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ABSTRACT: Molecular Dynamics (MD) simulation and Density Functional Theory (DFT) methods 

have been used to evaluate the efficiency of four quinoline derivatives on corrosion inhibition  

in the aqueous phase. Some quantum chemical parameters such as hardness (η), electrophilicity (), 

polarizability (), energy of the highest occupied molecular orbital (EHOMO), energy of the lowest 

unoccupied molecular orbital (ELUMO), electronegativity (), total amount of electronic charge 

transferred (ΔN), Total Negative Charges (TNC) on the whole of the molecule, Molecular Volume (MV), 

surface area and Fukui index were calculated. Molecular dynamics simulation showed a view  

of the dynamic evolution of the interaction energy between surface of metal and inhibitors. Results 

of two methods showed QUIN4 inhibitor has higher negative interactions and efficiency as compared to 

the other inhibitors, which was consistent with the experimental report. 
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INTRODUCTION 

Carbon steel is one of the most important materials  

in the structure of equipment and accessories in plenty of 

industries and plants, because of mechanical properties, 

hardness, and economic aspects. However, indispensable 

phenomenon namely corrosion causes big damage. 

Nowadays, corrosion inhibition is a very important topic 

in research works of scientists with concerting on new 

organic and inorganic compounds as inhibitors [1-2]. 

Computational methods are sometimes prior than experimental  

 

 

 

studies and have recently found a significant role  

in evaluating the efficiency of inhibitors on corrosion of 

metals such as carbon steel. Quantum chemical 

calculations and molecular dynamic simulation are used 

as effective tools to investigate chemical properties and 

inhibitor-metal interactions [3-5].  

In this work, the experimental data reported [6],  

is compared with computational inhibitory results 

obtained from quinoline derivatives (Fig. 1) such as  
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Fig. 1: The optimized structures of the studied quinoline derivatives 2-amino-7-hydroxy-4-phenyl-1,4-dihydroquinoline 

-3-carbonitrile (QUIN1), 2-amino-7-hydroxy-4-(p-tolyl)-1,4 dihydroquinoline-3-carbonitrile (QUIN2),  

2-amino-7-hydroxy-4-(4-methoxyphenyl)-1,4 dihydroquinoline-3 carbonitrile (QUIN3),  

2-amino-4-(4-(dimethylamino)phenyl)-7-hydroxy-1,4-dihydroquinoline-3-carbonitrile (QUIN4). 

 

2-amino-7-hydroxy-4-phenyl-1,4-dihydroquinoline-3-

carbonitrile (QUIN1), 2-amino-7-hydroxy-4-(p-tolyl)-1,4 

dihydroquinoline-3-carbonitrile (QUIN2), 2-amino-7-

hydroxy-4-(4-methoxyphenyl)-1,4 dihydroquinoline-3 

carbonitrile (QUIN3), 2-amino-4-(4-

(dimethylamino)phenyl)-7-hydroxy-1,4-

dihydroquinoline-3-carbonitrile (QUIN4) on carbon steel 

corrosion in aqueous phase. Experimental data shows that 

the corrosion inhibition follows the order: QUIN4 > 

QUIN3 > QUIN2 > QUIN1, which indicates that QUIN4 

exhibits better inhibition performance among the studied 

inhibitors. Chemical efficiency of all inhibitors  

is investigated by the Density Functional Theory (DFT) 

methods and the adsorption energies of quinoline 

derivatives upon the Fe (1 1 0) surface is evaluated  

by Molecular Dynamics (MD) simulation. This study 

displays a good correlation between the theoretical and 

experimental data which confirms the reliability of  

the quantum chemical methods for studying the inhibition 

of corrosion of metal surfaces. 

 

COMPUTATIONAL DETAILS  

Quantum chemical calculations  

Chemical properties of inhibitors were evaluated  

by quantum chemical calculations using the density 

functional theory (DFT) at the B3LYP-6-311++G** level 

of theory [7, 8] under the Gaussian 03 program [9].  

The structure of four inhibitors was fully optimized, 
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and to confirm position of the optimized structures at 

minima (global or local) on the Potential Energy Surface (PES) 

their number of imaginary frequencies (NIMAG)  

was zero. The behavior of inhibitors is different in gas 

and aqueous phases. Hence, for a better comparison with 

experimental data, the effect of solvent (water) in the 

calculations was considered with Tomasi’s Polarized 

Continuum Model (PCM) [10].  

Total energy (E), Electronegativity () and Global 

hardness () were calculated by applying the finite 

difference approximations for inhibitors from the 

following equations: 
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Where (r), , I and A are external potentials, chemical 

potentials, the ionization potential, and electron affinity, 

respectively. Also, according to the theorem of 

Koopmans, the ionization potential and electron affinity 

of a compound can be obtained as the energies of the 

frontier molecular orbitals (FMOs). Therefore, χ and η 

can be expressed as the following equations [11, 12]:  
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Where EH and EL associated with the frontier 

molecular orbital HOMO and LUMO, respectively. 

Global electrophilic index () proposed by Parr et al. 

was calculated from the definitions of global hardness 

and the electronegativity as follows [13]:  

2

2
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                                                                           (5) 

Value of  shows electrophilicity of a compound. 

When the value of  is low, compound is a good 

nucleophile and in high value of  compound has a better 

electrophilicity. The total amount of electronic charge 

transferred, ΔN, from the inhibitor to surface of metal 

was calculated by the Pearson theory as follows [14]: 
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Values of Fe and Fe are theoretically 7 eV/mol and  

0 eV/mol for bulk iron, respectively, due to metals are 

harder than the inhibitor's molecules. Some researchers 

proposed that because the work function (m) of a metal 

surface is an appropriate measure of its electronegativity, 

so it should be used in the estimation of N [15, 16].  

In this study we had chosen Fe (1 1 0) surface, where the m 

value obtained from DFT calculations is 4.82 eV [17].  

The electric dipole polarizability () is inversely 

proportional to the third power of the hardness values [18, 19]. 

Therefore, molecule becomes more polarizable with 

increasing of softness. The following equation is used: 

2
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The mean polarizability () is calculated through  

the equation (8): 

 xx yy zz

1

3
                                                      (8) 

Fukui functions show the reactive centers within  

the molecules. For a molecule with N electrons functions 

can be expressed as follow: 

     k kF r q N q N 1                                               (9) 

for atom k as an electrophile 

     k kF r q N 1 q N                                             (10) 

for atom k as a nucleophile 

Where qk(N), qk(N+1), and qk(N-1) are the charges of 

the kth atom for N, N + 1, and N - 1 electron systems, 

respectively. 

 

Molecular Dynamics Simulation 

A good method for considering the interaction between 

inhibitor and metal surface is Molecular Dynamics (MD) 

simulation. The interactions were investigated using  

the Forcite module of the Materials Studio 6.0 software 

developed by Accelrys Inc [20]. 

The interaction between Fe (110) surface and 

inhibitor molecules is carried out in a simulation box 
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(37.23×37.23×88.11Å) with periodic boundary 

conditions. A vacuums slab of 50 Å height is kept  

over the Fe (1 1 0) surface. Non-bonding, van der Waals and 

electrostatic interactions were used by the Ewald 

summation method with a cutoff radius of 15.50 Å [21]. 

All atoms in the Fe (110) surface were fixed and 

inhibitors were allowed to interact with it freely in the 

simulation process. The force field used is a COMPASS 

(condensed phase optimized molecular potentials for 

atomistic simulation studies) force field. Also, water  

and hydrogen chloride molecules for constructing a more 

reliable system were inserted to the solution layer  

in the simulated system. The liquid phase consists of 400 H2O 

molecules, 5Cl- ions, 5 H3O+ ions, and a single dissolved 

inhibitor molecule. The MD simulation is performed  

at 298.0K under canonical ensemble (NVT) using a time 

step of 1.0 fs and simulation time of 50 ps.  

the geometry of the system was optimized so that the total 

energy of the system was at a local minimum with respect 

to potential energy. Then, the dynamic process  

was followed to the equilibrium of the temperature and 

the energy. The interaction energy between the metal and 

the inhibitors were calculated according to the following 

equation [21]:  

Eint = E (total) - (Esurface + Einhibitor+ Esolution)                     (14)  

 

RESULTS AND DISCUSSION  

The global molecular reactivity was investigated via 

analysis of the Frontier Molecular Orbitals (FMO) in terms 

of the interaction between the frontier orbitals, involving  

the HOMO and the LUMO [22]. According to frontier orbital 

theory, the inhibitors mainly interact on the Highest 

Occupied Molecular Orbital (HOMO) and Lowest 

unoccupied molecular orbital (LUMO). Inhibitors  

that can donate electrons to unoccupied d orbitals of metal 

surfaces and can also accept free electrons from the metal 

surface are good candidates for corrosion inhibitors. 

EHOMO describes the electron donating ability of  

the molecule. Therefore, the higher the HOMO energy of 

the inhibitor, the greater the trend of offering electrons  

to an appropriate acceptor with a low empty molecular orbital 

energy. On the other hand, the energy of LUMO denotes 

the ability of the molecule to accept electrons using * 

orbitals to form  -back bonds. The lower value of 

ELUMO, the easier the acceptance of electrons from metal 

surface. The inhibition efficiency increases with 

increasing HOMO energy level and decreasing LUMO 

energy level [23]. Table 1 present the calculated values of 

EHOMO and ELUMO for the studied quinoline derivatives.  

It is clear that EHOMO in case of QUIN4 is highest which 

enhance the assumption that QUIN4 will adsorb more 

strongly on iron surface than other inhibitors. From Table 1, 

it can be concluded that the trend obtained for ELUMO,  

that the capability of accepting electrons obey the order: 

QUIN1>QUIN2>QUIN3>QUIN4. This is not compatible 

well with the result (inhibition efficiencies) obtained  

from the experiments. 

Global hardness () measures the resistance of  

an atom to a charge transfer [24]; So, harder inhibitors tend 

to show lower reactivity and greater stability, unlike  

the softer ones that readily undergo changes in electron 

density during interaction with metals. Pearson expressed 

the hard and soft acid and base (HSAB) principle [25, 26]. 

Corrosion inhibitors can be viewed from the HSAB 

principle and described as hard, soft, or borderline 

inhibitors. In accordance with the HSAB principle, hard 

acids form complexes with hard bases and soft acids form 

complexes with soft bases. Borderline acids form 

complexes with either soft or hard bases. In the research 

of corrosion inhibition chemistry, bulk iron is considered 

as soft acid, this would imply that the softest bases 

inhibitors are most effective for corrosion of these metals. 

As indicated in Table 1, the values of global hardness  

are according to the experimentally determined inhibition 

efficiency. Electronegativity ()[27] can be expressed 

with the equation (4) and electronegativity values studied 

inhibitors are listed in Table 1. From Table 1, we can see 

that, among quinoline derivatives, QUIN4 compound 

show lower χ, this effect increases donating an electron  

to the metallic surface. The term electrophilicity (ω) 

measures the electron-attracting power of chemical 

species for a molecular system. According to the 

definition, this index plays a fundamental role  

in determining the flow of electrons between metal surface 

and inhibitors. An inhibitor with a high ω value will 

naturally be more disposed to accepting electrons. A good 

electrophile is characterized by a high value of ω and 

contrariwise a good nucleophile is characterized by lower 

value of ω. For this reason, a molecule that have large 

nucleophilicity value is a good corrosion inhibitor while  

a molecule that have large electrophilicity value is 
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Table 1: Theoretical quantities calculated at the B3LYP/6311++G** level for the studied quinoline derivatives in aqueous phase. 

 
EHOMO 

(ev) 

ELUMO 

(ev) 

η 

(ev) 
  

(ev) 

ω 

(ev) 

N 

(e) 

 

(a.u.) 

MV 

(cm3/mol) 
Surface area(cm2/mol) 

QUIN1 -5.77 -1.07 2.351 3.42 2.49 0.29 298.60 774.3 538.23 

QUIN2 -5.76 -1.04 2.359 3.40 2.45 0.30 317.11 826.39 515.81 

QUIN3 -5.74 -1.01 2.369 3.37 2.40 0.31 323.63 850.35 498.27 

QUIN4 -5.39 -0.96 2.214 3.17 2.28 0.37 356.33 905.78 467.8 

 

ineffective against corrosion. In our present study, 

QUIN4 is a stronger nucleophile than other inhibitors. 

Using the work function, Fe value of 4.82 eV for Fe 

(1 1 0) surfaces and global hardness, Fe value of 0 

eV/mol for iron atom, the fraction of electrons transferred 

from quinoline derivatives to the iron surface,  

was calculated. Another parameter which is used in the 

corrosion inhibition studies is ΔN. According to Lukovits, 

s study [28], if ΔN < 3.6, the inhibition efficiency 

increased by increasing the electron donor property of 

inhibitor. The obtained values of ΔN tabulated in Table 1 

are all below 3.6 and the results show that the electron 

donor substitution in QUIN4 leads to increase in ΔN 

value. In this study, the fraction of electrons transferred 

of quinoline derivatives are positive then the studied 

inhibitors were the donor of electrons, and the carbon 

steel surface was the acceptor.  

Molecular Volume (MV) and surface area values of 

the molecules illustrate possible metal surface coverage 

by the inhibitor. Large MV and surface area values for 

inhibitors can be attributed to more coverage of the metal 

surface. The corrosion rate decreases as the volume  

and surface area of the molecules increases due to the 

enhancement of large protection the metal surface.  

A comparison of the MV and surface area values support 

that the trend in the MV and surface area values are 

compatible well with the experimentally determined 

inhibition efficiencies.  Polarizability is the ratio of 

induced dipole moment to the intensity of the electric 

field. The induced dipole moment is proportional to 

polarizability and reactivity indication [23]. High values 

of polarizability facilitate the strong adsorption process of 

corrosion inhibitors onto the metal surface and hence, 

high inhibition efficiency. The polarizabilities were 

evaluated using equation (8) for the two inhibitors.  

As can be seen, the polarizabilities are in the order 

QUIN4 > QUIN3 > QUIN2 > QUIN1, which correlates well 

with the corrosion inhibition efficiency observed. Local 

reactivity was discussed to analysis active sites of 

inhibitor molecules, due to estimate the exact active 

atoms of inhibitor molecules. The local indices such as 

natural atomic charge, distribution of frontier molecular 

orbital and Fukui functions are commonly used to 

analysis the behavior of the active sites of inhibitor 

molecules. Charges of atoms for the studied inhibitors 

in solution phase are listed in Tables 2, 3, 4 and 5, which 

were calculated using population analysis with atomic 

charge assignments produced according to the ChelpG 

scheme [29, 30]. 

It was found that the N15 and N19 atoms have  

the highest negative charge in studied inhibitors, then these 

sites will preferably react as an electron donor. The total 

negative charge (TNC) is obtained by summing up the 

negative charges on atoms of the inhibitors [31, 32]. TNC 

of the four inhibitors on Fe and Fe2O3 surface is listed in 

Table 6. It is clear from Table 6 that QUIN3 (-5.88) has 

the highest TNC value. Other parameters that were 

considered are the total number of charge centers 

(negative and positive). The negative and positive charge 

centers show donating and accepting electrons in 

inhibitor. Higher total number of charge centers of 

QUIN4 (see Table 6) indicated that chemical bond 

between QUIN4 and iron surface stronger than other 

quinoline derivatives and iron surface. The electron 

density distribution of the HOMO and LUMO orbitals are 

shown in Fig. 2. The HOMO electron density distribution 

indicates the reactive sites of the inhibitors that have  

a tendency to donate electrons to electrophilic species 

whereas the LUMO electron density distribution predicts 

the regions of the molecule with high tendency to accept 

electrons from nucleophilic species. In QUIN1, QUIN2 

and QUIN3 inhibitors, the HOMO is localized on N15, 

N19, C2, C11, N13 and C6 atoms while in QUIN4,  

the HOMO is distributed on N15, N19, C11, C21, C22, N33 

and C25 atoms. In QUIN1 and QUIN2, the LUMO  

is distributed around the entire molecule while in QUIN3 



Iran. J. Chem. Chem. Eng. Elmi Sh. et al. Vol. 38, No. 1, 2019 

 

190                                                                                                                                                                  Research Article  

Table 2: The calculated Fukui functions and charge for the selected atoms of the QUIN1 inhibitor. 

QUIN1 N N+1 N-1 F+ F- 

1  C 0.425 0.419 0.409 0.016 -0.006 

2  C -0.437 -0.383 -0.511 0.073 0.054 

3  C 0.399 0.316 0.401 -0.002 -0.082 

4  C -0.288 -0.101 -0.332 0.044 0.186 

5  C -0.048 -0.104 -0.069 0.021 -0.056 

6  C -0.349 -0.238 -0.414 0.065 0.110 

7  H 0.201 0.217 0.179 0.022 0.015 

8  C 0.467 0.176 0.515 -0.047 -0.290 

9  H 0.095 0.135 0.072 0.023 0.040 

10  H 0.166 0.177 0.138 0.028 0.010 

11  C -0.620 -0.184 -0.737 0.116 0.435 

12  C 0.669 0.563 0.653 0.015 -0.105 

13  N -0.606 -0.422 -0.681 0.074 0.183 

14  H 0.410 0.430 0.413 -0.002 0.019 

15  N -0.919 -0.817 -1.013 0.093 0.102 

16  H 0.433 0.445 0.416 0.016 0.011 

17  H 0.425 0.425 0.421 0.004 -0.001 

18  C 0.485 0.393 0.487 -0.002 -0.091 

19  N -0.654 -0.466 -0.771 0.117 0.187 

20  C 0.088 0.105 0.093 -0.004 0.017 

21  C -0.239 -0.217 -0.282 0.042 0.022 

22  C -0.200 -0.200 -0.239 0.038 0.0001 

23  C -0.028 -0.028 -0.048 0.020 0.0001 

24  H 0.124 0.137 0.107 0.016 0.012 

25  C -0.043 -0.032 -0.066 0.023 0.010 

26  H 0.081 0.093 0.072 0.009 0.012 

27  C -0.164 -0.142 -0.211 0.046 0.022 

28  H 0.089 0.101 0.073 0.016 0.012 

29  H 0.098 0.108 0.080 0.017 0.010 

30  H 0.108 0.116 0.084 0.023 0.007 

31  O -0.613 -0.588 -0.634 0.020 0.024 

32  H 0.463 0.472 0.453 0.009 0.009 

33  H -0.020 0.090 -0.061 0.041 0.110 
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Table 3: The calculated Fukui functions and charge for the selected atoms of the QUIN2 inhibitor. 

QUIN2 N N+1 N-1 F+ F- 

1  C 0.4227 0.413 0.409 0.013 -0.008 

2  C -0.437 -0.380 -0.5158 0.077 0.057 

3  C 0.391 0.305 0.397 -0.005 -0.085 

4  C -0.286 -0.097 -0.339 0.053 0.189 

5  C -0.055 -0.112 -0.072 0.016 -0.057 

6  C -0.337 -0.224 -0.406 0.069 0.112 

7  H 0.203 0.218 0.182 0.021 0.014 

8  C 0.538 0.239 0.608 -0.070 -0.299 

9  H 0.097 0.137 0.074 0.023 0.040 

10  H 0.161 0.171 0.133 0.028 0.010 

11  C -0.642 -0.203 -0.769 0.126 0.439 

12  C 0.686 0.573 0.672 0.013 -0.112 

13  N -0.620 -0.430 -0.701 0.080 0.190 

14  H 0.414 0.433 0.417 -0.003 0.018 

15  N -0.926 -0.822 -1.022 0.096 0.104 

16  H 0.434 0.446 0.417 0.016 0.011 

17  H 0.426 0.425 0.422 0.004 -0.001 

18  C 0.488 0.398 0.491 -0.002 -0.089 

19  N -0.653 -0.468 -0.774 0.120 0.185 

20  C 0.039 0.059 0.037 0.002 0.019 

21  C -0.232 -0.209 -0.274 0.042 0.022 

22  C -0.177 -0.179 -0.205 0.028 -0.001 

23  C -0.142 -0.141 -0.165 0.022 0.001 

24  H 0.137 0.150 0.120 0.017 0.013 

25  C -0.161 -0.149 -0.190 0.028 0.012 

26  H 0.084 0.098 0.076 0.008 0.013 

27  C 0.130 0.151 0.099 0.030 0.021 

28  H 0.112 0.123 0.099 0.013 0.010 

29  H 0.127 0.137 0.112 0.015 0.009 

30  O -0.615 -0.589 -0.637 0.021 0.025 

31  H 0.464 0.473 0.454 0.009 0.008 

32  H -0.049 0.063 -0.096 0.047 0.113 

33  C -0.234 -0.251 -0.222 -0.012 -0.016 

34  H 0.073 0.081 0.062 0.010 0.008 

35  H 0.071 0.078 0.054 0.016 0.007 

36  H 0.069 0.078 0.052 0.017 0.009 
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Table 4: The calculated Fukui functions and charge for the selected atoms of the QUIN3 inhibitor. 

QUIN3 N N+1 N-1 F+ F- 

1  C 0.419 0.411 0.406 0.012 -0.008 

2  C -0.436 -0.378 -0.519 0.082 0.057 

3  C 0.392 0.306 0.398 -0.005 -0.085 

4  C -0.308 -0.123 -0.372 0.063 0.185 

5  C -0.063 -0.117 -0.079 0.016 -0.054 

6  C -0.327 -0.219 -0.402 0.075 0.108 

7  H 0.203 0.218 0.179 0.023 0.014 

8  C 0.625 0.327 0.719 -0.094 -0.298 

9  H 0.097 0.137 0.071 0.026 0.039 

10  H 0.159 0.170 0.129 0.030 0.010 

11  C -0.652 -0.217 -0.788 0.136 0.434 

12  C 0.669 0.562 0.650 0.018 -0.106 

13  N -0.626 -0.440 -0.711 0.085 0.185 

14  H 0.418 0.437 0.423 -0.004 0.019 

15  N -0.909 -0.805 -1.007 0.098 0.103 

16  H 0.428 0.439 0.409 0.018 0.011 

17  H 0.424 0.423 0.419 0.005 -0.001 

18  C 0.479 0.390 0.480 -0.001 -0.089 

19  N -0.651 -0.466 -0.779 0.127 0.185 

20  C -0.008 0.014 -0.015 0.007 0.023 

21  C -0.231 -0.209 -0.267 0.036 0.022 

22  C -0.153 -0.155 -0.169 0.016 -0.001 

23  C -0.187 -0.184 -0.208 0.020 0.003 

24  H 0.144 0.158 0.126 0.017 0.013 

25  C -0.222 -0.208 -0.246 0.024 0.013 

26  H 0.093 0.105 0.088 0.005 0.011 

27  C 0.345 0.365 0.324 0.021 0.019 

28  H 0.129 0.138 0.120 0.008 0.009 

29  H 0.134 0.145 0.118 0.015 0.010 

30  O -0.615 -0.591 -0.638 0.022 0.024 

31  H 0.464 0.473 0.454 0.010 0.008 

32  H -0.070 0.042 -0.124 0.053 0.113 

33  O -0.417 -0.409 -0.429 0.012 0.007 

34  C 0.158 0.152 0.164 -0.006 -0.006 

35  H 0.056 0.061 0.049 0.006 0.005 

36  H 0.018 0.024 0.011 0.007 0.005 

37  H 0.019 0.023 0.012 0.006 0.004 
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Table 5: The calculated Fukui functions and charge for the selected atoms of the QUIN4 inhibitor. 

QUIN4 N N+1 N-1 F+ F- 

1  C 0.426 0.424 0.415 0.010 -0.001 

2  C -0.432 -0.395 -0.523 0.090 0.037 

3  C 0.392 0.350 0.404 -0.011 -0.042 

4  C -0.310 -0.251 -0.388 0.077 0.058 

5  C -0.045 -0.055 -0.060 0.015 -0.010 

6  C -0.351 -0.324 -0.437 0.085 0.026 

7  H 0.199 0.206 0.173 0.026 0.006 

8  C 0.583 0.419 0.699 -0.115 -0.164 

9  H 0.095 0.113 0.066 0.028 0.018 

10  H 0.165 0.172 0.134 0.031 0.006 

11  C -0.633 -0.431 -0.779 0.145 0.202 

12  C 0.673 0.624 0.658 0.015 -0.048 

13  N -0.616 -0.547 -0.708 0.092 0.069 

14  H 0.412 0.420 0.418 -0.005 0.008 

15  N -0.926 -0.852 -1.030 0.104 0.074 

16  H 0.431 0.434 0.412 0.019 0.002 

17  H 0.427 0.423 0.423 0.004 -0.004 

18  C 0.475 0.424 0.474 0.001 -0.051 

19  N -0.651 -0.563 -0.784 0.133 0.087 

20  C -0.028 0.092 -0.035 0.006 0.121 

21  C -0.203 -0.194 -0.227 0.024 0.008 

22  C -0.142 -0.152 -0.157 0.014 -0.009 

23  C -0.222 -0.125 -0.236 0.014 0.097 

24  H 0.131 0.156 0.120 0.011 0.025 

25  C -0.251 -0.166 -0.266 0.015 0.084 

26  H 0.077 0.102 0.072 0.005 0.024 

27  C 0.312 0.287 0.301 0.010 -0.024 

28  H 0.130 0.142 0.123 0.007 0.011 

29  H 0.149 0.163 0.139 0.009 0.014 

30  O -0.617 -0.609 -0.640 0.022 0.008 

31  H 0.464 0.469 0.454 0.010 0.004 

32  H -0.059 0.002 -0.119 0.059 0.061 

33  N -0.385 -0.192 -0.408 0.023 0.193 

34  C 0.058 -0.026 0.073 -0.015 -0.084 

35  H 0.060 0.094 0.053 0.007 0.033 

36  H 0.022 0.075 0.012 0.009 0.053 

37  H 0.020 0.071 0.013 0.007 0.050 

38  C 0.091 -0.009 0.114 -0.022 -0.100 

39  H 0.008 0.061 0.001 0.008 0.053 

40  H 0.011 0.067 0.001 0.010 0.056 

41  H 0.054 0.094 0.045 0.009 0.039 
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Table 6: The interaction energy obtained from MD simulation for adsorption of inhibitors on Fe (1 1 0) surface.  

the Total Negative Charge (TNC), the total number of the Negative Charge Centers(NCC) and the Positive Charge Centers(PCC)  

of the studied inhibitors in aqueous phase calculated at the B3LYP/6311++G** level. 

system Einteraction(Fe-inhibitor) (kcal/mol) Einteraction(Fe2O3-inhibitor) (kcal/mol) TNC(ev) NCC PCC 

QUIN1 -2153.911 -3613.61 -5.235 14 18 

QUIN2 -2228.575 -3658.03 -5.575 15 21 

QUIN3 -2254.756 -3682.06 -5.882 16 21 

QUIN4 -2289.001 -3738.18 -5.879 16 25 

 

and QUIN4 the LUMO is localized on C23, C1, C25, 

C21, C5, and C4 atoms. The electron density distribution 

of the frontier orbitals are in good agreement with  

the results of partial charges.  

Tables 2, 3, 4 and 5 show condensed Fukui indices, 

the atoms of the molecule which accepting electrons have 

more F+(r) (the index for nucleophilic attack); when  

the atoms of molecule which donating electrons have more 

F¯(r) (the index for electrophilic attack for an inhibitor 

molecule). It is clear that the preferred site for 

nucleophilic and electrophilic attack for the four inhibitors 

are C11 atoms, which indicated that these atoms will be  

the most probable nucleophilic and electrophilic reactive 

sites during the absorption.  

In spite of advancements in quantum chemical 

techniques, due to computationally expensive for systems 

involving a large number of molecules, Molecular 

dynamics (MD) simulation usually only applied to these 

systems. Many corrosion inhibition studies nowadays 

contain the use of molecular dynamics simulation  

as an important tool in understanding the interaction between 

adsorbate-metal surfaces [32-35]. As the adsorption 

energy is negatively affected, the metal-adsorbent 

interaction becomes stronger [36]. In this study, four 

selected inhibitors were placed on the Fe (1 1 0) and 

Fe2O3 (1 1 0) surfaces. To examine the equilibrium state 

of systems, diagrams of temperature and energy obtained 

via MD simulations were analyzed. The Figs. 3 and 4 

show temperature and energy fluctuation curve as  

a function of time. Fluctuations of the temperature are  

in a range of 298 ± 5 K and the fluctuations of energy are 

less than 0.5%, indicating that the system has reached  

an equilibrium state [37]. The system equilibrium state 

and the best adsorption configurations of the surface-

adsorbed inhibitor are depicted in Fig. 5. 

Interaction energy, which results from the binding  

of the inhibitor to iron surface, was calculated to measure  

the stability of inhibitor-Fe (1 1 0) complexes. The values 

of the interaction energies of the four inhibitors on Fe (1 1 0) 

and Fe2O3 (1 1 0) surfaces are listed in Table 6. It is clear 

from Table 6 that QUIN4 has higher negative interaction 

energy as compared to the other inhibitor. Therefore,  

the adsorption of QUIN4 on the iron surface  

in aqueous solution is easier than other inhibitors. Also, 

the values of negative interaction energy for four inhibitors 

suggests that the adsorption on mild steel and iron oxide 

surface is spontaneous. Moreover, the interaction energy 

between the inhibitor molecules and Fe2O3 (1 1 0) surface 

is lower than Fe (1 1 0) surface. It means that  

the inhibitor molecules can easily absorb on Fe2O3  

surface and protect it from corrosion. Indeed, the presence  

of oxide layer on the iron surface can encourage  

the adsorption of the inhibitor molecules on the surface, 

mainly via electrostatic attractive forces.  

 

CONCLUSIONS  

Inhibition efficiencies of four quinoline derivatives 

have been studied on corrosion of carbon steel using 

quantum chemical parameters and molecular dynamics 

(MD) simulation method in the aqueous phase. The 

results obtained are summarized below: 

a) Among quinoline derivatives, QUIN4 compound 

showed lower χ, this effect increases donating an electron  

to the metallic surface. 

b) QUIN4 was the stronger nucleophile than other 

inhibitors. 

c) The electron donor substitution in QUIN4  

led to an increase in ΔN value.  

d) The fraction of electrons transferred of quinoline 

derivatives are positive then the studied inhibitors 
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Fig. 2: The frontier molecule orbital density distribution of the investigated inhibitors: (a) HOMO, (b) LUMO. 
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Fig. 3: Temperature equilibrium curve obtained from 

molecular dynamics simulation for quinoline derivatives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Energy fluctuant curve obtained from molecular 

dynamics simulation for quinoline derivatives. 
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Fig. 5: Equilibrium adsorption configurations of quinoline derivatives on Fe (1 1 0) (left) and Fe2O3 (1 1 0) (right) surfaces. 
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were the donor of electrons, and the carbon steel surface 

was the acceptor. 

e) The polarizabilities are in the order QUIN4 > 

QUIN3 > QUIN2 > QUIN1, which correlates well  

with the corrosion inhibition efficiency observed. 

f) Higher total number of charge centers of QUIN4 

indicated that the chemical bond between QUIN4 and 

iron surface stronger than other quinoline derivatives and 

iron surface. 

g) The electron density distribution of the frontier 

orbitals is in good agreement with the results of partial 

charges. 

h) Fluctuations of the temperature are in a range of 

298 ± 5 K and the fluctuations of energy are less than 

0.5%, indicating that the system has reached  

an equilibrium state. 

i) Values of negative interaction energy for four 

inhibitors suggests that the adsorption on mild steel 

surface is spontaneous. 

In brief, results of DFT and MD simulations 

calculations confirm that QUIN4 has more inhibition 

efficiency than other derivatives, which is in good 

agreement with the experimental inhibition  

efficiency data reported. Therefore, DFT along  

with MD successfully used as reliable approaches  

to screen organic corrosion inhibitors prior to experimental 

validation. 
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