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The inhibition performance of nine imidazoline molecules against the corrosion of steel in 15 wt.%
HCI and 3 wt.% HF solution was studied by weight-loss method, quantum chemical calculation,
molecular dynamics simulation and the quantitative structure—activity relationship (QSAR) analysis.
The quantum chemical calculation involved in local reactivity suggested that the nitrogen atoms in the
imidazole ring and carbon atoms in hydrophilic group were the possible active sites to be adsorbed on
iron surface. The acid solution was taken into consideration in molecular dynamics simulation and the
results indicated that the order of the binding energies agrees well with that of the inhibition
efficiencies. The QSAR model was built by the support vector machine (SVM) approach to correlate
between the inhibition efficiencies of the imidazoline molecules and their quantum chemical
parameters as well as the binding energies. The QSAR model shows good performance since the value
of correlation coefficient R” was reasonably high. What’s more, eight new imidazoline molecules were
theoretically designed and their inhibition efficiencies were predicted by the established QSAR model.
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1. INTRODUCTION

Metals and alloys, especially the mild steel, are used widely in industrial fields. At the same
time, the corrosion of metals usually results in huge financial losses and many potential safety issues.
Adding the corrosion inhibitors into the oil can be regarded as one of the most convenient and
economic methods among the various anticorrosion measures, because corrosion inhibitors can slow
down corrosion rate or protect metal from corrupting, though used in a very small amount [1-3]. Most
of the efficient corrosion inhibitors are compounds containing heteroatoms with lone pair of electrons
(e.g., N, O, S and P), or m-systems, or conjugated bonds, or aromatic systems [4]. Imidazoline and its
derivatives are such kind of compounds that can be against the corrosion of CO, and H,S effectively
[5-6]. Moreover, they are environmental friendly due to their biodegradability [7].

Many studies about imidazoline and its derivatives have been carried out including
experimental and theoretical investigations. For the experimental researches, many measures, such as
weight-loss method, potentiodynamic polarization, electrochemical impedance spectroscopy (EIS),
scanning electron microscope (SEM) and atomic force microscopy (AFM), were usually used to study
the inhibition efficiency and inhibition process of imidazoline molecule under different conditions [8-
13]. For the theoretical studies, quantum computational method and molecular dynamics simulation
were usually employed to obtain the molecular properties and the corrosion inhibition mechanism [14-
18]. For example, J. Cruz [15] studied a series of imidazoline molecules using the quantum
computational method and found that the global reactivity indices together with the local reactivity
indices were helpful to explain the performance of imidazolines as a corrosion inhibitor. S. Xia [18]
investigated two imidazoline molecules using quantum chemistry method and molecular dynamics
simulation and found that imidazoline molecules can be adsorbed on the Fe surface in vacuum or in
water through the imidazoline ring and heteroatoms. In addition, linear or simple non-linear
quantitative structure-activity relationship (QSAR) models were also built to research the relationship
between inhibition efficiency and some related quantum chemical parameters [19].

Though the extensive studies of imidazoline inhibitors have been carried out by experimental
and theoretical approaches, many problems in the corrosion inhibition process are still unclear. For
molecular dynamics studies, few researchers have taken the electrolyte anions in corrosion solution
into consideration, which have great influence on the performance of corrosion inhibitors, such as
chloride ion [20]. For the QSAR studies, considering the performance of the corrosion inhibitors was
affected by many factors and it can’t be explained by linear or simple non-linear QSAR model [21-22].
Thus, advanced and suitable approaches, such as neural network approach (NNA) or the support vector
machine (SVM) should be selected. The reliable correlation between the structural characters and
activities or properties will help us to accurately predict the performance the new corrosion inhibitors.

In this study, the inhibition performances of a series of imidazoline compounds have been
studied via weight-loss method together with the quantum chemistry and molecular dynamics
simulation. A QSAR model was built by the support vector machine (SVM) approach. What’s more,
eight new imidazoline molecules were theoretically designed and their inhibition efficiencies were
predicted by the established QSAR model.
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2. EXPERIMENTAL

2.1. Materials

Nine imidazoline molecules were studied in present study and their molecular structures and
the sequencing of some atoms were shown in Table 1. All the structures of the nine imidazoline
molecules include a five membered ring containing two nitrogen atoms, a hydrophilic group and a
hydrophobic group. There are two kinds of hydrophilic groups, namely -CH,CH,NH, (for molecules 1,
4, 6, 8,) and -(CH,CH,NH),CH,CH,NH, ( for the molecules 2, 3, 5, 7, 9). While for the hydrophobic
groups, hydrocarbon straight-chains are for the molecules 1-7, and benzene ring for molecules 8 and 9.

Table 1.Structures and sequencing of atoms of nine imidazoline molecules

Inhibitor Structure Inhibitor Structure
1 R7 2 R7
1 7 13 ){ 8B g o
74 7 PN
6N Ns/\lo/N N /5 10 40 o 51
36 2 36 2
R;= —CiHis Rr= ™ CiMis
3 Rg 4 Ryt
1 8 ¥ 4 s O ! 718
N / N/\/N\/\ N N / N/\/N
6 5 N 6
41 46 57 5 10
\ / 52
28 2 49 2
Rg = — CgHyg Ry = Ci1H23
5 Ri1 6 Ri3
YUY K s
N Ns/\lo/ s N < 6 N 2NN
\ / 58 5 10
48 2
45 2
Ry = —Cu1Has
Ris = CiaHa7
7 Ri3 8 26
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2.2. Weight-loss method

Weight loss testing was performed on X52 steel with dimension of 50x10x2mm. Before
testing, all steel specimens were abraded with sandpapers, cleaned with double distilled water and
absolute ethyl alcohol, dried in a drier and weighted as m;. Then, steel specimens were immersed in 15
wt.% HCI and 3 wt.% HF solution with corrosion inhibitors at concentration of 400 ppm at 60°C for 4
h. At the same time, a blank test was also carried out without corrosion inhibitors under the same
conditions. After testing, each specimen was taken out and then cleaned with double distilled water
and absolute ethyl alcohol, dried in a drier. Specimens immersed in solution with and without
corrosion inhibitors were weighted as m, and mjs, respectively. The inhibition efficiency (IE) was
calculated using the following equations [18]:

V= (mz-my)/(Sxt)

Vo= (M1-m3)/(Sxt)

IE = (Vo-V)/Vox100%

Where S is the surface area of specimen; t is response time; V is corrosion rate with corrosion
inhibitors; Vg is corrosion rate without corrosion inhibitors.

2.3 Quantum chemistry calculation

The quantum chemical calculation were performed with Gaussian09 program package [23] at
the B3LYP/6-311+G (d,p) level of theory. The B3LYP method shows a good estimate of molecular
properties which are related to the molecular reactivity [24] The considered quantum chemical
parameters include energy of the highest occupied molecular orbital (Enomo), energy of the lowest
unoccupied molecular orbital (E umo), dipole moment (p), the change in the number of electrons
transferred (AN), the adiabatic ionization potential (AIP), the vertical ionization potential (VIP), the
vertical electron affinity ( EAyer) and so on. The adiabatic ionization potential (AIP) and the vertical
ionization potential (VIP) [25] are estimated in the following manner:

AIP = E(optimized cation)-E(optimized neutral)

VIP= E(cation at optimized neutral geometry) —E(optimized neutral)

The vertical electron affinity( EAert) [26] are estimated in the following manner:

EA\er=E(optimized neutral)—E(anion at optimized neutral geometry)

The change in the number of electrons transferred [27] AN and AN, Were estimated through
the equations:

AN=(yre~Yinn)/2(n Fe'ninh)

ANvert=(¥re=Yinh,vert)/2(M Fe'ninh,vert)

Xinh=-(ELumo+Eromo)/2 (1)

Ninh=(ELumo-Eromo)/2  (2)

Xinhvert=(VIP +EAver )/2 (3)

Ninhvert=(VIP-EAvert )/2  (4)
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Where the values of yr and n are taken as 7eVmol™ and 0 eVmol™, respectively [28]. The
values of yinn and ninn are calculated from equation (1) and equation (2), respectively. And the values of
Yinh.vert and Minn vert are calculated from equation(3) and equation(4) respectively.

Natural bond orbital (NBO) analysis [29] was performed to evaluate the electron-density
distributions. The electron density plays an important role in estimating the chemical reactivity. The
local reactivity has been analyzed by means of Fukui indices and contribution to HOMO or LUMO of
atoms. The condensed Fukui [30] functions are calculated from the natural charge analysis of atoms
and it was expressed as follows:

"= g(N+1)—qr(N)  (for nucleophilic attack)

f = gk(N)—qx(N—1) (for electrophilic attack)
where Qn+1, qn, and On-; are the charges of the atoms on the systems with N +1, N, and N — 1
electrons, respectively. To certain molecules, contribution of each atom to HOMO or LUMO is
proportional to the square of the HOMO or LUMO coefficients [31]. Corresponding contribution to
HOMO or LUMO can be expressed as:

Z (Cir,HOMO)2 Z (Cir,|_u|\/|o)2
Aromo = Z Z (Cir,HOMO)Z Aiumo = ZZ (Cir,LUMo)Z

2.4 Molecular dynamics simulation

The molecular dynamics(MD) simulation of the interaction between imidazoline molecules and
iron surface in acid solution were performed using Materials Studio 5.5 program developed by
Accelrys Inc [32]. The Amorphous Cell module and Forcite module were used. The Amorphous Cell
[33] module allows constructing complex systems and the Forcite module [32] allows geometry
optimization and energy calculation of periodic systems. The MD simulation was carried out in a
simulation box (2.98nmx2.98nmx9.76nm) with periodic boundary conditions. The box includes a Fe
slab, an acid solution layer and a vacuum layer. In acidic solution, -NH, have a great tendency to be
protonated. Thus, the protonated imidazoline molecules are considered in the simulation. Moreover, in
order to build a model in accord with the real experimental solution, both waters and hydrogen
chloride were considered, and the adsorption system includes 746 H,O, 54 H3O", 55 CI" and 1
protonated inhibitor molecule. Then, the acid solution layer was simulated with density of 1.011 g/cm’
3 which was calculated by dynamics simulation under NPT ensemble for 200 ps to obtain the
equilibrium status of systems at a temperature of 298K and at a pressure of 0.1 MPa controlled by
Andersen thermostat and Berendsen Barostat, respectively [33]. As for the iron surface, Fe (1 1 0) isa
density packed surface and has the most stabilization, so Fe (1 1 0) was chosen as the adsorption
surface [34]. The iron surface includes 13 layers, and 10 layers near the bottom were frozen. The MD
simulation was performed at 298 K controlled by the Andersen thermostat, NVT ensemble, with a time
step of 1.0 fs and simulation time of 2000ps using the compass force field. Interactions of non-bond for
each system, van der Waals and electrostatic, were computed by atom-based summation method and
Ewald summation method, respectively, with a cutoff radius of 1.55 nm.
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2.5 Quantitative structure and activity relationship (QSAR)

In the present study, the support vector machine (SVM) [35] approach has been used to build a
quantitative structure and activity relationship (QSAR) to investigate the relationship of inhibition
efficiencis of the imidazoline molecules and their quantum chemical parameters as well as combining
energies. The support vector machine (SVM) is a relatively novel machine learning technique based on
a statistical learning theory (SLT) principle [35]. It has been extended to solve regression problems,
and has good performance in QSAR studies due to its extraordinary capability [36] . Compared with
other learning machines, such as artificial neural networks, SVM has smaller standard error [37]. For
SVM, we used freely available LIBSVM software [37]. All calculations were performed using the
MATLAB package.

3. RESULTS AND DISCUSSION

3.1 Experimental results

The results of inhibition efficiencies in 15 wt. % HCI and 3 wt. % HF solution with corrosion
inhibitor concentration of 400 ppm at 60°C for 4 h tested by weight-loss method are shown in Table2.
For the imidazoline molecules with hydrocarbon straight-chain, namely molecules 1-7, the inhibition
efficiencies are from 26.34% to 95.39%, which are not always increase with the increasing of the
lengths of hydrocarbon straight-chain. While for those contain benzene rings (molecules 8-9), the
inhibition efficiencies are less than 60%. In addition, for the imidazoline molecules with the same
hydrophobic groups, it is interesting to found that the inhibition efficiencies of molecules with —
(CH,CH,NH ),CH,CH,NHj, are higher than those with -CH,CH,NH,.

Table 2.Experimental inhibition efficiencies of nine imidazoline molecules

Inhibitor  Inhibition efficiency (%) Inhibitor Inhibition efficiency (%)
1 26.34 6 60.64

2 87.71 7 57.67

3 91.59 8 20.62

4 77.86 9 59.01

5 95.39

3.2 Global reactivity

Chemical reactivity of compounds is related to its structural characteristics, which can be
expressed clearly by their quantum chemical parameters. The selected parameters include Enomo,
ELumo, dipole moment (n), the adiabatic ionization potential (AIP), the vertical ionization potential
(VIP) etc. Table 3 presents all the calculated quantum chemical parameters of the imidazoline
molecules
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Enomo is associated with the electron donating ability of a molecule. The higher value of the
Enomo IS, the greater tendency of a molecule has to donate electrons [38]. On the contrary, E umo
indicates the ability to accept electrons. Lower value of E_ymo has a greater tendency to accept
electrons [39]. As shown in Table 3, molecule 2 with the highest Epomo and molecule 8 with the
lowest E;ymo provide an indication that the molecule 2 has the greatest ability to donate electrons and
molecule 8 are easy to accept electrons. However, the results of Enomo and E umo do not agree
completely with the trends in the inhibition efficiencies of all the compounds.

Table 3.Quantum chemical parameters of nine imidazoline molecules at the B3LYP/6-311+G(d,p)
level of theory and experimental inhibition efficiencies

Inhibitor

1 -5.904  -0.258 1.952 170.630 -5.579 -1.001 -4.456 0.090
2 -5.767  -0.178 4.270 237.740 -7.703 -0.999 -5.507 -0.344
3 -5.785 -0.221 4,566 265.060 -8.403 -1.000 -5.813 -0.523
4 -5.847  -0.212 2.900 220.040 -7.080 -1.000 -5.314 -0.208
5 -5.818  -0.137 4.249 290.010 -9.154 -0.999 -6.733 -0.101
6 -5.894  -0.257 1.956 245,700 -7.834 -1.001 -6.043 -0.023
7 -5.845  -0.193 2.930 314.300 -9.963 -1.360 -7.209 -0.371
8 -5.982 -1.075 1.939 153.370 -3.708 -0.995 -2.948 -0.561
9 -5.933  -0.989 4.367 222.640 -5.782 -0.990 -4.271 -0.393

Table 3.(continued).Quantum chemical parameters of nine imidazoline molecules at the B3LYP/6-
311+G(d,p) level of theory and experimental inhibition efficiencies
Vicm®mol™® AlP/eV  VIP/eV EAert ANvert AN Ea IE/%

eV Ikcal*mol™
133.454 7.235 7.751 -0.735 0.412 0.694 -125.32 26.342
185.528 6.783 7.284 -0.695 0.464 0.721 -175.50 87.711
204.755 6.956 7.362 -0.611 0.455 0.718 -189.92 91.591
171.909 7.229 7.765 -0.711 0.410 0.705 -161.99 77.864
223.982 7.062 7.371 -0.822 0.455 0.708 -207.26 95.390
191.136 7.224 7.723 -0.712 0.414 0.696 -178.43 60.637
243.209 6.868 7.265 -0.725 0.467 0.704 -225.04 57.667
103.154 7.265 7.689 -0.491 0.416 0.707 -106.60 20.622
155.227 7.039 7.350 -0.356 0.455 0.716 -160.28 59.007

The dipole moment (u) and polarizability (o)) indicate the polarity of a molecule and they are
good reactivity indicators [40]. The bigger value of the dipole moment and the polarizability, the more
possible for the molecule to change its original shape and the greater tendency the molecule will has to
be absorbed on metal surface. Molecular volume indicates possible surface coverage by the corrosion
inhibitors. The larger molecular volume (V) of a corrosion inhibitor has, the bigger surface coverage
will be formed on metal surface, which was favor to corrosion protection [41]. Table 3 shows that
molecule 9 has the greatest dipole moment, and molecule 7 has the greatest polarizability and the
largest volume, which indicates that these molecules are easy to be absorbed on metal surface, but their
experimental efficiencies are not the highest. As to molecule 5, it shows the highest experimental
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efficiency and the value of its dipole moment, polarizability and volume are greater than most of
molecules.

Total negative charges of all non-hydrogen atoms in imidazoline molecule, Qota(natural
charge) and Zyw(Mulliken charge), total charges of all non-hydrogen atoms in imidazole ring,
Qring(natural charge) and Zing(Mulliken charge), are listed in Table 3. The absolute values of Qqotal,
Ziotal, Qring and Zying are related to chemical reactivity[40,42], and, as shown in Table 3, molecule 7
have the highest absolute values of Qotal, Ztotal, Qring @Nd Zing. It is suggested that this molecule has the
greatest chemical reactivity. However, the inhibition efficiency of molecular 7 is not very high. An
analysis of the absolute values of Quota, Ziotal, Qring and Zing Of all the molecules and their
corresponding inhibition efficiencies indicates that the order of the absolute values of Qotal, Ztotal, Qring
and Z;ing do not agree with the trends in the experimental inhibition efficiencies very well.

The change in the number of electrons transferred AN or ANy indicates the tendency of a
molecule to donate electrons [41]. Though AN values are not exactly the number of electrons
transferring from the donor to the acceptor molecule, it is more adequate to indicate the ability of
electron-donating [43]. As tabulated in the Table 3, molecules 2 have the highest values of AN, which
indicates the greatest ability to donate electrons. It is in accord with the results of Eomo. However, the
trend of the AN or ANy Values does not correlate well with the experimental inhibition efficiencies.

From the discussion above, it can be concluded that all these quantum chemical parameters are
related to the chemical reactivity of these imidazoline molecules. However, due to the complexity of
the corrosion protection, the inhibition performance is affected by many factors, which causes the
order of each parameter does not correlate well with the trend of the inhibition efficiencies. Therefore,
all the quantum chemical parameters will be taken into consideration to build QSAR model.

3.3 Local reactivity

According to the frontier molecular orbital theory (FMO) [44], the chemical reactivity is
closely related to HOMO and LUMO of the reacting species. The figures of HOMO and LUMO of all
imidazoline molecules are shown in Figurel. For moleculesl-7, HOMOs are located in the imidazole
ring and hydrophilic group and LUMOs’ location are concentrated on hydrophilic group. As to
molecules 8 and 9, HOMOs are located in imidazole ring and hydrophilic group and LUMOSs in the
imidazole ring and benzene ring. These results indicate that the reactive regions of imidazoline
molecules are not correlative with the hydrocarbon straight-chain.

In order to confirm the active sites, these nine imidazoline molecules were researched by the
condensed Fukui function [45]. The site for nucleophilic attack is on atom which has the highest value
of f'. In turn, the site for electrophilic attack is located on atom which has the highest value of f [17].
The values of the Fukui functions of all the nine imidazoline molecules are shown in Table 4. For
molecules 1-7, only the nitrogen and carbon atoms in imidazole ring and hydrophilic group are listed.
While for molecules 8-9, all non-hydrogen atoms are tabulated. As shown in Table 4, carbonatoms
connected to nitrogen atom in hydrophilic group are the most reactive sites for nucleophilic attacks of
all the molecules except for molecules 8 and 9. While, the most reactive sites for an electrophilic attack
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are located on N5 in the imidazole ring except for molecules 7 and 9.
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Figurel. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of nine imidazoline molecules at the B3LYP/6-311+G (d,p) level of theory

Table 4.The condensed Fukui functions on the heavy atoms of imidazole ring and hydrophilic group of
nine imidazoline molecules at the B3LYP/6-311+G (d,p) level of theory

1 2 K}
Atom - f(F) f.(F) Atom £ (F) f.(F) Atom £ (F) f.(F)
C1 0.005 0.004 C1 -0.001 0.009 C1 -0.004 0.008
C2 -0.030 0.019 C2 -0.045 0.008 C2 -0.063 0.015
N5 0.011 -0.252 N5 0.015 -0.140 N5 0.018 -0.196
N6 -0.043 -0.212 N6 -0.034 -0.117 N6 -0.024 -0.162
Cc7 -0.300 0.017 Cc7 -0.168 -0.007 C28 -0.005 0.024
C10 -0.106 -0.010 C10 -0.026 0.007 C38 -0.001 0.016
N13 -0.078 -0.101 N13 -0.017 -0.132 C41 -0.278 -0.003
C36 0.004 0.035 C36 0.001 0.017 N44 -0.031 -0.144
C40 -0.016 0.005 C46 -0.133 0.016
C43 -0.024 -0.002 C49 -0.043 0.006
N46 0.001 -0.124 N52 -0.010 -0.030
C48 -0.010 0.006 C54 -0.010 0.004
C51 -0.295 -0.011 C57 -0.043 0.003

N54 -0.040 -0.004 N60 -0.025 -0.025
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Table 4(continued).The condensed Fukui functions on the heavy atoms of imidazole ring and
hydrophilic group of nine imidazoline molecules at the B3LYP/6-311+G (d,p) level of theory

4 ) 6
Atom f,(F) f.(F) Atom f,(F) f.(F) Atom £ (F) f.(F)
C1 0.000 0.004 C1 0.002 -0.002 C1 0.004 0.004
Cc2 -0.028 0.019 Cc2 -0.001 0.012 Cc2 -0.022 0.019
N5 0.017 -0.251 N5 0.014 -0.197 N5 0.012 -0.252
N6 -0.028 -0.214 N6 -0.022 -0.162 N6 -0.039 -0.213
Cc7 -0.032 0.026 Cc7 -0.090 0.017 Cc7 -0.281 0.017
C10 -0.321 -0.006 C10 -0.033 -0.003 C10 -0.100 -0.010
N13 -0.080 -0.109 N13 -0.017 0.000 N13 -0.075 -0.100
C49 0.001 0.036 C48 0.001 0.028 C45 0.002 0.035

C52 -0.006 -0.005

C55 -0.068 0.012

N58 -0.009 -0.155

C60 -0.060 0.012

C63 -0.122 0.003

N66 -0.045 -0.016

Table 4(continued).The condensed Fukui functions on the heavy atoms of imidazole ring and
hydrophilic group of nine imidazoline molecules at the B3LYP/6-311+G (d,p) level of theory

7 8 9
Atom — f,(F) f.(F) Atom - f(F) f.(F) Atom - f,(F) f.(F)
C1 0.006 0.129 C1 -0.085 -0.008 C1 0.108 0.008
Cc2 -0.013 0.018 C2 -0.001 0.014 C2 0.092 -0.136
N5 0.014 -0.032 N5 -0.030 -0.229 N7 0.293 -0.009
N6 -0.035 -0.105 N6 -0.126 -0.220 C8 -0.210 -0.150
C7 -0.153 0.109 C7 -0.001 0.016 N9 0.259 0.011
C10 -0.056 -0.073 C10 0.001 -0.005 C10 0.086 -0.001
N13 -0.025 0.008 N13 -0.011 -0.073 C13 0.088 0.001
C45 0.003 -0.065 Ci15 0.017 0.040 N16 0.340 0.002
C58 -0.015 0.026 C19 -0.095 0.043 C18 0.089 0.010
C61 -0.143 -0.056 C20 -0.074 -0.013 Cc21 0.091 -0.128
N64 0.001 -0.028 Cc21 -0.058 -0.028 N24 0.340 0.000
C66 -0.030 -0.023 C22 -0.028 -0.015 C26 0.094 -0.003
C69 -0.026 0.018 C24 -0.034 -0.015 C29 0.103 -0.062
N72 0.001 -0.032 C26 -0.157 -0.057 N32 0.426 0.027
C35 0.070 -0.007
C36 0.114 -0.019
C37 0.108 -0.008
C38 0.076 -0.011
C40 0.075 -0.037
C42 0.148 0.023

Additionally, the active sites of imidazoline molecules were further studied by analysis of the
contribution to HOMO and LUMO of atoms [41]. The most reactive site to donate electrons is the

atom which has the highest value of the contribution to HOMO ( ¥1omo ) @nd the most reactive site to

accept electrons is the atom which has the highest value of the contribution to LUMO ( ¥ uuo )-The
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values of the contribution to HOMO and LUMO of all the nine imidazoline molecules are presented in
Table 5. For molecules 1-7, only nitrogen and carbon atoms in imidazole ring and hydrophilic group
are listed, and for molecules 8 and 9, all non-hydrogen atoms are tabulated. As shown in Table 5,

for ¥romo » the highest value is on N5 atom in the imidazole ring for the molecules 1-8, and on N7
atom in the imidazole ring for molecule 9. While for | ,uo , the highest value is located on the carbon

atom connected to nitrogen atoms in hydrophilic group for molecules 1-7, and on carbon atoms in
benzene ring for molecules 8 and 9. Therefore, for imidazoline molecules with alkyl chain, nitrogen
atom connected to hydrophilic group in the imidazole ring is the active center and can donate electrons
to metal in the adsorption process. At the same time, the carbon atoms in hydrophilic group can accept
electrons from metal. However, for imidazoline molecules with benzene ring, the hydrophilic group is
not the reactive region. These results are in accord with the results of the condensed Fukui function.

Table 5.The contribution to HOMO and LUMO on the heavy atoms of imidazole ring and hydrophilic
group of nine imidazoline molecules at the B3LYP/6-311+G (d,p) level of theory

1 2 3
Atom ZL oo Z[UMO Atom ZL om0 Z[umo Atom P L oo Z[umo
C1 0.062 0.036 C1 0.102 0.077 C1 0.042 0.028
C2 0.011 0.002 C2 0.012 0.002 C2 0.008 0.011
N5 0.187 0.003 N5 0.212 0.003 N5 0.128 0.004
N6 0.092 0.000 N6 0.100 0.001 N6 0.064 0.000
C7 0.028 0.236 C7 0.030 0.133 C28 0.015 0.007
C10 0.038 0.127 C10 0.030 0.048 C38 0.027 0.071
N13 0.010 0.022 N13 0.053 0.013 C41 0.039 0.197
C36 0.017 0.000 C36 0.012 0.001 N44 0.008 0.006
C40 0.005 0.019 C46 0.001 0.209
C43 0.005 0.004 C49 0.003 0.316
N46 0.002 0.005 N52 0.000 0.031
C48 0.003 0.005 C54 0.001 0.013
C51 0.002 0.056 C57 0.001 0.039
N54 0.000 0.051 N60 0.000 0.011

Table 5(continued).The contribution to HOMO and LUMO on the heavy atoms of imidazole ring and
hydrophilic group of nine imidazoline molecules at the B3LYP/6-311+G (d,p) level of theory

4 ) 6

Atom Zrowo Xlumo Atom Ztiowo Xlumo Atom Ztiowo Ziomo
C1l 0.066 0.126 C1l 0.075 0.039 C1 0.055 0.048
C2 0.011 0.008 C2 0.013 0.007 C2 0.012 0.002
N5 0.163 0.009 N5 0.199 0.002 N5 0.155 0.004
N6 0.081 0.001 N6 0.100 0.000 N6 0.075 0.000
C7 0.017 0.065 C7 0.036 0.198 C7 0.021 0.248
C10 0.014 0.077 C10 0.020 0.058 C10 0.032 0.140
N13 0.001 0.066 N13 0.005 0.016 N13 0.008 0.024

C49 0.034 0.007 C48 0.040 0.014 C45 0.024 0.000
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C52 0.006 0.031
C55 0.007 0.007
N58 0.002 0.010
C60 0.000 0.004
C63 0.000 0.078
N66 0.000 0.031

Table 5(continued).The contribution to HOMO and LUMO on the heavy atoms of imidazole ring and
hydrophilic group of nine imidazoline molecules at the B3LYP/6-311+G (d,p) level of theory

7 8 )
Atom X |E|OMO Xlomo Atom X |Z|0Mo Ziumo Atom X IZOMO Xlomo
C1 0.058 0.073 C1 0.048 0.108 C1 0.008 0.011
C2 0.012 0.006 C2 0.013 0.018 Cc2 0.013 0.019
N5 0.188 0.005 N5 0.222 0.006 N7 0.148 0.006
N6 0.086 0.001 N6 0.136 0.008 Cc8 0.042 0.072
Cc7 0.060 0.224 Cc7 0.068 0.019 N9 0.243 0.003
C10 0.095 0.113 C10 0.053 0.004 C10 0.024 0.104
N13 0.063 0.008 N13 0.016 0.001 C13 0.026 0.050
C45 0.014 0.000 Ci15 0.008 0.007 N16 0.009 0.001
C58 0.013 0.082 C19 0.016 0.104 C18 0.008 0.002
Co61 0.024 0.080 C20 0.143 0.102 Cc21 0.007 0.000
N64 0.088 0.002 c21 0.046 0.503 N24 0.000 0.000
C66 0.003 0.006 C22 0.098 0.011 C26 0.000 0.001
C69 0.013 0.000 C24 0.037 0.062 C29 0.000 0.000
N72 0.003 0.001 C26 0.023 0.043 N32 0.000 0.000
C35 0.008 0.085
C36 0.152 0.128
C37 0.082 0.418
C38 0.081 0.008
C40 0.044 0.057
C42 0.023 0.029

3.4 Molecular dynamics simulation

The molecular dynamics simulation was performed to study the adsorption behavior of the
imidazoline molecules on the Fe surface. The geometry of the studied system was being optimized
until the total energy was minimized and then molecular dynamics simulation process was carried out.
The studied system reached equilibrium when both of temperature and energy of the system were
balance. The values of the interaction energies and the binding energies of all the nine imidazoline
molecules on Fe surface were calculated after the systems reached equilibrium. The equilibrium
configurations of the nine imidazoline molecules adsorbed on Fe(110) surface are presented in Figure
2. And the calculated binding energies are shown in Table 6.
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Figure 2. Equilibrium configuration of nine imidazoline molecules adsorbed on Fe(110) surface

As shown in Figure.2, almost all the imidazoline molecules were adsorbed on the Fe(110)
surface in parallel manner, which indicates that not only imidazoline ring and hydrophilic group but
also the hydrocarbon straight-chain can be absorbed on the Fe surface. However, the protonated amino
group, -NHz", was not likely adsorbed on iron surface, which was possible due to electron deficient
nature of the protonated N atom. Calculation of single point energy of Eiotal, Esurface @Nd Einnibitor Was
carried out by using the Forcite module, and Ejnteraciion @nd Epinging Can be obtained according to the
following equations [17-18]:

Einteraction = Etotal - ( Esurface + Einhibitor ) (1)

Ebinding: - Einteraction (2)

where Eo 1S the total energy of iron crystal together with the adsorbed imidazoline molecule,
Esurface @aNd Einnivitor are the energy of the iron crystal and imidazoline molecule, respectively. The
calculated binding energies and experimental inhibition efficiencies are listed in Table 6.

Table 6. Binding energies and inhibition efficiencies of nine imidazoline molecules

According to studies about the interactions between corrosion inhibitor and metal surface [17-
18], the bigger value of Epinging IS, the easier of the corrosion inhibitor can be adsorbed on the surface,
and the higher inhibition efficiency of the molecule will has. The relationship between the binding
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energies and inhibitor efficiencies of nine imidazoline molecules are presented in Figure 3. As shown
in Figure 3, the order of Epinging OF imidaoline molecules accords well with the trend of inhibition
efficiencies. It can be concluded that the binding energy is a good indicator of the inhibition efficiency.

]|—=—Bingding energy (Kal/mol)
220 4|—*— Inhibition efficiency(%)

Binding energy and inhibition efficiency

o471+
12 3 4 5 6 7T 8 9 10

imidazoline molecules

Figure 3. The relationship between binding energies and inhibition efficiencies of nine imidazoline
molecules

3.5 Quantitative structure and activity relationship (QSAR)

In the present study, the support vector machine (SVM) approach has been used to build
quantitative structure and activity relationship (QSAR) between the inhibition efficiencies of the
imidazoline inhibitors and the structural characters. All the quantum chemical parameters calculated by
DFT method, binding energies calculated by molecular dynamics method and inhibitor efficiencies
tested by weight-loss method of the nine imidazoline molecules have been as inputs to build a QSAR
model (shown in Table 3). The eventual result was a mathematical complex expression which was not
an explicit equation or function. The accuracy of the model was indicated by the correlation coefficient
R2. High R? value indicates the great success and predictive power of the model [35]. In the present
study, SVM gives the correlation coefficient 0.976 for the model built, which shows good
performance. And the parameters of SVM for regression, ¢ and vy, were fixed to 4 and 0.1, respectively.
Figure 4 shows a comparison between the predicted values and the original data of inhibition
efficiencies. The results predicted from model are very close to the results obtained from experiment.
The deviation of the predicted values from original value was described in Figure 5. The values of the
deviation were less than 0.4%. As shown in Figure 6, the relative errors between the predicted values
and the original values were less than 2%. These results indicated that a good model have been built by
SVM approach.
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Figure 4. Comparison between the original and predicted data of nine imidazoline molecules
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Figure 5. Deviation between the predicted and original data of nine imidazoline molecules




Int. J. Electrochem. Sci., Vol. 8, 2013 11243

Figure of relative error(predicted data - original data)foriginal data

2 : : : : : : :
| | | | | o
e s E e S
= : : : : : : :
S : : : : : :
o : : : : : :
L oot oo Pt i i i i m
= ! ! ! ! ! ! !
ko : : : : : : :
2 R
2 05 RRREEEEE RRREEEEE ARRREREEE IRRERERES (RERREREE (RRREEEEE tom-ooe- -
= ! ! ! ! ! ! !
- 1 1 1 1 1 1 1
o ! ! ! ! ! ! !
= ! ! ! ! ! ! !
=T ! ! ! ! ! ! !
1) bbb Poeoeones Poeoeones Posoeenes AR Toemeones Toemeoees Posooes n
{:F {:F 1 {:} 1 1 1
a5 A | | | |
1 2 3 4 5 B 7 a g
Sample

Figure 6. Relative error between the predicted and original data of nine imidazoline molecules

3.6 Molecular design and prediction

Table 7. Structures of eight theoretically designed imdazoline molecules
Ry

NA”’RE

\/

Inhibitor R: R,

1 — (CHz)p-CH=CH — CH,CHyNH,

2 — (CH;)p-CH=CH — (CH,CH,NH),CH,CH,NH,
3 — CH=CH-(CH,)5-CHs — CH,CH,NH,

4 — CH=CH-(CH,)5-CH, — (CHCH,NH),CH,CH,NH,
5 — CH=CH-(CH,)g-CH5 — CH,CH,NH,

6 — CH=CH-(CHg)y-CH; — (CH,CH, NH),CH,CH,NH,
7 — (CH,),CH=CH-(CH,);-CH;  — CH,CH,NH,

8 — (CH,),CH=CH-(CH,);-CH;  — (CH,CH,NH),CH,CH,NH,

Eight new imidazoline molecules were theoretically designed and their structures were
presented in Table 7. As shown in Table 7, the hydrophilic groups of the eight new designed molecules
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were the same as those of experimental imidazoline molecules. While for the hydrophobic groups, four
different hydrophobic alkenyl chains, which can be commercially got easily, were taken into
consideration.

The structures of all the new molecules were optimized at the B3LYP/6-311+G (d,p) level of
theory, and their corresponding quantum chemical parameters/descriptors were listed in Table 9. At the
same time, the adsorption behaviors of these new molecules on the Fe(110) surface were studied by
molecular dynamics simulation, and the binding energies were also presented in Table 8. The
calculated quantum chemical parameters as well as the binding energies were taken as inputs into the
established QSAR model, which provided the predicted inhibition efficiencies as outputs (shown in
Table 8). As we know, these data were just suitable for the test condition in 15 wt. % HCI and 3 wt. %
HF solution with corrosion inhibitor concentration of 400 ppm at 60°C for 4 h. As shown in Table 8,
the predicted inhibition efficiencies of all the new imidazoline molecules were from 34.950% to
81.382%. Molecule 1 was predicted the lowest inhibition efficiency, 34.950% and molecule 2 was
predicted the highest inhibition efficiency, 81.382%. Moreover, it is found that the predicted inhibition
efficiencies of new imidazoline molecules with hydrophilic group of -(CH,CH,;NH),CH,CH,NH; are
higher than those of -CH,CH,;NH,, which was in accordance with the trend of the experimental
molecules discussed above. Inhibition mechanism and molecular design are very complicated. We
hope that the obtained results can provide some useful clues to the study of the corrosion inhibitor in
the future.

Table 8.Quantum chemical parameters of eight theoretically designed imidazoline molecules at the
B3LYP/6-311+G(d,p) level of theory and predicted inhibition efficiencies

Inhibitor wDebye a Quota/C

1 -5.859 -0.200 3.581 208.620 -6.335 -0.998 -4.676 -0.440
2 -5.831 -0.144 4.426 278.350 -8.411 -0.999 -6.055 -0.426
3 -5.728 -0.866 2.516 227.110 -6.651 -1.026 -4.956 -0.800
4 -5.744 -0.868 3.595 297.490 -8.707 -1.021 -6.507 -0.592
5 -5.729 -0.867 2.564 239.670 -7.026 -1.026 -5.266 -0.806
6 -5.743 -0.869 3.515 310.160 -9.082 -1.022 -6.823 -0.584
7 -5.852 -0.194 3.206 248.800 -7.496 -0.998 -6.225 0.223
8 -5.863 -0.232 4.261 319.410 -9.552 -0.996 -7.162 -0.200

Table 8 (continued).Quantum chemical parameters of eight theoretically designed imidazoline
molecules at the B3LYP/6-311+G(d,p) level of theory and predicted inhibition efficiencies

Viem®mol™® AlIP/eV  VIP/eV  EAyn/eV Ead Predicted
kcal/mol™ IE/ %
-0.440 159.571 7.222 7.568 -0.718 0431  0.674 -160.682 34.950
-0.426 211.713 7.073 7.382 -0.637 0.452  0.702 -149.231 81.382
-0.800 169.197 7.008 7.502 -0.547 0.438  0.762 -164.509 50.273
-0.592 221.339 6.922 7.254 -0.400 0.467  0.757 -216.048 59.060
-0.806 178.823 7.007 7.500 -0.552 0.438  0.761 -162.187 52.879
-0.584 230.965 6.920 7.252 -0.518 0.468  0.758 -218.227 59.818
0.223 188.450 7.127 7.735 -0.682 0.413  0.703 -170.617 43.794
-0.200 240.591 7.046 7.620 -0.564 0.424  0.702 -229.543 74.262
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4. CONCLUSIONS

In the present study, the inhibition performance of nine imidazoline molecules was studied by
weight-loss method, quantum chemical calculation, molecular dynamics simulation and the
quantitative structure—activity relationship (QSAR) analysis. What’s more, eight new imidazoline
molecules were theoretically designed and their inhibition efficiencies were predicted. The main
conclusions are as following:

(1) For the imidazoline molecules with hydrocarbon straight-chain, the inhibition efficiencies
were not always increase with the increasing of the lengths of straight-chain. In addition, for the
imidazoline molecules with the same hydrophobic groups, the inhibition efficiencies with —
(CH,CH2NH ),CH,CH,NHj; are higher than those with -CH,CH,NH,.

(2) Though all the quantum chemical parameters of these imidazoline molecules discussed in
the present paper are related to the chemical reactivity, the order of each parameter does not correlate
well with the trend of the inhibition efficiency.

(3) Local reactivity results according to the distribution of HOMO and LUMO, the condensed
Fukui function and contribution to HOMO and LUMO of atoms indicate that the nitrogen atoms in the
imidazole ring and carbon atoms in hydrophilic group were the possible active sites to be adsorbed on
iron surface.

(4) The acid solution was taken into consideration in molecular dynamics simulation and the
results indicate that all the imidazoline molecules can be adsorbed on Fe surface due to that the values
of the binding energies were all positive. And the order of binding energies agrees well with that of
inhibitor efficiencies. What’s more, almost all the nine imidazoline molecules were adsorbed on the
Fe(110) surface in parallel manner in acidic solution.

(5) The quantitative structure and activity relationship (QSAR) model built by the support
vector machine (SVM) approach, in which all the calculated quantum chemical parameters and the
binding energies were taken as the descriptors, shows the good performance since the correlation
coefficient R? was reasonably high. Eight new imidazoline molecules were theoretically designed and
their inhibition efficiencies were predicted by this QSAR model.
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