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INTRODUCTION

Metals and alloys are commonly used for the construction

of underground transmission pipelines and flow lines. Acids

are common chemicals used for multipurpose in chemical

processes like descaling, acidifying and pickling [1-3]. Inhibition

of corrosion is mostly carried out by compounds with carbonyl

and amino functional groups are popular in the commercial

world. Investigations have also been made on sulphur containing

compounds like mercapto-5-triazole [4] and thiadiazole [5],

benzotriazoles [6,7] and aminothiazoles [8].

The proper understanding of the behaviour of the inhibitor

molecule on the surface of the metal helps in studying the

corrosion behaviour of the molecule. The inhibitor molecule

is either physically or chemically adsorbed on the surface of

the corroding metal. It acts as a barrier on the surface preventing

corrosion of the surface. The properties responsible for pre-

vention of corrosion is attributed to the factors like size of the

molecule, electron density of the donor atom, steric effect of

the bulky group,orbital character of the donor atom and can

be discussed in terms of their structure activity relationship.

In addition to the above factors mentioned, the presence of π

electrons in triple bond and double bond, aromatic ring also

influence the corrosion behavior [9,10].

It has been proven that rather than individual carbonyl

and amine functionalities, anils, the condensation products

obtained from carbonyl and amino compound have more

inhibition efficiency against acid corrosion [11]. The experi-

mental inhibition of corrosion is taken from the previous

experiment conducted [12]. The molecular structures of the
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investigated molecule is presented in Fig. 1. Possibilities of

existence of an equilibrium between protonated and non-

protonated species made us to investigate the protonated inhibitor

species also.

COMPUTATIONAL METHODS

The optimization of molecular structure of the investigated

inhibitors and their protonated form were done using Firefly

software [13] which is partially based on GAMESS(US) [14].

In the present work the inhibition efficiency of the amino phenyl

thiazole (APT) and its three anils are investigated through DFT

method (B3LYP/6-31G(d,p)) [15-19] and PBE0/6-31G(d,p))

[20], ab initio method (RHF/3-21G(d,p)) [21-23]. The structure

was visualized using Jmol software [24]. The molecular orbital

composition analysis was done by using Multiwfn software

[25]. The quantum chemical parameters were related to the

inhibition efficiency using the following parameters.

EHOMO and ELUMO: Koopmans theorem [26] for closed

shell of molecules is helpful to relate the quantum chemical

parameters to the ionization potential (I) and the electron affinity

(A). The energy of HOMO of the molecule is related inversely

to the ionization potential of the molecule (eqn. 1). The ioni-

zation potential in turn is related to the donating ability of the

molecule. A molecule with higher HOMO value has higher

ability to donate electrons. In other words, a molecule behaves

as a good inhibitor.

Energy of LUMO of a molecule is related to the electron

affinity of the molecule (eqn. 1). The molecule with lower

value of LUMO energy has more inhibition efficiency.



1: Amino phenylthiazole (APT) 1a Cationic APT

2: Cinnamalidene amino phenylthiazole (CAPT) 2a Cationic CAPT

3: 2-Salicylidene amino phenylthiazole (SAPT) 3a Cationic SAPT

4: 2-Vanilidine amino phenylthiazole (VAPT) 4a Cationic VAPT

Fig. 1. Structures of non-protonated and protonated inhibitor molecules
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I = –EHOMO,   A = –ELUMO (1)

Separation energy (∆∆∆∆∆E): The major factor that is taken

into account in predicting the quantum chemical behaviour of

the molecule is the separation energy (∆E). The best inhibitor

molecule of the given series is characterized by it lower energy

gap. The separation energy can be given by the difference

between the ELUMO and EHOMO.

Electronegativity (X) and absolute hardness (ηηηηη): The

electronegativity and absolute hardness of the molecule is

calculated with the energy of HOMO and LUMO (eqn. 2)

[27,28]. The electronegativity of a molecule is related to its

inhibition using Sanderson’s electronegativity equalization

principle [29]. The molecule with higher electronegativity is

having a poor inhibition efficiency.

Electronegativity (
I A I A

) and
2 2

+ −
= η =χ (2)

Iczkowski and Margrave [30] proposed that the negative

value of absolute hardness of the molecule is called as the

chemical potential (µ). The inverse of the absolute hardness is

called as the softness (σ) [31,32]. The higher value of softness

indicates the higher inhibition efficiency [33].

Electrophilic index (ωωωωω) and dipole moment (D): The

electrophilicity index can be given by the formula given by

eqn. 3. Young and Parr [34] proposed that the electrophilicity

index is the measure of lowering of energy due to maximum

flow of electron from a donor system to an acceptor system. In

a donor acceptor system, the value of electrophilicity index

decides whether a molecule acts as a donor or acceptor.

2
µ

2
ω =

η
(3)

The number of electrons transferred can be calculated

using eqn. 4. The computational values of χFe = 7.0 eV and ηFe

= 0 [35-37].

Fe inh

Fe inh

N
2( )

χ − χ
∆ =

η + η
(4)

The variation of energy with the applied electric field is

given by the dipole moment of the molecule, which measures

the polarity of a polar covalent bond. It is defined as the product

of charge on the atoms and the bond length between atoms

(eqn. 5). The dipole moment is obtained from non-uniform

distribution of charges on the various atoms in the molecule.

The energy of the deformability, volume of the inhibitor mole-

cules is directly proportional to dipole moment. This increases

the contact area between the molecule and surface of metal

and increasing the corrosion inhibition ability of inhibitors.

The dipole moment of the inhibitor molecule cannot be related

to the inhibition efficiency significantly [38-40].

D = q × r (5)

where q is the charge of the atom and r is the bond length

between two atoms.

A good correlation have been observed between the

corrosion behaviour of the organic compounds to the quantum

chemical parameters like the frontier molecular orbital energy

(EHOMO and ELUMO), electrophilicity index (ω), the absolute

electronegativity (η) values, the fraction of electrons (∆N)

transfer from inhibitors to metals [41-43].

RESULTS AND DISCUSSION

The quantum chemical of the inhibition of corrosion was

analyzed for the series of molecule in both protonated and

non-protonated forms. The experimental trend was reported

to be CAPT > VAPT > SAPT > APT [12].

The analysis of Table-1 shows that the CAPT molecule

has the lowest energy gap (∆E) non-protonated form and

hence higher inhibition efficiency.This is consistent with the

experimental results. The inhibitors can be arranged on the

basis of energy gap, in non-protonated form as CAPT < VAPT

< SAPT < APT. Lower energy gap indicates higher reactivity

of the inhibitor molecule and hence its inhibition efficiency.

The energy of LUMO of the CAPT molecule is also found to

be less. The energy of LUMO indicates the tendency of the

molecule to accept electrons. If this serves the decisive factor

for inhibition of corrosion, the non-protonated form follows

the experimental trend observed while the protonated form

doesn’t show such a trend.

The calculated electronegativities of the inhibitor mole-

cules shows the trend CAPT > VAPT > SAPT > APT in non-

protonated consistent with experimental results (Table-2).

The calculated hardness of the molecule predicts the back

donating ability of the molecule. If the back donation occurs

then the energy is proportional to the hardness of the molecule.

This implies that for the given family of inhibitors, if the hard-

TABLE-1 
CALCULATED ENERGIES OF HOMO AND LUMO AND THE ENERGY GAP  

(∆E = ELUMO – EHOMO) FOR INHIBITORS AND PROTONATED INHIBITORS (eV) 

Method 1 2 3 4 1a 2a 3a 4a 

RHF/3-21G(d,p) 

EHOMO -7.758 -7.886 -7.850 -7.801 -11.570 -11.774 -9.894 -10.370 

ELUMO 2.988 1.586 1.668 1.709 -1.668 -2.803 -1.396 -2.141 

∆E 10.746 9.472 9.518 9.510 9.902 8.971 8.498 8.229 

B3LYP/6-31G(d,p) 

EHOMO -5.431 -5.722 -5.486 -5.513 -9.347 -9.328 -7.815 -8.229 

ELUMO -0.7458 -2.237 -1.940 -1.995 -5.488 -6.299 -5.118 -5.671 

∆E 4.686 3.486 3.546 3.518 3.859 3.028 2.697 2.558 

PBE0/6-31G(d,p) 

EHOMO -5.673 -5.834 -5.733 -5.763 -9.622 -9.608 -8.068 -8.482 

ELUMO -0.6095 -2.155 -1.828 -1.883 -5.331 -6.190 -5.018 -5.575 

∆E 5.064 3.679 3.905 3.880 4.291 3.418 3.050 2.907 
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ness increases then the interaction between the metal surface

and the inhibitor increases and this leads to increase in inhi-

bition efficiency. The hardness of the given series of molecule

doesn’t show any trend as that of the experimental one (Table-3).

The calculated softness of the molecules shows a trend

CAPT > VAPT > SAPT > APT. This matches with the experi-

mental trend (Table-4). As the inhibitor molecule is protonated

the softness increases. In this case, the experimental trend is

not observed.

The electrophilicity index of the molecule shows a trend

CAPT > VAPT > SAPT > APT at the B3LYP level (Table-5).

This is an indication that CAPT molecule accepts more electron

than the remaining inhibitors. The same trend is observed in

the case of protonated inhibitors also.The number of electrons

transferred also shows the trend CAPT > VAPT > SAPT >

APT. No direct relationship could be established between the

dipole moment of the inhibitor and its inhibition efficiency.

Mulliken population analysis has been widely used to

probe the adsorption center for the inhibitors. If a heteroatom

is more negatively charged then it is bound to the metal through

the donor acceptor mechanism. The electrophiles tend to attack

more negative hetero atom and in general it is found from the

Table-6 that the nitrogen atom 6 has excessive negative charge

than other heteroatoms of the system. The SAPT molecule has

an additional O atom to get adsorbed on the surface of the mole-

cule, hence has more inhibition efficiency than VAPT molecule.

Non-linear regression technique: Quantitative structure

activity relationship (QSAR) studies have revealed that no

simple or direct relationship can relate the inhibition efficiency

to the quantum chemical parameter. The quantum mechanical

approach may well be able to predict whether a molecular

structure is better for corrosion inhibition purposes, when only

molecular structure is the factor involved in inhibition and all

other factors like nature of surface is also void. Combination

TABLE-2 

CALCULATED ELECTRONEGATIVITIES (χ) (eV) OF STUDIED INHIBITORS 

 RHF/3-21G(d,p) B3LYP/6-31G(d,p) PBE0/6-31G(d,p)  RHF/3-21G(d,p) B3LYP/6-31G(d,p) PBE0/6-31G(d,p) 

1 2.386 3.088 3.143 1a 4.952 7.420 7.478 

2 3.151 3.981 3.995 2a 7.289 7.815 7.899 

3 3.091 3.714 3.782 3a 4.250 6.468 6.544 

4 3.048 3.755 3.823 4a 6.256 6.950 7.029 

 

TABLE-3 

CALCULATED HARDNESS η (eV) OF STUDIED INHIBITORS 

 RHF/3-21G(d,p) B3LYP/6-31G(d,p) PBE0/6-31G(d,p)   RHF/3-21G(d,p) B3LYP/6-31G(d,p) PBE0/6-31G(d,p) 

1 5.374 2.343 2.532 1a 6.618 1.929 2.147 

2 4.737 1.744 1.839 2a 4.487 1.514 1.709 

3 4.759 1.774 1.952 3a 5.673 1.348 1.525 

4 4.756 1.761 1.940 4a 4.114 1.278 1.453 

 
TABLE-4 

CALCULATED SOFTNESS σ (au–1) OF STUDIED INHIBITORS 

 RHF/3-21G(d,p) B3LYP/6-31G(d,p) PBE0/6-31G(d,p)   RHF/3-21G(d,p) B3LYP/6-31G(d,p) PBE0/6-31G(d,p) 

1 5.063 11.614 10.747 1a 4.112 14.104 12.674 

2 5.743 15.601 14.793 2a 6.064 17.969 15.924 

3 5.717 15.337 13.937 3a 4.796 20.182 17.841 

4 5.721 15.456 14.025 4a 6.614 21.277 18.727 

 
TABLE-5 

CALCULATED VALUE OF ELECTROPHILICITY INDEX (ω), NUMBER OF ELECTRONS  

TRANSFERRED (∆N) AND DIPOLE MOMENT (D) IN DEBYE OF THE STUDIED INHIBITORS 

  ω ∆N(e) D   ω ∆N(e) D 

RHF/3-21G(d,p) 

1 0.530 0.4293 1.793 1a 1.853 0.1547 6.524 

2 1.048 0.4063 2.284 2a 5.921 -0.0322 12.224 

3 1.004 0.4107 1.984 3a 1.591 0.3235 34.681 

4 0.977 0.4155 2.953 4a 4.756 0.0904 24.013 

B3LYP/6-31G(d,p) 

1 2.035 0.8348 1.839 1a 14.269 -0.1089 6.199 

2 4.544 0.8655 1.723 2a 20.169 -0.2692 12.744 

3 3.888 0.9262 2.848 3a 15.512 0.1973 32.761 

4 4.005 0.921 3.008 4a 18.881 0.0196 23.556 

PBE0/6-31G(d,p) 

1 1.951 0.7616 1.888 1a 13.020 -0.1113 6.209 

2 3.151 0.8170 2.100 2a 18.258 -0.2630 12.717 

3 3.663 0.8243 2.842 3a 14.041 0.1495 32.872 

4 3.766 0.8188 3.002 4a 16.999 -0.0099 23.676 
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of more than one quantum chemical parameters are related to

the average inhibition efficiency by using non-linear relation-

ship was found to hold good [44,45].

Lukovits et al. [46] proposed a non-linear model (LKP)

to study the interaction of the inhibitors with metal surfaces in

acidic solution. This model utilized here is based on the

Langmuir adsorption isotherm. Adsorption or coverage of the

surface of the metal by the inhibitor is the major reason for

inhibition of corrosion [47]. Bearing this concept, the surface

of the metal covered is related as θi ≈ Ei.

According to linear model, the calculated inhibition

efficiency is given by eqn. 6.

IEcal = AxjCj + B (6)

where, IEcal is the calculated efficiency of the inhibitor

molecule, A and B are the regression co-efficient and xj is a

characteristic quantum index for the inhibitor and Cj denotes

the concentration of inhibitor molecule. This approach was

not satisfactory for correlating the results obtained in current

experiments.

Hence, a non-linear multiple regression analysis was made

using eqn. 7.

j i

i

j i

(Ax B)C
E

1 (Ax B)C

+
=

+ + (7)

The experimental inhibition efficiencies of the inhibitors

are found in three different concentrations 1 × 10-3 M, 8 × 10-4

M, 6 × 10-4 M (500, 400 and 300 ppm, respectively) are found

by potentiodynamic polarization method (Table-7) [12]. The

experimental data is utilized here for all the four compounds.

Xj is considered as the composite index of three quantum

chemical parameter EHOMO, ELUMO, µ. Quantum chemical

parameters obtained by B3LYP/6-31G (d,p) method is utilized

for this purpose. A non-linear relationship is obtained as given

by eqn. 8.

LUMO HOMO i
i

LUMO HOMO i

(989.3* E 868.52* E 631.02* D 175.78)C
IE

1 (989.3* E 868.52* E 631.02* D 175.78)C

− − +
=

+ − − +
 (8)

The coeffecient of determination (R2) relates the percen-

tage of variation in variable Y, which is explained by all the X

variables together. The coeffecient of determination obtained

between experimental efficiencies and the calculated efficiency

is good and acceptable (R2 = 0.929). The correlation coefficient

(r) explains the degree of agreement between two variables

namely experimental IE % and the calculated IE %. In the

present case, the value of correlation coefficient is 0.963. This

means the degree of agreement is 96 %, which is quite

satisfactory.

Conclusion

The analysis of ELUMO, electronegativity, softness, electro-

philicity index and number of electrons transferred for the

inhibitor in non-protonated form shows a complete agreement

with experimental trend. The non-linear regression analysis

also shows a good correlation coefficient.
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