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Abstract
Quantum chemical calculations at DFT/B3LYP level of theory with 6-31G, 6-311G, and 6-311G(d,p) basis sets were done 
to correlate the inhibition of mild steel corrosion in 1 M H2SO4 by four dianiline Schiff bases namely N,N’-Bis(ben-
zylidene)-4,4’-dianiline (DAA), N,N’-Bis (benzylidene)-4,4’-methylenedianiline (MDAA), N,N’ Bis(ben-
zylidene)-4,4’-sulphonyldianiline (SDAA) and N,N’-Bis(benzylidene)-4,4’-oxydianiline (ODAA) with their electronic 
and structural properties. Quantum chemical parameters such as the EHOMO, ELUMO, energy gap (∆E), dipole moment (µ), 
global softness (σ), and global hardness (η) were calculated and discussed to provide valuable explanations for the reac-
tivity and selectivity of the studied inhibitors. The results obtained showed a certain relationship to the experimental 
inhibition efficiency results earlier reported.
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1. Introduction
The prevention of mild steel against corrosion has 

attracted great attention from both academia and industry 
due to the important role of mild steel in several industrial 
applications such as storage and transportation of various 
chemical solutions.1 Mild steel equipments must be regu-
larly cleaned to prevent damage and maintain the applica-
tion efficiency. Acid solution is extensively used in chemi-
cal cleaning of mild steel which leads, after a certain time, 
to corrode its surfaces.2,3

The protection of mild steel using corrosion inhibi-
tors is one of the most practical processes.4 Organic com-
pounds containing heteroatoms with lone pairs of elec-
trons (oxygen, sulfur, nitrogen, and phosphorus), aromatic 
rings, and π-electrons in triple or conjugated double bonds 
are considered to be excellent corrosion inhibitors.5 The 
corrosion inhibitory of such organic compounds is closely 
related to their adherence on metal surfaces via a physical 
adsorption (physisorption) which arises from electrostatic 
interactions between the inhibitor and the metallic surface 
or via chemical adsorption (chemisorption) by coordina-
tion bonds.6,7

Schiff bases are organic compounds obtained from 
the condensation of carbonyls and amines. This type of 

compounds has a well-known popularity in the field of 
materials science due to their potential advantages such as 
easy synthetic route, high purity, low toxicity, and their 
eco-friendly nature.8–10 The experimental studies on corro-
sion inhibitors have demonstrated that Schiff base mole-
cules can be used as effective corrosion inhibitors in differ-
ent aggressive media.11

Experimental techniques such as weight loss meas-
urements, potentiodynamic polarization and electro-
chemical impedance spectroscopy are useful in under-
standing the corrosion inhibition mechanisms but they are 
expensive and time-consuming.12,13 Computer hardware 
and software advances have motivated scientists to use 
theoretical chemistry in the field of corrosion research. 
Density functional theory (DFT) method is a very reliable 
tool effectively used to understand the chemical reactivity 
and site selectivity of the molecular systems and to de-
scribe the structural nature of the inhibitor on the corro-
sion process.14 

Theoretical investigations using density functional 
theory (DFT) calculations in both gas and aqueous phases 
have been carried out in the field of corrosion research to 
explore the correlations of the experimental inhibition ef-
ficiencies with the molecular structures of corrosion in-
hibitors.15–17 The calculated results indicated that the inhi-
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bition efficiency of each molecule depends on its molecular 
structure and global reactivity descriptors such as its high-
est occupied molecular orbital energy (EHOMO), lowest un-
occupied molecular orbital energy (ELUMO), energy differ-
ence HOMO–LUMO (∆E), electronegativity (χ), global 
hardness (η), softness (σ), and the fraction of electrons 
transferred (∆N). 

In a study,18 the inhibition of mild steel corrosion in 
sulfuric acid media by dianiline Schiff bases namely 
N,N'-Bis(benzylidene)-4,4’-dianiline (DAA), 
N,N'-Bis(benzylidene)-4,4’-methylenedianiline (MDAA), 
N,N'-Bis(benzylidene)-4,4’-sulphonyldianiline (SDAA) 
and N,N'-Bis(benzylidene)-4,4’- oxydianiline (ODAA) 
(Fig. 1) was investigated. A good inhibition activity has 
been reported for the four compounds under probe. 

Figure 1: Chemical molecular structures of the studied dianiline 
Schiff bases.

To the best of our knowledge, there is no theoretical 
background has been proposed to explain the relationship 
between the experimental protection efficiencies of the di-
aniline Schiff bases inhibitors and their molecular and 
electronic properties.  

The present theoretical investigation aims to provide 
supportive explanations for the observed experimental re-
sults of the inhibition effects. Global chemical reactivity 
parameters including the energies of frontier orbitals (EHO-

MO and ELUMO), energy gap (∆E), dipole moment (µ), hard-
ness (η), softness (σ), the fraction of electrons transferred 
(∆N), and total energy (TE) were reported and discussed. 

2. Computational details
Density functional theory (DFT) method is theoret-

ical approach widely applied to predict the chemical reac-
tivity of molecules due to its ability to give accurate geom-
etries and electronic properties of chemical compounds.19 
DFT with Beck’s three parameter exchange functional 
along with the Lee-Yang-Parr non local correlation func-
tional (B3LYP) has been largely used to study of chemical 
reactivity and selectivity of the inhibitor molecules.20 In 
the current contribution, calculations at DFT/B3LYP have 

been done in vacuo at the neutral forms of the dianiline 
Schiff bases molecules. 6-31G, 6-311G and 6-311G(d,p) 
basis sets were selected to optimize the molecular struc-
tures at minimum energy level and considered adequate 
enough to calculate the global reactivity descriptors for the 
tested molecules. The input files of the studied dianiline 
Schiff bases were built using Gauss View 5.0.8.21 The calcu-
lations were carried out using Gaussian 03W program 
package.22 

According to the Koopmans’ theorem,23 electronic 
molecular descriptors such as the ionization potential (I) 
and electron affinity (A) are related to HOMO and LUMO 
energies and they are given by the relations 1 and 2: 

           					      (1)

						       (2)

 According to Pearson,24 the electronegativity (χ), 
global hardness (η), and global softness (σ) can be calcu-
lated from the ionization potential (I) and electron affinity 
(A) using the following equations:

						       (3)

						       (4)

						       (5)

The fraction of electrons transferred (∆N) from the 
chemical species to the metal surface is calculated using 
Pearson’s equation25:

						       (6)

Where Φ is the work function of the iron surface 
with the value of 4.82 eV for Fe (110). χInh is the absolute 
electronegativity of the inhibitor molecule, ηFe and ηInh are 
the absolute hardness of iron and the inhibitor molecule 
respectively. In this study, we consider ηFe 0 eV to compute 
the fraction of electrons transferred (∆N) for each inhibi-
tor.26,27

3. Results and Discussions
3. 1. �Results of the Calculations for  

Non-protonated Species

The inhibition effects of four dianiline Schiff bases 
on the mild steel corrosion in 1.0 M H2SO4 solution were 
experimentally investigated using different techniques 
such as weight loss test, polarization measurements, and 
electrochemical impedance spectroscopy. 18 The experi-
mental results showed that the investigated compounds 
can act as good inhibitors and DDA exhibits the best inhi-
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bition efficacy. The experimental inhibition efficiencies of 
the studied compounds follow the order: MDAA ≈ DAA > 
SDAA > ODAA.18

In the present contribution, quantum chemical cal-
culations have been performed to find the relationship be-
tween the molecular electronic features of the studied in-
hibitors and their experimental inhibition efficiencies. The 
optimized molecular structures of the dianiline Schiff bas-
es inhibitors under investigation are shown in Figure 2. 

DAA

MDAA

SDAA

ODAA

Figure 2: Optimized molecular structures of non-protonated inhib-
itor molecules using B3LYP/6-31 G calculation level.

The molecular geometry is a critical parameter used 
to evaluate the adsorption of the inhibitor on metal sur-
face. Molecules having planar molecular structure have a 
greater tendency to adsorb on metal surface than mole-
cules having less planar geometry.28 The geometries of the 
molecules under probe given in Figure 3, show that DAA 
and ODAA are highly planar while MDAA and SDAA are 
less planar. The adsorbability of the tested molecules on 

the mild steel surface would probably be ranked as follows: 
DAA ≈ ODAA > SDAA ≈ MDAA, this result indicates that 
DAA has a greater tendency to adsorb on metal surface 
compared to the other studied molecules. 

Figure 3: Geometry planarity of the studied dianiline Schiff bases.

Beside the molecular geometries of the studied in-
hibitors, an analysis of other quantum chemical parame-
ters as EHOMO, ELUMO, ∆E, global softness (σ), global hard-
ness (η), and fraction of electrons transferred (∆N) are 
efficient for finding which inhibitor molecule has greater 
ability to donate electrons, receive electrons from the met-
al or bind more strongly to the metallic surface to act as 
suitable corrosion inhibitor. 

Table 1 and 2 give the calculated quantum chemical 
descriptors for the molecules under probe. In the light of 
total energy data given in Table 1, it can be seen that the 
best corrosion inhibitor (DAA) has the highest total ener-
gy (–30260.1092 eV) among the studied molecules, which 
confirms that DDA has highest chemical reactivity to-
wards mild steel surface.

It is well known that inhibitor reactivity is closely re-
lated to its adsorption on metal surface via donor-acceptor 
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interactions. According to Fukui’s frontier molecular or-
bital theory, HOMO and LUMO energies are very useful 
in understanding the adsorption reactivity of a molecule.29 
EHOMO describes the electron-donating ability of the inhib-
itor; higher EHOMO facilitates the electron donation from 
the inhibitor to the vacant d orbitals of metal atoms. ELUMO 
is related to electron-accepting ability of the inhibitor; 
lower ELUMO indicates high capacity of the inhibitor to re-
ceive electrons from metal surface. HOMO and LUMO 
distribution in the non-protonated dianiline Schiff bases 
under probe is shown in Figure 4. The calculated energies 
corresponding to these frontier orbitals are presented in 
Table 1. It can be observed that EHOMO values increase in 
the order: SDAA < MDAA < DAA < ODAA, indicating 
that the studied inhibitors donate electrons to mild steel 
surface following the order: ODAA > DAA > MDAA > 

SDAA, these results are not in good agreement with the 
experimental inhibition efficiencies. 

The energy gap (∆E): the energy difference between 
HOMO and LUMO is also an important parameter used 
to evaluate the inhibitor reactivity towards the metal sur-
face.22 As ∆E decreases, the chemical reactivity increases 
leading to an increase in the adsorption of the inhibitor 
molecules on the metallic surface.30 The calculated ∆E val-
ues for non-protonated molecules under investigation are 
given in Table 1, it can be seen that the trend of ∆E is as 
follows: DAA > ODAA > MDAA > SDAA, which is not in 
agreement with the experimental findings. 

Electronegativity (χ) is a chemical property that de-
scribes the molecule capability to attract electrons. High 
inhibition efficiency is expected for the molecules having 
lower electronegativity because they could easily donate 

Table 1: Calculated quantum chemical descriptors for non-protonated molecules in gas phase.

	 TE (eV)	 µ (D)	 EHOMO (eV)	 ELUMO (eV)	 ∆E (eV)

6-31G	 				  
DAA	 –30260.1092	 0.0000	 –5.4975	 –2.0762	 –3.4213
MDAA	 –31329.6100	 2.2011	 –5.7291	 –1.6443	 –4.0848
SDAA	 –45182.0792	 7.1350	 –6.3688	 –2.1325	 –4.2363
ODAA	 –32305.6070	 1.0153	 –5.4815	 –1.8293	 –3.6522

6-311G	 				  
DAA	 –30266.3755	 0.0000	 –5.7336	 –2.3107	 –3.4229
MDAA	 –31336.1285	 2.2899	 –5.9646	 –1.8730	 –4.0916
SDAA	 –45190.3736	 7.1574	 –6.6143	 –2.3471	 –4.2672
ODAA	 –32312.5246	 1.0582	 –5.7260	 –2.0682	 –3.6578

6-311G(d,p) 	 				  
DAA	 –30274.5902	 0.0000	 –5.6522	 –2.2930	 –3.3592
MDAA	 –31344.6963	 2.4538	 –5.9243	 –1.8450	 –4.0793
SDAA	 –45203.7810	 5.9356	 –6.4268	 –2.2685	 –4.1583
ODAA	 –32321.4565	 0.8956	 –5.6265	 –2.0400	 –3.5865

Table 2: Calculated quantum chemical descriptors for non-protonated molecules in gas phase.

	 I (eV)	 A (eV)	 χ (eV)	 η (eV)	 σ (eV–1)	 ∆N

6-31G						    
DAA	 5.4975	 2.0762	 3.7868	 1.7106	 0.5846	 0.3020
MDAA	 5.7291	 1.6443	 3.6867	 2.0424	 0.4896	 0.2774
SDAA	 6.3688	 2.1325	 4.2506	 2.1182	 0.4721	 0.1344
ODAA	 5.4815	 1.8293	 3.6554	 1.8261	 0.5476	 0.3189

6-311G						    
DAA	 5.7336	 2.3107	 4.0221	 1.7114	 0.5843	 0.2331
MDAA	 5.9646	 1.8730	 3.9188	 2.0458	 0.4888	 0.2202
SDAA	 6.6143	 2.3471	 4.4807	 2.1336	 0.4687	 0.0795
ODAA	 5.7260	 2.0682	 3.8971	 1.8289	 0.5468	 0.2523

6-311G(d,p)					   
DAA	 5.6522	 2.2930	 3.9726	 1.6796	 0.5954	 0.2523
MDAA	 5.9243	 1.8450	 3.8846	 2.0396	 0.4903	 0.2293
SDAA	 6.4268	 2.2685	 4.3476	 2.0791	 0.4810	 0.1136
ODAA	 5.6265	 2.0400	 3.8332	 1.7932	 0.5577	 0.2751
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their electrons to the metal surface.31 Table 2 gives the cal-
culated electronegativity (χ) data of the studied molecules, 
it is clear that the calculated electronegativity values exhib-
it the tendency: SDAA > DAA > MDAA > ODAA, which 
does not correlate with the experimental inhibition effi-
ciency results.

Global hardness (η) is a measure of molecule resist-
ance towards electron cloud polarization or deformation 
of molecules under small perturbations of the chemical 
reaction.32 The inhibitor with the least value of global 
hardness is expected to have the highest inhibition effi-
ciency.33 The calculated global hardness values displayed in 
Table 2 show that DAA has the lowest global hardness val-
ue, which confirms its highest inhibition efficiency. 

Global Softness (σ) is an important quantum param-
eter used to explain chemical reactivity of the molecule. 
The adsorption on metal surface occurs at the part of the 
molecule where softness has higher value.34 It can be seen 
from Table 2 that the calculated softness values of the stud-
ied inhibitors increase as follows: SDAA < MDAA < 
ODAA < DAA, indicating that DAA has stronger adsorp-
tion on metal surface compared to the absorption of 
MDAA, SDAA, and ODAA, respectively.

The fraction of electrons transferred (∆N) from the 
inhibitor to the metallic surface is calculated using Pear-
son’s formula (Eq. 6). According to Lukovits et al.35 the in-
hibition activity increases with increasing of electron-do-
nating ability of the molecule to the metal surface if ∆N < 
3.6. It is apparent from Table 2 that ∆N values are positive 
and are below 3.6, indicating the tendency of the tested 

Schiff bases to give electrons to mild steel surface. The 
electron donation of the studied inhibitors increases in the 
order: SDAA < MDAA < DAA < ODAA, this result is in 
negative correlation with the experimental results of the 
inhibition efficiency.

The dipole moment (µ) results from non-uniform 
distribution of charges on the various atoms in the mole-
cule.36 High dipole moment is required to ensure a better 
molecule adsorption on metal surfaces.37 The dipole mo-
ment values presented in Table 1, show that the trend of 
the µ values is: SDAA > MDAA > ODAA > DAA, which 
does not correlate well with the experimental data. Similar 
irregularities in the correlation of dipole moment with the 
experimental inhibition efficiency results have also been 
reported.38

3. 2. �Results of the Calculations for 
Protonated Species
In acidic solution, corrosion inhibitor compounds 

can be easily protonated due to the presence of heteroa-
toms with a number of lone pairs of electrons in their mo-
lecular structures. In such cases, it is important to investi-
gate the properties of the corrosion inhibitor in the 
protonated form and compare it with those of the non-pro-
tonated form to find the preferred form of the inhibitor to 
interact with the metal surface. 

In the case of dianiline Schiff bases under investiga-
tion, N atoms in each compound are the possible sites for 

Figure 4: HOMO and LUMO orbitals of non-protonated inhibitor 
molecules using B3LYP/6-31G calculation level.

Figure 5: HOMO and LUMO orbitals of the protonated inhibitor 
molecules at B3LYP/6-31G level.
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protonation. The calculations for the protonated form 
have been performed using the same basis sets as the case 
of non-protonated species, the quantum chemical param-
eters related to the global reactivity of the protonated spe-
cies are reported in Table 3 and 4.

The electronic distribution of HOMO and LUMO 
orbitals in the protonated species is presented in Figure 5.

The comparison of EHOMO, ELUMO, and ∆E of the 
protonated species and those of the non-protonated spe-
cies revealed that EHOMO for the protonated form is lower 
than for the non-protonated form, suggesting that the 
non-protonated form has a greater tendency to donate 
electrons to the poor metal atoms than the protonated 
form. ELUMO has lower values in the protonated form 
than in the non-protonated form, which means that the 
protonated form has a greater tendency to accept elec-

trons from the metal than the non-protonated species. 
The energy gap (∆E) values are greater for the protonat-
ed form than for the non-protonated form, indicating 
that the non-protonated species has a greater tendency 
to adsorb on the metal surface than the protonated spe-
cies.

The fraction of electrons transferred (∆N) values of 
the protonated species are negative, indicating that the 
protonated form is more electron deficient than the 
non-protonated form.

The dipole moment is higher for the protonated spe-
cies than for the non-protonated species suggesting that 
dipole-dipole interactions are more predominant in the 
interaction between the metal surface and the protonated 
form than in the interaction between the metal surface and 
the non-protonated form.

Table 3: Calculated quantum chemical descriptors for protonated molecules in gas phase.

	 TE (eV)	 µ (D)	 EHOMO (eV)	 ELUMO (eV)	 ∆E (eV)

6-31G					   
DAA	 –30280.0092	   0.0005	 –11.3172	 –8.3724	 –2.9448
MDAA	 –31349.6019	   2.9911	 –11.5562	 –8.0977	 –3.4585
SDAA	 –45201.3503	 12.7733	 –11.8510	 –8.3963	 –3.4547
ODAA	 –32325.5683	   2.4108	 –11.0725	 –8.1590	 –2.9135

6-311G					   
DAA	 –30285.9332	   0.0005	 –11.5032	 –8.5425	 –2.9607
MDAA	 –31355.7800	   2.9757	 –11.7743	 –8.2511	 –3.5232
SDAA	 –45209.3033	 12.8562	 –12.0919	 –8.5542	 –3.5377
ODAA	 –32332.1408	   2.4482	 –11.2662	 –8.3324	 –2.9338

6-311G(d,p)					   
DAA	 –30293.9643	   0.0006	 –11.4840	 –8.5295	 –2.9545
MDAA	 –31364.1282	   3.0031	 –11.7249	 –8.2678	 –3.4571
SDAA	 –45222.6089	 11.8761	 –12.1723	 –8.5209	 –3.6514
ODAA	 –32340.9189	   2.1829	 –11.2466	 –8.2979	 –2.9487

Table 4: Calculated quantum chemical descriptors for protonated molecules in gas phase.

	 I (eV)	 A (eV)	 χ (eV)	 η (eV)	 σ (eV–1)	 ∆N

6-31G						    
DAA	 11.3172	 8.3724	   9.8448	 1.4724	 0.6792	 –1.7063
MDAA	 11.5562	 8.0977	   9.8269	 1.7292	 0.5783	 –1.4477
SDAA	 11.8510	 8.3963	 10.1236	 1.7273	 0.5789	 –1.5352
ODAA	 11.0725	 8.1590	   9.6157	 1.4567	 0.6865	 –1.6461

6-311G						    
DAA	 11.5032	 8.5425	 10.0228	 1.4803	 0.6755	 –1.7573
MDAA	 11.7743	 8.2511	 10.0127	 1.7616	 0.5677	 –1.4738
SDAA	 12.0919	 8.5542	 10.3230	 1.7688	 0.5653	 –1.5556
ODAA	 11.2662	 8.3324	   9.7993	 1.4669	 0.6817	 –1.6972

6-311G(d,p) 					   
DAA	 11.4840	 8.5295	 10.0067	 1.4772	 0.6769	 –1.7556
MDAA	 11.7249	 8.2678	   9.9963	 1.7285	 0.5785	 –1.4973
SDAA	 12.1723	 8.5209	 10.3466	 1.8257	 0.5477	 –1.5136
ODAA	 11.2466	 8.2979	   9.7722	 1.4743	 0.6783	 –1.6795
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4. Conclusion
This study aims to bridge the gap between the corro-

sion inhibition efficiencies of four dianiline Schiff bases 
and their electronic and molecular properties. DFT calcu-
lations at B3LYP functional with 6-31G, 6-311G, and 
6-311G(d,p) basis sets were employed at the non-proto-
nated and protonated forms of the studied molecules. It 
was concluded from this study that:
�   �DAA has the highest total energy among the studied 

dianiline Schiff bases, confirming its highest reactivity 
towards metal surface.

   ��Quantum parameters such as global hardness (η) and 
global softness (σ) support that DAA has the highest 
inhibition efficiency.

�   �No direct relationship between the experimental results 
of the inhibition efficiencies and both gap energy (∆E), 
electronegativity (χ), the fraction of electrons trans-
ferred (∆N), and dipole moment (µ).

�   �The comparison between the results of the non-proto-
nated species and those of the protonated species 
showed that the non-protonated form of the dianiline 
Schiff bases is the preferred form to interact with the 
metal surface. 
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Povzetek
S kvantno kemijskimi računi na nivoju DFT/B3LYP teorije s 6-31G, 6-311G in 6-311G (d,p) smo proučevali inhibicijo 
korozije jekla  v 1 M H2SO4 s štirimi dianilinskimi Schiffovimi bazami N,N'-Bis (benziliden) -4,4’-dianilin (DAA), N,N'-
Bis (benziliden) -4,4’-metilendianilin (MDAA), N, N ‚Bis (benziliden) -4,4’-sulfonildianilin (SDAA) in N,N'-Bis (benzi-
liden) -4,4’-oksidianilin (ODAA). Izračunali smo kvantne kemijske parametre: EHOMO, ELUMO, energijsko vrzel (∆E), di-
polni moment (µ), globalno mehkost (σ) in globalno trdnost (η), s katerimi smo razložili  reaktivnost in selektivnost 
preučevanih inhibitorje. 
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