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Abstract: Drug-based compounds are eco-friendly, nontoxic, inexpensive and easily accessible 
source of material which can consecutively be used as corrosion inhibitor for carbon steel in acid 
media. The effect of benzoxaxin derivative, a drug-based compound was investigated by theoretical 
advance study. The energy of the highest occupied molecular orbital (EHOMO), energy of the 
lowest unoccupied molecular orbital (ELUMO), the energy gap (∆E), dipole moment (µ) 
mullikencharge of heteroatoms, ionization potential (IP), electron affinity (EA), electronegativity 
(χ), global hardness (η) and global softness (σ) were calculated and interpreted. Quantum chemical 
calculations revealed the adsorption of the molecules on the metal surface. 
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Introduction 

Levofloxacin is an antibiotic drug, derived from benzoxazin compound. Benzoxazin 
compound constitutes organic material and mostly having heterocyclic atoms such as N, O 
and S either in the aromatic or long carbon chain. Such systemic arrangement has been 
reported as effective inhibitors1. These inhibitors have extended π-electron systems and 
functional groups, such as -C = C-, -OH and-NH2. The functional groups provide electrons 
that facilitate adsorption of the inhibitors on the metal surface2. Some drug-based 
compounds have been reported as good corrosion inhibitors in acidic media3-12. Corrosion 
inhibitors promote film formation on the metal surface through transfer of electrons from the 
organic compounds to the metal, forming a donor-acceptor bond during adsorption process1. 
In such adsorption, the metal functions as an electrophile while the inhibitor acts as a 
nucleophile13. Experimental investigation of the action of levofloxacin drug, a derivative of 
benzoxazin compound on the corrosion inhibition of carbon steel in 2 M HCl solution has 
been reported14. The experimental means were useful in explaining the inhibition 
mechanism but they are often expensive and time consuming. Advances in computer 
hardware and in theoretical chemistry have brought high performance computing and graphical 
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tools within the reach of many academic and industrial laboratory15. Currently, corrosion 
publications containing quantum chemical calculations are used to explore the electronic 
properties of inhibitors. The energy of the frontier molecular orbitals (EHOMO and ELUMO), energy 
gap (∆E), charge on the reactive center (f+ and f-), dipole moment (µ), global hardness (η) and 
global softness (σ) etc., have been investigated to achieve the appropriate correlation. 

Method of calculation 

There are various quantum-based advances that have been functional to organic materials 
design including; Hatree-fock, Moller-plesset, coupled cluster and semi empirical methods. 
Though the most fashionable organic material design and calculation of chemical reactivity 
has been density functional theory (DFT), the main reason for its popularity has been the 
relative accuracy with significantly lower computational cost compared to some of the other 
methods listed above. DFT centers on the electron density P(r) itself as the carrier of all 
information in the molecular or atomic ground state rather than on the single electron wave 
function16. Since the electron density arises from the collective contribution of all electrons, the 
ground state total energy for an N-electron system is based on DFT given in terms of three-
dimensional ground-state electronic density P(r) and the external potential V(r) in the form16,17; 

drrVrPpFpE )()()()( ∫+=                                                       (1) 

 Where E(p) is the kinetic energy functional, F(p) is universal functional of Hohenberge-
kohn given by the sum of the electronic kinetic energy functional while equation 2 
guarantees the proper normalization of the electron density. 

drrPN )(∫=                                                                          (2) 

A general form of the DFT expression is shown in equation 3 according to literature16-18, 

)()()()()( pEpJpEpTpE xcnesDFT +++=                             (3) 

 Where Ts refers to the kinetic energy functional (s indicates that the kinetic energy is 
obtained from a slater determinant), Ene the electron nuclear attraction functional, J the coulomb 
part of the electron-electron repulsion functional and Exc the exchange correlation functional. 
Each of these terms depend on the electron density p and is indicated by the symbol p in 
brackets following each term. Since the exchange correlation energy functional is unknown, 
approximate solutions are obtained using the Kohn-Sham (KS) orbitals. These differ from other 
kinds of orbitals primarily on the basis that the sum of the squares of the occupied KS orbitals is 
the true electron density of the system16. The solution of the Euler-Langrange equation which 
corresponds to the minimization of the energy given in equation 1 together with the 
consideration of equation 2 allows for the ground-state electronic density to be calculated as; 
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 Where µ is the undetermined Langrange multiplier representing the chemical potential 
that measures the escaping tendency of the electrons from a system16. DFT was performed 
with the aid of Gaussian 03 software suite to provide a complete geometry optimization. 

Results and Discussion 

The chemical structure of the compound under study is shown in Figure 1. The optimized 
molecular structure of the investigated compound using Backe’s three parameter hybrid 
functional and Lee-Yang-Paar correlation functional (B3LYP) is shown in Figure 2. 
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Figure 1. Chemical structure of benzoxazin derivative 

 
Figure 2. Optimized structure of thebenzoxazin derivative molecule 

Chemical reactivity  

The results of the quantum chemical parameters are presented in Table 1. EHOMO indicates 
the ability of the molecules to donate electron to an appropriate acceptor with the empty 
molecular orbital and ELUMO indicates the ability to accept electrons. The lower the ELUMO, 
the more the ability of the molecule to accept electrons, while the higher the value of the 
EHOMO, the more the ability of the molecules to offer electrons to unoccupied d-orbital of 
metal surface and the greater the inhibition efficiency19. The calculated quantum chemical 
parameters obtained from DFT analysis showa relatively high EHOMOvalue and the molecule 
is expected to have a high inhibition efficiency. The expectation is in good agreement with 
the experimental results reported14.  

Table 1. Calculated quantum chemical parameters of the studied compound 

EHOMO 

eV 
ELUMO, 

eV 
∆E, 
eV 

IP,   
eV 

EA, 
eV 

χ, eV 
η,    
eV 

σ,  

eV-1 
µ, 

debyes 
ω 

-4.708 -2.204 2.504 4.708 2.204 3.456 1.252 0.798 8.955 4.769 

 The application of energy gap ∆E can also be used to predict the inhibition efficiency of 
a compound. ∆E is also used to develop a theoretical model for explaining the structure and 
confirmation barrier in many molecular systems. Therefore, the smaller the value of the 
energy gap of a compound, the higher the inhibition efficiency. The value of the energy gap 
∆E is suggests that the studied molecules may be adsorbed relatively well and they function 
well as an inhibitor. The value of ∆E is calculated from the expression20 given in equation 5. 
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HOMOLUMO EEE −=∆                                                      (5) 

 Ionization potential (IP) is the maximum energy necessary to remove an electron from a 
many electron atom in gas phase, whereas electron affinity (EA) is the energy released when 
an electron attaches to a gas phase atom.  Ionization potential (IP) is related to EHOMO while 
the electron affinity is related to ELUMO according to equation 6 and 7 respectively. 

HOMOEIP −=                                                                    (6) 

LUMOEEA −=                                                                     (7) 

 Generally, high ionization potential is indicated in greater inhibition efficiency, while 
low electron affinity reflects reduced inhibition efficiency. The ionization potential (IP) and 
the electron affinity (EA) for the studied molecule is shown in Table 1. Electronegativity 
gives the power of an electron or group of atoms to attract electrons toward itself, thus 
Koopman’s theorem was used to estimate the electronegativity of the studied13,20 compounds 
using equation 8. 
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 The higher the value of χ the more effective the inhibitor and the lower χ the less 
significant the inhibitor. From the results listed in Table 1, it is observed that the value of 
electronegativity χ assigned to the studied compound confirms a greater significance of the 
studied compound to function as an inhibitor of steel corrosion in acid media.This result 
corroborates to the values of inhibition efficiency14. Global hardness ƞ measures the 
resistance of an atom to charge transfer whereas global softness σ describes the capacity of 
an atom or group of atom to receive electrons21. The expressions for global hardness ƞ and 
global softness σ are given in equation 9 and 10 respectively. 
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 A hard molecule requires a large ∆E and a soft molecule requires a small ∆E. Soft 
molecules could therefore easily offer electrons to an acceptor system that make them more 
reactive than hard molecules. Furthermore, adsorption may occur at the point of a molecule 
where absolute softness (σ) is high22. Table 1 reveals the value of both the global softness 
and the global hardness establishing that the compound is an excellent inhibitor. Dipole 
moment (µ) is another index that is often used for the prediction of corrosion inhibition 
process. It is the measure of polarity in a bond, and is related to the distribution of electrons 
in a molecule. Therefore inhibitors with high dipole moment form strong dipole-dipole 
interaction with the metal resulting in a strong adsorption on the surface of the metal thus 
leading to a greater inhibition efficiency22. It is observed from Table 1 that the dipole 
moment (µ) of the studied molecule shows a relatively high value of dipole moment, 
implying that the compound is expected to have a significant inhibition process. Global 
electrophilicity index (ω) is estimated by using both electrophilicity and chemical hardness 
parameters as expressed in equation 11.  
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 A high value of electrophilicity describes a good electrophile while a small value of 
electrophilicity describes a good nucleophile. The results presented in Table 1 show that the 
investigated compound exhibits a reasonable value of electrophilicity describing the 
compound as a good electrophile. 

 Figure 3 presents a plot showing the variation of the quantum parameter EHOMOwith 
experimental inhibition efficiency (%IE) obtained from earlier report14.The plots revealed a 
strong correlation R2 = 0.998 between both the experimental inhibition efficiency and EHOMO. 

 
 

Figure 3. Variation of EHOMO with experimental inhibition efficiency for benzoxazin 
derivative 

Local reactivity 

Using the finite difference approximation, Fukui functions can be expressed as follows;     
fx

+  = q(N+1) – q(N) representing the change in electron density q at atom N upon addition of 
electron to the system, fx

- = q(N)– q(N-1)  representing the change in electron density q at atom 
N upon removal of electron from the system, q(N+1), q(N)  and q(N-1)  are the Mulliken charges 
of the atom with N+1, N and N-1 electrons16. Fx

+ is the Fukui function for nucleophilic 
attack and fx

- is the Fukui function for electrophilic attack. From the simplest molecular 
orbital theory model, additional electrons would occupy the lowest unoccupied molecular 
orbital (LUMO) and ionization electrons would be removed from the highest occupied 
molecular orbital (HOMO). It is expected that fx

+ and fx
- are related to LUMO and HOMO 

respectively19.  Atomic charges and condensed Fukui functions can be used to analyze the 
local reactivity of a molecules and to distinct each part of the molecule on the basis of its 
distinct chemical � ehavior due to the presence of dissimilar functional groups. The Fukui 
function is motivated by the fact that if an electron δ is transferred to an N-electron 
molecule, it also tends to share out electrons so as to reduce the energy of the resulting N + δ 
electron structure12. Thus, the preferred sites for an attack by electrophilic and nucleophilic 
agents are observed at the positions where the values of Fukui f- and f+ respectively is a 
maximum1, 19. An atom with the highest positive charge is the preferred site for electrophilic 
attack while the preferred site for nucleophilic attack is at an atom with the highest negative 
charge13. The local reactivity is illustrated in Figure 4. The first four maximum values of 
Fukui function (f-) of the studied compound are recorded as 0.782, 0.109, 0.031 and 0.029 as 
shown in bold font in Table 2, signifying that electrophilic attack occurs at the bond C22 = 
O24, C5– N2, C22– O23 and C11 – C12 while nucleophilic attack occurs at N18 – C12, C16 – C17, 
C4 – N7 and C6 – C5having f+ values of -0.128, -0.031, -0.017 and -0.016 respectively. Also, 
since the charge on atoms O23, O14, O25, and O24 were high, electrophilic attack is expected 
to occur at C20 – C22, O14 – C15, C22 = O24 and C22 – O23..Since shorter bond lengths are less 
reactive than longer bond lengths and multiple bonds are more reactive than a single bond,  
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the bond length of the molecules were calculated and examined for their degree of reactivity. 
The bond lengths between C16– C17, C6 – C5, C3 – C4 and C16 – N18 were 1.539 Å, 1.533Å, 
1.530 Å and 1.528Å respectively. These properties are shown in Table 2. 

  
(a) Fukui (f-) (b)  Fukui (f+) 

Figure 4. (a) Electrophilic Fukui function f- and (b) nucleophilic Fukui function f+ of 
benzoxazin derivative 

Table 2.Calculated values of bond length, atomic charge, DFT Fukui (f-) and Fukui (f+) for 
the studied compound 
 

 

Mechanism of Inhibition 
Corrosion inhibition mechanism in acidic medium is based on the adsorption of inhibitor on 
the metal surface. The process of adsorption is influenced by the nature and charge of the metal,  

Atom Bond Length Charge Fukui f- Fukui(f+) 
C1 C1– N2 1.470 -0.262 -0.029 -0.014 
N2 N2– C3 1.477 -0.324 0.023 0.002 
C3 C3– C4 1.530 -0.099 -0.023 -0.004 
C4 C4– N7 1.468 -0.051 -0.033 -0.017 
C5 N7– C6 1.467 -0.099 -0.021 0.002 
C6 C6– C5 1.533 -0.065 -0.035 -0.016 

N7 C5– N2 1.477 -0.349 0.109 0.017 
C8 N7– C8 1.451 0.129 -0.001 0.022 
C9 C8=C9 1.413 0.321 0.024 0.037 
C10 C9– C10 1.391 -0.096 0.016 0.040 
C11 C11– C12 1.402 -0.063 0.029 -0.004 
C12 C12=C13 1.399 0.122 0.018 0.004 
C13 C13– O14 1.415 0.232 -0.041 0.049 
O14 O14– C15 1.415 -0.605 0.009 0.023 
C15 C15– C16 1.436 0.031 -0.019 -0.013 
C16 C16– C17 1.539 0.022 -0.014 -0.031 

C17 C16– N18 1.528 -0.334 -0.006 -0.011 
N18 N18– C12 1.466 -0.359 0.001 -0.128 

C19 N18– C19 1.442 -0.016 0.016 0.013 
C20 C19 = C20 1.345 0.025 0.011 0.020 
C21 C20– C21 1.482 0.292 0.018 0.047 
C22 C21– C11 1.477 0.533 0.018 0.036 
O23 C20– C22 1.481 -0.671 0.013 0.018 
O24 C22– O23 1.393 -0.379 0.031 0.063 
O25 C22=O24 1.217 -0.396 0.782 0.081 
F26 C21=O25 1.219 -0.649 0.022 0.035 
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the chemical structure of the inhibitor and the type of aggressive electrolyte. The inhibitor 
molecules are adsorbed over the metal surface by blocking the active sites in which direct 
acid attack, thereby protecting the metal from corrosion23. The structure of the studied 
compound has an oxygen heteroatom and C = O bond, therefore inhibition of the corrosion 
of carbon steel of the studied molecule may be attributed to the adsorption of the studied 
molecule through the C = O center, which is regarded as the center of adsorption onto the 
metal surface. The adsorption creates a barrier to mass and charge transfer and thus isolates 
metal from further attack of the corrosive anions19. The inhibitors may then combine with 
freshly generated Fe2+ ions on the metal surface forming an iron-inhibitor complex as shown 
in equation13 and Figure 5. 

−+ +→ eFeFe 22                                                                (12) 

 +−→+ 2][ adsads inhibitorFeinhibitorFe                         (13) 

 Figure 5 shows a nucleophilic attack on the partially positive carbon atom and the 
intermediate of full negative charge onoxygen atom. The oxygen then becomes protonated to 
yield an iron–inhibitor complex. The protonated oxygen atoms are the atoms that facilitate 
adsorption onto the metal surface. From the resulting complex, it may be suggested that the 
studied compound inhibits carbon steel corrosion in acidic medium. The adsorption of the 
inhibitor on the metal surface therefore reduces the surface area available for corrosion9.  

N

N

N

O

O

O

O H

F

N

N

N

O

F

N

N

N

O

F

Fe

O

O

Fe

H

O H

O
-

O
-

O

 
Figure 5. Inhibition mechanism of carbon steel corrosion in 2 M HCl for benzoxazin 
derivative 

Conclusion  

Quantum chemical study is adequately sufficient to predict the structure and molecule 
suitability of an inhibitor. Quantum chemical calculations reveal that the prefer site 
forelectrophilic and nucleophilic attack resides at the bonds C22 = O24, C5– N2, C22– O23 and 
C11– C12 and at N18 – C12, C16 – C17, C4 – N7 and C6 – C5 respectively. In addition, based on 
the relatively high charge on atoms O23, O14, O25, and O24, electrophilic attack is expected to 
occur at C20 – C22, O14 – C15, C22 = O24 and C22 – O23. Benzoxazin derivative is a good 
corrosion inhibitor for carbon steel in acidic environment. The inhibitor possesses 
heteroatoms and functional groups that facilitate easy adsorption on the surface of steel. 
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Introduction 

Levofloxacin is an antibiotic drug, derived from benzoxazin compound. Benzoxazin 
compound constitutes organic material and mostly having heterocyclic atoms such as N, O 
and S either in the aromatic or long carbon chain. Such systemic arrangement has been 
reported as effective inhibitors1. These inhibitors have extended π-electron systems and 
functional groups, such as -C = C-, -OH and-NH2. The functional groups provide electrons 
that facilitate adsorption of the inhibitors on the metal surface2. Some drug-based 
compounds have been reported as good corrosion inhibitors in acidic media3-12. Corrosion 
inhibitors promote film formation on the metal surface through transfer of electrons from the 
organic compounds to the metal, forming a donor-acceptor bond during adsorption process1. 
In such adsorption, the metal functions as an electrophile while the inhibitor acts as a 
nucleophile13. Experimental investigation of the action of levofloxacin drug, a derivative of 
benzoxazin compound on the corrosion inhibition of carbon steel in 2 M HCl solution has 
been reported14. The experimental means were useful in explaining the inhibition 
mechanism but they are often expensive and time consuming. Advances in computer 
hardware and in theoretical chemistry have brought high performance computing and graphical 
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tools within the reach of many academic and industrial laboratory15. Currently, corrosion 
publications containing quantum chemical calculations are used to explore the electronic 
properties of inhibitors. The energy of the frontier molecular orbitals (EHOMO and ELUMO), energy 
gap (∆E), charge on the reactive center (f+ and f-), dipole moment (µ), global hardness (η) and 
global softness (σ) etc., have been investigated to achieve the appropriate correlation. 

Method of calculation 

There are various quantum-based advances that have been functional to organic materials 
design including; Hatree-fock, Moller-plesset, coupled cluster and semi empirical methods. 
Though the most fashionable organic material design and calculation of chemical reactivity 
has been density functional theory (DFT), the main reason for its popularity has been the 
relative accuracy with significantly lower computational cost compared to some of the other 
methods listed above. DFT centers on the electron density P(r) itself as the carrier of all 
information in the molecular or atomic ground state rather than on the single electron wave 
function16. Since the electron density arises from the collective contribution of all electrons, the 
ground state total energy for an N-electron system is based on DFT given in terms of three-
dimensional ground-state electronic density P(r) and the external potential V(r) in the form16,17; 

drrVrPpFpE )()()()( ∫+=                                                       (1) 

 Where E(p) is the kinetic energy functional, F(p) is universal functional of Hohenberge-
kohn given by the sum of the electronic kinetic energy functional while equation 2 
guarantees the proper normalization of the electron density. 

drrPN )(∫=                                                                          (2) 

A general form of the DFT expression is shown in equation 3 according to literature16-18, 

)()()()()( pEpJpEpTpE xcnesDFT +++=                             (3) 

 Where Ts refers to the kinetic energy functional (s indicates that the kinetic energy is 
obtained from a slater determinant), Ene the electron nuclear attraction functional, J the coulomb 
part of the electron-electron repulsion functional and Exc the exchange correlation functional. 
Each of these terms depend on the electron density p and is indicated by the symbol p in 
brackets following each term. Since the exchange correlation energy functional is unknown, 
approximate solutions are obtained using the Kohn-Sham (KS) orbitals. These differ from other 
kinds of orbitals primarily on the basis that the sum of the squares of the occupied KS orbitals is 
the true electron density of the system16. The solution of the Euler-Langrange equation which 
corresponds to the minimization of the energy given in equation 1 together with the 
consideration of equation 2 allows for the ground-state electronic density to be calculated as; 
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 Where µ is the undetermined Langrange multiplier representing the chemical potential 
that measures the escaping tendency of the electrons from a system16. DFT was performed 
with the aid of Gaussian 03 software suite to provide a complete geometry optimization. 

Results and Discussion 

The chemical structure of the compound under study is shown in Figure 1. The optimized 
molecular structure of the investigated compound using Backe’s three parameter hybrid 
functional and Lee-Yang-Paar correlation functional (B3LYP) is shown in Figure 2. 
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Figure 1. Chemical structure of benzoxazin derivative 

 
Figure 2. Optimized structure of thebenzoxazin derivative molecule 

Chemical reactivity  

The results of the quantum chemical parameters are presented in Table 1. EHOMO indicates 
the ability of the molecules to donate electron to an appropriate acceptor with the empty 
molecular orbital and ELUMO indicates the ability to accept electrons. The lower the ELUMO, 
the more the ability of the molecule to accept electrons, while the higher the value of the 
EHOMO, the more the ability of the molecules to offer electrons to unoccupied d-orbital of 
metal surface and the greater the inhibition efficiency19. The calculated quantum chemical 
parameters obtained from DFT analysis showa relatively high EHOMOvalue and the molecule 
is expected to have a high inhibition efficiency. The expectation is in good agreement with 
the experimental results reported14.  

Table 1. Calculated quantum chemical parameters of the studied compound 

EHOMO 

eV 
ELUMO, 

eV 
∆E, 
eV 

IP,   
eV 

EA, 
eV 

χ, eV 
η,    
eV 

σ,  

eV-1 
µ, 

debyes 
ω 

-4.708 -2.204 2.504 4.708 2.204 3.456 1.252 0.798 8.955 4.769 

 The application of energy gap ∆E can also be used to predict the inhibition efficiency of 
a compound. ∆E is also used to develop a theoretical model for explaining the structure and 
confirmation barrier in many molecular systems. Therefore, the smaller the value of the 
energy gap of a compound, the higher the inhibition efficiency. The value of the energy gap 
∆E is suggests that the studied molecules may be adsorbed relatively well and they function 
well as an inhibitor. The value of ∆E is calculated from the expression20 given in equation 5. 
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 Ionization potential (IP) is the maximum energy necessary to remove an electron from a 
many electron atom in gas phase, whereas electron affinity (EA) is the energy released when 
an electron attaches to a gas phase atom.  Ionization potential (IP) is related to EHOMO while 
the electron affinity is related to ELUMO according to equation 6 and 7 respectively. 

HOMOEIP −=                                                                    (6) 

LUMOEEA −=                                                                     (7) 

 Generally, high ionization potential is indicated in greater inhibition efficiency, while 
low electron affinity reflects reduced inhibition efficiency. The ionization potential (IP) and 
the electron affinity (EA) for the studied molecule is shown in Table 1. Electronegativity 
gives the power of an electron or group of atoms to attract electrons toward itself, thus 
Koopman’s theorem was used to estimate the electronegativity of the studied13,20 compounds 
using equation 8. 

)(
2
1

LUMOHOMO EEx +−=                                                 (8) 

 The higher the value of χ the more effective the inhibitor and the lower χ the less 
significant the inhibitor. From the results listed in Table 1, it is observed that the value of 
electronegativity χ assigned to the studied compound confirms a greater significance of the 
studied compound to function as an inhibitor of steel corrosion in acid media.This result 
corroborates to the values of inhibition efficiency14. Global hardness ƞ measures the 
resistance of an atom to charge transfer whereas global softness σ describes the capacity of 
an atom or group of atom to receive electrons21. The expressions for global hardness ƞ and 
global softness σ are given in equation 9 and 10 respectively. 

)(
2
1

LUMOHOMO EE +−=η                                             (9) 

η
σ

1
−=                                                                       (10) 

 A hard molecule requires a large ∆E and a soft molecule requires a small ∆E. Soft 
molecules could therefore easily offer electrons to an acceptor system that make them more 
reactive than hard molecules. Furthermore, adsorption may occur at the point of a molecule 
where absolute softness (σ) is high22. Table 1 reveals the value of both the global softness 
and the global hardness establishing that the compound is an excellent inhibitor. Dipole 
moment (µ) is another index that is often used for the prediction of corrosion inhibition 
process. It is the measure of polarity in a bond, and is related to the distribution of electrons 
in a molecule. Therefore inhibitors with high dipole moment form strong dipole-dipole 
interaction with the metal resulting in a strong adsorption on the surface of the metal thus 
leading to a greater inhibition efficiency22. It is observed from Table 1 that the dipole 
moment (µ) of the studied molecule shows a relatively high value of dipole moment, 
implying that the compound is expected to have a significant inhibition process. Global 
electrophilicity index (ω) is estimated by using both electrophilicity and chemical hardness 
parameters as expressed in equation 11.  

η
ω

2

2
x

=                                                                          (11) 
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 A high value of electrophilicity describes a good electrophile while a small value of 
electrophilicity describes a good nucleophile. The results presented in Table 1 show that the 
investigated compound exhibits a reasonable value of electrophilicity describing the 
compound as a good electrophile. 

 Figure 3 presents a plot showing the variation of the quantum parameter EHOMOwith 
experimental inhibition efficiency (%IE) obtained from earlier report14.The plots revealed a 
strong correlation R2 = 0.998 between both the experimental inhibition efficiency and EHOMO. 

 
 

Figure 3. Variation of EHOMO with experimental inhibition efficiency for benzoxazin 
derivative 

Local reactivity 

Using the finite difference approximation, Fukui functions can be expressed as follows;     
fx

+  = q(N+1) – q(N) representing the change in electron density q at atom N upon addition of 
electron to the system, fx

- = q(N)– q(N-1)  representing the change in electron density q at atom 
N upon removal of electron from the system, q(N+1), q(N)  and q(N-1)  are the Mulliken charges 
of the atom with N+1, N and N-1 electrons16. Fx

+ is the Fukui function for nucleophilic 
attack and fx

- is the Fukui function for electrophilic attack. From the simplest molecular 
orbital theory model, additional electrons would occupy the lowest unoccupied molecular 
orbital (LUMO) and ionization electrons would be removed from the highest occupied 
molecular orbital (HOMO). It is expected that fx

+ and fx
- are related to LUMO and HOMO 

respectively19.  Atomic charges and condensed Fukui functions can be used to analyze the 
local reactivity of a molecules and to distinct each part of the molecule on the basis of its 
distinct chemical � ehavior due to the presence of dissimilar functional groups. The Fukui 
function is motivated by the fact that if an electron δ is transferred to an N-electron 
molecule, it also tends to share out electrons so as to reduce the energy of the resulting N + δ 
electron structure12. Thus, the preferred sites for an attack by electrophilic and nucleophilic 
agents are observed at the positions where the values of Fukui f- and f+ respectively is a 
maximum1, 19. An atom with the highest positive charge is the preferred site for electrophilic 
attack while the preferred site for nucleophilic attack is at an atom with the highest negative 
charge13. The local reactivity is illustrated in Figure 4. The first four maximum values of 
Fukui function (f-) of the studied compound are recorded as 0.782, 0.109, 0.031 and 0.029 as 
shown in bold font in Table 2, signifying that electrophilic attack occurs at the bond C22 = 
O24, C5– N2, C22– O23 and C11 – C12 while nucleophilic attack occurs at N18 – C12, C16 – C17, 
C4 – N7 and C6 – C5having f+ values of -0.128, -0.031, -0.017 and -0.016 respectively. Also, 
since the charge on atoms O23, O14, O25, and O24 were high, electrophilic attack is expected 
to occur at C20 – C22, O14 – C15, C22 = O24 and C22 – O23..Since shorter bond lengths are less 
reactive than longer bond lengths and multiple bonds are more reactive than a single bond,  

E
H

O
M

O
/e

V
 

% IE 
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the bond length of the molecules were calculated and examined for their degree of reactivity. 
The bond lengths between C16– C17, C6 – C5, C3 – C4 and C16 – N18 were 1.539 Å, 1.533Å, 
1.530 Å and 1.528Å respectively. These properties are shown in Table 2. 

  
(a) Fukui (f-) (b)  Fukui (f+) 

Figure 4. (a) Electrophilic Fukui function f- and (b) nucleophilic Fukui function f+ of 
benzoxazin derivative 

Table 2.Calculated values of bond length, atomic charge, DFT Fukui (f-) and Fukui (f+) for 
the studied compound 
 

 

Mechanism of Inhibition 
Corrosion inhibition mechanism in acidic medium is based on the adsorption of inhibitor on 
the metal surface. The process of adsorption is influenced by the nature and charge of the metal,  

Atom Bond Length Charge Fukui f- Fukui(f+) 
C1 C1– N2 1.470 -0.262 -0.029 -0.014 
N2 N2– C3 1.477 -0.324 0.023 0.002 
C3 C3– C4 1.530 -0.099 -0.023 -0.004 
C4 C4– N7 1.468 -0.051 -0.033 -0.017 
C5 N7– C6 1.467 -0.099 -0.021 0.002 
C6 C6– C5 1.533 -0.065 -0.035 -0.016 

N7 C5– N2 1.477 -0.349 0.109 0.017 
C8 N7– C8 1.451 0.129 -0.001 0.022 
C9 C8=C9 1.413 0.321 0.024 0.037 
C10 C9– C10 1.391 -0.096 0.016 0.040 
C11 C11– C12 1.402 -0.063 0.029 -0.004 
C12 C12=C13 1.399 0.122 0.018 0.004 
C13 C13– O14 1.415 0.232 -0.041 0.049 
O14 O14– C15 1.415 -0.605 0.009 0.023 
C15 C15– C16 1.436 0.031 -0.019 -0.013 
C16 C16– C17 1.539 0.022 -0.014 -0.031 

C17 C16– N18 1.528 -0.334 -0.006 -0.011 
N18 N18– C12 1.466 -0.359 0.001 -0.128 

C19 N18– C19 1.442 -0.016 0.016 0.013 
C20 C19 = C20 1.345 0.025 0.011 0.020 
C21 C20– C21 1.482 0.292 0.018 0.047 
C22 C21– C11 1.477 0.533 0.018 0.036 
O23 C20– C22 1.481 -0.671 0.013 0.018 
O24 C22– O23 1.393 -0.379 0.031 0.063 
O25 C22=O24 1.217 -0.396 0.782 0.081 
F26 C21=O25 1.219 -0.649 0.022 0.035 
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the chemical structure of the inhibitor and the type of aggressive electrolyte. The inhibitor 
molecules are adsorbed over the metal surface by blocking the active sites in which direct 
acid attack, thereby protecting the metal from corrosion23. The structure of the studied 
compound has an oxygen heteroatom and C = O bond, therefore inhibition of the corrosion 
of carbon steel of the studied molecule may be attributed to the adsorption of the studied 
molecule through the C = O center, which is regarded as the center of adsorption onto the 
metal surface. The adsorption creates a barrier to mass and charge transfer and thus isolates 
metal from further attack of the corrosive anions19. The inhibitors may then combine with 
freshly generated Fe2+ ions on the metal surface forming an iron-inhibitor complex as shown 
in equation13 and Figure 5. 

−+ +→ eFeFe 22                                                                (12) 

 +−→+ 2][ adsads inhibitorFeinhibitorFe                         (13) 

 Figure 5 shows a nucleophilic attack on the partially positive carbon atom and the 
intermediate of full negative charge onoxygen atom. The oxygen then becomes protonated to 
yield an iron–inhibitor complex. The protonated oxygen atoms are the atoms that facilitate 
adsorption onto the metal surface. From the resulting complex, it may be suggested that the 
studied compound inhibits carbon steel corrosion in acidic medium. The adsorption of the 
inhibitor on the metal surface therefore reduces the surface area available for corrosion9.  
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Figure 5. Inhibition mechanism of carbon steel corrosion in 2 M HCl for benzoxazin 
derivative 

Conclusion  

Quantum chemical study is adequately sufficient to predict the structure and molecule 
suitability of an inhibitor. Quantum chemical calculations reveal that the prefer site 
forelectrophilic and nucleophilic attack resides at the bonds C22 = O24, C5– N2, C22– O23 and 
C11– C12 and at N18 – C12, C16 – C17, C4 – N7 and C6 – C5 respectively. In addition, based on 
the relatively high charge on atoms O23, O14, O25, and O24, electrophilic attack is expected to 
occur at C20 – C22, O14 – C15, C22 = O24 and C22 – O23. Benzoxazin derivative is a good 
corrosion inhibitor for carbon steel in acidic environment. The inhibitor possesses 
heteroatoms and functional groups that facilitate easy adsorption on the surface of steel. 
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