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Abstract 

Molecular modelling approach has been used for the prediction of anticorrosion 
properties of 1, 2, 4-triazole derivatives on steel in acidic medium by the quantum 
chemical calculation and molecular dynamics (MD) simulation methods. Quantum 
chemical parameters such as the highest occupied molecular orbital (E-HOMO), the 
energy of the lowest unoccupied molecular orbital (E-LUMO), energy band gap (ΔE), 
dipole moment, global electronic chemical potential (μ), chemical softness (σ), chemical 
hardness (η) and electrophilicity (�) have been calculated and discussed. The reactive 
sites of the inhibitor molecules were found to be on the nitrogen-atom of the Triazolic 
ring and on the π-electron centers. Furthermore, molecular dynamics simulation was 
applied to search for the best inhibitor adsorption configuration over Fe (110) surface. 
The best adsorption energy was found to be -430.27 kcal/mol (inhibitor 3). The 
adsorptions occurred via chemisorption. 
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Introduction 
Steel corrosion is a huge concern in oil industry, and results in an enormous waste 
of resources and potential safety issues. Nowadays, it is important to control 
metals corrosion, in order to prolong the life of the metallic equipment and to 
reduce the leaking of toxic metals to the environment.  
Organic molecules with heteroatoms, mainly N, S, P or O and an aromatic ring, 
are commonly used as metal corrosion inhibitors (1, 2). Such organic inhibitors 
adhere onto the metallic surface by the physical or chemical adsorption route and, 
thereby, can prevent metallic corrosion.  
Recently, tetrazole derivatives, triazole derivatives, thiadiazole derivatives, 
imidazole derivatives, cysteine and substituted uracils (3-8) were proved as 
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excellent corrosion inhibitors in acidic media. Triazole and triazole-type molecules 
that contain sulfur and nitrogen have drawn more attention because of their 
excellent corrosion inhibition properties (9). New triazole derivatives have been 
repeatedly synthesized and investigated as inhibitors of metal corrosion in acidic 
solutions (10). The triazole derivatives have a unique affinity towards metal 
surfaces substituting water molecules on it. Additionally, they possess abundant π-
electrons and unshared electron pairs on the nitrogen atom that can interact with d-
orbitals of iron to provide a protective film. 
Experimentally, the performance of inhibitive action has been assessed by weight 
loss measurements, potentiodynamic polarization and electrochemical impedance 
spectroscopy. However, these experimental methodologies are costly, time-
consuming and sometimes deficient in explaining inhibition mechanisms at the 
sub-atomic and molecular levels (11).  
In this occasion, appropriate molecular modeling and corresponding quantum 
chemical calculation are very efficient for exploring the relationship between the 
molecular properties of the inhibitors and their anti-corrosion properties (12). 
Corrosion inhibition ability of the molecules can be determined by the frontier 
molecular orbital energies, energy gap, dipole moment, global hardness, softness, 
etc. Previously, some researchers have successfully investigated the correlation 
between the quantum chemical calculations and experimentally obtained corrosion 
inhibition efficiency of the pyrazine derivatives, mercapto-quinoline derivatives 
and Schiff base molecules (12). 
However, some researchers recently proposed that quantum chemical approach is 
not enough to envisage the inhibition efficiency trend of the inhibitors molecules 
(13). In many cases, results obtained from DFT cannot be well correlated with 
obtained experimental findings (14).  
In this circumstances, a precise modeling of experimentation should be 
emphasized to correlate the theoretical results with the experimental inhibition 
effectiveness. In real practice, the modeling of an experiment can only provide the 
actual interfacial interactions between the concerned metallic surface and inhibitor 
molecules. As a result, recently molecular dynamics (MD) simulation has emerged 
as a modern tool from where we can reasonably predict actual interfacial 
configuration and adsorption energies of the surface adsorbed inhibitor molecules.  
Until date, only a few certain groups have been working on this research to obtain 
the interaction, as well as the binding energy of surface adsorbed inhibitor 
molecules (1). Recently, some researchers have employed MD simulation to study 
the adsorption behavior of pyrazine derivatives onto the steel surface (15). Obot 
and Obi-Egbedi (2010) explored the correlation between the structural 
conformation of the imidazoline derivatives and their corresponding inhibition 
efficiencies by employing MD (16).  
In the present investigation, we have successfully used both the quantum chemical 
calculation and MD simulations to explore the correlation between the theoretical 
results of 1, 2, 4-triazole derivatives and previously obtained experimental 
findings. 
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Materials and methods  
Three 1,2,4-triazole derivatives studied by literature (17) were used as steel 
corrosion inhibitors in the present study. Their molecular structures and inhibition 
efficiencies are shown in Table 1. 
 

Table 1. 1, 2, 4-triazole derivatives and their experimental inhibition efficiency (IE %) 

S/N Compound IE (%) 
1 

 

85.8 

2 

 

86.5 

3 

 

93.1 

 
Molecular optimization and quantum chemical calculations 
The chemical structure of each compound in the data sets was drawn with 
ChemDraw ultra V12.0. Optimization was performed using the SPARTAN’14 
V1.1.0 WaveFunction programming package on Dell Intel(R)Core(TM)i7-5500U 
CPU), 16.00GB RAM @ 2.400GHz  processor on Windows 8.1 Pro 64-bit 
operating system, ×64-based processor. The computational method invoked for 
calculating geometries in the present study is Density Functional Theory (DFT) 
method, in combination with the B3LYP functional of 6-311+G (d, p) basis 
set(18). The B3LYP hybrid functional of DFT method used Becke’s functional 
three-parameter (B3) and incorporated a blend of HF with DFT exchange terms 
associated with the gradient-corrected correlation functional of Lee, Yang, and 
Parr (LYP) (19). Quantum chemical parameters, such as energy of the highest 
occupied molecular orbital (E-HOMO), energy of the lowest unoccupied 
molecular orbital (E-LUMO), energy band gap (ΔE = E-LUMO – E-HOMO), 
dipole moment, global electronic chemical potential (μ), chemical softness (σ), 
chemical hardness (η) and electrophilicity (�) from the orbital energies (E-HOMO 
and E-LUMO), using appropriate relations (equations 1 to 5), as previously 
reported in literature (2), were computed. 
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   (2) 

   (3) 

 
   (4) 

 

     (5) 

 
Molecular dynamics simulation computational method 
The molecular dynamics simulation calculations were carried out to describe the 
interaction between the corrosion inhibitor molecules and the metallic surface 
using materials studio 8.0 software (Accelrys Inc., 2007). The inhibitors were 
modeled and optimized using the Condensed-phase Optimized Molecular 
Potentials for Atomistic Simulation Studies (COMPASS) force field. COMPASS 
is a robust and well-developed force field that was derived based on fitting against 
a wide range of experimental data for organic and inorganic compounds (20). This 
informs its suitability for treating metal and non-metal containing systems. The 
whole system was performed at 298 K controlled by the Andersen thermostat with 
fixed number-volume-energy (microcanonical) ensemble, with a time step of 1.0 
fs, simulation time of 50 ps, using the COMPASS force field. The MD simulation 
was carried out in a simulation box (24.82 Å ×24.82 Å ×45.27 Å) with periodic 
boundary conditions. The box includes a Fe slab, an acid solution layer and an 
inhibitor molecule. Fe (110) surface was selected as the studied surface, as it has a 
density packed surface and it was the most stable (21). The iron crystal contained 
ten layers, and seven layers near the bottom were frozen. The density of the acid 
solution layer was set at 1.0 g/cm3. The adsorption and binding energies in the 
solution were calculated by the following equation (22).  

    (6) 

                                                                            (7) 
 
where ETotal was the total energy of the system, which includes iron crystal, the 
adsorbed inhibitor molecule and the solution; EFe_surface+solution and EFe_inhibitor+solution  
were the energies of the system without the inhibitor and the system without the 
iron crystal, respectively; and Esolution was the energy of the solution. 
 
 
Results and discussions 
Quantum chemical studies 
Highest occupied molecular orbital (E-HOMO) and lowest unoccupied molecular 
orbital (E-LUMO) are very useful to elucidate the chemical reactivity of a 
molecule. According to the frontier molecular orbital theory of chemical 
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reactivity, transition of electrons is mainly related to the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 
the reacting species (23). Fig. 1 shows the  optimized structures, E-HOMOs and E-
LUMOs of the studied inhibitors, respectively, and Table 2 presents the calculated 
quantum chemical parameters.  
 

 
Figure 1. Equilibrium adsorption configurations of inhibitors 1, 2 and 3, respectively, on 
Fe (110) surface, at 298 K, obtained from MD simulations. 
 
E-HOMO is associated to the electron donation capability of the molecule. Higher 
the E-HOMO value, stronger will be the electron donating capability of the 
inhibitor and, therefore, better the inhibition efficiency will be (12). LUMO 
implies the capability of the molecules to accept electrons from the metallic 
surface. Lower the value of E-LUMO, more it will be prone to accept electrons 
(1). From Table 2, it can be seen that E-HOMO value increased in the order of 1< 
2 < 3, which means that the ability to donate electrons from the inhibitor molecule 
to the metallic surface obeys the order 3 > 2 >1. The calculated E-LUMO value 
exemplifies that the electron acceptance capability decreased in the order of 3 > 2 
> 1. Hence, the orders (E-HOMO and E-LUMO) are strongly correlated with 
experimental inhibition efficiencies.  
Apart from E-HOMO and E-LUMO, energy gap (ΔE) is also an important 
parameter in determining the adsorption of organic molecules onto the metallic 
surface. As ΔE decreases, the reactivity of the molecule will definitely increase, 
which, in turn, leads to an increase in the adsorption onto a metallic surface (24). 
In general, molecules with comparatively lower energy gap are better polarizable 
and, in turn, are associated with higher chemical reactivity and lower kinetic 
stability. In this connection, ΔE has been used to elucidate the binding ability of 
the inhibitor molecule onto the metallic surface. It can be seen (Table 2) that the 
ΔE value follows the trend 1 >2 > 3, which is again also well in accordance with 
the result obtained from the experimental outcomes.   
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Table 2: Optimized structures, E-HOMO and E-LUMO, of the studied inhibitors. 

S/N  Optimized structure  E-HOMO  E-LUMO 

1 

  

2 

   
3 

   
 
The dipole moment of a molecule is also an important parameter to elucidate the 
chemical reactivity of a molecule. A literature survey reveals that the adsorption 
process is more facilitated with increasing values of the dipole moment, as it is 
influences the transport process through the adsorbed layer (23, 25). It can be 
observed from Table 3 that the dipole moment values increased in the order of 1 < 
2 < 3, which further more strengthens the experimental results. Global (chemical) 
hardness (η) and softness (σ) have all been used as molecular descriptors of 
reactivity and selectivity (26). Adsorption usually occurs in the region of the 
molecule where σ has the highest value. The order across structures in the σ 
values, as reported in Table 3, suggests that the inhibitor-3 is the most reactive 
compound, followed by 2, then by 1, which agrees with the experimental findings.  
 

Table 3. Selected quantum chemical parameters for the studied inhibitors. 

S/N %IE 
E-HOMO 
(eV) 

E-LUMO 
(eV) 

ΔE 
Dipole 
moment 

η σ µ � 

1 85.8 -5.98 -1.48 4.5 5.56 2.25 0.444444 -3.73 15.65201 
2 86.5 -5.93 -1.51 4.42 5.57 2.21 0.452489 -3.72 15.29143 
3 93.1 -5.90 -1.53 4.37 6.59 2.185 0.457666 -3.715 15.07784 

 
Global electronic chemical potential (μ) is often reported as electronegativity (χ) in 
most previous studies (23). According to them, electronegativity is often described 
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as the negative global electronic chemical potential. The values of μ reported in 
Table 3 show that their order is 3 >2 >1. This implies that 3 are the greater 
electron acceptor, which agrees with their high experimental inhibition efficiency. 
Electrophilicity index (ω) is another global reactivity index that is often used for 
the prediction of the direction of a corrosion inhibition process (13). A high 
electrophilicity value describes a good electrophile, while a small electrophilicity 
value describes a good nucleophile. The order across structures in the ω values, as 
reported in Table 3, shows that the inhibitor-3 has the lowest and the highest 
experimental inhibition efficiency. 
 
Molecular dynamics simulation 
Electronic properties alone are not sufficient to predict the trend of the inhibition 
performance of the investigated inhibitors, although they help to explore the 
mechanism of inhibitors. Therefore, it is imperative to carry out rigorous 
modelling of the direct interaction of the inhibitors with Fe. It is generally believed 
that the primary mechanism of corrosion inhibition is adsorption. The adsorption 
of the studied inhibitors onto the steel surface was simulated by modeling the 
interactions between the inhibitors and Fe (110) crystal surface in 1 M HCl. The 
obtained E-adsorption and E-binding values, calculated according to equation (6) 
and (7), are presented in Table 4. The adsorption configurations of the inhibitor 
molecules over the Fe (1 1 0) surface are shown in Fig. 1. It can be seen from this 
figure that inhibitor molecules adsorb almost on a flat orientation with respect to 
the iron surface. This flat orientation can be explained in terms of chemical bond 
formation between the inhibitors and the iron surface. 
Generally, a chemical adsorption will occur on Fe surfaces if the binding energy is 
>100kcal/mol (27). Thus, it is confirmed from the MD simulations that the 
adsorption of the inhibitor molecules onto the metallic surfaces mainly occurred 
by the chemical adsorption phenomenon. Additionally, it could be seen in Table 4 
that the calculated adsorption energy values of the interaction systems at 298 K are 
-388.4, -397.09 and -430.23kcal/mol, respectively. These larger negative values of 
adsorption energies can be ascribed to the strong interaction between the studied 
inhibitors molecules and iron surfaces. Thus, calculated adsorption energy values 
reveal that inhibitor-3 molecules adsorb onto the iron surface more spontaneously 
than those of 2 and 1. Moreover, the adsorption ability of the molecules onto the 
iron surface can also be measured from the binding energy values. Higher is the 
binding energy, more strong will be the adsorption. Thus, it can be seen from the 
adsorption energy, as well as from binding energy values, that the adsorption 
ability of the inhibitors molecules onto the iron surface at 298 K follows the order 
3 > 2 > 1. These outcomes are in good agreement with the results obtained from 
wet chemical experimentation.  
 

Table 4: adsorption energies, binding energies and inhibition efficiency of the inhibitors. 

S/N 
E-adsorption 

(kcal/mol) 
E-binding 
(kcal/mol) 

IE 
(%) 

1 -388.4 388.4 85.8 
2 -397.09 397.09 86.5 
3 -430.23 430.23 93.1 
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Thus, in conclusion, it can be said that these results are in good agreement with the 
results obtained from wet chemical experimentation, as well as from quantum 
chemical calculations. 
 
 
Conclusion 
Molecular modelling theoretical analysis was carried out to study the anticorrosion 
properties of three 1, 2, 4- triazole derivatives onto a steel surface. It is evident 
from this investigation that only theoretical studies can provide a complete 
insightfulness into the chemical reactivity of the studied inhibitor molecule. 
Quantum chemical calculation reveals that electron donation and electron 
acceptance capability of the studied inhibitors follows the order 3 > 2 > 1, which is 
in good accordance with the results obtained from previously performed 
experimental findings.  
MD simulation reveals that the adsorption occurred via chemical adsorption. An 
adsorption energy and binding energy value of the three studied inhibitors also 
obeys the order of 3 > 2 > 1. These outcomes are in good accordance with the 
experimental findings. The above mentioned results obtained from two different 
domains starting from density functional theory (based on quantum chemistry) to 
MD simulation (based on classical physics) are in fine agreement with the 
previously obtained experimental results. It can be concluded that DFT and MD 
simulations may be very powerful tools for the rational designing of several 
promising corrosion inhibitors and prediction of their inhibition efficiency well in 
advance. 
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