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ABSTRACT 
 

Quinolines are aromatic compounds consisting of benzene rings with a pyridine heterocyclic system. In this study, the structure 

and orbital interactions of the methyl 5-6 dihydro benzo(h) quinolone-4-carboxylate (MDQC) molecule, which is a quinoline 

derivative, were analyzed. In the calculation using the B3LYP/6-311++g(d,p) level, three conformers were found in the 

minimum energy state according to the O=C-O-C dihedral angle scan. The energy difference (E+ZPV) between the 

conformers was calculated ca. 1.9 and 34.8 kJ mol-1, respectively. The relative stability of the conformers was explained using 

the natural bond orbital (NBO) method and performed. The Fock matrix equation calculated donor and acceptor pairs and 

orbital energies for NBO pairs for the most stable conformer (MDQC-1). Dominant orbital interactions of selected NBOs for 

MDQC-1 were calculated at the theory level B3LYP/6-311++g(d,p) and plotted. The molecular electrostatic potential (MEP) 

surfaces were calculated by the DFT/B3LYP/6-311++g(d,p) method and drawn. NBO charges were calculated for MDQC-1 

and MDQC-2 and analyzed. 
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1. INTRODUCTION 
 

Quinoline is a hetero-aromatic and organic compound with the formula C9H7N, which has a pyridine 

ring and a benzene ring attached to it. It is a colorless hygroscopic liquid with a pungent odor. It is very 

soluble in an organic solvent, but very slightly soluble in water. It decomposes rapidly in water and the 

atmosphere. Quinoline was first isolated by the German scientist chemist Friedlieb F. Runge. He was 

also the first to discover the caffeine compound in 1834 [1]. 

 

 

 

 

 

 

 

 

Quinoline (C9H7N)  

 

Among heterocyclic compounds, quinoline and its derivatives is a heterocyclic compound that is being 

used in the development of new drugs. In addition, quinoline and its derivatives, which have many 

biological activities in the past and today, are also used in antimalarial drugs [2-8]. The quinine [(R)-(6-

methoxyquinolin-4-yl)((2S,4S,8R)-8-vinylquinuclidin-2-yl)methanol] molecule, which is a quinoline 

derivative, is used in the treatment of malaria [9-10]. Nalidixic acid, the first member of this group of 

antibacterial agents, was produced in 1962 from the intermediate product obtained during the 

purification of chloroquine and is used as an antimalarial drug [11]. Quinoline, which is also used in 

optics, is also used in the paint and fungicide industries [12, 13]. Pharmacological quinolone derivatives 
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are synthesized in the field of chemistry and have been used as an antibacterial agent since 1963. 

Quinolone derivatives (fluoroquinolones) are also used as antibiotic drugs [14]. Suitable several new 

synthesis methods for certain 4-hydroxyquinoline and 4-hydroxy-5,6-benzoquinoline derivatives have 

been developed and reported by Gould et al in 1939 [15]. No studies on the structure and properties of 

the MDQC molecule, which is the quinoline derivative we have studied, have not been encountered so 

far, and it has been researched and analyzed for the first time. 

 

In previous studies, the molecular structure and physical properties of the quinoline derivatives, 5-

hydroxyquinoline [16], 3-quinolinecarboxaldehyde [17], 4-chloro-7-iodoquinoline-3-carboxylate [18], 

4-oxo-7-methyl quinoline-3-carboxylate, 4-Hydroxy-5-methyl quinoline-3-carboxylate [19] were 

experimentally elucidated by matrix isolation spectroscopy and reported with the support of 

theoretically using a computer program containing Density Functional Theory (DFT). 

 

2. MATERIAL AND METHODS 

 

The geometry optimization of the MDQC molecule and its minimum energy values were calculated 

using the B3LYP hybrid function of DFT and the 6-311++g(d,p) basis set. Gaussian 09 [20] computer 

program was used while making the calculations. B3LYP, which Becke describes the gradient change 

and programmed by Lee, Yang, and Parr, [21, 22] was used in all calculations. The orbital interaction, 

donor and acceptor energies, and natural charges of MDQC were calculated using NBO theory, 

considering the program integrated into Gaussian 09, designed by Weinhold et al. as NBO 3.1 [23]. The 

orbital interaction energies were calculated using the Fock matrix equation (Eq.1). 

3. RESULTS AND DISCUSSION 

 

Quinoline has two asymmetrical independent molecules in its crystal structure, determined at 150 K. In 

the crystal structure analysis, it was found to be monoclinic in the P21/c space group [24]. Quinoline 

derivative MDQC with the formula C15H13NO2 is also called 5,6-dihydro-benzo[h]quinoline-4-

carboxylic acid methyl ester. The conformers of the MDQC (MDQC-1, MDQC-2 and MDQC-3) were 

obtained by scanning the O=C−O−C dihedral angle in 15-degree steps, and it was optimized using DFT 

with B3LYP/6-311++g(d,p) basis set. The three different conformational energies in the minimum state 

were calculated are shown together with adopted atom numbers in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Three conformers of MDQC with minimum energies calculated by DFT/B3LYP-6-311++g(d,p) level 

of theory. Color codes for O, C, H and N atoms are red, gray, white, and blue respectively. 

MDQC-3  MDQC-1  MDQC-2  
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With the rotation of the C−C−C−O dihedral angle, MDQC-1 and MDQC-2 conformations were obtained 

at minimum energy. In the present study, the results obtained by the C−O internal rotation of the 

aldehyde group were taken into account, and mostly the most stable form, MDQC-1, was emphasized. 

The calculated energies, energy differences for all possible conformers are given in Table 1. According 

to the calculations, MDQC-1 is more stable than the MDQC-2 and MDQC-3 by 2.05 and 36.47 kJ mol-

1 (ΔE), with ΔE(0) = 1.88 and 34.47 kJ mol-1, ΔG° = 2.95 and 33.02 kJ mol-1, respectively. In a previous 

study on 3-furaldehyde, two conformers were found and the energy difference was 4.40 kJ mol-1 [25].  

 
Table 1. Calculated electronic energies (with and without zero-point vibrational energy) and Gibbs energy for 

MDQC-1 and 2 using B3LYP/6-311++g(d,p) level.  

 

Energy MDQC-1 MDQC-2 MDQC-3 

E (kJ mol-1) 0 2.05 36.47 

E(ZPV) (kJ mol-1) 0 1.88 34.77 

G (kJ mol-1) 0 2.95 33.02 

dipole (debye) 2.06 3.03 3.38 

 

By scanning the dihedral angles C−C−C=O and O=C−O−C (or C−C−O=H) in 15-degree steps, two 

conformers with the same energy value in both scans, called trans and cis, were obtained. Since a third 

stable conformer was obtained when the O=C−O−C dihedral angle was scanned, the C−O rotation was 

taken into account and the potential energy profile was drawn and presented in Figure 2. In the figure, 

three conformers were located in the potential energy well. At the peaks, the shapes of the molecules in 

the transition state are drawn. In the figure, barrier energies and reverse energies are given. The 

calculated energy barrier for MDQC-1 and MDQC-3 is 52.12 kJ mol-1 and for MDQC-2 and MDQC-3 

is 54.58 kJ mol-1. The reverse process is 15.65 and 18.11 kJ mol-1, respectively. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Potential energy profiles calculated by B3LYP/6-311++g(d,p) level for rotation about C–O 

bond for MDQC (atom numbers are given in Figure 1). 
 

According to the value taken from the bottom of the potential well, the barrier energy calculated between 

the 1st and 3rd form is ∼52.1 kJ mol-1, while this value is only ∼15.7 kJ mol-1 in the opposite direction. 

Likewise, while the barrier energy between the 2nd and 3rd form taken from the bottom of the potential 

well was ∼54.6 kJ mol-1, this value was found to be only ∼18.1 kJ mol-1 in the opposite direction (Figure 

2.05 
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2). Relative energies were calculated by rotating the C−O bond of the carboxylate group in 15-degree 

steps. When calculating the barrier energy, the possible dihedral angle of the molecule and the maximum 

peak were taken into account. O=C−O−C dihedral angles at the maximum point were found to be 

approximately 95 and 265 degrees, respectively. 

 
Table 2. Donor and acceptor interactions and stabilization energies for NBO pairs results from calculated by the 

Fock matrix equation (Eq.1) for MDQC-1 

Conformer Pair Donor NBO 

(i) 

Acceptor NBO 

(j) 

E(2) 

kJ mol-1 

ej- ei 

au 

Fij 

au 

MDQC-1 

A1 (C3−C4) *(C25=O26) 9.66 1.30 0.049 

B1 (C4−C7) *(C25−O27) 4.27 1.08 0.030 

C1 (C4=C7) *(C25=O26) 66.52 0.28 0.062 

D1 (C4−C25) *(C25=O26) 6.74 1.26 0.040 

E1 (C4−C25) *(O27−C28) 15.94 0.93 0.053 

F1 (C7−C8) *(C4−C25) 14.81 1.09 0.056 

G1 (C25−O26) *(C3−C4) 3.77 1.65 0.035 

H1 (C25−O26) *(C4−C25) 8.20 1.49 0.049 

J1 (C25=O26) *(C4=C7) 10.71 0.50 0.035 

K1 (C25−O27) *(C4−C7) 4.90 1.56 0.038 

L1 (O27−C28) *(C4−C7) 6.65 1.45 0.043 

M1 (O27−C28) *(C4−C25) 9.62 1.22 0.048 

N1 (O27−C28) *(C5−C10) 3.72 1.30 0.030 

P1 (O27−C28) *(C5−H17) 4.81 1.30 0.035 

Q1 (O27−C28) *(C6−C7) 2.26 1.28 0.024 

R1 (O27−C28) *(C6−H19) 33.55 1.82 0.108 

S1 (O27−C28) *(C6−H20) 9.62 1.42 0.051 

T1 LP1(O26) *(C4−C25) 10.38 1.11 0.047 

U1 LP2(O26) *(C4−C25) 72.34 0.68 0.099 

V1 LP1(O27) *(C4−C25) 2.47 0.98 0.033 
 

In the present study, orbital interactions were analyzed for MDQC-1, which is in the most stable 

conformer state. In Table 2, stabilization energies related to the donor (Lewis)- acceptor (non-Lewis) 

interaction of the carboxylate group are given and calculated by the Fock matrix equation. It has been 

calculated that the C1 and U1 groups, which contribute the most to the stabilization energy, are caused 

by the (C4=C7) donor - *(C25−O26) acceptor and LP2(O26) donor-*(C4−C25) acceptor strongest 

interactions, respectively (Table 2). The orbital interaction energies were calculated using the Fock 

matrix equation given as Eq.1 and stabilization energies are given in Table 2. Using the second-order 

perturbation approach, stabilization energies [E (2)] between donor-lone pairs and acceptor non-Lewis, 

Rydberg orbitals (filled and empty orbitals) were calculated [26]. 
 

𝐸(2) = ∆𝐸𝑖𝑗 = 𝑞𝑖
𝐹𝑖𝑗
2

𝜀𝑗−𝜀𝑖
      (Eq.1) 

 

In Eq.1, qi is the donor orbital occupancy, i and j are the diagonal elements and Fij is NBO the off-

diagonal NBO Fock matrix element. 

 

As can be seen in Table 2, the strongest stabilization exhibited from LP2(O26) to (C4−C25) bond and 

they were hybridized sigma characters. While  bond was observed in the oxygen,  bond was observed 

from the interaction of C4 and C25.  
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Figure 3. Orbital interaction scheme with the highest stabilization energy related to the carboxylate group 

 

The total s-type energy (U1) is 72.34 kJ mol-1 for MDQC-1 (Figure 3). This interaction is known as the 

back donation effect, from oxygen lone electron pair (especially p-type lone pair; LP2) to C4−C25 bonds. 

Back donation from the O to the CO increases, one would expect the C−C to bond becomes stronger and 

the C=O bond becomes weaker. Thus, the changes in bond order should be demonstrated by shorter C−C 

and longer C=O bonds compared to C−C single bonds and C=O double bonds, respectively. 

 

Figure 4 shows the selected dominant orbital interactions scheme for NBOs of interest to the 

corresponding carboxylate group related to electron density calculated at the B3LYP/6 311++g(d,p) 

level. For isovalues of electron densities, 0.02 e is taken into account. Blue and magenta colors indicate 

the states of positive and negative wave function signs, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Selected dominant orbital interactions for MDQC-1 of the carboxylate group. 

 

Selected stabilization energies, the occupancy ratio of the bond orbitals, NBO coefficients of the atoms 

and their hybridizations are given in Table 3. This Table also presents the bonding percentage of atomic 

orbitals in each atom, subtracted from the NBO polarization coefficients for NBO orbitals.  

 

E(2)= 66.52 kJ mol
-1

 

C1 

E(2)= 72.34 kJ mol
-1

 

U1 
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Table 3. Orbitals, occupancy, coefficients, and hybridization for MDQC-1, calculated using B3LYP/6-

311++g(d,p) level. 
 

Group NBO Occupancy Ratio 
Coeficients (%)a 

Hybridizationb 
A B 

Donor 

(C3−C4) 1.97148 48.49 51.51 0.6963sp 1.86 + 0.7177sp 1.87  

(C4−C7) 1.97002 50.82 49.18 0.7129sp 1.75 + 0.7013sp 1.85  

(C4=C7) 1.63187 52.49 47.51 0.7245p + 0.6893p  

(C4−C25) 1.97296 51.56 48.44 0.7180sp 2.46 + 0.6960sp 1.57  

(C7−C8) 1.97226 50.37 49.63  0.7097sp 2.04 + 0.7045sp 1.73  

(C25=O26) 1.99524 35.04 64.96 0.5919sp 1.96 + 0.8060sp 1.46  

(C25=O26) 1.98393 29.96 70.04  0.5474p + 0.8369p  

(C25−O27) 1.99295 31.19 68.81  0.5585sp 2.68 + 0.8295sp 2.05  

(O27−C28) 1.99133 69.35 30.65  0.8327sp 2.53 +  0.5537sp 3.78  

LP1(O26) 1.97751   sp 0.69 
LP2(O26) 1.84766   p 

a Percent contribution of each atom. 
b Definition of hybrid orbitals. 
 

Group NBO Occupancy Ratio 
Coeficients (%)a 

Hybridizationb 
A B 

Acceptor 

*(C25=O26) 0.02036 64.96 35.04 0.8060sp 1.96 - 0.5919sp 1.46  

*(C25−O27) 0.09936 68.81 31.1 0.8295sp 2.68 - 0.5585sp 2.05  

*(C25=O26) 0.24257 70.04 29.9 0.8369p - 0.5474p  

*(O27−C28) 0.01616 30.65 69.35  0.5537sp 2.53 -  0.8327sp 3.78  

*(C4−C25) 0.06484 48.44 51.56 0.6960sp 2.46 - 0.7180sp 1.57  

*(C3−C4) 0.02084 51.51 48.49 0.7177sp 1.86 - 0.6963sp 1.87  

*(C4=C7) 0.34532 47.51 52.49  0.6893p - 0.7245p  

*(C4−C7) 0.02775 49.18 50.82 0.7013sp 1.75 - 0.7129sp 1.85  

*(C5−C10) 0.02222 50.53 49.47 0.7108sp 2.49 - 0.7034sp 2.23  

*(C5−H17) 0.01101 39.49 60.51 0.6284sp 3.45 - 0.7779s 

*(C6−C7) 0.02323 51.59 48.41  0.7183sp 2.67 - 0.6957sp 2.12  

*(C6−H19) 0.01379 37.52 62.48 0.6125sp 3.17 - 0.7904s 

*(C6−H20) 0.01859 39.54 60.46 0.6288sp 3.72 - 0.7776s 

LP1(O27) 1.96475     sp 1.57 
 

All anti-bonding orbitals cause weak delocalization and make no comparative contribution to 

occupancies NBOs. According to the NBO interactions, most of the orbital interactions belonging to the 

carboxylate group of the molecule have strong sp hybridization. 
 

Table 4. Total Lewis and non-Lewis occupancies (valence, core, and Rydberg shells). (e=1.60217646×10-19 C) 

 

 

 

 

 

 

 

 

 

 

 

 



Kuş / Eskişehir Technical Univ. J. of Sci. and Tech. B – Theo.Sci. Vol: 9 – 2021 

Iconat Special Issue 2021 

 

80 

 

The A and B values in Table 3 are obtained from the polarization coefficients. It forms a bond for the 

NBO orbitals of the atomic orbitals of the two atoms corresponding to the contributions of the atoms 

forming the pairs. The electron densities between the donor and acceptor orbitals depend on the Lewis 

and non-Lewis NBO orbitals.  

 

In Table 4, the nuclei, valence and Rydberg occupancy percentages of Lewis and non-Lewis bonded 

orbitals calculated for the three conformers at minimum energy are given. Total Lewis and non-Lewis 

were calculated 97.355% and 2.645% for MDQC-1, 97.360% and 2.6407% for MDQC-2 and 97.204% 

and 2.796% for MDQC-3. 

 

HOMO energy, which represents the electron-donating ability of the molecule, is related to the 

ionization potential. The LUMO energy represents the ability of the molecule to accept electrons. In the 

calculation at the B3LYP/6-311++g(d,p) level of theory, it was found that the interacting HOMO-LUMO 

orbitals of the MDQC-1 were closer to each other than the other conformers (ΔEHOMO-LUMO= 4.31 eV). In 

this case, the interaction and reaction of the reactants occur more easily and MDQC-1 is less reactive than 

the other two conformers. Figure5 shows the HOMO-LUMO energy ranges and orbital interaction 

diagram.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. HOMO-LUMO energy gap for MDQC conformers 

 

It is seen that the HOMO orbital is localized on the rings in all three conformations, while the LUMO 

orbital is mostly localized on the phenyl rings. 

 

The natural charges for MDQC-1 and MDQC-2 are given in Figure 6. The dipole interactions can be 

related to the strongly polarized C25−O26 bond in the molecule (for MDQC-1 charges on C25 and O26 

are of +0.805e and -0.595e, and for MDQC-2 +0.802e and -0.549e, respectively). 
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Figure 6. Natural atomic charges for MDQC-1 and MDQC-2 calculated by DFT/B3LYP/6-311++g(d,p) level of theory 

 

Electron density calculated for MDQC-1 and MDQC-2 is given with color codes and surface maps of 

molecular electrostatic potential (MEP) are shown in Figure 7. The MEP map shows the approximate 

maximum distance the electron density can reach for MDQC-1 and 2 (also known as the Van der Waals 

surface).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. MEP surface for MDQC-1 and 2 

 

MEPs of MDQC-1 and MDQC-2 were drawn using GaussView5 visualization program. MEP surfaces 

visualize charge regions of the molecule. On the MEP map, the most negative potential (the region with 

higher electron density over the entire molecule than the nucleus) is shown in red, while blue is used to 

show the most positive potential (the region with partial positive charges). These values are between -

MDQC-2 MDQC-1 

MDQC-1 MDQC-2 
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3.873e-2 (max. red region) and +3.873e-2 (max. blue region) for MDQC-1 and between -4.373e-2 (max. 

red region) and +4.373e-2 (max. blue region) for MDQC-2. The map showed that the negative 

electrostatic potentials (red region, electrophilic attack) were intensified around the O26 atom while the 

maximum electrostatic potential (blue region, nucleophilic attack) was intensified around the CH3 

methyl group hydrogens for MDQC-1 and 2. From Figure 7, it can be seen that between O26 and C25 

atoms attraction is more concentrated. 

 

4. CONCLUSIONS 

 

The conformers of MDQC were calculated in the ground electronic state using DFT/B3LYP/6-

311++g(d,p) level of theory. MDQC-1 was more stable than the MDQC-2 conformer ca. 2.05 kJ mol-1. 

Orbital interaction energies, electron density surfaces and hybridizations of MDQC-1 related 

carboxylate group were determined using B3LYP/6-311++g(d,p) level using NBO method. Effective 

orbital interactions of the carboxylate group were analyzed and discussed. It was seen that Back donation 

effect was observed from LP2(O26) to *(C4−C25). The HOMO-LUMO energy gap was calculated for 

all conformers. For MDQC-1, it was found to be the smallest at ca. 4.3 eV. According to the natural 

charge distribution on the atoms and the MEP map, the negative electrostatic potential region was 

observed around the oxygen and nitrogen atoms, while the positive potential region was observed around 

the methyl group hydrogen atoms for MDQC-1 and MDQC-2. 
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