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Abstract:   

An examination of quantum chemical and corrosion inhibition studies for some thiazole derivatives, namely 2-amino-4-(p-tolyl)thiazole 
(APT), 2-methoxy-1,3-thiazole (MTT) and thiazole-4-carboxaldehyde (TCA) had been tested as corrosion safe inhibitors for mild steel (CRS) 
in 0.5 M H2SO4 solutions at 25 °C temperature. The correlation between inhibition efficiency and descriptor variables obtained from the 
quantum chemical calculation using B3LYP/6-311G(d,p), B3LYP/6-311++G(2d,2p), and CBS-APNO methods. Result showed that APT 
could have better performance as corrosion inhibitor for the non-protonated and protonated for gas and solvent phase compounds using CBS-
Q method. The results of the highest occupied molecular orbital energy (EHOMO), lowest unoccupied molecular orbital energy (ELUMO), the 
energy gap between ELUMO and EHOMO (ΔE), dipole moments (DM), molecular volume (MV), sum of the total negative charge (TNC), global 
hardness (η), softness (σ), electronegativity (χ), chemical potential (μ), Global Electrophilicity (ω) and sum of electronic and zero-point 
energies (SEZPE) of three methods are compatible with each other very well. 
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Introduction  

There are several quantum-chemistry studies performed 
in order to relate the inhibition efficiency to the 
molecular properties of the different types of compounds. 
Kandemirli et al investigated computational simulations 
of the molecular structure and corrosion properties 
examination of quantum chemical and corrosion 
inhibition studies for three serine (Ser), therionine (Thr) 
and glutamine (Glu) which had been tested as corrosion 
safe inhibitors for cold rolled steel (CRS) in 1.0 M HCl 
solutions at different temperatures (283-333 K) were 
made to see if any clear links exist between them in both, 
gaseous phase and solvent phase as non-protonated and 
protonated compounds, indicated that all inhibitor 
systems have a very similar capacity for charge donation, 
since the values of EHOMO presented a small difference 
between them [1]. Hongfang Ma et al [2] revealed that 
the inhibition efficiency has certain relationship to 
highest occupied molecular orbital (HOMO) energy and 
the combined energy between the pyridine–pyrazole 
inhibitor molecules and the iron atom. Quantum 
chemistry study on the relationship between molecular 
structure and corrosion inhibition efficiency of amides [3] 
thiosemicarbazones [4], benzamide (BA) and 4-

aminobenzene sulfonamide (ABSA) [5],  qualine 
derivatives [6], amino acids, namely, serine (Ser), 
threonine (Thr), and glutamine (Glu) [7], piperidine and 
these derivatives [8] triazole Schiff bases [9], Aminic 
nitrogen-bearing polydentate Schiff base compounds 
[10], have been performed. 
 
In this paper, we have studied a detailed quantum 
chemical calculations of some thiazole derivatives, 
namely 2-amino-4-(p-tolyl)thiazole (APT), 2-methoxy-
1,3-thiazole (MTT) and thiazole-4-carboxaldehyde 
(TCA) (Figure 1) [11].  
 
Full geometrical optimizations of the APT, MTT and 
TCA molecules were performed by using the density 
functional theory (DFT) with the Beck’s three parameter 
exchange functional along with the Lee-Yang-Parr non-
local correlation functional (B3LYP) [12-14] with 6-
311G(d,p), 6-311++G(2d,2p) basis sets of and by using 
the quadratic complete basis set (CBS-Q) calculation 
method for neutral and protonated forms in the gas phase 
and in the presence of solvent implemented in Gaussian 
03 (revision D.01) package [15]. 
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Experimental 

The molecular sketches of the compounds were drawn 
using the GaussView 5.0. DFT calculations were carried 
out by using B3LYP/6-311G(d,p), B3LYP/6-
311G++(2d,2p) and by using the quadratic complete 
basis set (CBS-Q) calculation method with the 
GAUSSIAN 03 computational package program. 
Geometry optimization is carried out at the B3LYP/6-
311G++(2d,2p). 
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Figure 1. The chemical structures of the molecules 
investigated. 
 
In this study, the highest occupied molecular orbital 
energy (EHOMO), lowest unoccupied molecular orbital 
energy (ELUMO), the energy gap between EHOMO and 
ELUMO (ΔE), dipole moments (DM), molecular volume 
(MV), sum of the total negative charge (TNC), global 
hardness (η), softness (σ), chemical potential (μ), 
electronegativity (χ), Global Electrophilicity (ω) and 
sum of electronic and zero-point energies (SEZPE) have 
been calculated with a detailed quantum chemical study. 
 
Molecular properties, related to the reactivity and 
selectivity of the compounds, were estimated following 
the Koopmans’s theorem relating the energy of the 
HOMO and the LUMO. 
 
Koopmans theorem, the chemical potential (μ) and 
hardness (η) values measures the resistance of an atom to 
a charge transfer can be approximated in terms of the 
energies of the highest occupied molecular orbital 
(EHOMO) and lowest unoccupied molecular orbital 
(ELUMO): 
 

μ ≅ − 1
2
 (EHOMO + ELUMO)    (1) 

η ≅ − 1
2
 (EHOMO – ELUMO)    (2) 

The inverse of the hardness is expressed as the global 
softness (σ), 
 

σ =
1

η
 (3) 

 
The electronegativity (χ) is estimated by using the 
equation: 

χ ≅
1

2
 (EHOMO + ELUMO) (4) 

 
Results and Discussion 

The optimized  structure, Frontier molecular orbitals and 
together with the total electron density, electron 
population  of some thiazole derivatives, APT, MTT and 
TCA are given for the non-protonated and protonated 
compounds in Figure 2. 
 
DFT takes into account a part of correlation and it has 
been reported to provide fairly good results for the 
description of various molecular properties such as the 
energy of the Highest Occupied Molecular Orbital 
(HOMO), the energy of the Lowest Unoccupied 
Molecular orbital (LUMO), electronegativity (χ), etc. 
(Figure 3). 
 
In the present study, DFT in combination with the 
B3LYP functional and CBS-APNO were utilized in 
order to compare the effect of the different functionals 
on the calculated molecular properties for the systems 
under study. DFT/B3LYP and CBS-APNO were been 
widely used in the description of the chemical reactivity 
and selectivity of molecules. 
 
In MO terms, the most important states are those in 
which an electron is promoted from a filled MO to an 
empty MO. For molecular reactions, the important states 
are those in which electrons are promoted from filled 
MO’s in one reactant to empty MO’s in the other. In 
simple MO theory the HOMO and the LUMO defining 
the lowest energy transition are the orbitals that drive the 
chemical reaction. When a molecule is treated as formed 
by the combination of two fragments; the fragment that 
acts as a Lewis base (an electron pair donor) supplies the 
electrons from it’s HOMO, and the fragment that acts as 
a Lewis acid (an electron air acceptor) accommodates 
the incoming electrons. So the energy of the lowest 
unoccupied molecular orbital (ELUMO) indicates the 
ability of accepting electrons to molecule and high 
values of EHOMO are likely to indicate a tendency of the 
molecule to donate electrons to appropriate acceptor 
molecules with empty molecular orbitals. 
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Figure 2. The optimized molecular structures, HOMO, LUMO and total density of the gas phase and gas phase with protonated 
inhibitor molecules using DFT/B3LYP/6-311++G(2d,2p). 
 
The highest energy occupied molecular orbital called 
HOMO and the lowest energy unoccupied molecular 
orbital called LUMO are the most important orbitals that 
interact each other in the molecular interaction. The 
HOMO for APT, APT-P1, APT-P2 is delocalized over 
benzene ring and thiazole ring and LUMO for ATP is 
delocalized over benzene ring and thiazole ring, while 
for APT-P1, APT-P2 is delocalized over thiazole ring. 
HOMO and LUMO orbital for MTT is delocalized 
mainly thiazole ring. For TCA HOMO orbital is 
localized over C=O group and LUMO is delocalized 
over whole molecule. The calculated EHOMO values of 

APT, MTT and TCA for B3LYP/6-311G(d,p) are –5.54, 
–6.27, and, –7.44 eV, respectively (Figure 3). 
 
The  calculated highest occupied molecular orbital 
energy and  lowest unoccupied molecular orbital energy  
and energy gab between them for the APT, MTT, TCA 
and protonated form of them in gas and solvent phase 
and the experimental corrosion inhibition efficiency 
(%IE) for  APT, MTT, TCA are represented in Figure 3.  
 
As seen from the Figure 3, EHOMO value of APT, MTT, 
TCA calculated by CBS-Q are –7,640 eV, and –8,748 
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eV, –9,858 eV in gas phase, and –7,811, –8,813 and –
9,626 eV in water.  Higher values of EHOMO indicate 
better tendency towards the donation of electron to the 
metal surface. The order of the experimental %IE 
obtained in this study is 2-Amino-4-(p-tolyl)thiazole 
(APT) > 2-Methoxy-1,3-thiazole (MTT) > Thiazole-4-
carboxaldehyde (TCA). 
 
The metal ion can donate electrons in its d-orbitals to the 
empty orbital of the inhibitor molecules and can lead the 
formation of a feedback bond. The lower value of ELUMO 
indicates the better back donation and the better 
inhibition efficiency. The value of ELUMO calculated is in 
the order APT < MTT < TCA which supports the order 
obtained for the inhibition efficiencies (Figure 3). 
 
The HOMO-LUMO energy gap (ΔE) is effective on 
chemical reactivity. So there must be a relationship with 
corrosion inhibition mechanism. Hardness and softness 
are the basic chemical concepts, called global reactivity 
descriptors and has been theoretically justified within the 
framework of density functional theory (DFT) [16, 17]. 
These are the important properties to measure the 
molecular stability and reactivity. It is apparent that the 
chemical hardness fundamentally signifies the resistance 
towards the deformation or polarization of the electron 
cloud of the atoms, ions or molecules under small 
perturbation of chemical reaction. A hard molecule has a 
large energy gap and a soft molecule has a small energy 
gap [3, 17]. A low energy gap is generally associated 
with the high chemical activity. In our present study 
APT with low hardness values 4.35, 4.46, 4.06 and 4.69 
(eV) compared with other compounds the non-
protonated and protonated for gas and solvent phase 
compounds using CBS-Q method, respectively. 
Normally, the inhibitor with the least value of global 
hardness (hence the highest value of global softness) is 
expected to have the highest inhibition efficiency [17, 
18]. The softness value for APT of, 0.23 eV–1, has the 
highest inhibition efficiency for gas phase using CBS-Q 
method (Figure 4). 
 
In the studied molecules, the trend for the energy gap 
values have the order TCA > MTT > APT calculated by 
the CBS-Q method, so APT has the lowest energy gap, 
this means that the molecule could have better 
performance as corrosion inhibitor. The energy gap (ΔE) 
was found 10.76, 9.84 and 8.71 for TCA, MTT and APT 
CBS-Q methods for neutral molecules at the gas phase 
and 10.91, 9.98 and 8.92 for solvent phase TCA, MTT 
and APT using CBS-Q, respectively. Similarly, The 
energy gap (ΔE) was found TCA > MTT > APT by the 
CBS-Q method for protonated compounds at gas and 
solvent phase (Figure 4). 
 
The results show that electronegativity (χ) of studied 
molecules are with the order of TCA > MTT > APT with 
the calculation B3LYP/6-311G(d,p). According to 
Sanderson’s electronegativity equalization principle [19], 
TCA with a high electronegativity and low difference of  

electronegativity quickly reaches equalization and hence 
low reactivity is expected which in turn indicates low 
inhibition efficiency.   
 
As shown in Figures 3 and 4, the results of the highest 
occupied molecular orbital energy (EHOMO), lowest 
unoccupied molecular orbital energy (ELUMO), the energy 
gap between ELUMO and EHOMO (ΔE), dipole moments 
(DM), molecular volume (MV), sum of the total negative 
charge (TNC), global hardness (η), softness (σ), 
electronegativity (χ), chemical potential (μ), Global 
Electrophilicity (ω) and sum of electronic and zero-point 
energies (SEZPE) of three methods are compatible with 
each other very well. 
 

 
 
Figure 3. The calculated HOMO and LUMO energy values for 
the non-protonated and protonated for gas and solvent phase 
compounds using B3LYP/6-311G(d,p), B3LYP/6-
311++G(2d,2p) and CBS-Q methods. 
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Figure 4. The calculated quantum chemical parameters for the non-protonated and protonated for gas and solvent phase compounds 
using B3LYP/6-311G(d,p), B3LYP/6-311++G(2d,2p) and CBS-Q methods. 
 
 
Conclusions 

APT could have better performance as corrosion 
inhibitor for the non-protonated and protonated for gas 
and solvent phase compounds using CBS-Q method.  
 
Quantum chemical descriptors such as EHOMO, ELUMO, 
the energy gap between EHOMO and ELUMO, dipole 
moments, molecular volume, sum of the total negative 
charge, global hardness, softness, electronegativity, 
chemical potential, global electrophilicity, and sum of 
electronic and zero-point energies were calculated and 
showed compatibility to each other. 
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