→ π* transitions in MPBIR, the maximum energy value of π(C13-C32) 
→ π*(N2-C12) transition was observed as 26.4 kcal/mol while the minimum value of stabilization energy of 
π(N2-C12) → π*(N2-C12) was observed as 0.54 kcal/mol. Contrastingly, The stabilization energy of 7.81 kcal/
mol for σ(N2-C11) → σ*(C12-C13) makes it the most stable transition in σ→ σ* transitions whereas σ(C9-H10) 
→ σ*(N2-C11) shows the lowest stability with 0.51 kcal/mol. Moreover, in the case of LP to π* transitions, LP (1) 

Compounds Donor(i) Type Acceptor(j) Type
E(2)
[kcal/mol]

E(j)-E(i)
[a.u]

F(i, j)
[a.u]

MPBIR

C13 – C22 π N2 – C12 π* 26.4 0.28 0.077

N2 – C12 π N2 -C12 π* 0.54 0.34 0.013

N2 – C11 σ C12 – C13 σ* 7.81 1.31 0.091

C9 – H10 σ N2 – C11 σ* 0.51 1.01 0.02

N1 LP (1) N2 – C12 π* 47.32 0.31 0.109

N2 LP (1) N1 – C12 σ* 11.71 0.78 0.086

MPBID1

C13 – C21 π N2 – C12 π* 26.8 0.28 0.078

N2 – C12 π N2 – C12 π* 0.57 0.34 0.013

N2 – C11 σ C12 – C13 σ* 7.88 1.31 0.091

C9 – H10 σ N2 – C11 σ* 0.51 1.01 0.02

N 1 LP (1) N2 – C12 π* 47.02 0.31 0.108

N 2 LP (1) N1 – C12 σ* 11.79 0.78 0.086

MPBID2

C13 – C21 π N2 – C12 π* 26.18 0.28 0.077

N2 – C12 π N2 – C12 π* 0.53 0.34 0.013

N2 – C11 σ C12 – C13 σ* 7.89 1.31 0.091

C9 – H10 σ N2 – C11 σ* 0.51 1.01 0.02

N1 LP (1) N2 – C12 π* 47.01 0.31 0.108

O42 LP (2) N40 – O 41 σ* 20.62 0.76 0.113

MPBID3

C13 – C21 π N2 – C12 π* 26.13 0.28 0.077

N2 – C12 π N 2 – C12 π* 0.52 0.34 0.013

N2 – C11 σ C12 – C13 σ* 7.89 1.31 0.091

C9 – H10 σ N 2 – C11 σ* 0.51 1.01 0.02

N 1 LP (1) N2 – C12 π* 47.01 0.31 0.108

N 2 LP (1) N 1 – C12 σ* 11.78 0.78 0.086

MPBID4

C18 – C19 π N40 – O42 π* 27.34 0.16 0.064

N 40 – O42 π C18 – C19 π* 3.98 0.5 0.044

N2 – C11 σ C 12 – C 13 σ* 7.9 1.31 0.091

C9 – H10 σ N2 – C11 σ* 0.51 1.01 0.02

O41 LP (3) N40 – O42 π* 175.92 0.16 0.154

O42 LP (2) N40 – O 41 σ* 20.62 0.76 0.113

MPBID5

C13 – C21 π N2 – C12 π* 25.09 0.28 0.076

N2 – C12 π C13 – C21 π* 9.5 0.35 0.056

N2 – C11 σ C12 – C13 σ* 7.9 1.31 0.091

C9 – H10 σ N2 – C11 σ* 0.51 1.01 0.02

N1 LP (1) N2 – C12 π* 46.94 0.31 0.108

N2 LP (1) N1 – C12 σ* 11.77 0.78 0.086

MPBID6

C13 – C21 π N2 – C12 π* 24.81 0.29 0.075

N2 – C12 π C13 – C21 π* 9.78 0.35 0.056

C18 – C40 σ C40 – N41 σ* 8.86 1.61 0.107

C9 – H10 σ N2 – C11 σ* 0.51 1.01 0.02

N1 LP (1) N2 – C12 π* 46.83 0.31 0.108

N41 LP (1) C18 – C40 σ* 12.06 1.05 0.101

Table 5.  Selected values of NBO analysis for studied chromophores MPBIR and MPBID1-MPBID6.
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(N1) → π*(N2-C12) has greater stabilization energy of 47.32 kcal/mol as compared to LP→ σ* transitions with 
11.71 kcal/mol of stabilization energy.

In the same manner, π→ π* transitions of MPBID1-MPBID6 were π(C13-C21) → π*(N2-C12), π(C13-C21) 
→ π*(N2-C12), π(C13-C21) → π*(N2-C12), π(C18-C19) → π*(N40-O42), π(C13-C21) → π*(N2-C12) and 
π(C13-C21) → π*(N2-C12), with maximum stabilization energy of 26.8,26.18, 26.13, 27.34, 25.09 and 24.81 kcal/
mol respectively. Other π→ π* transitions were π(N2-C12) → π*(N2-C12), π(N2-C12) → π*(N2-C12), π(N2-C12) 
→ π*(N2-C12), π(N40-O42) → π*(C18-C19), π(N2-C12) → π*(C13-C21) and π(N2-C12) → π*(C13-C21) with 
minimum stabilization energy values of 0.57, 0.53, 0.52, 3.98, 9.5 and 9.78 kcal/mol respectively.

Similarly, σ→ σ* transitions of MPBID1-MPBID6 were σ(N2-C11) → σ*(C12-C13), σ(N2-C11) → 
σ*(C12-C13), σ(N2-C11) → σ*(C12-C13), σ(N2-C11) → σ*(C12-C13), σ(N2-C11) → σ*(C12-C13) and σ(C18- 
C40) → σ*(C40-N41) with highest stabilization energy of 7.88, 7.89, 7.89,7.9, 7.9 and 8.86 kcal/mol respectively. 
The σ→ σ* transitions with lowest stabilization energy of 0.51, 0.51, 0.51, 0.51, 0.51 and 0.51 kcal/mol were 
σ(C9-H10) → σ*(N2-C11), σ(C9-H10) → σ*(N2-C11), σ(C9-H10) → σ*(N2-C11), σ(C9-H10) → σ*(N2-C11), 
σ(C9-H10) → σ*(N2-C11) and σ(C9-H10) → σ*(N2-C11) respectively.

LP transitions with σ* and π* were also noticed in designed compounds (MPBID1-MPBID6). LP to π* 
transitions were LP(1)(N1) → π* (N2-C12), LP(1)(N1) → π* (N2-C12), LP(1)(N1) → π* (N2-C12), LP(3)(O41) → 
π* (N40-O42), LP(1)(N1) → π* (N2-C12) and LP(1)(N1) → π* (N2-C12) with highest stabilization energy of 47.02, 
47.01, 47.01, 175.92, 46.94 and 46.83kcal/mol respectively. LP to σ* transitions were LP(1)(N2)→σ*(N1-C12), 
LP(2)(O42)→σ*(N40-O41), LP(1)(N2)→σ*(N1-C12), LP(2)(O42)→ σ*(N40-O41), LP(1)(N2)→σ*(N1-C12) and 

Compounds Donor(i) Type Acceptor(j) Type E(2) [kcal/mol]
E(j)-E(i)
[a.u]

F(i, j)
[a.u]

MPBID1′

C13-C22 π N2-C12 π* 26.32 0.28 0.077

C29-C30 π C29-C30 π* 0.5 0.3 0.011

N2-C11 σ C12-C13 σ* 7.82 1.31 0.091

C9-H10 σ N2-C11 σ* 0.5 1.01 0.02

N1 LP (1) N2-C12 π* 47.19 0.31 0.109

N2 LP (1) N1-C12 σ* 11.74 0.78 0.086

MPBID2′

C13-C22 π N2-C12 π* 26.28 0.28 0.077

N2-C12 π N2-C12 π* 0.53 0.34 0.013

N2-C11 σ C12-C13 σ* 7.83 1.31 0.091

C9-H10 σ N2-C11 σ* 0.51 1.01 0.02

N1 LP (1) N2-C12 π* 47.08 0.31 0.109

N2 LP (1) N1-C12 σ* 11.76 0.78 0.086

MPBID3′

C13-C22 π C14-C16 π* 19.63 0.3 0.071

N2-C12 π N2-C12 π* 0.53 0.34 0.013

N2-C11 σ C12-C13 σ* 7.82 1.31 0.091

C9-H10 σ N2-C11 σ* 0.5 1.01 0.02

N1 LP (1) N2-C12 π* 47.07 0.31 0.109

N2 LP (1) N1-C12 σ* 11.74 0.78 0.086

MPBID4′

C7-C9 π C4-C5 π* 20.9 0.3 0.071

N2-C12 π N2-C12 π* 0.53 0.34 0.013

N2-C11 σ C12-C13 σ* 7.84 1.31 0.091

C9-H10 σ N2-C11 σ* 0.5 1.01 0.02

O41 LP (3) N40-O42 π* 178.34 0.16 0.154

O41 LP (2) N40-O42 σ* 20.62 0.76 0.113

MPBID5′

C13-C22 π N2-C12 π* 26.24 0.28 0.077

N2-C12 π N2-C12 π* 0.53 0.34 0.013

N2-C11 σ C12-C13 σ* 7.83 1.31 0.091

C9-H10 σ N2-C11 σ* 0.5 1.01 0.02

N1 LP (1) N2-C12 π* 46.84 0.31 0.108

F42 LP (3) C40-F43 σ* 10.9 0.71 0.079

MPBID6′

C30-C32 π C27-C29 π* 21.57 0.29 0.071

N2-C12 π N2-C12 π* 0.53 0.34 0.013

C29-C40 σ C40-N41 σ* 8.93 1.62 0.108

C9-H10 σ N2-C11 σ* 0.51 1.01 0.02

N1 LP (1) N2-C12 π* 46.67 0.31 0.108

N41 LP (1) C29-C40 σ* 12.05 1.05 0.101

Table 6.  Selected values of NBO analysis for studied chromophores MPBID1′-MPBID6′.
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LP(1)(N41)→σ*(C18-C40) with highest stabilization energy of 11.79, 20.62, 11.78, 20.62, 11.77 and 12.06 kcal/
mol respectively.

In the same way, as in possibility 1, stabilization energy in all types of transitions are noted in designed 
compounds. Table 6 shows the NBO analysis results of the MPBID1′-MPBID6′. The most stable π → π* transition 
of 26.32 kcal/mol arises from the bonding pattern of π(C13-C22) to π*(N2-C12) within MPBID1 molecule. The π 
→ π* transitions receiving the least stabilization energy stand at 0.5 kcal/mol due to the activation of π(C29-C30) 
to π*(C29-C30). The highest stabilization energy of 7.82 kcal/mol was observed in MPBID1′ when σ(N2-C11) 
→ σ*(C12-C13) occurred and the lowest stabilization energy was 0.5 kcal/mol for the σ(C9-H10)→ σ*(N2-C11).

In MPBID2′ the highest π→ π* stabilizing energy was observed in the transition π(C13-C22) → π*(N2-C12) 
which reached 26.28 kcal/mol yet the π(N2-C12) → π*(N2-C12) transition proved least stable with an energy of 
0.53 kcal/mol. The most stable σ→ σ* transition in MPBID2′ occurred for σ(N2-C11) → σ*(C12-C13) at 7.83 kcal/
mol but σ(C9-H10) → σ*(N2-C11) showed the most unstable transition at 0.51 kcal/mol. The stabilization energy 
in LP (1) (N1) → π* (N2-C12) reaches a maximum value of 47.08 kcal/mol while LP (1) (N2) →σ*(N1-C12) 
exhibits the minimum energy value of 11.76 kcal/mol.

Analysis of MPBID3′ revealed that the π(C13-C22) → π*(C14-C16) transition exhibited 19.63 kcal/mol as its 
maximum stabilization energy but π(N2-C12) → π*(N2-C12) transition displayed only 0.53 kcal/mol. MPBID3′ 
exhibited its highest π→ σ* transition stabilization of 7.82 kcal/mol for σ(N2-C11) → σ*(C12-C13) but σ(C9-H10) 
→ σ*(N2-C11) showed the least energy value at 0.5 kcal/mol. The stabilization energy is at its maximum when LP 
(1) (N1) transfers to π* (N2-C12) at 47.07 kcal/mol yet LP (1) (N2) →σ*(N1-C12) has the lowest value at 11.74 
kcal/mol among all LP to π* transitions.

The largest observed value for π→ π* transitions with 20.9 kcal/mol stabilization energy appeared in π(C7-C9) 
→ π*(C4-C5) whereas the smallest value of 0.53  kcal/mol stabilization energy occurred from π(N2-C12) → 
π*(N2-C12). MPBID4′ demonstrates σ(N2-C11) → σ*(C12-C13) transitions that have 7.84 kcal/mol stabilization 
energy as its highest value and σ(C9-H10) → σ*(N2-C11) transitions that show 0.5 kcal/mol stabilization energy 
as the minimum value. The highest stabilization energy of 178.34 kcal/mol exists in LP (3) (O41) → π* (N40-O42) 
but LP (2) (O41) → σ*(N40-O42) exhibits the lowermost stabilization energy of 20.62 kcal/mol.

The π→ π* transitions of MPBID5′ were found to reach their maximum stabilization point of 26.24 kcal/
mol when analyzing the π(C13-C22) → π*(N2-C12) connection and the minimum stabilization occurred at 
0.53 kcal/mol through the π(N2-C12) → π*(N2-C12) bond. The highest stabilization energy value of 46.84 kcal/
mol belongs to LP (1) (N1) → π* (N2-C12), whereas LP (3) (F42) →σ*(C40-F43) demonstrates the lowest 
stabilization energy at 10.9 kcal/mol.

From the above-mentioned data, it is believed that among all designed compounds, MPBID4 and MPBID4′ 
have the highest NBO values with greater stabilization energy and charge transfer properties. Thus, NBO analysis 
showed that the enhancement in hyperconjugation and greater ICT value plays an important role in stabilizing 
the designed compounds.

Density of state (DOS)
DOS analysis supports the delocalization of electrons in HOMO and LUMO orbitals65. DOS result supported the 
result of FMO diagrams and is used for the determination of electronic properties65. DOS analysis was performed 
at M06/6-311G (d, p) functional. Calculated DOS percentage values can confirm that the electronic charge 
distribution patterns are due to the attachment of different acceptor moieties66. In DOS pictographs, left side 
values show the valance band (HOMOs) while the right side values show the conduction band (LUMOs) along 
x-axis on DOS maps35. For a better explanation of the DOS study, compounds were divided into 3 fragments. 
These 3 fragments (fragment 3, fragment 2 and fragment 1) are illustrated by red, green and blue colors in the 
pictographs, respectively. Figure 7 is the graphical representation of the DOS of MPBID1-MPBID6.

Table S59 demonstrated the DOS analysis of MPBIR and MPBID1-MPBID6. For the reference compound 
fragments 1,2 and 3 contributed 51.0, 48.9 and 0.2% to LUMO while contributed 18.8, 80.2 and 1.0% to HOMO, 
respectively. Fragment 1 contributed 49.2, 55.6, 55.9, 87.0, 61.5 and 69.9% to LUMO and 19.3, 19.3, 19.8, 15.0, 
15.9 and 16.1% to HOMO in MPBID1-MPBID6, respectively. Fragment 2 contributed 48.9, 44.4, 44.0, 13.0, 
38.5 and 30.1% to LUMO and 79.9, 79.9, 79.4, 84.1, 83.2 and 83.0% to HOMO, respectively. In the same manner, 
fragment 3 contributed 1.9, 0,1, 0.1, 0.0, 0.0% and 0.0% to LUMO and 0.8, 0.8, 0.8, 0.9, 0.9 and 0.9% to HOMO 
in MPBID1-MPBID6, respectively. Thus, major charge distribution contribution of HOMO was present in 
fragment 2 and for LUMO major contribution of charge distribution was present in fragment 1. As shown in 
DOS pictographs, for reference compound, the highest density of the HOMO was present in fragment 2 and 
the highest density of LUMO was present in fragment 3. For the designed compounds, fragment 2 exhibited a 
maximum charge cloud on the HOMO at -6 eV while fragment 1 showed the greatest peak of charge density on 
the LUMO at -2 eV. Thus, the DOS pictograph shows the transfer of charge from fragment 2 to fragment 1 in all 
MPBID1-MPBID6. In MPBID4, the highest charge density (84.1%) on HOMO was occupied by fragment 2, 
and the highest charge density (87.0%) on LUMO was occupied by fragment 1. All this charge distribution factor 
reveals that MPBID4 transfers the charge proficiently among all other designed compounds.

For the compounds MPBID1′-MPBID6′, DOS values were demonstrated in Table S60. Fragment 1 
contributed 50.7, 50.7, 50.7, 0.2, 49.4 and 0.5% to LUMO and 18.8, 18.7, 18.8, 18.9, 18.8 and 18.8% to HOMO in 
chromophores MPBID1′-MPBID6′, respectively. Fragment 2 contributed 49.1, 48.7, 49.2, 1.7, 48.2 and 3.1% to 
LUMO and 80.3, 78.1, 80.3, 79.8, 80.2 and 80.2% to HOMO, respectively. Fragment 3 contributed 0.2, 0.6, 0.1, 
98.1, 2.3 and 96.5% to LUMO and 0.9, 2.4, 0.9, 1.3, 1.0 and 1.0% to HOMO in MPBID1′-MPBID6′, respectively. 
The chromophores are divided into 3 fragments. These 3 fragments (fragment 3, fragment 2 and fragment 1) 
were shown by blue, green and red lines in the pictographs, respectively. Figure 8 is the graphical representation 
of the DOS of compounds MPBID1′-MPBID6′. For the compounds MPBID1′-MPBID6′, fragment 2 exhibited 
a maximum electronic cloud on the HOMO at -6 eV while fragment 1 showed the greatest peak of on the LUMO 
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Fig. 7.  DOS of reference and designed compounds (MPBID1-MPBID6) drawn by utilizing PyMOlyze 1.1 
version (https://sourceforge.net/projects/pymolyze/).
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at -3 eV. Thus, the DOS pictograph showed the transfer of charge from fragment 2 to fragment 1 in MPBID1′-
MPBID6′. Thus, in all designed compounds DOS calculation showed that charge was efficiently transferred 
from HOMO to LUMO.

Transition density matrix (TDM)
Transition density matrix (TDM) is employed for the explanation of various transition processes like 
intramolecular charge transfer movement in reference and designed compounds. The behavior of transitions 
from the ground state (S0) to the excited state (S1), electron hole localization and electron excitations can also be 
calculated by TDM analysis65,67. TDM plots of the designed compounds were computed using the M06 functional 
with the 6-311G(d, p) basis set. The intensity scale which signifies the charge transfer density from lowest to 
highest value is displayed on the right side of TDM maps. Hydrogen atoms were excluded from the TDM study 
due to their minimal contribution to electronic transitions. For TDM analysis, the designed compounds were 
divided into three fragments: fragment 1, fragment 2, and fragment 3. These fragments are represented by black, 

Fig. 8.  DOS of designed compounds (MPBID1′-MPBID6′) drawn by utilizing PyMOlyze 1.1 version (https://
sourceforge.net/projects/pymolyze/).
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green, and red lines, respectively. The TDM spectra of the reference and designed compounds are shown in 
Fig. 9.

In above Fig. 9, the TDM heat maps display the nature of transitions of the MPBIR and MPBID1-MPBID6. 
It can be shown that the charge was transferred diagonally from fragment 2 to fragment 1. The majority of charge 
coherence was seen in fragment 1 and fragment 2 while no charge was observed in fragment 3. The green and red 

Fig. 9.  TDM heat maps of reference and designed compounds (MPBID1-MPBID6). These were drawn with 
the help of Multiwfn 3.7software (http://sobereva.com/multiwfn/). All out put files of designed compounds 
were accomplished by Gaussian 16 version D.01 (https://gaussian.com/g16citation/).
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spots signify higher electronic clouds in TDM heat maps. MPBID4 shows excellent charge transfer at fragment 
1, this behavior was due to the presence of a highly electron deficient group (-NO).

To understand the charge transfer of MPBID1′-MPBID6′, their fragments were also divided into 3 portions 
i.e. fragment 1, fragment 2 and fragment 3 characterized by black, green and red lines (Fig.  10). There was 
efficient charge transfer coherence in compounds MPBID1′-MPBID3′ but MPBID4′-MPBID6′ compounds 

Fig. 10.  TDM heat maps of designed compounds (MPBID1′-MPBID6′). These were drawn with the help 
of Multiwfn 3.7software (http://sobereva.com/multiwfn/). All out put files of designed compounds were 
accomplished by Gaussian 16 version D.01 (https://gaussian.com/g16citation/).
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showed the higher electronic cloud expressed by red and green spots. In these designed compounds, the 
electronic charge coherence was observed both diagonally and off diagonally all over the TDM map. From the 
TDM map, it has been clear that all the designed compounds have a continuous flow of charge mobility inside 
the molecule. Thus, these designed compounds are found to be unique and effective with great potential to be 
used in the development of NLO materials.

Exciton binding energy (Eb)
Exciton binding energy (Eb) is another important method that is used for the analysis of optoelectronic properties 
of compounds68. Coulombic forces of interaction between hole and electron can also be calculated by binding 
energy. The strength of Eb and coulombic interactions shows direct correlation but forms inverse correlation with 
the exciton dissociation process69,70. Less binding energy values along with lower columbic interactions results in 
higher exciton dissociation rate. The binding energy exists as the numeric difference between electronic energy 
(EH−L) and optical energy gap (Eopt)

71. Whereas, electronic energy is the HOMO-LUMO energy gap and Eopt is 
the first smallest excitation energy. The theoretical estimation of Eb of the designed compounds is calculated by 
the given Eq. 1.

	 Eb = EH−L − Eopt� (1)

.
Eb is exciton binding energy, EH−L is energy energy gap and Eopt is the smallest quantity of energy required for 

first excitation from the ground state (S0) to the excited state (S1)72.
Table 7 illustrates the binding energy values of compounds MPBID1-MPBID6. The Eb values of reference and 

designed compounds are 0.875, 0.877, 0.878, 0.877, 0.704, 0.752 and 0.704eV respectively. These results indicate 
that the designed derivatives have lower binding energy values than the reference compound. Decreasing order 
of binding energy values is MPBID2 > MPBID1 = MPBID3 > MPBIDR > MPBID5 > MPBID4 = MPBID6. The 
lowest Eb value was found in MPBID4 and MPBID6 (Eb = 0.704eV) which means these compounds have a 
higher degree of maximum charge dissociation potential in contrast to other chromophores.

According to data mentioned in Table 8, the Eb values of MPBIDR and MPBID1′-MPBID6′ were 0.875, 
0.876, 0.868, 0.866, 0.669, 0.854 and 0.813eV respectively. All entitled compounds have smaller value of binding 
energy as compared to reference compounds except MPBID1′. The decreasing order of binding energy of the 
designed compound is detected as MPBID1′> MPBIDR′> MPBID2′> MPBID3′> MPBID5′> MPBID6′> 
MPBID4′. MPBID4′ has the lowest binding energy value of 0.669eV among all other designed compounds.

As we compare the binding energy values of both possibilities of designed compounds (MPBID1-MPBID6 
and MPBID1′-MPBID6′) has been shown that almost all the values were comparably the same except for 
MPBID4 and MPBID4′. The Eb value of MPBID4 is 0.704eV whereas the Eb value of MPBID4′ is 0.669eV 
which means MPBID4′ compound shows the smallest Eb value with the greatest charge dissociation potential 
among all the designed compounds. Thus, MPBID4′ is a potential candidate for non-linear optic materials. The 
compounds that have binding energy values lower than 1.9eV are considered perfect photonic materials with 

Compounds EH–L Eopt Eb

MPBIR 3.824 2.949 0.875

MPBID1′ 3.831 2.955 0.876

MPBID2′ 3.755 2.887 0.868

MPBID3′ 3.746 2.880 0.866

MPBID4′ 2.742 2.073 0.669

MPBID5′ 3.665 2.811 0.854

MPBID6′ 3.512 2.699 0.813

Table 8.  Calculated HOMO–LUMO energy gap EH–L, Eopt first singlet excitation energies, and the exciton 
binding energies (Eb) of designed compounds (MPBID1′-MPBID6′). Units in eV.

 

Compounds EH–L Eopt Eb

MPBIR 3.824 2.949 0.875

MPBID1 3.750 2.873 0.877

MPBID2 3.763 2.885 0.878

MPBID3 3.775 2.898 0.877

MPBID4 3.079 2.375 0.704

MPBID5 3.977 3.225 0.752

MPBID6 3.781 3.077 0.704

Table 7.  The theoretical findings involving EH−L and Eopt first singlet excitation energies and Eb (exciton 
binding energies) of MPBID1-MPBID6 compounds. Units in eV.
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significant NLO response73. Interestingly, all our designed compounds have Eb values lower than 1.9eV, which 
means they may have promising optical activity and might be used for various NLO applications.

Molecular electrostatic potential (MEP)
The MEP surface uses a color band to show the positive, negative, and neutral electrostatic potentials23. Whereas 
blue indicates the probability of nucleophilic attack, red indicates the possibility of electrophilic attack. The order 
in which the electrostatic potential increases is red < orange < yellow < green < blue.74 As shown in FiguresS7 
and S8, MEP analysis was carried out at the M06/6-311G (d, p) theoretical level to predict the nucleophilic 
and electrophilic sites of the suggested compounds in order to assess their reactivity. The oxygen and nitrogen 
atoms are surrounded by the most important negative potential zone (red). Therefore, among all the derivatives, 
oxygen atoms are the most favorable site for electrophilic assault. However, the blue color primarily indicates the 
presence of hydrogen and carbon atoms, suggesting that the nucleophile is likely to bind at these sites. Yellow 
indicates the positions of the midway potential, which is situated above the aromatic ring and lies between the 
extremes (red and blue) and the average (green).

Non-linear optics (NLO)
NLO study develops rapidly due to its applications in different fields like medical, electronics, telecom, 
optic memory systems and optic transmission modulation10. In comparison of inorganic molecules, organic 
compounds exhibit higher capacity for developing strong NLO materials75. Thus, organic compounds revealed 
significant applications in the field of electrochemical sensors, optical devices76photonic devices77photonic 
materials78biomedicines and signal manipulation79. In organic compounds, NLO response is established due 
to the pull and push mechanism of compounds depending on the nature of the donor, acceptor and pi-spacer. 
According to the literature, polarizability is influenced by the energy gap (∆E). Compounds with smaller energy 
gaps possessed high polarizability and hyperpolarizability values. Dipole moment (µtotal)

80polarizability (<α> )81, 
first-order hyperpolarizability (βtotal)

81 and second-order hyperpolarizability (γtotal)
81 are NLO parameters that 

are attained by M06 functional with 311G(d, p) basis set. These NLO parameters for MPBID1-MPBID6 were 
calculated using Eqs. 2–5.

	 µtotal =
(
µ2

x + µ2
y + µ2

z
)

� (2)

	 < α > = (αxx + αyy + αzz) /3� (3)

	 βtotal = (β2
x + β2

y + β2
z )1/2� (4)

	 γtotal =
√

γx2 + γy2 + γ
z2 � (5)

As tabulated in Table 9, the µtotal of the MPBIDR was 4.964D while dipole moment values of MPBID1-MPBID6 
were 4.9709, 5.1204, 5.0709, 8.1239, 5.6057 and 7.3023D respectively. Interestingly, all the designed compounds 
have larger dipole moment values as compared to the reference compound. The enhancement in the value of 
dipole moment may be due to the introduction of different electron withdrawing groups at acceptor moieties. In 
the designed compounds, the highest dipole moment value was found in MPBID4 with 8.1239D while the lowest 
dipole moment value was found in MPBID1 with 4.9709D value. The decreasing order of dipole moment was 
MPBID4 > MPBID6 > MPBID5 > MPBID2 > MPBID3 > MPBID1 > MPBIRR. A greater dipole moment(µtotal) 
value leads to greater ICT capability of the compound. As MPBID4 has the highest dipole moment value 
(8.1239D) showed a greater electron transportation rate among all other designed compounds.

Electrical characteristics of the organic compounds are determined by polarizability values (<α> ). The 
linear polarizability value of the MPBIDR was 5.09 × 10− 23 esu. while the polarizability values of the MPBID1-
MPBID6 were 5.08 × 10− 23, 5.42 × 10− 23, 5.57 × 10− 23, 5.46 × 10− 23, 5.17 × 10− 23 and 5.43 × 10− 23 esu. respectively. 
All the designed compounds have comparable < α > values with reference compounds. The decreasing order 
of linear polarizability was MPBID3 > MPBID4 > MPBID6 > MPBID2 > MPBID5 > MPBIDR > MPBIR1. 
The βtotal value of reference and designed compounds were 1.48 × 10− 29, 1.15 × 10− 29, 1.35 × 10− 29, 1.26 × 10− 29, 
1.10 × 10− 29, 3.30 × 10− 29 and 5.09 × 10− 29 esu. respectively. The decreasing order of βtotal value was 
MPBID4 > MPBID6 > MPBID5 > MPBIDR > MPBID2 > MPBID3 > MPBIR1.

Compounds µtotal <α> βtotal γtotal

MPBIR 4.9643 5.09 × 10− 23 1.48 × 10− 29 1.15 × 10− 34

MPBID1 4.9709 5.08 × 10− 23 1.15 × 10− 29 1.13 × 10− 34

MPBID2 5.1204 5.42 × 10− 23 1.35 × 10− 29 1.40 × 10− 34

MPBID3 5.0709 5.57 × 10− 23 1.26 × 10− 29 1.51 × 10− 34

MPBID4 8.1239 5.46 × 10− 23 11.0 × 10− 29 3.08 × 10− 34

MPBID5 5.6057 5.17 × 10− 23 3.03 × 10− 29 1.03 × 10− 34

MPBID6 7.3023 5.43 × 10− 23 5.09 × 10− 29 1.60 × 10− 34

Table 9.  Dipole moment (µtotal), polarizability (<α> ), first-order hyperpolarizability (βtotal), second-order 
hyperpolarizability (γtotal) of the designed compounds (MPBID1-MPBID6).
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The γtotal values of the reference and designed compounds were 1.15 × 10− 34,1.13 × 10− 34, 1.40 × 10− 34, 
1.51 × 10− 34, 3.08 × 10− 34, 1.03 × 10− 34 and 1.60 × 10− 34 esu. respectively. All the designed compounds 
have greater γtotal values than that of the reference compound. The decreasing order of γtotal values was 
MPBID4 > MPBID6 > MPBID3 > MPBID2 > MPBIDR > MPBID1 > MPBIR5.

According to data illustrated in Table 10, dipole moment values of the reference and designed compounds 
were 4.9643, 4.2449, 4.1417, 4.1583, 5.3302, 4.4368 and 5.252D respectively. Interestingly, all the designed 
compounds have larger dipole moment values as compared to the reference compound. The decreasing order 
of dipole moment was MPBID4′ > MPBID6′ > MPBIDR′ > MPBID5′ > MPBID1′ > MPBID3′ > MPBID2′. 
The highest dipole moment value was found in MPBID4′ with 5.3302D while the lowest dipole moment value 
was found in MPBID2′ with 4.1417D value. < α > values of MPIBR and MPBID1′-MPBID6′ were 5.09 × 10− 23, 
5.08 × 10− 23, 5.41 × 10− 23, 5.56 × 10− 23, 5.22 × 10− 23, 5.32 × 10− 23 and 5.53 × 10− 23 esu. respectively. Increasing 
order of < α > values of designed compounds was MPBIR3′> MPBID6′> MPBID2′> MPBID5′> MPBID4′> 
MPBIDR′> MPBID1′. The βtotal value of reference and designed compounds were 1.48 × 10− 29, 1.69 × 10− 29, 
1.67 × 10− 29, 1.77 × 10− 29, 1.55 × 10− 29, 2.06 × 10− 29 and 3.57 × 10− 29 esu. respectively. Increasing order of βtotal 
values of designed compounds was as follows: MPBIR6′> MPBID5′> MPBID3′> MPBID1′> MPBID2′> 
MPBID4′> MPBIDR′. All the designed compounds have greater βtotal values than the reference compound. 
The γtotal values of the reference and designed compounds were 1.15 × 10− 34, 1.14 × 10− 34, 1.52 × 10− 34, 
1.67 × 10− 34, 8.85 × 10− 35, 1.43 × 10− 34 and 2.13 × 10− 34 esu. respectively. The results are further compared with 
paranitroanaline as paranitroanaline is considered as a standard compound (βtotal = 6.46 × 10− 30 e.s.u.) for 
exploration of hyperpolarizability properties71. All the designed compounds have greater hyperpolarizability 
values than paranitroanaline. This paranitroanaline related inspection revealed that all the designed compounds 
are most efficient for use in NLO materials.

To evaluate the efficiency of the designed chromophores, a comparative analysis was conducted with 
6-aminoquinoline (6AQ) 82, a well-known benchmark molecule in NLO studies. The β_total value of 6AQ is 
reported to be 6.46 × 10⁻³⁰ esu. Remarkably, all designed compounds exhibit significantly enhanced first-order 
hyperpolarizability values in comparison. Among them, MPBID4 (11.0 × 10⁻²⁹ esu) and MPBID6′ (3.57 × 10⁻²⁹ 
esu) showed the most prominent improvement, surpassing the reference by nearly one order of magnitude. This 
substantial enhancement can be attributed to the extended π-conjugation and optimized donor–π–acceptor 
architecture, which facilitate stronger intramolecular charge transfer. These findings confirm that the structural 
modifications applied in the present study have effectively amplified the NLO response and demonstrate the 
potential of the designed molecules as superior candidates for nonlinear optical applications compared to 
conventional systems like 6AQ. Tables S61-S68 (supplementary information) provide the major contributing 
tensor values of designed compounds.

Conclusion
In this study, a series of organic molecules (MPBID1–MPBID6 and MPBID1′–MPBID6′) were designed 
by structural modification of a reference compound with various electron-withdrawing end-capped acceptor 
units. MPBID1′–MPBID6′ featured substitutions at fragment 3, while MPBID1–MPBID6 were modified at 
fragment 1. The inclusion of electron-withdrawing groups (-F, -Cl, -Br, -NO₂, -CF₃) significantly enhanced 
the optoelectronic properties of these compounds compared to the reference molecule, MPBIDR. Quantum 
chemical analyses revealed that these designed molecules exhibited smaller energy gap values, improved charge 
transfer rates (evident from FMO analysis, DOS, and TDM heat maps), and higher softness (GRP data). The 
compounds also demonstrated prominent absorption in the visible region with low transition energy. Notably, 
MPBID4 (3.079 eV) and MPBID4′ (2.742 eV) showed the smallest energy energy gaps and maximum redshifts 
(325.00 nm and 337.83 nm, respectively), attributed to the strong electron-withdrawing effects of the nitro 
(-NO₂) group. Furthermore, MPBID4′ outperformed MPBID4 due to the direct fusion of the nitro group at 
fragment 3 with the reference core, enabling enhanced resonance effects. Moreover, the NLO analysis revealed 
that all designed compounds exhibited high values for total dipole moment (µtotal), average polarizability (<α> 
), first hyperpolarizability (βtotal), and second hyperpolarizability (γtotal), confirming superior nonlinear optical 
characteristics. Among them, MPBID4′ emerged as the most promising candidate due to its unique NLO 
properties. In conclusion, this computational study highlights that the designed molecules possess excellent 
optoelectronic and NLO properties, indicating their potential utility in future applications across nonlinear 
optics and related fields.

Compounds µtotal <α> βtotal γtotal

MPBIR 4.9643 5.09 × 10− 23 1.48 × 10− 29 1.15 × 10− 34

MPBID1′ 4.2449 5.08 × 10− 23 1.69 × 10− 29 1.14 × 10− 34

MPBID2′ 4.1417 5.41 × 10− 23 1.67 × 10− 29 1.52 × 10− 34

MPBID3′ 4.1583 5.56 × 10− 23 1.77 × 10− 29 1.67 × 10− 34

MPBID4′ 5.3302 5.22 × 10− 23 1.55 × 10− 29 8.85 × 10− 35

MPBID5′ 4.4368 5.32 × 10− 23 2.06 × 10− 29 1.43 × 10− 34

MPBID6′ 5.252 5.53 × 10− 23 3.57 × 10− 29 2.13 × 10− 34

Table 10.  Dipole moment (µtotal), polarizability (<α> ), first-order hyperpolarizability (βtotal), second-order 
hyperpolarizability (γtotal) of the designed compounds (MPBID1′-MPBID6′).

 

Scientific Reports |        (2025) 15:23236 17| https://doi.org/10.1038/s41598-025-04911-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Data availability
All data generated or analyzed during this study are included in this published article and its supplementary 
information files.
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