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Inhibition and adsorption potentials of cysteine, glycine, leucine and alanine for the corrosion of mild 

steel in hydrochloric acid (HCl) solution were investigated using experimental and quantum chemical 

approaches. The experimental study was carried out using gravimetric, gasometric, thermometric and 

Fourier transformed infra red (FTIR) methods while the quantum chemical study was carried out using 

semi-empirical, ab-initio  and quantitative structure activity relation (QSAR) methods. The results 

obtained indicated that various concentrations of the studied amino acids inhibited the corrosion of 

mild steel in HCl solution through physiosorption. The inhibition potentials of the inhibitors decreased 

in the order, cysteine > leucine > alanine > glycine. The adsorption of the inhibitors on mild steel 

surface was found to be exothermic, spontaneous and supported the Langmuir adsorption model. 

Results obtained from quantum chemical studies showed excellent correlations between quantum 

chemical parameters and experimental inhibition efficiencies (for gas and aqueous phases using 

density functional theory (DFT) and Moller-Plesset (MP2) perturbations). Correlations between the 

experimental inhibition efficiencies and theoretical inhibition efficiencies (obtained from QSAR) were 

also excellent. 

 

 

Keywords: Corrosion, inhibition, amino acids, computational chemistry simulation 

 

 

1. INTRODUCTION  

Corrosion inhibitors are needed in the oil, fertilizer, metallurgical and other industries [1]. This 

is because during some industrial processes, valuable metals (such as aluminium, mild steel and zinc) 
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are made to come in contact with aggressive media (such as acids, bases or salts), and are therefore 

prone to corrosion attack [3,4].  

In order to prevent the environmental damages caused by corrosion, several steps have been 

adopted. However, the use of inhibitors has been found to be one of the best options of protecting 

metals against corrosion [5]. Most corrosion inhibitors are organic compounds which slow down the 

rate of corrosion of a metal through the mechanism of adsorption [6]. Also, they have hetero atoms 

(such as N, O, S and P) in their aromatic or long carbon chain systems. The presence of hetero atoms 

and suitable functional groups can facilitate the adsorption of the inhibitor on the metal surface [7].  

Over the years, numerous classes of inhibitors have been investigated. However, the trend in 

green chemistry is concentrated towards the replacement of most of these inhibitors with the non toxic, 

cheap and eco-friendly inhibitors.  In the light of this, some plant extract have been found to meet 

these requirements [8, 9]. Recent studies have also given hopes on the use of amino acids as inhibitors 

for the corrosion of metals [10-18]. However, in spite of the huge success that has been attributed to 

the use of computational chemistry in corrosion studies, most of the ongoing researches on the 

inhibitory potentials of amino acids are restricted to laboratory work. Therefore, the present study is 

aimed at investigating the inhibitory and adsorption properties of L-leucine (LEU), glycine (GLY), L-

cysteine (CYS) and L-alanine (ALA) for the corrosion of mild steel using experimental and quantum 

chemical principles. Gravimetric method shall be used to ascertain the average inhibition potentials of 

the amino acids while gasometric and thermometric methods shall be used to study the instantaneous 

inhibition potentials of the amino acids. Studies on the adsorption behaviour of the inhibitors were 

carried out using FTIR spectroscopy. Theoretical studies involved the correlation between 

experimental results and semi-empirical parameters; the analysis of the sites for electrophilic and 

nucleophilic attacks carried out using Fukui function and the derivation of equations for the theoretical 

inhibition efficiencies of the inhibitors using the quantitative structure activity relation (QSAR).  

 

 

 

2. EXPERIMENTAL  

2.1. Materials 

Materials used for the study were mild steel sheet of composition (wt %); Mn (0.6), P (0.36), C 

(0.15) and Si (0.03) and the rest Fe. The sheet was polished and mechanically pressed cut into different 

coupons, each of dimension, 5 ³ 4 ³ 0.11cm. Each coupon was degreased by washing with ethanol, 

dipped in acetone and allowed to dry in the air before they were preserved in a desicator. All reagents 

used for the study were Analar grades and double distilled water was used for their preparation. 

The concentrations of the inhibitors were within the range, 1 to 5 g/l. Each of these 

concentrations were used to prepare different test solutions by dissolving them in 0.1 M HCl (for use 

in gravimetric analysis) and in 2.5 M HCl (for use in gasometric and thermometric analyses) 

respectively.  
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2.2. Gravimetric method 

In the gravimetric experiment, a previously weighed metal (mild steel) coupon was completely 

immersed in 250 ml of the test solution in an open beaker. The beaker was covered with aluminium 

foil and was inserted into a water bath maintained at 303 K. After every 24 hours, the corrosion 

product was removed by washing each coupon (withdrawn from the test solution) in a solution 

containing 50 % NaOH and 100 g l
-1

 of zinc dust [19]. The washed coupon was rinsed in acetone and 

dried in the air before re-weighing. The experiment was also repeated at 333 K.  In each case, the 

difference in weight for a period of 168 h was taken as the total weight loss. From the average weight 

loss results (average of three replicate analysis), the inhibition efficiency (IEexp) of the inhibitor, the 

corrosion rate of mild steel and the degree of surface coverage were calculated using equations 1, 2 

and 3 respectively [20] ; 

 

IEexp   =   (1 ï W1/W2) x 100      1 

 

CR  = (W2 ï W1)/At       2 

 

ɗ =  1 - W1/W2                       3 

 

where W1 and W2 are the weight losses (g) for mild steel in the presence and absence of the 

inhibitor respectively, CR is the corrosion rate of mild steel in gcm
-2

h
-1

, A is the area of the mild steel 

in cm
2
,  t is the total period of immersion (in hours) and  q is the degree of surface coverage of the 

inhibitor. 

 

2.3. Gasometric method 

Gasometric methods were carried out at 303 K using a gasometer. In each case, the metal 

coupon was inserted into the round bottom flask (containing the test solution) of the gasometer. The 

volumes of hydrogen gas evolved were measured after every minute until a steady value was obtained. 

From the volume of hydrogen gas evolved per minute, inhibition efficiencies were calculated using 

equation 4 [21];  

 

IEexp = 1001
1

x
V

V
o

Ht

Ht

ö
ö

÷

õ

æ
æ

ç

å
-                                                          4 

 

where 1

HtV  and o

HtV  are the volumes of H2 gas evolved at time, ótô for inhibited and   uninhibited 

solutions respectively. 

 

2.4. Thermometric method 

This was carried out using a thermometric flask.  From the rise in temperature of the system per 

minute, the reaction number (RN) was calculated using equation 5 [22]: 



Int. J. Electrochem. Sci., Vol. 6, 2011 

  

934 

( )RN C
T T

t
o m i

min- =
-

1

        5 

  

where Tm and Ti are the maximum and initial temperatures respectively and ótô is the time (min) 

taken to reach the maximum temperature. The inhibition efficiency (%I) of the inhibitor was evaluated 

from percentage reduction in the reaction number as follows. 

 

%I
RN RN

RN

aq wi

aq

=
-

                          

where RNaq is the reaction number in the absence of inhibitors (blank solution) and RNwi is the 

reaction number of 2.5 M HCl containing the studied inhibitors. 

 

2.5. Computational techniques       

Single point energy calculations were carried out using Austin model 1(AM1), parametric 

method 6 (PM6), parametric method 3 (PM3), modified neglect of diatomic overlap (MNDO)  and 

recief model 1 (RM1) Hamiltonians in the MOPAC 2008 software for Windows [23]. Calculations 

were performed on an HP Pentium V (2.0 GHz, 4 GB RAM and 250 GB hard disc) computer. Semi-

empirical parameters calculated (for gas and aqueous phases) were, the energy of the highest occupied 

molecular orbital (EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the dipole 

moment (µ), the total energy (TE), the electronic energy (EE), the  core core repulsion energy (CCR), 

the ionization potential (IP), the cosmo area (cosAr) and the cosmo volume (CosVol). The Mulliken 

and Lowdin charges (q) for nucleophillic and electrophillic attacks were computed using GAMESS 

computational software using COSMO solvation model [24]. Correlation type and method used for the 

calculation were MP2 and DFT while the basis sets were fixed at 6-13G and STO-5G respectively.  
Statistical analyses were performed using SPSS program version 15.0 for Windows. Non-linear 

regression analyses were performed by unconstrained sum of squared residuals for loss function and 

estimation methods of Levenberg-Marquardt using SPSS program version 15.0 for Windows.  

 

 

 

3. RESULTS AND DISCUSSIONS 

3.1. Effect of concentration of amino acids  

Fig. 1 shows the variation of weight loss of mild steel with time for the corrosion of mild steel 

in 0.1 M HCl containing various concentrations of the studied amino acids. From the plots, it is evident 

that weight loss of mild steel decreases with increase in the concentration of the amino acid but 

increases with increasing period of contact. These indicate that the rate of corrosion of mild steel in 0.1 

M HCl increases with increase in the period of contact but decreases with increase in the concentration 

³ 100 6 
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of the studied amino acids. Therefore the studied amino acids inhibited the corrosion of mild steel in 

HCl solutions. Table 1 presents values of the inhibition efficiencies of the studied amino acids.  

 

Table 1. Corrosion rates, inhibition efficiencies and some thermodynamic parameters of the studied 

amino acids  

 
System Inhibition efficiency (%)  Corrosion rate (gh

-1
cm

-2
) x 10

-4 
Ea (kJ/mol) 

CYS GLY LEU ALA  CYS GLY LEU ALA  CYS GLY LEU ALA  

Blank  at 303 K - - - - 4.48 4.48 4.48 4.48 49.66    

0.1g/l at 303K 78.42 50.06 54.22 52.30 1.17 2.24 2.19 2.14 53.94 55.85 55.10 54.72 

0.2 g/l at 303 K 73.93 50.56 55.83 53.58 0.97 2.20 1.74 2.08 53.54 57.64 57.29 55.85 

0.3 g/l at 303 K 79.00 54.75 59.50 53.75 0.94 2.21 1.72 2.07 55.85 58.66 57.64 57.29 

0.4 g/l at 303 K 82.09 55.91 60.59 54.02 0.802 1.97 1.63 2.06 57.64 59.64 60.90 58.32 

0.5 g/l at 303 K 82.21 56.50 64.42 56.56 0.79 1.95 1.61 194 58.99 60.90 61.51 60.59 

Blank at 333 K - - - - 26.86 26.86 26.86 26.86     

0.1g/l at 333K 69.59 41.75 43.05 44.36 8.17 15.65 15.30 14.95     

0.2 g/l at 333 K 74.82 42.33 57.47 45.85 6.76 15.49 12.19 14.54     

0.3 g/l at 333 K 75.51 42.56 54.55 46.06 6.58 15.43 12.21 14.49     

0.4 g/l at 333 K 79.10 48.57 54.62 46.37 5.61 13.81 11.42 14.41     

0.5 g/l at 333 K 79.25 49.26 57.95 49.33 5.57 13.63 11.30 13.61     

System Gasometric (IEexp) Thermometric (IEexp) Qads (kJ/mol) 

CYS GLY LEU ALA  CYS GLY LEU ALA  CYS GLY LEU ALA  

0.1g/l at 303K 82.34 60.23 60.02 61.23 80.21 59.34 61.02 59.08 -4.50 -23.84 -26.44 -19.40 

0.2 g/l at 303 K 84.44 63.21 63.45 64.22 83.45 62.34 63.24 63.43 -5.38 -17.33 -11.21 -14.37 

0.3 g/l at 303 K 87.03 64.34 63.55 66.90 86.32 64.33 66.22 66.39 -4.64 -14.09 -8.77 -9.88 

0.4 g/l at 303 K 90.00 64.44 64.43 67.00 88.94 68.39 69.01 69.87 -8.69 -14.47 -5.61 -11.85 

0.5 g/l at 303 K 93.42 66.22 70.21 69.21 92.01 72.98 70.54 73.21 -7.80 -8.66 -16.14 -7.96 

 

From Table 1, it can be seen that inhibition efficiencies of the studied amino acids increase 

with concentration but decrease with increasing temperature. These indicate that the studied amino 

acids are adsorption inhibitors and that their adsorption on mild steel surface supports the mechanism 

of physical adsorption [25].  Table 1 also reveals that the order for the increase in inhibition efficiency 

of the studied amino acids is CYS >LEU >ALA > GLY.  

Gravimetric results (weight loss) discussed above, are concerned with the average inhibition 

efficiency of the amino acids. Gasometric and thermometric methods measure instantaneous inhibition 

efficiency (i.e inhibition efficiency over a short period).  In Table 1, values of the instantaneous 

inhibition efficiencies (obtained from gasometric and thermometric measurements) of CYS, GLY, 

LEU and ALA are presented. The results obtained are comparable to those obtained from gravimetric 

measurements. However, the inhibition efficiencies obtained from the latter are relatively higher than 

those obtained from gravimetric measurements indicating that the instantaneous inhibition efficiencies 

of the studied amino acids are better than their average inhibition efficiencies.  
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Figure 1. Variation of weight loss of mild steel with time for the corrosion of mild steel in 0.1 M HCl 

containing  various concentrations of amino acids at 303 K 

 

3.2. Effect of temperature  

The effect of temperature on the corrosion of mild steel in 0.1 M HCl was investigated using 

the logarithm form of the Arrhenius equation, which can be written as follows [26]; 
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log(CR2/CR1)  =  Ea/2.303R (1/T1 ï 1/T2)                          7 

 

where CR1 and CR2 are the corrosion rates of mild steel at the temperatures, T1(303 K) and T2 

(333 K), R is the molar gas constant and Ea is the activation energy.  The activation energies calculated 

from equation 7 are recorded in Table 1. The activation energies are less than the threshold value (80 

kJmol
-1
) required for the mechanism of chemical adsorption. Therefore, the adsorption of the studied 

amino acids on mild steel surface is consistent with the mechanism of charge transfer from the charged 

inhibitorôs molecule to the charged metal surface, which represents physiosorption.   

 

3.3. Thermodynamics/adsorption study 

The heat of adsorption of the inhibitors was calculated using the following equation [27],  

 

1
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where R is the molar gas constant, q1 and q2 are the degrees of surface coverage of the inhibitor 

at the temperatures T1 (303 K) and T2 (333 K). Calculated values of Qads recorded in Table 1,  are 

negative indicating that the adsorption of the studied amino acids on mild steel surface is exothermic. 

The adsorption characteristics of the studied amino acids were investigated by fitting data 

obtained for the degree of surface coverage into different adsorption isotherms. The tests revealed that 

the adsorption of the amino acids on mild steel surface is best described by Langmuir adsorption 

isotherm. Langmuir adsorption model can be represented as follows [28];  

 

log(C/q) = logC -  logkads                                   9 

 

Using equation 9, plots of log(C/q) versus logC were linear (plots not shown). Values of 

adsorption parameters deduced from the plots are presented in Table 2. The results obtained, revealed 

that the slopes and R
2
 values for the isotherms are very close to unity, confirming the application of the 

Langmuir model to the adsorption of the studied amino acids.  

The equilibrium constant of adsorption (obtained from the intercept of the Langmuir adsorption 

isotherm) is related to the free energy of adsorption according to the following equation [29],  

 

DG
0
ads  = -2.303RTlog(55.5Kads)                 10 

 

Calculated values of DG
0
ads are also presented in Table 2. From the results obtained, the free 

energies are negatively less than the threshold value of -40 kJmol
-1

 required for the mechanism of 

chemical adsorption. Therefore, the adsorption of the amino acids on mild steel surface is spontaneous 

and favours the mechanism of physical adsorption [30]. 
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Table 2. Langmuir parameters for the adsorption of the studied amino acids on mild steel surface at 

303 and 333 K 

 

T (K)   Slope logkads R
2
 DG

0
ads (kJmol

-1
) 

3
0

3
 K

 

CYS 0.9585 0.0778 0.9968 -1.51 

GLY 0.90707 0.2612 0.9917 -1.75 

LEU 0.8523 0.1389 0.9793 -1.59 

ALA  0.9614 0.2448 0.9994 -1.73 

3
3

3
 K

 

 

CYS 0.9183 0.00739 0.9997 -1.55 

GLY 0.8937 0.2868 0.9938 -1.96 

LEU 0.8213 0.1695 0.9929 -1.79 

ALA  0.9475 0.3031 0.9999 -1.98 

 

3.4. FTIR study 

FTIR analysis was carried out using the corrosion product (in the absence and presence of the 

inhibitor) and the inhibitor. The FTIR spectrum of the corrosion product of mild steel (Figure not 

shown) did not show any adsorption peak indicating that the corrosion product of mild steel is not infra 

red active. However, Fig. 2 (a) shows the IR spectrum of CYS while Fig. 2 (b) shows the IR spectrum 

of the corrosion product of mild steel when 0.5 g/l of CYS was used as an inhibitor.  From the 

frequencies and peaks of IR adsorption deduced from the spectra, it is evident that in CYS, the N-H 

wag at 779.27, 846.78 and 873.78 cm
-1

 were shifted to 868.00 cm
-1

, C-N stretch at 1194.94 cm
-1

 was 

shifted to 2372.52 cm
-1

, the O-H stretch at 2579.88 and 3136.36 cm
-1

 were shifted to 2970.48 cm
-1
 

while the O-H stretch at 3448.84 cm
-1

 was shifted to 3425.69 cm
-1

 indicating that there is an interaction 

between CYS and mild steel surface. On the other hand, the N-O asymmetric stretch at 1475.59 cm
-1

,  

the C-N stretch at 1041.60, 1126.47 and 1194.94 cm
-1

 were missing in the spectrum of the corrosion 

product indicating that these bonds might have been used for adsorption [31].  

Figs. 3 (a) and 3 (b) respectively show the FTIR spectra of GLY and that of the corrosion 

product of mild steel when GLY was used as an inhibitor. From the peaks and frequencies of IR 

adsorption deduced from the spectra, it was found that the C-O stretch at 1042.56 cm
-1

 was shifted to 

1028.09 cm
-1

, the ïC=C- stretch at 1674.27    cm
-1

 was shifted to 1656.91 cm
-1

, the O-H stretch at 

2906.82 cm
-1

 was shifted to 2924.18 cm
-1

 while the O-H stretch (H-bonded) was shifted from 3201.94 

to 3430.51 cm
-1

. These shifts in frequencies also indicate that there is an interaction between GLY and 

the metal surface. It was also found that the C-N stretch (at 1125.50 and 1247.99 cm
-1

), the C-O stretch 

(at 1042.56 and 1730.21 cm
-1

), the N-O symmetric stretch (at 1338.64 cm
-1

) and the N-H bend at 

1590.36 cm
-1

 were missing in the spectrum of the corrosion product indicating that these bonds were 

used for the adsorption of GLY onto mild steel surface.  

Fig. 4 (a) and 4 (b) respectively show the FTIR spectra of LEU and that of the corrosion 

product of mild steel when LEU was used as an inhibitor. From the results obtained, it can be seen that 

the  N-H wag at 669.32 cm
-1

 was shifted to 675.11 cm
-1

, C-H bend at 842.92 was shifted to 867.03 cm
-

1
, the C-N stretches at 1084.03 and 1135.50 cm

-1
 were shifted to 1032.92 and 114.89 cm

-1
 respectively, 
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the O-H stretch at 2888.50 cm
-1

 was shifted to 2927.08 cm
-1

 while the N-H stretch at 3125.75 cm
-1

 was 

shifted to 3437.26 cm
-1

.  

 

 
(a) 

 
(b) 

 
 

 

Figure 2. (a)  IR spectrum of  CYS (b) IR spectrum of the corrosion product of mild steel when 0.5 

g/l of CYS was used as an inhibitor 

 

These shifts in frequencies also indicate that there is an interaction between LEU and mild 

steel. On the other hand, the absence of C-N stretch, N-O asymmetric and symmetric stretches in the 

spectrum of the corrosion product suggest that these bonds were involved in the adsorption of LEU 

onto mild steel surface.  
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(a) 

 

(b) 

 
 

 

Figure 3. (a) IR spectrum  of  GLY, (b) IR spectrum of the corrosion product of mild steel when 0.5 

g/l of GLY was used as an inhibitor 

 

The FTIR spectra of ALA and that of the corrosion product of mild steel when ALA was used 

as an inhibitor are presented in Figs. 5 (a) and 5 (b). From the results obtained, it can be seen that the  

=C-H bend at 649.07 was shifted to 673.18 cm
-1

, the C-O stretch at 1017.48 cm
-1

 was shifted to 

1030.02 cm
-1

, the N-H bend at 1614.47  cm
-1

 was shifted to 1652.09 cm
-1

, the O-H stretch at 2834.49 

and 3200.98 cm
-1

 were shifted to 2925.15 and 3428.58 cm
-1

 respectively. In addition, new C-H bend at 
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1448.59 cm
-1

 were found in the spectrum of the corrosion product. These shifts in frequencies and the 

formation of a new bond may be due to the interaction between mild steel surface and ALA.  

 

 
(a) 

 
(b) 

 
 

 

Figure  4. (a) IR spectrum of  LEU, (b)  IR spectrum of the corrosion product of mild steel when 0.5 

g/l of LEU was used as an inhibitor  
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(a) 

 
(b) 

 
 

 

Figure 5. (a) IR spectrum of ALA, (b)  IR spectrum of the corrosion product of mild steel when 0.5 g/l 

of ALA was used as an inhibitor 

 

On the other hand, the disappearance of C-N stretches at 1113.93 and 1236.41 cm
-1

, N-O 

symmetric and asymmetric stretches (at 1301.03 and 1515.14 cm
-1

 respectively), C-H rock at 1365.65 

cm
-1

 and O-H stretch at 2522.98 cm
-1

 suggest that some of these bonds might have been used for the 

adsorption of ALA onto mild steel surface. 

 



Int. J. Electrochem. Sci., Vol. 6, 2011 

  

943 

3.5. Quantum chemical study 

3.5.1. Semi-empirical study 

Several quantum chemical parameters such as the electronic energy (EE), core core repulsion 

energy (CCR), heat of formation (Hf), cosmo area (cosAr) and cosmo volume (cosVol) have been 

found to be useful in predicting the direction of corrosion reaction. It has been established that 

corrosion inhibition potentials of structurally related compounds tend to increase or decrease with 

increase in the value of respective quantum chemical parameter.  Table 3 presents values for the 

frontier molecular orbital energies (i,e EHOMO and ELUMO), DE (i.e ELUMO ï EHOMO), cosAr andm. The 

values were obtained for both gas and aqueous phases using PM6, PM3, AM1, RM1 and MNDO 

Hamiltonians. 

 

Table 3. Quantum chemical parameters for the studied amino in gas and aqueous phases  

 

 

Gas phase Aqueous phase 

Models EHOMO 

(eV) 

ELUMO 

(eV) 
DE (eV) CosAr 

(Å
2
) 

m 
(Debye) 

EHOMO 

(eV) 

ELUMO 

(eV) 
DE 

(eV) 

CosAr 

(Å
2
) 

m 
(Debye) 

Edielec 

(eV) 

C
Y

S
 

PM6 -9.04 -0.10 8.94 145.39 2.94 -9.30 -0.20 9.10 145.39 3.82 -0.76 

PM3 -8.98 -0.38 8.60 145.39 3.04 -8.88 -0.33 8.56 145.39 3.83 -0.52 

AMI  -9.00 -0.02 8.98 145.39 2.92 -9.28 0.05 9.33 145.39 3.72 -0.54 

RMI -9.32 0.17 9.50 145.39 2.80 -9.44 0.21 9.65 145.39 3.64 -0.52 

MNDO -9.73 0.82 10.56 145.39 2.72 -9.80 0.81 10.61 145.39 3.44 -0.47 

G
L

Y
 

PM6 -8.92 0.46 9.38 104.80 1.92 -9.05 0.24 9.29 104.50 2.78 -0.50 

PM3 -8.64 1.05 9.69 104.80 1.54 -8.63 0.96 9.59 104.50 2.16 -0.32 

AMI  -9.32 1.23 10.55 104.80 1.44 -9.34 1.11 10.45 104.50 1.98 -0.36 

RMI -9.23 1.17 10.4 104.80 1.41 -9.25 1.06 10.31 104.50 1.96 -0.37 

MNDO -9.74 1.03 10.77 104.80 1.28 -9.73 0.97 10.7 104.50 1.80 -0.33 

L
E

U
 

PM6 -8.88 0.53 9.41 131.17 2.23 -9.05 0.22 9.27 172.96 3.00 -0.49 

PM3 -8.64 1.09 9.73 131.17 1.69 -8.70 0.94 9.64 172.96 2.26 -0.31 

AMI  -9.24 1.30 10.54 131.17 1.62 -9.31 1.11 10.42 172.96 2.12 -0.35 

RMI -9.19 1.24 10.43 131.17 1.63 -9.28 1.06 10.34 172.96 2.14 -0.35 

MNDO -9.65 1.08 10.73 131.17 1.42 -9.71 0.96 10.67 172.96 1.91 -0.32 

A
L

A
 

PM6 -9.97 0.49 10.46 121.96 2.02 -9.10 0.22 9.32 121.96 2.80 -0.47 

PM3 -8.68 1.07 9.75 121.96 1.61 -8.71 0.94 9.65 121.96 2.20 -0.31 

AMI  -9.31 1.27 10.58 121.96 1.52 -9.34 1.11 10.45 121.96 2.06 -0.35 

RMI -9.27 1.21 10.48 121.96 1.51 -9.32 1.05 10.37 121.96 2.04 -0.35 

MNDO -9.67 1.06 10.73 121.96 1.37 -9.70 0.97 10.67 121.96 1.89 -0.32 

R
2
 

PM6 0.8651 0.9469 0.9651 0.2013 0.9967 0.0883 0.881 0.4507 0.7796 0.9977 0.928 

PM3 0.917 0.9392 0.9201 0.2013 0.5209 0.9029 0.9238 0.9251 0.7796 0.9683 0.9185 

AMI  0.9322 0.9347 0.9466 0.2013 0.9612 0.995 0.9130 0.9402 0.7796 0.9745 0.9165 

RMI 0.83819 0.9327 0.9242 0.2013 0.9707 0.4448 0.9073 0.9291 0.7796 0.9827 0.8869 

MNDO 0.8177 0.9608 0.916 0.2013 0.9542 0.887 0.8345 0.9601 0.7796 0.9645 0.9108 

**R
2
 = degree of linearity between quantum chemical parameters and IEexp 
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According to the frontier molecular orbital theory, the formation of a transition state is due to 

an interaction between the frontier orbitals (HOMO and LUMO) of reacting species [32]. Therefore, 

the frontier molecular orbitals play significant roles in defining the reactivity of organic compounds. 

The EHOMO is related to the electron donating ability of the compound. Higher value of EHOMO indicates 

that the molecule has a higher tendency towards the donation of electron to appropriate acceptor 

molecules with low energy and empty molecular orbital. 
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Figure 6. Variation of experimental inhibition efficiency (IEexp) with (a) the HOMO energy,  EHOMO 

(b) the LUMO energy,  ELUMO (c) the energy gap, DE (d) the cosmo area, cosAr  and with  (e) 

the dipole moment, µ  obtained for gas phase calculations using AM1 
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Based on increasing value of EHOMO, the order for the variation of inhibition efficiencies of the 

studied inhibitors (for both gas and aqueous phases) is consistent with the order obtained from 

experimental data (i.e CYS > LEU > ALA > GLY). However, results obtained from PM6 Hamiltonian 

for gas phase calculations, strongly deviate from this trend and can be explained as follow. All the 

semi empirical methods contain some sets of parameters. Atomic and diatomic parameters exist in 

PM6, while MNDO, AM1, PM3, and MNDO-d use only single-atom parameters. Not all parameters 

are optimized for all methods; for example, in MNDO and AM1 the two electron one center integrals 

are normally taken from atomic spectra. Therefore, atomic and diatomic parameters (which are not 

present in PM6 model) may be significant in predicting the reactivity of the studied amino acids.  Also, 

the ELUMO measures the tendency of a molecule to accept electron. Therefore, decreasing value of 

ELUMO suggests better inhibition efficiency [33].  From the results obtained for  ELUMO in gas and 

aqueous phases, the expected trend for the decrease in inhibition potentials of the studied amino acids 

is CYS > LEU > ALA > GLY. This trend supports experimental results. 

Another quantum chemical parameter that was found to have excellent correlation with IEexp is 

the DE (energy gap), defined as the difference between ELUMO and EHOMO [34]. According to Eddy 

[35], the DE is related to the hardness and softness of a molecule because a soft molecule has a low DE 

while a hard molecule has a large DE. Consequently, a soft molecule is expected to be more reactive 

than a hard molecule due to the smaller DE between the last occupied orbital and the first virtual 

orbital. This also implies that for a soft molecule, the ease in which intermolecular electron transfer 

can proceed is appreciable. Therefore, inhibition efficiency of the studied amino acids is expected to 

increase with decreasing value of DE. This assertion supports the results obtained from experiments. 

Fig. 6 shows the variation of IEexp with some gas phase AM1 quantum chemical parameters. From the 

figures, it can be seen that there is a strong correlation between IEexp and the frontier molecular orbital 

energies (i.e EHOMO, ELUMO and DE). Similar plots developed for aqueous phase calculations and for 

other Hamiltonians also indicated strong correlation. However, the plots are not presented but values 

of R
2
 obtained from the plots are recorded in Table 3.  

The electronic energy of the molecule (EE), core core repulsion energy (CCR), heat of 

formation (Hf), cosmo area (cosAr) and cosmo volume (cosVol) were also calculated. These 

parameters have been found to be useful in predicting the direction of a corrosion inhibition reaction 

for some systems [36]. However, in this study, only the cosAr (obtained for aqueous phase 

calculations) correlated strongly with the IEexp, therefore data for EE, CCR, Hf and cosVol are not 

presented in Table 3.  

The m (dipole moment) is an index suitable for the prediction of the direction of a corrosion 

inhibition process. m is the measure of polarity in a bond and is related to the distribution of electron in 

a molecule [37]. Although literature is inconsistent on the use of ómô as a predictor for the direction of a 

corrosion inhibition reaction, it is generally agreed that the adsorption of polar compounds possessing 

high m on the metal surface should lead to better inhibition efficiency. Comparison of the results 

obtained from quantum chemical calculations (for both gas and aqueous phases) with IEexp revealed 

that the inhibition efficiencies of the inhibitors increase with increasing value of m.  

Aqueous phase calculations also yielded values for the dielectric energy of the molecules 

(Ediel). These values also correlated excellently with IEexp.  
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3.5.2. DFT study 

DFT is one of the most power tools in quantum chemistry. It is based on the principle that the 

energy of a molecule can be determined from the electron density instead of using the wave function 

[38].  The DFT based on the Hohnenberg-Kohn theorems has been found to be a significant tool for 

the modelling and development of conceptual issues on chemical reactivity [39]. In corrosion study, 

DFT has also been used for the prediction of the sites for electrophilic and nucleophilic attacks [40] 

According to Stoyanov et al. [41], in DFT, the ground state energy of an atom or a molecule is 

expressed in terms of its electron density r(r). Two chemical reactivity indices, namely chemical 

potential ( ) and global hardness (h) are defined as the first and second derivative of TE(r) with 

respect to the number of electrons, Thus,  

 

 =[dTE/dN]v       11 

 

h=(d
2 
TE/ dN

2
)V(r) =½( d /dN)V(r)               12 

 

where TE is the total energy, h is the global hardness and N is the number of electrons in the 

molecule. The global softness (S) is the inverse of the h and is defined as S = ½ h. From the 

application of the finite difference approximation, the h and S were evaluated using the following 

equations [42] 

 

h=[(E(N ï 1)  - E(N)) ï (E(N) -  E(N+!))]    13 

 

S=1/[(E(N ï 1)  - E(N)) ï (E(N) -  E(N+!))]    14 

 

where E(N-1), E(N) and E(N+1) are the ground state energies of the  molecule with N-1, N and N+1 

electrons respectively.  Also, the ionization energy (IE) and the electron affinity (EA) of the molecules 

were calculated using the ground state energies of the respective systems as follows [43],  

 

IE=E(N ï 1)  - E(N)       15 

 

EA=E(N) -  E(N+!)       16 

 

Comparing equations 13 and 14 with equations 15 and 16 respectively, the h and S can be 

expressed as follow, 

h=IE ï EA       17 

 

S=1/[(IE - EA)]      18 

 

Calculated values of IE, EA,  h and S for aqueous and gas phases are presented in Table 4. 

From the results obtained, it can be seen that the IE and the EA for the inhibitors decrease in the order 




