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ABSTRACT: Corrosion of metal/steel is a major concern in
terms of safety, durability, cost, and environment. We have studied
a cost-effective, nontoxic, and environmentally friendly pyromellitic
diimide (PMDI) compound as a corrosion inhibitor for galvanized
steel through density functional theory. An atomic-scale engineer-
ing through the functionalization of PMDI is performed to
showcase the enhancement in corrosion inhibition and strengthen
the interaction between functionalized PMDI (F-PMDI) and zinc
oxide (naturally existing on galvanized steel). PMDI is function-
alized with methyl/diamine groups (inh1 (R = −CH3, R′ =
−CH3), inh2 (R = −CH3, R′ = −CH2CH2NH2), and inh3 (R =
−C6H3(NH2)2, R′ = −CH2CH2NH2). The corrosion inhibition
parameters (e.g., orbital energies, electronegativity, dipole moment, global hardness, and electron transfer) indicate the superior
corrosion inhibition performance of inh3 (inh3 > inh2 > inh1). Inh3 (∼182.38 kJ/mol) strongly interacts with ZnO(101̅0)
compared to inh2 (∼122.56 kJ/mol) and inh1 (∼119.66 kJ/mol). The superior performance of inh3 has been probed through
charge density and density of states. Larger available states of N and H (of inh3) interact strongly with Zn and Osurf (of the surface),
respectively, creating N−Zn and H−Osurf bonds. Interestingly, these bonds only appear in inh3. The charge accumulation on Osurf,
and depletion on H(s), further strengthens the bonding between inh3 and ZnO(101̅0). The microscopic understanding obtained in
this study will be useful to develop low-cost and efficient corrosion inhibitors for galvanized steel.

1. INTRODUCTION
Galvanized steel (zinc-coated steel) is widely used in several
industries due to its durability, sustainability, cost-effectiveness,
high mechanical strength, rust resistance, sacrificial anodes
(initially coated zinc will corrode on exposure to the
environment), and so forth.1 During manufacturing, a
continuous hot-dip galvanizing process provides a tight
bonding between the coated zinc and steel. Almost entire
zinc (>99%) is present in the coating composition. A thin layer
of zinc oxide (ZnO) formed on the coated zinc surface on
exposure to the atmosphere. Also, atomic layer deposition of
the ZnO thin film on the steel surface provides good structural
and thermal stability.2,3 The ZnO film forms zinc hydroxide on
contact with water/humidity and finally forms zinc carbonate
on exposure to atmospheric carbon dioxide. Zinc carbonate is
highly insoluble in water and forms a gray film on the surface.
This gray film impedes further chemical changes and prevents
oxygen and moisture from reaching the steel beneath. Thus,
coating on the steel inhibits the rusting of galvanized steel.
However, in extreme conditions, for example, high humidity,
sodium chloride (salted water), sulfur dioxide pollution, strong

alkalis, acid rainwater, and so forth, zinc carbonate breaks,
resulting in heavy corrosion.1,4,5 Corrosion of metal/steel is a
major concern in terms of safety, durability, cost, and
environment.6−8 Generally, the corrosion resistance perform-
ance of galvanized steel enhances with the increasing coating
layer/thickness. However, the fracture properties are devel-
oped after a certain layer/thickness, which destabilize the
coating.9 Therefore, an alternative method is highly required to
protect the galvanized steel from corrosion.
Numerous inhibitors have been developed to protect the

mild/galvanized steel through controlling the corrosion
reaction either by physically blocking the surface or by altering
the energy barrier.10−13 These inhibitors bind/adhere on the
metallic surface and form a protective film. This thin film

Received: March 4, 2022
Accepted: July 8, 2022
Published: August 1, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

27116
https://doi.org/10.1021/acsomega.2c01299

ACS Omega 2022, 7, 27116−27125

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anoop+Kumar+Kushwaha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mihir+Ranjan+Sahoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mausumi+Ray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debashish+Das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suryakanta+Nayak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Apurba+Maity"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Apurba+Maity"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuntal+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amar+Nath+Bhagat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atanu+Ranjan+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tapan+Kumar+Rout"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saroj+Kumar+Nayak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saroj+Kumar+Nayak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c01299&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01299?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01299?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01299?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01299?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/31?ref=pdf
https://pubs.acs.org/toc/acsodf/7/31?ref=pdf
https://pubs.acs.org/toc/acsodf/7/31?ref=pdf
https://pubs.acs.org/toc/acsodf/7/31?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c01299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


prevents the interaction between corrosive agents and the
metallic surface. The inhibitor’s effectiveness and efficiency
against corrosion are directly associated with its electronic
properties as well as binding with a metallic surface. The
interaction occurs through either donation of electrons from
the inhibitor to unoccupied d-orbitals (of the metallic surface)
or acceptance of free electrons (of the metallic surface) by the
inhibitor with antibonding orbitals.14 The electrostatic
interaction represents physical adsorption, while charge
sharing/transfer shows the chemical adsorption between the
inhibitor and the metallic surface. Previous studies found that
organic inhibitors containing N, O, and S show better
inhibition efficiency.15,16 These heteroatoms have a donor
site that forms an unsaturated bond with the planar conjugated
aromatic inhibitor molecules. Further, heteroatoms have an
excellent capability to donate the available lone-pair electrons
and form multiple bonds by adsorption on the metal surface.
Thus, the inhibitor molecule containing heteroatoms works as
a superior potential barrier and effectively prevents the metal’s
surface from corrosion. The organic molecule derived from
piperidine, quinolone, triazoles, quinazolinone, pyrimidinone,
and so forth is an efficient corrosion inhibitor for mild
steel.17−22 Inhibitors based on phosphate-/calcium-ion inhib-
itor mixture, sol−gel coating materials, decanoic acid, organo-
silane, benzotriazole, and so forth have been developed for
galvanized steel.23−27 However, developing a cost-effective,
high corrosion-resistant, nontoxic, and environmentally
friendly corrosion inhibitor for galvanized steel is still a highly
challenging topic for researchers.
Low cost, greater electron donation/acceptance capability,

and excellent ability to form polyimide polymers suggest that
pyromellitic diimide (PMDI) can be used as a corrosion
inhibitor.28,29 However, the weak interaction of PMDI with
metallic surfaces is of primary concern. The molecule
adsorption on mild steel (iron surface) is generally greater
than that on galvanized steel (ZnO surface). The Fe atom has
incomplete sublevels in mild steel, while the surface Zn atom
has complete sublevels in galvanized steel. Therefore,
adsorption occurs only due to electron exchange, leading to
weak interaction on the ZnO surface. However, interaction/
binding could be enhanced by either selecting suitable

inhibitors or modifying/engineering inhibitor molecules at
the atomic level. Ebenso et al. have found superior corrosion
inhibition performance for functionalized tetrahydropyridines
compared to the pristine part with both theoretical and
experimental methods.30 Galai et al. have studied function-
alized hydroxyquinoline derivatives as corrosion inhibitors for
mild steel.31 Earlier, inhibitors based on amino- and carboxylic
acid groups have been studied on the ZnO surface.32,33 The
presence of O, S, N, and pi bonds and high electron density
provides an initial guess for selecting inhibitors, although the
exact atomic-level understanding is still lacking.
In the present work, we have functionalized PMDI to be

used as a corrosion inhibitor for galvanized steel. As shown in
Figure 1, the functionalized PMDI (F-PMDI) is defined with
inh1 (R = −CH3, R′ = −CH3), inh2 (R = −CH3, R′ =
−CH2CH2NH2), and inh3 (R = −C6H3(NH2)2, R′ =
−CH2CH2NH2). Through molecular orbital formalism-based
density functional theory (DFT) and polarizable continuum
model (PCM), we have investigated corrosion resistance
parameters such as orbital energies, global hardness, and the
fraction of electron transferred of F-PMDI inhibitors in
gaseous as well as aqueous phase. The obtained results show
a superior corrosion inhibition performance for inh3, followed
by inh2 and inh1 (i.e., in the order of inh3 > inh2 > inh1).
Further, we have studied the adsorption of F-PMDI on the
ZnO(101̅0) surface with first-principles density functional
theory. Inh3 strongly adsorbed on the ZnO(101̅0) surface,
found as an efficient candidate for corrosion inhibition. The
origin of the superior performance of inh3 has been probed
through density of states and charge density difference, thereby
providing an atomic-level understanding of the interaction of
the corrosion inhibitor with surfaces. We provide the
theoretical and computational details in the next section.

2. THEORETICAL AND COMPUTATIONAL DETAILS
The ionization potential (I = −EHOMO) and electron affinity (A
= −ELUMO) are directly related to the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), respectively, as per Koopman’s theorem. The
electronegativity (χ), global hardness (η), and softness (σ =
(1/η)) are computed with the following equations;

Figure 1. Schematic structure of PMDI and its respective functional inhibitors. The elemental composition and molar mass (M) of functional
PMDI (F-PMDI) inhibitors are given at the bottom of the structures.
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The global electrophilicity index, (ω = (χ2)/2η), and
nucleophilicity, (ε = 1/ω), also provide vital information
about the inhibitor efficiency. The fraction of electrons
transferred (ΔN) from the inhibitors to the surface and vice
versa could be calculated with the following expression

N
2( )

inh

ZnO inh

=
+

where Φ and ηZnO are the work function and global hardness
of the ZnO(101̅0) surface, while χinh and ηinh are the
electronegativity and global hardness of the inhibitors,
respectively. The work function of the ZnO(101̅0) surface is
selected as 4.71 eV based on an earlier report.34

The local reactivity has been investigated with the Fukui
function, representing the inhibitor molecule’s reactive centers.
Concerning the finite difference approximation, the Fukui
functions of k’th atom having “n” electrons are obtained with
the following relations;

f q n q n( ) ( 1) for nucleophilic attackk k= ++

f q n q n( 1) ( ) for electrophilic attackk k=

where qk(n), qk(n + 1), and qk(n − 1) are the charges of the
k’th atom for n, n + 1, and n-1 electron systems, respectively.
The adsorption energy (Eads) has been calculated with the

following equation

E E E E( )ads total slab inhibitor= +

where Etotal, Eslab, and Einhibitor represent the energy of the
combined inhibitor/ZnO(101̅0) system, ZnO(101̅0) slab, and
F-PMDI inhibitors.
The electronic, molecular, and chemical properties of F-

PMDI have been explored with the molecular orbital
formalism-based density functional theory (DFT). The high
accuracy of the computed parameters and short time lead to
the proficient technique for theoretical investigations. The
geometrical optimization (in both gaseous and aqueous
phases) has been carried out with a hybrid B3LYP functional
set and a diffused and polarized 6-311+G(d,p) basis set.35,36

With nonpolarized spin and convergence parameters (average
distance, 1.2 × 10−3 Bohr, and average force, 3 × 10−4

Hartree/Bohr over all atoms), the structures are fully
optimized with the Gaussian 09 code.37 The conductor-like
polarizable continuum model (CPCM) is used to analyze the
effect of water on the electronic properties as well as the
corrosion resistance parameters of inhibitors. In this model, the
aqueous medium is defined with the dielectric constant (ε =
78.35 for water). The absence of the imaginary mode in the
vibrational spectra confirms the local minimum energy on the
potential energy surface. The molecular orbitals’ energy
distribution and electrostatic potential surface have been
mapped with GaussView.
The DFT-based Vienna ab initio simulation package

(VASP) code is used to perform geometrical relaxation and
electronic structure calculations of F-PMDI on the ZnO(101̅0)
surface.38,39 In the present work, the Perdew−Burke−
Ernzerhof (PBE) version of generalized gradient approxima-
tion (GGA) is considered as the exchange−correlation
functional.40−42 The projector augmented-wave (PAW)

method is employed with a kinetic energy cutoff of 500 eV
to describe the plane-wave basis set. The F-PMDI inhibitors
are adsorbed on a two-layered ZnO(101̅0) slab having 48
atoms (24 Zn and 24 O atoms) per layer. The size of the
supercell of ZnO(101̅0) is considered as 9.86Å × 21.20Å ×
25.7 Å in a sufficient vacuum for F-PMDI. For the ZnO(101̅0)
surface and the ZnO/inhibitor systems, a vacuum of 20 Å is
introduced along the z-direction to curtail the interactions
between images created due to periodicity. A 4 × 2 × 1 grid
within the Monkhorst−Pack scheme is chosen to sample the
Brillouin zone for non-spin-polarized self-consistent calcula-
tions.43 The free F-PMDI inhibitors are modeled in a large
vacuum box which provides sufficient vacuum in all directions
to avoid the image interactions. Only one gamma point is used
to perform the k-point integration for the nonperiodic
inhibitors. Further, convergence parameters, namely, self-
consistent field (SCF) energy and Hellmann−Feynman
force, are fixed at 10−4 eV and 10−3 eV/Å, respectively, over
each atom. The van der Waals correction is included by using
Grimme’s DFT-D2 method. This is a reasonable choice for
maintaining a balance between the computational cost and
correction of the adsorption energies of the inhibitors
interacting with the ZnO(101̅0) surface.

3. RESULTS AND DISCUSSION
3.1. F-PMDI Inhibitors. The schematic picture, element

percentage ratio, and molar mass of F-PMDI inhibitors, for
example, inh1 (R = −CH3, R′ = −CH3), inh2 (R = −CH3, R′
= −CH2CH2NH2), and inh3 (R = -C6H3(NH2)2, R′ =
−CH2CH2NH2) are shown in Figure 1. The element
percentage ratio of carbon (57.14−59.18%) and hydrogen
(3.30−4.14%) in the inhibitors does not show significant
variation. The element ratio of nitrogen enhances from inh1
(11.47%) to inh2 (15.38%) to inh3 (19.17%), while that of
oxygen reduces from inh1 (26.21%) to inh2 (23.42%) to inh3
(17.52%). The excess oxygen of the inhibitor may be repulsive
with the surface oxygen, resulting in weak adsorption. At the
same time, excess nitrogen in the inhibitor donates more σ-
electrons to the surface and forms a donor−acceptor complex,
resulting in strong adsorption. The molar mass of inh1, inh2,
and inh3 is 244.05, 273.07, and 365.11 g/mol, respectively, and
increases from inh1 to inh3.
To determine the electronic properties (i.e., ionization

potential, electron affinity, chemical reactivity, etc.) of F-PMDI
inhibitors, we have optimized the structures (shown in Figure
2) at the B3LYP/6-311+G(d,p) level. inh1 is planar, while the
chain R = −CH2CH2NH2 in inh2 has an angle of 112.54°
(∠NCC) with the aromatic planar structure. In inh3, the
aromatic diamine group is tilted (42.41°) compared to the
planar PMDI. The orbital density distribution (shown in
Figure 2) shows that LUMO is distributed over the PMDI
structure while HOMO is spread over the whole structure (in
inh1), localized on the aliphatic amine (R = −CH2CH2NH2)
group (in inh2) and on the aromatic diamine group (in inh3).
Thus, the HOMO distribution localized on the functional
group (in inh2 and inh3) controls the electronic properties of
F-PMDI. The electrostatic potential (ESP) mapped on the
electron density surfaces (Figure 2) is represented by the blue
and red regions for electron-deficient and excess electron areas,
respectively. During the adhesion of inhibitors on the
ZnO(101̅0) surface, the bonds are formed either in the
electron-deficient (blue) region (through accepting electrons)
or in the electron excess (red) region (through donating
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electrons). The electron excess/deficient regions are formed
near nitrogen and oxygen atoms in the F-PMDI inhibitors.
Therefore, their elemental composition highly impacts the
inhibitor adsorption on the ZnO(101̅0) surface.
The ionization potential (I = −EHOMO), electron affinity (A

= −ELUMO), and HOMO−LUMO energy gap (ΔEgap) provide
the vital information about reactivity, as listed in Table 1. I, A,
and ΔEgap show decrement from inh1 to inh3, with the lowest
value for inh3. The lowest ΔEgap shows the highest reactivity;
therefore, inh3 (ΔEgap = 2.28 eV) is found as a superior
inhibitor. The electron-donating ability of the inhibitor is
measured by electronegativity (χ). The inhibitor with lower χ
(higher electron-donating propensity) provides an efficient
restraining proficiency. χ is more inadequate for inh3 (χ = 4.19
eV) and shows greater restraining ability, making it suitable for
corrosion inhibition. The inhibitor stability and reactivity have
been further probed through absolute hardness (η), which
implies the resistance toward polarization/deformation of

electron cloud with minor changes in the reaction. For an
efficient inhibitor, η must be small (i.e., large softness (σ)
value). The η (σ) value (listed in Table 1) decreases
(increases) in the order inh1 > inh2 > inh3. The least η
(1.14 eV) and greatest σ (0.88 eV−1) make inh3 an efficient
inhibitor. The η value of inh3 is consistent with ΔEgap as hard
molecules have a large band gap. An inhibitor with large σ
implies an easy electron transfer to/from the surface. The
electrons are transferred easily to/from inh3 due to the high σ
(0.88 eV−1) value. The nonuniform distribution of charges on
inhibitors is estimated by the dipole moment (μ). Large μ
indicates high deformation energy and hence greater
adsorption efficiency. Inh3 has a comparatively larger μ (2.26
D; Table 1), providing greater adsorption efficiency.
The inhibitors with large surface/volume (estimated with

the van der Waals (vdW) volume) have more contact regions
for interaction with the surface. The large contact regions of
inhibitors cover a greater area of the ZnO(101̅0) surface,
protecting the maximum surface from corrosion. The vdW
volume, calculated with the Monte−Carlo method, based on
multiwfn code44 and listed in Table 1, showed that inh3
(400.36 Å3) has comparatively greater volume then inh1
(250.98 Å3) and inh2 (296.35 Å3). Thus, inh3 provides a large
contact area for adsorption, leading to a superior inhibitor
performance. The electron acceptance/donation ability of an
inhibitor is estimated with electrophilicity index (ω) and
nucleophilicity index (ε). The larger ω and ε values imply a
greater ability to accept/donate electrons; hence, inh3 (ω =
7.70 eV; Table 1) was found to be a superior electrophilic
inhibitor. The inhibitor reactivity and active centers are further
studied through back-donation (ΔEback‑donation). If η > 0 and
ΔEback‑donation < 0, ΔEback‑donation implies charge transfer to the
inhibitor, followed by the back-donation from the inhibitor.
ΔEback‑donation is energetically favored for inh3 (−0.29 eV; Table
1) compared to inh1 (−0.56 eV) and inh2 (−0.45 eV). The
fraction of electron transfer (ΔN) represents inhibition
efficiency in terms of electron donation capability. The
electron-donating ability enhances with an increment in ΔN
(up to 3.6). A negative (positive) sign implies that a fraction of
electron transfer occurs from the surface to the inhibitor
(inhibitor to the surface). The negative ΔN values (listed in

Figure 2. Optimized geometrical structures, isodensity surface plot of
HOMO and LUMO (isosurface value, 0.02), and molecular
electrostatic potential (MEP) of inh1 (left panel), inh2 (middle
panel), and inh3 (right panel). For MEP, the limiting values of blue
and red regions are +0.049 and −0.049, respectively. Red, brown, light
blue, and dark blue sphere represent oxygen, hydrogen, nitrogen, and
carbon atoms, respectively.

Table 1. Computed Numerical Values of Quantum Chemical Parameters of Functional PMDA Corrosion Inhibitors in
Gaseous as well as Aqueous Media

quantum chemical parameters inh1 inh2 inh3

gas water gas water gas water

EHOMO (eV) −7.61 −7.45 −6.69 −6.63 −5.34 −5.26
ELUMO (eV) −3.16 −3.06 −3.14 −3.09 −3.05 −3.01
energy band gap (ΔEgap; eV) 4.45 4.39 3.56 3.54 2.28 2.25
ionization potential (I; eV) 7.61 7.45 6.69 6.67 5.34 5.26
electron affinity (A; eV) 3.16 3.06 3.14 3.07 3.05 3.01
absolute electronegativity (χ; eV) 5.38 5.26 4.92 4.87 4.19 4.13
hardness (η; eV) 2.23 2.19 1.78 1.80 1.15 1.13
softness (σ; eV−1) 0.45 0.46 0.56 0.55 0.87 0.88
dipole moment (μ; Debye) 0.63 0.07 1.49 1.87 2.26 2.97
electrophilicity ω (eV) 6.98 6.29 6.79 6.58 7.70 7.55
nucleophilicity ε (eV)−1 0.14 0.16 0.15 0.15 0.13 0.13
fraction of electron transferred, ΔN −0.120 −0.094 −0.025 −0.013 0.246 0.261
ΔEback‑donation (eV) −0.56 −0.55 −0.45 −0.44 −0.29 −0.28
molecular volume (vdW; Å3) 250.98 296.35 400.36
Eads (kJ/mol) −119.66 −122.56 −182.38
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Table 1) for inh1 (−0.120) and inh2 (−0.025) represent that
the fraction of electron is transferred to the surface. A positive
ΔN value for inh3 (0.246) shows the transfer of an electron
from the surface. Thus, greater ΔN for inh3 represents an
excess electron transfer to the inhibitor, resulting in strong
adsorption.
The natural population analysis (NPA) charge and Fukui

indices on individual atoms of F-PMDI inhibitors are listed in
Table 2. N, O, and few C atoms carry a more negative charge
(center), while the rest of the C atoms take a more positive
charge (center). At the negative charge center, electrons could
be offered to the surface to form a coordinate bond, while the
positive charge center can accept the free electrons of the
metallic surface. In inh3, greater negative/positive charge
centers provide strong adsorption by forming coordinate
bonds. The Fukui indices f− and f+ control the electrophilic
and nucleophilic attacks. Greater f− and f+ of an atom indicate
an electrophilic and nucleophilic attack, respectively. The
nitrogen atom is found to be the most preferable center for

nucleophilic attack. The high nitrogen element composition in
inh3 (∼ 19.17%) compared to that in inh1 (∼11.47%) and
inh2 (∼15.38%) provides a larger nucleophilic attack site,
resulting in the strong adsorption of inh3 on the surface
compared to that of inh1 and inh2.
Till now, we have discussed the corrosion resistance

properties of F-PMDI inhibitors in gas phase. Further, we
have investigated the corrosion inhibition parameters of F-
PMDI in aqueous (water) media, which are also listed in Table
1. EHOMO and ELUMO of F-PMDI are slightly reduced in
aqueous media compared to that in gas phase. For example,
EHOMO and ELUMO of the inh3 inhibitor show reduction up to
0.08 and 0.04 eV, respectively. ΔEgap values of inh1, inh2, and
inh3 are found to be 4.39, 3.54, and 2.25 eV, respectively,
which are slightly smaller (up to ∼0.06) than that in gas phase.
In fact, the reduction of ΔEgap for inh3 in aqueous media is
negligible (0.03 eV) compared to that in the gas phase.
Similarly, absolute electronegativity, hardness and softness, and
fraction of electron transferred show very small changes for F-

Table 2. Computed Numerical Values of NPA Charge and Fukui Indices on Individual Atoms of Functional PMDA Corrosion
Inhibitors. The Atomic-Level Numbers Are Represented as per the Given Schematic Structure of Inhibitors
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PMDI (especially for inh3) in aqueous media. It is found that
the dipole moment reduces for inh1 (from 0.63 to 0.07 D),
while it enhances for inh2 (1.49 to 1.87 D) and inh3 (2.26 to
2.97 D) in aqueous media compared to that in gas media. The
analysis of corrosion resistance parameters in both phases
shows that aqueous media do not affect the inhibition
performance order of F-PMDI. In both, that is, gaseous and

aqueous phases, the inhibition performance order of inhibitors
is inh3 > inh2 > inh1.
3.2. F-PMDI Inhibitor Adhesion on ZnO (101̅0)

Surface. The lattice constants 3.24 and 5.19 Å of ZnO
(101̅0) are found to be in excellent agreement with 3.25 and
5.20 Å, respectively, of the experimental results.45−47 The
interlayer spacing and interatomic distances of relaxed ZnO

Figure 3. (a) Side view (d) top view of the relaxed structure of ZnO(101̅0) surface. (b,c) Small region of the ZnO(101̅0)surface. (e) Interatomic
and interlayer distances of the ZnO layer. The Zn and O atoms are represented by silver and red spheres, respectively.

Figure 4. Side views (left panel) of the optimized structures of adsorbed (a) inh1, (c) inh2, and (e) inh3 above the ZnO(101̅0) surface. The figures
in the right panel (b,d,f) represent the corresponding top views. In the top view, the surface atoms are represented by the tube model, while the
ball−stick model shows inhibitor atoms for a better viewership. The Zn, O, C, N, and H atoms are represented by silver, red, brown, gray silver, and
white spheres, respectively.
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(101̅0) are depicted in Figure 3. Equal amounts of Zn and O
per unit area in ZnO (101̅0) are required for breaking only one
bond per atom for the surface growth, hence auto-
compensated. One dangling bond per atom in step-edge O
and Zn atoms forms a dimer row (consisting of a Zn−O chain)
running along the z-direction and creates a rectangular terrace
on top of the surface. Each surface Zn/O atom is bonded with
two atoms (O and Zn) in the surface layer and one atom (O
and Zn) in the second layer. The distances between planar
atoms, for example, ∼3.28 Å (O−O), ∼3.30 Å (Zn−Zn), and
1.90 Å (Zn−O), and the layer atoms of ZnO(101̅0), for
example, ∼3.20 Å (O−O), ∼3.10 Å (Zn−Zn), and ∼ 2.22 Å
(Zn−O), are in good agreement with the previous report.47
The inhibitors oriented horizontally (PMDI parallel to the

surface) on ZnO (101̅0) to cover the maximum surface and
larger contact regions. Further, horizontal orientation is also
found as a preferable position through HOMO distribution,
MEP surface, and Fukui functions (electrophilic/nucleophilic
centers arising on N and O atoms). Relaxed F-PMDI with
ZnO (101̅0) is depicted in Figure 4. A significant distortion
(split into two sublayers) on the outermost ZnO(101̅0) layer
arises during the adsorption with inhibitors. For example, in
the ZnO−inh3 system, few surface Zn and O atome were
displaced toward the adhesion region. Zn bonded with N and
Oinh (of the inhibitor), while Osurf bonded with N and H (of
the inhibitor), enhancing the adsorption strength during the
interaction between the inhibitor and ZnO(101̅0) surface. Due
to the repulsion between Osurf and Oinh, few Zn and O atoms
are displaced away from the adhesion region, resulting in the
reduction in adsorption strength. The adsorption energy (Eads)

is found to be −119.66, −122.56, and −182 kJ/mol for inh1,
inh2, and inh3, respectively. With greater Eads, inh3 is found to
be a superior corrosion inhibitor, also consistent with quantum
chemical results. An additional aromatic ring (m-phenylenedi-
amine) in inh3 provides a larger surface to interact. The Eads
value on the ZnO surface will be lower than that on the bulk
Zn surface due to the charge shielding of Zn by Osurf atom,
resulting in a comparatively weaker interaction. The minimum
distance between surface Zn (Osurf) and N is 3.01 (2.92) Å,
3.13 (3.02) Å, and 2.90 (3.22) Å, while that between Zn and
Oinh is 2.38, 2.81, and 2.42 Å for inh1, inh2, and inh3,
respectively. Here, the bond length does not directly relate
with Eads due to the complex interplay between the different
atomic orbitals of the inhibitor and ZnO(101̅0) surface. The
adsorption nature (physisorption or chemisorption) of the
inhibitor on the surface could not be directly predicted with
EHOMO, Egap, ΔN, or Eads.

48 To determine the adsorption/
bonding nature of the F-PMDI inhibitor on the ZnO(101̅0)
surface, we have investigated the orbital contribution through
the density of states (DOS) and projected density of states
(PDOS).
Figure 5 shows the DOS and PDOS of individual F-PMDI

inhibitors, ZnO (101̅0) surface, and inhibitor/ZnO(101̅0)
system. In the bare ZnO (101̅0), the valence band (VB) is
primarily composed of O-2p and Zn-3d states, with a little
contribution from Zn-3p states. This agrees with the ultraviolet
photoemission spectroscopy results where the Zn-3d core level
localized below the Fermi energy, whereas O-p and Zn-3d
orbitals dominate VB.49 The conduction band (CB) comprises
O-2p and Zn-3p states, with Zn-4s states for the lowest CB in

Figure 5. (a,b) DOS and PDOS of the inh1/ZnO(101̅0) system. (c) DOS and (d) PDOS of the inh2/ZnO(101̅0) system. (e) DOS and (f) PDOS
of the inh3/ZnO(101̅0) system. The Fermi levels are set at 0 eV and represented by vertical dashed gray lines.
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bare ZnO(101̅0). The deeper VB region of inhibitors is
composed of O-2p and C-2p states, with a small contribution
from the H-1s and N-2s states of the inhibitors. In the VB
range −5 to 0 eV, there is a lack of states available in inh1,
while comparatively more states are available in inh2 and inh3.
In fact, few states are available near the Fermi level in inh3.
PDOS analysis suggests that VB (in the range −5 to 0 eV) is
composed of N-2p state, with a small contribution from H-1s
states. The orbital states of inhibitors that lie at the ZnO (Zn-d
and O-p states) states can be considered to describe the
inhibitor−surface bonding upon adsorption. In inh2, N-2p
states are available near −2.5 eV along with a small H-1s state,
which shows an overlap in the states of Zn and Osurf. In inh3,
more states (of N) are available, including the presence of N-
2p state near the Fermi level showing the overlap with the Zn-
3d state. Therefore, strong interaction occurs between N (of
inh3) and Zn (of ZnO (101̅0)) with the formation of the
dative bond. Furthermore, comparatively more states are
available for H of inh3 than inh1/inh2. This H-1s state
overlaps with the available states of Osurf, providing a strong
interaction betweeen H (of inh3) and Osurf (of ZnO(101̅0))
through hydrogen-bond formation. These characters are
reflected when the inhibitors are adsorbed on ZnO(101̅0)
(DOS of inhibitor/ZnO system in Figure 5), and the peaks
(states’ contribution of inhibitor) are slightly broadened due to
hybridization between the inhibitor and Zn/O (of surface)
states. In the VB range −7.5 to −5 eV, the inhibitor’s O-2p
state lies on Zn states, resulting in an interaction between Oinh
and Zn, which is also reflected in the DOS of all inhibitor/
ZnO(101̅0) systems. However, greater available states for N
and H of inh3 lie at the states of Zn and Osurf, respectively,
leading to N−Zn dative-bond formation and H−Osurf hydro-
gen-bond formation. These bonds are only formed in inh3 and
are additional to the Oinh−Zn bond, which appears in all
inhibitors. To further probe into the bonding nature, we have
investigated the redistribution of charge density in the vicinity
of adsorbed inhibitors and ZnO(101̅0) surface.
The charge density difference (Δρ(r) = ρinh/surf(r) − ρsurf(r)

− ρinh(r)) of F-PMDI inhibitor in the most stable adsorption
configuration with ZnO(101̅0) is shown in Figure 6. The
strength of the bonding of the inhibitor to ZnO(101̅0) could
be understood by the formation of dative and hydrogen bonds.
In the inh1/ZnO system, the Zn−Oinh bond (d = 2.38 Å) can
be observed by the charge density redistribution (accumulation
(yellow color) on Osuf and depletion (cyan color) on Zn)
between Zn and Oinh, that is, charge flow toward the Zn−Oinh
center (see Figure 6a). This dative bond formed due to
electron donation from the lone pair of Oinh to Zn has a
comparatively lower binding strength than the ionic bond,
Zn−Osurf (present on the ZnO(101̅0) surface). This is verified
by bond length analysis, where the length of the Zn−Osurf
bond (∼1.90 Å) is smaller than that of the Zn−Oinh bond (d =
2.38 Å). In the inh2/ZnO system, the lack of charge density
accumulation/depletion between Zn and Oinh leads to no
formation of the Zn−Oinh bond (as d = 3.26 Å) (see Figure
6b). Further, charge density depleted below H, although
sufficient charge density is not accumulated over Osurf, showing
the lack of H bonding. However, the bond distance between
H(1)−Osurf, H(2)−Osurf, and H(1)−Osurf is 2.19 Å, 2.82, and
2.40 Å, respectively, showing partial H-bonding. In inh3, excess
charge density accumulation/depletion between Zn (surface)
and N/Oinh (inhibitor) shows the dative Zn−N and Zn−Oinh
bond formation (see Figure 6c). Further, the H bonding is

confirmed by the charge density accumulation on Osurf and
charge density depletion on H(s) of inh3. This is confirmed by
the bond length analysis, where H(1)−Osurf, H(2)−Osurf, and
H(3)−Osurf are 2.32, 2.41, and 2.07 Å, respectively. Thus, the
presence of both dative bond (Zn−N and Zn−Oinh) and H-
bond (H−Osurf) between inh3 and ZnO(101̅0) leads to
stronger adsorption in comparison to inh1 and inh2.

4. CONCLUSIONS
Using density functional theory, we have investigated the
corrosion resistance performance of F-PMDI on galvanized
steel. The corrosion resistance parameters such as EHOMO,
ELUMO, ΔEgap, electronegativity, dipole moment, global hard-
ness and softness, and the fraction of electron transfer (ΔN)
have been studied through quantum chemical calculations. The
obtained results indicate the superior corrosion inhibition
performance of inh3 (R = −C6H3(NH2)2, R′ =
−CH2CH2NH2) compared to inh1 (R = −CH3, R′ =
−CH3) and inh2 (R = −CH3, R′ = −CH2CH2NH2) in the
order of inh3 > inh2 > inh1. Further, we have studied the
adsorption of F-PMDI on ZnO(101̅0)) substrate and found
that inh3 (182.38 kJ/mol) possesses a high adsorption energy
compared to that of inh2 (122.56 kJ/mol) and inh1 (119.66
kJ/mol). The origin of the superior performance of inh3 has

Figure 6. Charge density difference of (a) inh1, (b) inh2, and (c)
inh3 on the ZnO(101̅0) surface. Electron accumulation and depletion
regions are represented by yellow and cyan colors, respectively
(isosurface = 0.001 e/Å3). Hence, a charge redistribution is observed
when the inhibitor interacts with the ZnO(101̅0) surface, and the
charge moves from the −Δρ (cyan) region to the +Δρ (yellow)
region. The redistribution of charges is more prominent in the case of
inh3, which leads to a stronger interaction between inh3 and the
ZnO(101̅0) surface.
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been probed through charge transfer, DOS, and PDOS. The
larger available states for N- and H of inh3 lie at Zn and Osurf,
respectively, leading to N−Zn and H−Osurf bond formation.
These bonds are only formed in inh3 and are additional to the
Oinh−Zn bond which appears in all inhibitors. The bonding
nature is further confirmed by charge density difference
analysis, where the excess charge density accumulation/
depletion between Zn/Osurf (of the substrate) and N/Oinh/H
(of inh3) shows the formation of dative and hydrogen bonds.
Inh3 strongly adsorbs on the ZnO(101̅0) surface through
chemisorption. In short, this study suggests that by using the
inh3 (based on F-PMDI) inhibitor, the corrosion resistance
performance of galvanized steel can be enhanced significantly.
We hope that this work would motivate researchers to
synthesize inh3 inhibitors to be applied in industry. It should
be pointed out that few F-PMDI such as pyridinium-F-PMDI
and phosphonium-F-PMDI have been synthesized and widely
used in several applications.50,51
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