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ABSTRACT 

The goal of the current work is to use density functional theory (DFT) at the B3LYP level of theory, using a basis set of 6-311++G (d, p), to comprehend the 

physical and chemical characteristics of 6-Methoxy-4-(4-nitro-phenoxy methyl)-chromen-2-one (6MNPM) and 1-(4-nitro-phenoxy methyl)-benzo[f]-

chromen-3-one (4NPMB) of coumarin derivatives. Bond lengths and bond angles, two geometrical parameters, are calculated for coumarin derivatives. We 

have estimated the frontier molecular orbitals (FMO). Furthermore, to shed light on the stability and chemical reactivity of coumarin derivatives, the global 
reactivity descriptors were computed using FMO. The molecular electrostatic potential (MEP) investigation aims to identify the coumarin molecules' 

preferred locations for electrophilic and nucleophilic attacks. The distribution of atomic charge in Mulliken has been performed. The nonlinear optical 

properties (NLO) of coumarin molecules have been calculated to assess their suitability for NLO applications. The computation of natural bonding orbital 
(NBO) allows the identification of the most likely intense intermolecular interactions. The analysis focused on the temperature dependency of the 

thermodynamic characteristics of coumarin derivatives. 

Keywords: Frontier molecular orbitals (FMO), Nonlinear optical properties (NLO), Molecular electrostatic potential (MEP), and thermodynamic parameters. 

1. Introduction 

Coumarin is a versatile scaffold with intriguing 

biological, pharmacological, biochemical, medicinal, and 

photochemical properties, offering various applications [1-

4]. It belongs to the benzopyrone family and is produced 

when a benzene ring and an α-pyrone ring fuse together. 

Since A. Vogel discovered coumarin from tonka beans in 

1820, the compound has been identified in seeds, roots, and 

leaves, particularly among green plants [5]. The coumarin 

molecule (2H-chromen-2-one) can exhibit a broad spectrum 

of pharmacological activity because it interacts with 

numerous important sites in organisms in many ways 

through multiple mechanisms, including hydrophobic 

interactions, hydrogen bonding, and electrostatic interactions 

[6]. Additionally, coumarin derivatives are produced for 

various uses, such as dye lasers and solar cells with dye 

sensitization [7]. Furthermore, by replacing the aromatic 

ring, the versatile function of coumarin allows for adaptable 

structural changes in the scaffold position (3 and 4) [8]. 

Phenyl-coumarins are synthetically versatile derivatives that 

have shown biological and pharmacological effects with an 

additional phenyl ring connected to any position of the 

coumarin scaffold. They are regarded as a key class of 

molecular moiety [9]. Computational techniques can offer 

useful molecular details for these coumarin derivatives. 

Consequently, the main goal of this work is to determine the 

link between the calculated molecular characteristics and the 

chemical substitutions by examining the structure, electrical, 

and optical properties of these identical derivatives [10]. We 

utilized density functional theory (DFT) [11], which is a 

widely and extensively used quantum mechanical technique, 

to compute the electronic and structural characteristics of the 

derivatives [12–14].  

The two coumarin derivatives were subjected to a thorough 

computer analysis [15]. The molecular characteristics of 

coumarin derivatives have been the subject of several 

computational DFT investigations for use in optoelectronics 

[16,17], solar cells [18–21], fluorescent dyes, and lasers 

[22]. The motivation behind this work is to understand the 

basic properties of coumarin derivatives with the help of a 

computational approach, and the results are useful for 

synthesizing new substitutes of the coumarin molecule, 

which are useful for optoelectronic devices, sensing 

applications, and as drug carriers in the medical field. The 

presented work has not been carried out on the 6MNPM and 

4NPMB coumarin derivatives. 

2. Materials and methods  

2.1. Materials 

6-Methoxy-4-(4-nitro-phenoxy methyl)-chromen-2-one 

(6MNPM) and 1-(4-nitro-phenoxy methyl)-benzo[f]-

chromen-3-one (4NPMB) coumarin derivatives were 

synthesized as per the procedure reported in the literature 

[23]. The composition of the compounds of the coumarin 

derivatives is given in Fig. 1 (a) and (b). 

     

(a)                                    (b) 

Fig. 1 Molecular structures of (a) 6MNPM and (b) 4NPMB molecules  

2.2. Quantum Computational details 

The DFT approach has been utilized to accomplish the 

quantum chemical computation of coumarin derivatives at 
Corresponding author: srinathmore@gmail.com 
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the B3LYP model, with a basis set of 6-311++G (d, p). 

Gaussian 16 software is used to compute the various 

properties of the specified derivatives [24]. All computations 

have been performed to better address the polar bonds of the 

methoxy and nitro groups. The triple split valence basis set 

6-311++G is expanded by including the polarization 

function (p) and diffuse function (d) for heavy atoms. In the 

gas phase, the optimization was carried out. The improved 

geometry has been utilized for the subsequent computations 

[25-28].  

3. Results and Discussion 

3.1 Geometrical parameters 

The 6MNPM and 4NPMB are substituted 

phenoxymethyl with two different functional groups: nitro 

(NO2), methoxy (CH3O), and nitro (NO2), and benzo[f] 

chromene-3-one (an extra benzene ring to the coumarin). 

The mentioned functional groups are planar to the benzene 

ring. Using a basic set of 6-311G++ (d, p), the geometrical 

parameters, such as the bond length and bond angle of 

derivatives, were optimized at B3LYP using the DFT 

approach. As seen in Fig. 2 (a-b), the optimal molecular 

geometry was calculated at the theoretical level of B3LYP. 

According to the computed summary of the derivatives' 

optimal structure, they are members of the C1 point group. 

The dipole moments of 6MNPM and 4NPMB derivatives in 

the ground state are 3.44D and 5.15D, respectively. This 

indicates that the molecule's polarity increases from 

6MNPM to 4NPMB molecules. By using the mentioned 

method, the geometrical characteristics of coumarin 

derivatives were derived from the optimized molecular 

structure and are shown in Table 1 (a-b). The parameters, 

like bond length, bond angle, and dihedral angle, show 

similar values in both molecules. 

  

    (a)               (b) 

  Fig. 2 Optimized geometries with dipole moment vector of (a) 6MNPM 

and (b) 4NPMB molecules. 

3.2 Frontier molecular orbital (FMO) 

A frontier molecular orbital (FMO) is the intersection of 

the lowest unoccupied molecular orbital (LUMO) and the 

highest occupied molecular orbital (HOMO) [29–31]. For 

coumarin derivatives, the HOMO and LUMO energy plots 

together with the band gap energy were calculated at B3LYP 

of DFT using the basis set of 6-311++G (d, p). Figure 3 (a-b) 

present the electron energy distribution in the HOMO and 

LUMO for the coumarin derivatives. The observation from 

Figure 3 (a-b) is, that in the 6MNPM and 4NPMB 

derivatives for LUMO, the phenoxy methyl and the 

functional group of the molecule, NO2 occupies electron 

density. Whereas in HOMO the localization of electron 

density is on the methoxy which is attached to the benzene 

ring but there is a slight change in the distribution of electron 

density in both derivatives due to the role played by the 

functional groups attached to the aromatic ring. This 

indicates the possible intermolecular charge transfer. 

To examine the chemical reactivity, hardness (η), softness 

(S), electronegativity (χ), potential (μ), ionization potential 

(I), electron affinity (E), energy gap (Eg), and electrophilicity 

index (ω) of derivatives, it is essential to obtain the HOMO-

LUMO energy gap value [32, 33]. Using Koopman's 

formulas, these parameters were determined for the 

coumarin derivatives in the chemical model, and the 

obtained values are listed in Table 2. The energy gap in the 

examined derivatives reduces in the following order: 

6MNPM < 4NPMB molecule. This suggests that the energy 

gap of the 6MNPM molecule is lower. In comparison to the 

4NPMB, the 6MNPM molecule has a lower energy value, 

which suggests that it is more chemically soft, highly 

reactive, and has weak kinetic stability. Electron affinity (E) 

and electronegativity (χ) will give information about the 

electron-accepting ability of a molecule; the higher the 

values of (E) and (χ), the better the electron-accepting 

ability. 6MNPM and 4NPMB derivatives have the same 

value. This means that both derivatives can accept electrons 

from computational quantum calculations. The 

electrophilicity index further clarifies the system's capacity 

for accepting electrons; a higher value of it indicates a higher 

electron-accepting ability of the molecule. 6MNPM and 

4NPMB have very small changes in the value of the 

electrophilicity index of 0.01 between them, so on this basis, 

6MNPM has a higher electron-accepting ability compared to 

the 4NPMB molecule. 

Table 1 (a). Optimized geometrical parameters of 6MNPM molecules. 

Structural parameters B3LYP / 6-311++G (d, p) 

Bond length (     

C1-C5 1.5 

C1-O14 1.4 

C2-C3 1.3 

C3-C4 1.5 

C4-C5 1.3 

C5-H9 1.0 

C7-C11 1.3 

C21-O22 1.4 

C23-C28 1.3 

C24-C25 1.3 

C26-N33 1.4 

N33-O34 1.1 

N33-O35 1.3 

Bond angle (    

C5-C1-C14 120.7 

O14-C1-O15 119.6 

C3-C2-O14 122.3 
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C2-C3-C4 120.6 

C3-C4-C5 118.5 

C10-C8-H12 119.9 

C8-C10-C11 119.9 

O22-C21-H36 109.4 

O22-C23-C24 120.0 

C24-C23-C28 120.0 

C26-N33-O34 120.0 

O34-N33-O35 120.0 

Dihedral angle ( )  

O14-C1-C5-C4 010.4 

O14-C1-C5-H9 -170.0 

O15-C1-C5-H9 009.2 

C5-C1-O14-C2 -022.5 

O15-C1-O14-C2 158.0 

O14-C2-C7-H6 003.9 

O14-C2-C7-C11 -175.7 

C3-C2-O14-C1 020.7 

O22-C23-C24-H30 000.0 

C28-C23-C24-H25 000.0 

C28-C23-C24-H30 -180.0 

Table 1 (b). Optimized geometrical parameters of 4NPMB molecules. 

Structural parameter B3LYP/6-311++G(d, p) 

Bond length (     

C1-C2 1.5 

C1-C6 1.3 

C1-H18 1.0 

C2-C3 1.3 

C2-H19 1.0 

C3-C4 1.5 

C3-H35 1.0 

C4-C5 1.3 

C4-C7 1.5 

C5-C6 1.5 

C6-H20 1.0 

C7-C8 1.5 

C7-C13 1.3 

Bond angle (    

C2-C1-C6 119.9 

C2-C1-H18 120.0 

C6-C1-H18 120.0 

C1-C2-C3 119.9 

C1-C2-H19 120.0 

C3-C2-H19 120.0 

C2-C3-C4 120.0 

C2-C3-H35 119.9 

C4-C3-H35 119.9 

C3-C4-C5 119.9 

C3-C4-C7 119.9 

C5-C4-C7 120.1 

Dihedral angle ( )  

C6-C1-C2-C3 000.0 

C6-C1-C2-C19 -179.9 

H18-C1-C2-C3 -179.9 

H18-C1-C2-H19 000.0 

C2-C1-C6-C5 -0.060 

C2-C1-C6-H20 179.9 

H18-C1-C6-C5 179.9 

H18-C1-C6-H20 -0.058 

C1-C2-C3-H35 -179.9 

C1-C2-C3-H35 -179.9 

H19-C2-C3-C4 -179.9 

Table 2. Calculated energy values of global reactivity descriptors of 
6MNPM and 4NPMB molecules by B3LYP/6-311++G (d, p) method. 

Parameters with Unit 
DFT 

6MNPM 4NPMB 

EHOMO (eV) -0.22815  -0.23039  

ELUMO (eV) -0.08895  -0.08659  

Energy gap (Eg) (eV) 0.13920  0.14380 

Ionization potential (I) (eV) 0.22815  0.23039  

Electron affinity (E) (eV) 0.08895  0.08659  

Electronegativity ( ) (eV) 0.15855  0.15849  

Chemical potential (μ) (eV) -0.15855  -0.15849  

Chemical hardness (   (eV) 0.06960  0.07190  

Chemical softness (S) (eV-1) 14.36781  13.90820  

Electrophilicity index (    (eV) 0.18053  0.17461  

 

 

 

(a)                                      (b) 

Fig 3. HOMO and LUMO of (a) 6MNPM and (b) 4NPMB molecules. 

3.3 Molecular Electrostatic Potential (MEP) 

The molecular electrostatic potential(MEP) is utilized to 

show the hydrogen bonding interactions and it describes a 

molecule's nucleophilic and electrophilic sites qualitatively 
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[32, 34]. The physio-chemical characteristics are also 

analyzed using MEP. The MEP color coding goes as 

follows: red denotes an electron-rich site, which is the spot 

where an electrophilic attack is more likely to occur. Yellow 

denotes a little electron deficiency, green denotes neutrality, 

light blue denotes a slight   electron deficiency, and blue 

denotes an electron deficiency, the ideal location for a 

nucleophilic attack. These maps provide us with the ability 

to see a molecule's variable charge areas. The present study 

obtains the 3-dimensional plot of MEP of coumarin 

derivatives using the DFT model. The MEP maps obtained 

from chemical mode have certain similarities. Fig. 4 (a-b) 

shows the MEP-mapped surface estimated for coumarin 

derivatives at the B3LYP level of theory. This sort of 

circumstance has been observed in various compounds. It 

is referred to as electrophilic attack because it demonstrates 

that negative potential is dispersed around the oxygen atom 

that is linked to the carbon [35], with potential elevations 

in the following order: red, orange, green, and blue. In the 

6MNPM molecule, the color coding of these maps falls 

between -0.0544 a.u. (deepest red) and 0.0544 a.u. (deepest 

blue). The nitrogen N and hydrogen H atoms connected to 

the benzene ring are surrounded by a positive potential, 

making this an attractive target for nucleophilic attack. 

When contrasted, the N atoms' positive potential value is 

0.011 a.u, and the H  atoms also have a positive potential 

value of identical magnitude. However, the H atom has a 

larger positive potential than the N atom. Concerning the H 

atoms in the CH3 group, the maximal positive areas have a 

value of 0.031 a.u. In contrast, the 6MNPM molecule's H 

atoms in the ring have smaller values than those at the CH3. 

As a result, the electrostatic potential distribution of 

4NPMB and its surrounding molecule is somewhat altered 

when a benzene ring is added in place of a methyl group in 

the provided molecule. Coumarin derivatives exhibit 

chemical activity due to the presence of both nucleophilic 

and electrophilic attack sites. 

 

(a) (b) 

Fig. 4 Electrostatic Density Surface of (a) 6MNPM and (b) 4NPMB 

molecules. 

3.4 Mulliken Atomic Charges 

Using a quantum chemistry approach, the Mullikan 

atomic charge analysis may be performed to characterize 

the impacts of atomic charge, dipole moment, electronic  

structure and molecule polarizability of the system [36, 35]. 

The Mulliken atomic charge distribution of the derivatives is 

computed at the B3LYP level of theory using the DFT 

chemical model, employing the basis set of 6-311++G (d, p) 

for the coumarin molecules. Figures 5 (a, b) show the 

distribution of atomic charges in Mulliken for coumarin 

molecules. The distribution of charge between the 6MNPM 

and 4NPMB derivatives is found to differ noticeably. In the 

molecule of 6MNPM, the C1 atom has a charge of 0.5922C 

and it is surrounded by the carbon and hydrogen atoms and 

attached by oxygen atoms. The 4NPMB molecule also 

consists of a C1 atom with a charge of -0.0864 C. It is in the 

aromatic ring and connected by the H atom. So here clearly, 

we can see the difference in the charge occupied by the C1 

atom. This could be due to the conjugation interaction 

between the C1 and its surrounding atoms. 

  

(a) (b) 

Fig 5. Mulliken Atomic Charge Distribution of (a) 6MNPM and (b) 

4NPMB molecules. 

3.5 Natural Bond Orbital Analysis (NBO) 

Natural bond orbital analysis (NBO) was used to 

interpret interaction atomic orbitals on title molecules, 

revealing atomic charges, orbital occupancies, hybrid 

contributions, and electron density delocalization. The 

NAO orbital energies are calculated by using the Kohu-

sham operator (F) as 

  
   

 〈  
   

     
    〉 

Table 3 (a-b) depict many bonding principles, such as 

the kind of bond orbital, occupancies, natural atomic 

hybrids that comprise the NBO, and the proportion of each 

hybrid in the NBO. Furthermore, the hybrid label and atom 

label show the quantity of s-character, p-character and 

additional hybrid orbital (spx) composition of coumarin 

molecules, as estimated by the B3LYP/6-311++G (d, p) 

basis set using DFT as a chemical model [37–41]. Table 4 

(ab) summarizes the stabilizing energy of several types of 

interaction. As shown below, the stabilization energy E (2) 

is connected to the delocalization of i (donor) → j 

(acceptor) [42, 43]. 

                  =    
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Table 3(a). Natural bond orbital analysis of 6MNPM molecule by DFT/B3LYP with the basic set 6-311++G (d, p). 

Bond orbital Occupancy Atom Contribution from parent NBO (%) Atomic hybrid contribution (%) 

σC1-C2 1.97984 C1 49.94 S(30.92)+P(69.04)+D(0.04) 

  C2 50.06 S(30.83)+P(69.13)+D(0.04) 

πC1-C6 1.82588 C1 50.09 S(00.00)+P(99.94)+D(0.06) 

  C6 49.91 S(00.00)+P(99.94)+D(0.06) 

πC2-C3 1.83272 C2 48.25 S(00.00)+P(99.94)+D(0.06) 

  C3 51.75 S(00.00)+P(99.96)+D(0.04) 

πC4-C5 1.70412 C4 50.06 S(00.00)+P(99.95)+D(0.05) 

  C5 49.94 S(00.00)+P(99.95)+D(0.05) 

πC7-C13 1.76916 C7 52.80 S(00.00)+P(99.95)+D(0.05) 

  C13 47.20 S(00.01)+P(99.92)+D(0.07) 

πC8-C10 1.84714 C8 48.06 S(00.07)+P(99.86)+D(0.07) 

  C10 51.94 S(00.06)+P(99.87)+D(0.07) 

πC12-O21 1.98014 C12 32.29 S(00.26)+P(99.58)+D(0.16) 

  O21 67.71 S(00.15)+P(99.56)+D(0.29) 

πC14-C15 1.83286 C14 51.05 S(00.00)+P(99.94)+D(0.06) 

  C15 48.95 S(00.00)+P(99.94)+D(0.06) 

πC23-C25 1.77184 C23 47.43 S(00.01)+P(99.92)+D(0.07) 

  C25 52.57 S(00.00)+P(99.94)+D(0.06) 

σ*C1-C2 0.02155 C1 50.06 S(30.92)+P(69.04)+D(0.04) 

  C2 49.94 S(30.83)+P(69.13)+D(0.04) 

π*C1-C6 0.15664 C1 49.91 S(00.00)+P(99.94)+D(0.06) 

  C6 50.09 S(00.00)+P(99.94)+D(0.06) 

π*C2-C3 0.17183 C2 51.75 S(00.00)+P(99.94)+D(0.06) 

  C3 48.25 S(00.00)+P(99.96)+D(0.04) 

π*C4-C5 0.30175 C4 49.94 S(00.00)+P(99.95)+D(0.05) 

  C5 50.06 S(00.00)+P(99.95)+D(0.05) 

π*C7-C13 0.27597 C7 47.20 S(00.00)+P(99.95)+D(0.05) 

  C13 52.80 S(00.01)+P(99.92)+D(0.07) 

π*C8-C10 0.12327 C8 51.94 S(00.07)+P(99.86)+D(0.07) 

  C10 48.06 S(00.06)+P(99.87)+D(0.07) 

π*C12-O21 0.24436 C12 67.71 S(00.06)+P(99.58)+D(0.16) 

  O21 32.29 S(00.15)+P(99.56)+D(0.29) 

π*C14-C15 0.15948 C14 48.95 S(00.00)+P(99.94)+D(0.06) 

  C15 51.05 S(00.00)+P(99.94)+D(0.06) 

π*C23-C25 0.23609 C23 52.57 S(00.01)+P(99.92)+D(0.07) 

  C25 47.43 S(00.00)+P(99.94)+D(0.06) 

Table 3(b). Natural bond orbital analysis of 4NPMB molecule by DFT/B3LYP with the basic set 6-311++G (d, p). 

Bond orbital Occupancy Atom Contribution from parent NBO (%) Atomic hybrid contribution (%) 

σC1-C2 1.97984 C1 49.94 S(30.92)+P(69.04)+D(0.04) 

  C2 50.06 S(30.83)+P(69.13)+D(0.04) 

πC1-C6 1.82588 C1 50.09 S(00.00)+P(99.94)+D(0.06) 

  C6 49.91 S(00.00)+P(99.94)+D(0.06) 

πC2-C3 1.83272 C2 48.25 S(00.00)+P(99.94)+D(0.06) 

  C3 51.75 S(00.00)+P(99.96)+D(0.04) 

πC4-C5 1.70412 C4 50.06 S(00.00)+P(99.95)+D(0.05) 

  C5 49.94 S(00.00)+P(99.95)+D(0.05) 

πC7-C13 1.76916 C7 52.80 S(00.00)+P(99.95)+D(0.05) 

  C13 47.20 S(00.01)+P(99.92)+D(0.07) 

πC8-C10 1.84714 C8 48.06 S(00.07)+P(99.86)+D(0.07) 
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  C10 51.94 S(00.06)+P(99.87)+D(0.07) 

πC12-O21 1.98014 C12 32.29 S(00.26)+P(99.58)+D(0.16) 

  O21 67.71 S(00.15)+P(99.56)+D(0.29) 

πC14-C15 1.83286 C14 51.05 S(00.00)+P(99.94)+D(0.06) 

  C15 48.95 S(00.00)+P(99.94)+D(0.06) 

πC23-C25 1.77184 C23 47.43 S(00.01)+P(99.92)+D(0.07) 

  C25 52.57 S(00.00)+P(99.94)+D(0.06) 

σ*C1-C2 0.02155 C1 50.06 S(30.92)+P(69.04)+D(0.04) 

  C2 49.94 S(30.83)+P(69.13)+D(0.04) 

π*C1-C6 0.15664 C1 49.91 S(00.00)+P(99.94)+D(0.06) 

  C6 50.09 S(00.00)+P(99.94)+D(0.06) 

π*C2-C3 0.17183 C2 51.75 S(00.00)+P(99.94)+D(0.06) 

  C3 48.25 S(00.00)+P(99.96)+D(0.04) 

π*C4-C5 0.30175 C4 49.94 S(00.00)+P(99.95)+D(0.05) 

  C5 50.06 S(00.00)+P(99.95)+D(0.05) 

π*C7-C13 0.27597 C7 47.20 S(00.00)+P(99.95)+D(0.05) 

  C13 52.80 S(00.01)+P(99.92)+D(0.07) 

π*C8-C10 0.12327 C8 51.94 S(00.07)+P(99.86)+D(0.07) 

  C10 48.06 S(00.06)+P(99.87)+D(0.07) 

π*C12-O21 0.24436 C12 67.71 S(00.06)+P(99.58)+D(0.16) 

  O21 32.29 S(00.15)+P(99.56)+D(0.29) 

π*C14-C15 0.15948 C14 48.95 S(00.00)+P(99.94)+D(0.06) 

  C15 51.05 S(00.00)+P(99.94)+D(0.06) 

π*C23-C25 0.23609 C23 52.57 S(00.01)+P(99.92)+D(0.07) 

  C25 47.43 S(00.00)+P(99.94)+D(0.06) 

Where qi is the donor orbital occupancy, ɛi, and ɛj are diagonal elements (orbital energies), and F
2
 (i, j) is the off-diagonal 

Fock matrix element. The data presented in Table 4 (a-b) for the derivatives 6MNPM and 4NPMB show that the 

correspondence between the bonding donor (C26-C27) and anti-bonding acceptor (C24-C25) has a maximum stabilizing energy 

value of 20.25 Kcal mol
-1

 for the 6MNPM molecule.  

Table 4(a). Second-order perturbation theory analysis of Fock matrix in NBO basic for 6MNPM molecule with the basic set 6-311++G (d, p). 

Donor(i) Type of bond Acceptor(j) Type of bond        mol)a E(j) - E(i) (a.u)b F(i.j) (a.u)c 

C1-C5 σ C4-C5 σ* 01.91 1.29 0.044 

C1-O14 σ C2-C7 σ* 02.51 1.21 0.049 

C1-O15 π C1-O15 π* 00.61 0.35 0.014 

 π C4-C5 π* 04.91 0.39 0.040 

C2-C3 π C4-C5 π* 10.58 0.32 0.053 

  C7-C11 π* 10.04 0.31 0.049 

C4-C5 π C1-O15 π* 16.56 0.28 0.062 

  C2-C3 π* 09.14 0.31 0.050 

C7-C11 π C2-C3 π* 10.24 0.30 0.051 

  C8-C10 π* 10.65 0.31 0.052 

C8-C10 π C7-C11 π* 10.26 0.31 0.050 

C24-C25 π C23-C28 π* 12.02 0.30 0.054 

C26-C27 π C24-C25 π* 20.45 0.18 0.060 

N33-O35 π C26-C27 π* 01.14 1.48 0.037 

Table 4(b). Second order perturbation theory analysis of Fock matrix in NBO basic for 4NPMB molecule with the basic set 6-311++G (d, p). 

Donor(i) Type of bond Acceptor(j) Type of bond        mol)a E(j) - E(i) (a.u)b F(i.j) (a.u)c 

C1-C6 π C2-C3 π* 11.16 0.30 0.052 

C2-C3 π C1-C6 π* 09.89 0.31 0.050 

C2-H19 σ C3-C4 σ* 05.51 0.94 0.064 
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C4-C5 π C14-C15 π* 10.01 0.30 0.051 

  C7-C13 π* 11.04 0.29 0.051 

C7-C13 π C4-C5 π* 10.32 0.33 0.053 

  C14-C15 π* 09.15 0.32 0.049 

C8-C9 π C7-C13 π* 09.32 0.31 0.050 

C12-O21 π C12-O21 π* 00.63 0.35 0.014 

  C8-C10 π* 04.85 0.39 0.040 

C14-C15 π C4-C5 π* 09.63 0.32 0.051 

  C7-C13 π* 10.88 0.30 0.052 

C23-C25 π C27-C28 π* 13.18 0.30 0.057 

C27-C28 π N29-O31 π* 20.80 0.18 0.060 

N29-O31 π C27-C28 π* 03.64 0.48 0.040 

The 4NPMB molecule has the highest stabilization 

energy value of 20.80 Kcal mol
-1

 between the bonding donor 

of (C27-C28) and the anti-bonding acceptor of (N29-O31). The 

interactions mentioned above represent the most significant 

interactions of coumarin derivatives among all interactions. 

3.6 Polarizability and hyperpolarizability (NLO) 

The polarizability tensor components' value depends on 

the chosen Cartesian coordinate system. Isotropic derivatives 

have the same polarizability in all directions, while 

anisotropic derivatives have different directions. Raman 

scattering intensity is proportional to derived polarizability 

components, which are constant regardless of the molecules' 

orientation. The quantities ( ̅) and (γ) measure the scattering 

intensity and anisotropy invariant, respectively. Using the 

DFT chemical model with a basis set of B3LYP/6-311++G 

(d, p) numerical derivative of the dipole moment, the 

polarizability invariant is calculated. Table 5 displays the 

relevant parameter values. There are atomic units in the 

calculated values. Accordingly, the computed values are 

transformed into electrostatic units (for β, 1 a.u. = 8.6393 x 

      esu, and for α, 1 a.u. = 0.1482 x       esu). 

Definitions [43] about isotropic polarizability state that 

 ̅                   

The polarizability anisotropy invariant is 

      [(       )
 
 (       )

 
          

       
     

     
  ] 

and the average hyperpolarizability is 

   βtotal = √(  
    

    
 ) 

or 

βtotal = √(              )
 
 (              )

 
 (              )

 
 

where    ,     and     are elements of the polarizability 

tensor.               are hyperpolarizability's tensor 

components. The study of NLO of coumarin derivatives will 

provide useful information that could be used to understand 

important properties like optoelectronic applications. Table 5 

provides the parameters of 6MNPM and 4NPMB molecules. 

 

 

Table 5. Total electric dipole moment ( ̅), the mean polarizability  ̅ , the 

anisotropy polarizability ( ̅ , and mean first-order hyperpolarizability with 

the basic set 6-311++G (d, p). 

Parameters 
DFT 

6MNPM 4NPMB 

Electric dipole moment ( ̅)   

μx 0.93 2.93 

μy 3.31 4.20 

μz 0.04 -0.43 

 ̅ (Debye) 3.44 5.15 

Polarizability(α)   

αxx -186.58 -186.80 

αyy -132.66 -156.00 

αzz -140.89 -145.59 

αxy 027.78 033.18 

αxz 000.98 004.71 

αyz -004.95 -001.17 

 ̅ -153.38 -162.80 

 ̅ 379.98 403.56 

 ̅ esu (x        -022.73 -024.12 

 ̅ esu (x        056.31 059.80 

Hyperpolarizability(β)   

βxxx 324.19 380.23 

βyyy 110.48 119.40 

βzzz -002.23 000.60 

βxyy -084.13 -061.98 

βxxy 048.18 027.77 

βxxz -033.90 -052.49 

βxzz -017.99 -028.20 

βyzz -013.05 -022.92 

βyyz 006.25 -009.28 

βxyz -009.41 -007.53 

βx 222.07 290.04 

βy 145.61 124.25 

βz -029.88 -061.17 

βtotal 267.23 321.41 

βtotal esu (x        2308.70 2776.78 
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It included the values of electric dipole moment, 

polarizability and hyperpolarizability of coumarin 

molecules. The 4NPMB molecule has a slightly larger value 

of parameters mentioned above as compared to the 6MNPM 

molecule. 

3.7 Thermodynamic Properties  

Using DFT as a chemical model and the B3LYP/6-

311++G (d, p) basis set, the values for various 

thermodynamic parameters, such as heat capacity, entropy, 

and enthalpy changes of the title molecule in the gas phase at 

different temperatures are computed to explain, how the 

thermodynamic parameters change while changing the 

chemical models. These thermodynamic parameters are 

rising with temperatures between 100 and 1000K, as shown 

in Table 6, because molecule vibrational intensities are 

increasing with temperature [43]. Figure 6 shows how 

entropy (S), enthalpy change (ΔHo→T), and heat capacity at 

constant pressure (Cp) relate to temperature. It reveals that 

the thermal energy and entropy of the 6MNPM molecule are 

the same at the temperature of 400K, while 4NPMB 

molecule requires 470 K to achieve the same state. This 

difference in temperature is likely due to the distinct 

molecular structures of the two coumarin molecules.  
 

Table 6. Thermodynamic properties of 6MNPM and 4NPMB molecules at different temperatures by B3LYP/6-311++G (d, p). 

Temperature 
(k) 

Cv (calmol-1K-1) S (calmol-1K-1) ΔHo (calJmol-1) 

6MNPM 4NPMB 6MNPM 4NPMB 6MNPM 4NPMB 

100 34.10 32.50 100.59 99.62 163.81 173.83 

200 56.26 56.09 132.37 130.61 168.32 178.23 

273 73.06 74.55 152.96 151.39 173.04 183.00 

298 78.85 80.89 159.83 158.41 174.95 184.96 

300 79.28 81.35 160.33 158.93 175.09 185.11 

400 101.00 105.02 186.75 186.22 184.13 194.45 

500 119.47 125.04 211.78 212.32 195.18 205.99 

600 134.53 141.31 235.30 236.97 207.91 219.33 

700 146.71 154.43 257.30 260.08 222.00 234.14 

800 156.60 165.05 277.82 281.69 237.18 250.14 

900 164.68 173.70 296.98 301.88 253.26 267.09 

1000 171.34 180.81 314.90 320.77 270.07 284.83 

     

(a) (b) 

Fig 6. Correlation Graph of (a) 6MNPM and (b) 4NPMB molecules. 

4. Conclusion 

In the current work, the thermal properties of both 

derivatives were analysed together with the geometrical 

characteristics of the optimal structure of coumarin 

molecules. The MEP map demonstrates that the positive 

potential sites are located around the N and H atoms 

connected to the benzene ring, while the negative potential 

sites are located around the O atom related to the C. Analysis 

of natural bond orbitals reveals the strong intramolecular 

interactions. The HOMO and LUMO reveal the molecule's 

chemical activity. Utilizing the orbital energies, molecular 

traits like electronegativity, chemical potential, hardness, 

softness, and electrophilicity index were calculated. The 

reduction of the HOMO-LUMO energy band gap supports 

the molecule's bioactive properties. The Mulliken charges 

and first-order hyperpolarizability are determined. Since 
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molecular vibration intensities increase with temperature, 

thermodynamic characteristics show that heat capacities, 

entropies and enthalpies essentially rise with temperature. 

We intend that all the computed and analysed data above 

will be helpful to future researchers. 
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