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This study investigated the relationship between the molecular structure and the corrosion inhibition efficiency of three 

corrosion inhibitors for steel in acidic media using the DFT method. First, the molecular conformations of the three 

compounds were optimized and the populations of charges and frontier orbitals were obtained at the B3LYP/6-311G level. 

Quantum chemical parameters were also obtained by calculations, including the highest occupied molecular orbital energy 

(EHOMO), the energy gap (ELUMO-EHOMO), the total energy of the molecule, the dipole moment and the number of electrons 

transferred (ΔN). The results of the correlation between quantum chemical parameters and inhibition efficiencies 

demonstrated that the inhibition efficiency of the inhibitors increased with the decrease of ELUMO-EHOMO and the increase 

of ΔN. The regions with nitrogen and oxygen atoms are the sites most likely to bond with iron atoms by donating electrons. 
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1. INTRODUCTION 

Corrosion inhibitors are affordable, efficient, and 

adaptable. They are extremely important in the petroleum, 

petrochemical, energy, transportation, electromechanical, 

and construction industries [1 – 5]. The current synthesis 

and screening of metal corrosion inhibitors use many 

experiments, but there are no examples of successful design 

or synthesis of corrosion inhibitors directly for specific 

corrosion-inhibition environments. The structure of 

organic-type corrosion inhibitors has a decisive role in their 

performance and is the precondition that determines the 

corrosion inhibition performance. Therefore, the 

establishment of qualitative and quantitative relationships 

between chemical structure and corrosion inhibition 

performance is of broad interest [6 – 11]. 

Quantum chemical calculation methods [12 – 15] can 

quickly and intuitively provide insight into molecular 

structure and can be used for rapid screening of corrosion 

inhibitors and inhibition mechanism studies. When organic 

corrosion inhibitors prevent corrosion on a metal surface, 

they often interact with metal atoms via their frontier 

orbitals [16, 17]. The ability of target organic corrosion 

inhibitors to interact with metal atoms can be determined 

rapidly and intuitively by calculating the charge density 

distribution, the frontier orbital distribution and energy, the 

dipole moment, the total molecular energy, and the number 

of electrons transferred [17, 18]. Thus, these quantum 

chemical parameters of inhibitors can be compared to other 

established inhibitors under the same conditions. The 

calculation of quantum chemical parameters for organic 

corrosion inhibitors can guide the rapid screening and 

evaluation of corrosion inhibitors and can direct more 

rational synthetic schemes. This saves time, money, and 

reagents. This relationship between corrosion inhibition and 

quantum chemistry can explain the inhibition mechanisms 

 
 Corresponding author. Tel.: +86-18724733900.  

E-mail: juhong@upc.edu.cn (H. Ju) 

of organic compounds onto the electrode surfaces at the 

molecular level. 

The quantitative structure-activity relationship of 

organic compounds allows researchers to purposely design 

and prepare new types of highly efficient corrosion 

inhibitors depending on adsorption, solubility, and chemical 

properties. This broadens the scope of corrosion inhibitor 

research. Applications of theoretical chemistry in corrosion 

inhibitor research can direct synthetic efforts and can create 

more effective chemical tools. 

Previous studies on corrosion inhibitors have used ab 

initio or semi-empirical methods (such as complete neglect 

of differential overlap (CNDO), modified intermediate 

neglect of differential overlap (MNDO), parametric model 

number 3 (PM3) and Austin model 1 (AM1)) [19 – 21]. 

However, these methods lack sufficient accuracy and are 

unreliable. We used the relatively accurate density 

functional theory (DFT) [17, 22] to investigate the 

molecular structures of several compounds. DFT was 

suitable because of the electronic correlation. We also 

studied the active sites in the molecules and explored the 

possible mechanism underlying corrosion inhibition as a 

function of molecular characteristics. 

DFT is a mainstream quantum chemistry tool because 

electron correlation effects are considered, and its accuracy 

is usually better than Hartree-Fock methods (electron 

correlation is not considered). This work used Becke’s three 

parameter hybrid method with the Lee, Yang, and Parr 

(LYP) correlation functional (B3LYP) [23]. This DFT 

method was adopted to perform a relatively high-level 

calculation on the molecules and optimize the molecular 

geometry and electronic structure. The LYP functional is a 

widely used gradient-corrected functional in DFT. Based on 

this, Becke added a three-parameter hybrid functional and 

combined it with the Lee-Yang-Parr for a non-local 
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correlation function to form B3LYP. The B3LYP functional 

fully considers the electron correlation, retains the 

advantages of the ab initio MO method, and saves a 

considerable amount of calculation time. The advantages of 

this functional are widely accepted and have been widely 

used for heterocyclic corrosion inhibitors [22, 24]. 

Three corrosion inhibitors used for steel in acidic media 

are shown in Fig. 1 [25]. 4-[(4-hydroxy-3-hydroxymethyl-

benzylidene)-amino]-1,5-dimethyl-2-phenyl-1,2-dihydro-

pyrazol-3-one (phv), as the Schiff base compound, was 

obtained by the synthesis of 4-hydroxy-3-methoxy-

benzaldehyde (vn) and 4-amino-1,5-dimethyl-2-phenyl-1,2-

dihydro-pyrazol-3-one (phz). At constant temperature and 

concentration, the order of corrosion inhibition efficiency 

was: phv > phz > vn. However, the corrosion inhibition 

mechanism was not explained or analyzed further. 

Therefore, we investigated the quantitative structure-

activity relationships of these three compounds using 

quantum chemical calculations to explain their corrosion 

inhibition mechanisms. 

 

 

 

Fig. 1. Molecular structures of the three compounds 

2. CALCULATION MODEL AND METHOD 

The molecular structures of the three compounds were 

constructed in GaussView 6.0; Gaussian09W was used as 

the quantum chemical calculation software, and all 

calculations were performed at the B3LYP/6-311G level to 

obtain the optimal spatial configuration and related quantum 

chemical parameters. The geometric configuration was 

optimized with the energy gradient method based on the 

Berny algorithm [26]. This is an optimal method to calculate 

the system with the lowest energy. The charges were 

analyzed using the Mulliken population analysis. 

3. RESULTS AND DISCUSSION 

3.1. Optimization of structures and the population 

distribution of charges 

The electronic structure of a molecule can affect various 

properties of the molecule, including surface adsorption. 

Some studies [27 – 30] have shown that corrosion inhibitors 

undergo adsorption through the interaction of negatively 

charged atoms in the molecule with the positive charges on 

the metal surface. The calculations resulted in optimized 

structures and Mulliken charges populations for the three 

molecules (Fig. 2). In the Mulliken charge population 

analysis, the more negative charges on the atoms, the more 

favorable the adsorption of inhibitor molecules on the metal 

surface, and these negatively charged atoms are the 

adsorption centers of inhibitor molecules [28]. As can be 

seen in Fig. 2, the electronegativity of heteroatoms is higher 
compared to carbon and hydrogen atoms, therefore, these 

sites are the active adsorption sites for corrosion inhibitors. 

 
a 

 
b 

 
c 

Fig. 2. Optimized structures and Mulliken charges of three 

molecules: a – vn; b – phz; c – phv 

3.2. Frontier orbital distribution 

In electrolyte solutions, organic molecules inhibit the 

corrosion of metals by adsorption. The adsorption 

mechanism is divided into physisorption and chemisorption. 
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In general, both physisorption and chemisorption should be 

considered. Physisorption requires mutual interaction 

between the corrosion inhibitor molecules and the charged 

metal through electrostatic attraction. Chemisorption 

requires electron transfer or charge sharing between the 

metal and corrosion inhibitor molecules, i.e., chemical 

bonding. The chloride ion in the hydrochloric acid solution 

has a certain degree of hydration – it can form ‘specific 

adsorption’ onto the metal surface that will allow the metal 

surface to have negative charges [29]. Protonated corrosion 

inhibitors interact with metals via their mutual attraction 

with the negatively charged chloride ions. Concurrently, the 
negatively charged active centers in the organic molecules 

can provide electrons to metal atoms, making the adsorption 

of corrosion inhibitors stronger [22, 30]. Therefore, there 

may be both physisorption and chemisorption during 

corrosion inhibition. 

Frontier orbital theory plays an important role in 

predicting the interactions between metal atoms and 

adsorption centers of corrosion inhibitor molecules [30, 31]. 

Chemical bonding is generally believed to be the most 

effective overlap between the HOMO of one molecule and 

the LUMO of another molecule. Therefore, in this paper, the 
distributions of the HOMO and LUMO for the three 

compounds were calculated (Fig. 3). The HOMO orbital for 

vn was evenly distributed throughout the molecular 

structure, whereas the LUMO orbital was distributed at 

positions except for methoxy. Phz had the HOMO orbital 

distributed at sites except for the benzene ring, while the 

LUMO orbital was evenly distributed all over the molecule. 

For phv, the frontier orbitals were distributed at positions 

except for the benzene ring, such as heterocyclic ring, 

nitrogen atoms, oxygen atoms, and -C=N- bond. The three 

corrosion inhibitors adsorbed onto the steel surface by 

providing electrons to iron atoms to form coordination 

bonds through the HOMO distribution sites and accepting 

free electrons to form feedback bonds through the LUMO 

distribution sites, respectively. Both the Mulliken charges 

population and the frontier orbitals distribution show that all 

three compounds have multiple adsorption centers. 

The orbitals of all atoms in the compound molecules 

were combined as the sum of the squares of the molecular 

orbital coefficients. After normalization, the contribution of 

each atom in the frontier molecular orbitals and nearby 

molecular orbitals was obtained (Table 1). There were large 

changes in energy based on the energies of HOMO−1, 

HOMO occupied orbitals, LUMO, and LUMO+1 

unoccupied orbitals – these are the main orbitals involved in 

the reactions [32].

  

a b 

  
c d 

  

e f 

Fig. 3. The distributions of frontier orbitals for the three molecules (left: HOMO; right: LUMO): a, b – vn; c, d – phz; e, f – phv 
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Table 1. Energy of the molecular orbitals 

 HOMO-2, a.u. HOMO-1, a.u. HOMO, a.u. LUMO, a.u. LUMO+1, a.u. LUMO+2, a.u. 

vn -0.26883 -0.26000 -0.23639 -0.06979 -0.01908 0.02571 

phz -0.25177 -0.22065 -0.19151 -0.02871 -0.00704 0.00700 

phv -0.23166 -0.22467 -0.19714 -0.05383 -0.03059 -0.01448 

Frontier orbital theory shows that the higher energy of 

the HOMO indicates a weaker attraction of the nucleus to 

the electrons. These electrons are more easily released; 

LUMOs with lower energy can more easily accept the 

external electrons. A smaller energy gap allows the 

molecules to form bonds more easily. Several previous 

studies [7 – 11] have shown that the corrosion inhibition 

efficiency increases with the increasing EHOMO and the 

decreasing energy gap. Table 2 shows the quantum 

parameters obtained by Gaussion09W. Versus the quantum 

chemical parameters of high efficiency corrosion inhibitors 

in the literature [7 – 12], all three compounds shown here 

had relatively high HOMO orbital energies and small 

HOMO-LUMO energy gaps. This demonstrates that these 

three compounds can inhibit corrosion by forming bonds 

with the metals. Compared to vn and phz, phv had the 

smallest HOMO-LUMO energy gap and the lowest total 

energy value, indicating that it is most easily bound to 

metals. The resulting bond strength is the strongest, which 

means phv offers the best corrosion inhibition. 

3.3. Discussion 

3.3.1. Relationship between EHOMO and inhibition 

efficiency 

EHOMO and inhibition efficiency of three corrosion 

inhibitors are correlated in Fig. 4. Although the fitted result 

showed a positive correlation, the inhibition efficiency did 

not strictly increase with increasing EHOMO values, which 

suggested that the high inhibition efficiency of phv was not 

merely influenced by the electron giving ability. 
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Fig. 4. Correlation between EHOMO and inhibition efficiency of 

three inhibitors 

3.3.2. Relationship between energy gap (ELUMO-EHOMO) 

and inhibition efficiency 

In Fig. 5. The corrosion inhibition efficiency gradually 

reduced with increasing ELUMO-EHOMO. Phv had the smallest 

ELUMO-EHOMO, and the electrons in its frontier orbitals were 

the most likely to undergo transitions and interact with the 

metal atoms to protect the metal. 
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Fig. 5. Correlation between ELUMO-EHOMO and inhibition 

efficiency of three inhibitors 

3.3.3. Relationship between total energy and inhibition 

efficiency 

Fig. 6 shows the correlation between total energy and 

inhibition efficiency. As the total molecular energy 

increased, the corrosion inhibition efficiency gradually 

decreased. Phv had the lowest total energy value, which 

indicated that the phv molecule was the most active and 

more easily bonded to metals. 

3.3.4. Relationship between dipole moment and 

inhibition efficiency 

There are some controversies regarding the effect of 

dipole moment on the corrosion inhibition properties. Some 

scholars believe that low dipole moment values favor the 

compounds' accumulation on metal surfaces [33, 34], while 

others believe that high values imply strong corrosion 

inhibition properties [35, 36]. 

Table 2. Quantum parameters obtained by Gaussion09W 

Compound EHOMO, a.u. ELUMO, a.u. ELUMO-EHOMO, a.u. Total energy, a.u. Dipole moment, debye 
Inhibition efficiency 

[22] η, % 

vn -0.23639 -0.06979 0.16660 -535.30 5.4325 66 

phz -0.19151 -0.02871 0.16280 -666.42 4.4580 77 

phv -0.19714 -0.05383 0.14331 -1125.30 3.9011 92 
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Fig. 6. Correlation between total energy and inhibition efficiency 

of three inhibitors 

In Fig. 7, as the dipole moment values increased, the 

corrosion inhibition efficiency significantly decreased, this 

result is more in line with the former view that phv 

molecules are more likely to accumulate on the metal 

surface. 
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Fig. 7. Correlation between dipole moment and inhibition 

efficiency of three inhibitors 

3.3.5. Relationship between ΔN and inhibition efficiency 

ΔN is the number of transferred electrons between the 

corrosion inhibitor molecules and the metal atoms. When 

the corrosion inhibitor acts on the steel surface, the number 

of transferred electrons can be obtained from the formula as 

follows [12, 37]: 

Δ𝑁 =
(𝜒𝐹𝑒−𝜒𝑖𝑛ℎ)

[2(𝜂𝐹𝑒+𝜂𝑖𝑛ℎ)]
, (1) 

where χFe and χinh represent the absolute electronegativity of 

the iron atom and corrosion inhibitor, respectively; ηFe and 

ηinh denote the absolute hardness values of the iron atom and 

the corrosion inhibitor, respectively. The values of χFe and 

ηFe are 7 eV/mol and 0 eV/mol, respectively. The χ and η of 

the corrosion inhibitor can be obtained from the formulas as 

follows [22, 37]: 

𝜒 =
(𝐼+𝐴)

2
; (2) 

𝜂 =
(𝐼−𝐴)

2
. (3) 

Meanwhile, I and A can be calculated from the values 

of EHOMO and ELUMO [22, 37]: 

𝐼 = −𝐸HOMO; (4) 

𝐴 = −𝐸LUMO, (5) 

where η represents the absolute hardness, which is an 

important parameter for evaluating the stability of inhibitor 

molecules. It is widely accepted that compounds with low 

hardness are easier to bond with metals [37]. In Table 3, η 

followed the order of vn > phz > phv, indicating that phv 

had the highest reactivity and was more likely to bond with 

Fe atoms. Meanwhile, the higher number of electrons 

transferred means the stronger corrosion inhibition 

properties of the molecules. In Table 3, phv had the highest 

ΔN value, indicating that its corrosion inhibition property 

was stronger than that of vn and phz. 
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Fig. 8. Correlation between ΔN and inhibition efficiency of three 

inhibitors 

The research result [12] indicated that when the value 

of ΔN is lower than 3.6, the corrosion inhibition efficiency 

increases as the electron transfer capability of corrosion 

inhibitors increases, which confirmed our conclusion. As 

seen in Fig. 8, the inhibition efficiency gradually increased 

with the value of ΔN increasing. 

Table 3. Number of transferred electrons (ΔN) of three inhibitors. 

Compound I, eV/mol A, eV/mol χ, eV/mol η, eV/mol ΔN 

vn 6.433 1.899 4.166 2.267 0.625 

phz 5.211 0.781 2.996 2.215 0.904 

phv 5.364 1.465 3.415 1.950 0.919 
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4. CONCLUSIONS 

The calculated results show that 4-[(4-hydroxy-3-

hydroxymethyl-benzylidene)-amino]-1,5-dimethyl-2-

phenyl-1,2-dihydro-pyrazol-3-one (phv) chemisorbed better 

onto the steel surface. The corrosion inhibition efficiency 

increased with the decrease of the frontal orbital energy gap 

(ELUMO-EHOMO). Subsequent calculations of ΔN and its 

relationship with corrosion inhibition efficiency indicated 

that these three compounds formed bonds with iron atoms 

by transferring electrons, thus exerting corrosion inhibition. 

4-[(4-hydroxy-3-hydroxymethyl-benzylidene)-amino]-1,5-

dimethyl-2-phenyl-1,2-dihydro-pyrazol-3-one (phv) had the 

highest number of transferred electrons and therefore had 

the best inhibition performance, which was consistent with 

the tests. 

The population distribution of the charges shows that 

the three compounds have numerous negatively charged 

active sites. In sites with nitrogen and oxygen atoms, 

electrons are most likely to be donated to metal atoms. 4-

[(4-hydroxy-3-hydroxymethyl-benzylidene)-amino]-1,5-

dimethyl-2-phenyl-1,2-dihydro-pyrazol-3-one (phv) has 

one more nitrogen-containing heterocyclic ring than 4-

hydroxy-3-methoxy-benzaldehyde (vn) and one more -

C=N- bond than 4-hydroxy-3-methoxy-benzaldehyde (vn) 

and 4-amino-1,5-dimethyl-2-phenyl-1,2-dihydro-pyrazol-

3-one (phz). Thus, it is easier to form complexes with metal 

atoms by forming chemical bonds, which results in good 

adsorption.  
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