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ABSTRACT: Four sulfonamide-type microbial inhibitors were studied using density
functional theory (DFT) to assess their effectiveness in controlling microbial corrosion. i
The experimental techniques (FTIR, SEM, EIS, EFM, and AFM) are beneficial for
measuring properties such as chemical composition, bond formation, electrochemical P
behavior, and surface topography; however, DFT can be useful as a new method for
understanding microbial corrosion. Sulfacetamide (SFC), sulfamerazine (SFM),
sulfapyridine (SFP), and sulfathiazole (SFT) uniformly adsorb onto the iron surface
and block the active site, reducing the corrosion rate. To study the effect on microbial
activity, a 0.6 eV electric field was applied. The absolute increase in the interaction —%—%
energy indicates that sulfonamides are effective microbial inhibitors. Electronic SFC,

SEM, SFP, and SFT descriptors agree with the experimental inhibition efliciency. The

shift of the density of state (DOS) toward a low energy level for sulfonamides indicates
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the stabilization of these molecules at the Fe (100) surface. The population analysis
combined with atomic and molecular parameters further explains the anticorrosive mechanism of sulphonamides.

1. INTRODUCTION

Iron and its alloys are extensively used in various industries,
including the oil and gas industry, due to their excellent
mechanical properties. Nonetheless, they are prone to
deterjoration due to direct contact with corrosive materials
and their surroundings. Applying inhibitors such as sulphona-
mides is one of the most cost-effective and useful methods of
protecting iron surfaces from degradation.””

It is well-known that artificial organic long-chain compounds
with O, S, and N atoms are well-matched as inhibitors due to
high electron density and strong basicity.”* These organic
compounds can transfer electrons to unoccupied d-orbitals of
an iron surface (Fel00) or to various sites (hollow, bridge, and
top) in the layer of an oxide (“passive”) film to form
coordinate or covalent bonds. These compounds may also
accept valence electrons from the iron surface by providing
their antibonding orbitals to make feedback bonds and,
therefore, are commonly used in corrosion inhibition.’

Sulphonamides are drugs primarily used to treat infections
due to Gram-positive microbes, certain fungi, and some
protozoa. While the influx of antibiotics has reduced the
application of the sulfonamides, they still have a small but
significant space in therapeutic resources for numerous
physicians. Further therapeutic applications of sulfonamides
include their use as diuretic and hypoglycemic agents. Those
compounds have functional adsorption groups, e.g., —NH,
group, —SO,—NH—group, and aromatic rings O and/or N
heteroatoms. These compounds are strongly basic and,
therefore, can be highly soluble in the acid medium.’
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Many experimental procedures, e.g., weight loss technique,
potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS), and electrochemical frequency modulation
(EFM), have been used to test the inhibition efficiency of
different organic and inorganic compounds on various metal
surfaces.” >’ Other analytical methods, such as scanning
electron microscopy (SEM),24_26 atomic force microscopy
(AFM),"”?*® cyclic voltammetry,”” and FTIR analysis,”**’ have
been used to explore the component’s composition, various
bond formation, and some properties related to protective
layer structure. Experimental techniques roughly assess the
inhibition efficiency; these are usually expensive, time-
cumbersome, and difficult to provide a strong anticorrosive
mechanism at the atomistic level.’” Tremendous literatures on
theoretical findings of corrosion inhibitors relied on techniques
such as the DFT and molecular dynamics have been shown to
match experiments to this regard.”' " The advantage of the
DFT is that it can be used for large systems with reasonable
computations. Loutfy et al.** studied adsorption behavior and
inhibition mechanism of synthesized bis-azo dye applying
molecular dynamics (MD). In a different study, Sourav et al.*”
performed MD simulations for the corrosion inhibition of
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quinazolinone and pyrimidinone compounds to mimic the real
environment.

Nevertheless, details of this occurrence (bond formation and
charge distribution) and what controls the strength of the
interaction are known poorly.31 Moreover, the inhibitive
mechanism of sulphonamides is unclear; for instance, minor
variations in the configuration of molecular structures could
significantly impact their efficacy.”

Approximately 20% of the total corrosion occurs due to
microbes in the oil and gas industry.*” Microbial activity in the
airline industry is also related to the deterioration of the fuel
storage tanks."' The electron transfer is necessary between
microbes and metal/Fe (100) surface.”” The DFT at the
electronic level offers a pathway to understand a very complex
transformation, e.g., microbial corrosion; *** however, the
mechanism of the electron transfer to microbes is still
unknown. An electric field at the DFT level could resemble
the microbes on the metal surface and subsequently the
adsorption mechanism of sulphonamides. However, this needs
a series of experiments, as discussed in our previous work.*’
Details of the exact phenomenon of microbially influenced
corrosion are more complex as abiotic and biotic corrosion
occur simultaneously.*®

The quantum calculations and experimental inhibition
efficiency (%IE) of sulphonamide inhibitors are often linked
with correlation analysis and indicate that it is closely related to
the highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), hardness, dipole
moment, polarizability, and electronic charges.”’ The %IE
will increase with an increase in HOMO and a reduction in the
energy gap (AE,,,). Excellent corrosion inhibitors have less
energy gaps that offer electrons to the unoccupied d atomic
orbital of iron and accept free electrons from iron.***’ Because
wave functions of HOMO and LUMO for the inhibitors of
medium-sized AE,,, are combined with ease, the inhibitors are
rapidly polarized and require little energy to be excited.’””’
Thus, the calculated low AE,, promotes chemical reactivity of
the inhibitors toward Fe (100) and therefore their ability as a
corrosion inhibition candidate.

The experimental studies for inhibition due to SFC, SFM,
SFP, and SFT are well-established for corrosion in acidic
media; however, its effect on microbial corrosion and
protection from the pit nucleation is still, to the best of our
knowledge, an important, unrevealed question.

This work studies the adsorption of SFC, SEM, SFP, and
SFT in the molecular and dissociative form at the Fe (100)
surface. Based on the quantum chemical calculations, we
optimize the Fe (100) surface model covered with
sulphonamides. This is the first step in the atomistic
understanding of microbial corrosion with an electric field
changing from 0 to 0.6 V/A. This work aims to illustrate the
details of bond formation and determine the strength of the
sulfonamide’s interaction at the Fe (100) surface, including the
electronic density and charge distribution. The tilt angle of the
molecules/fragment at the Fe (100) surface is also explored.
The negative sign of the HOMO and other thermodynamic
parameters (interaction energy) suggests that the data resulting
supports the physical/chemical interaction mechanism.

2. METHODOLOGY

This study has implemented the DFT methodology. The
study used generalized gradient approximation with the
Perdew—Burke—Ernzerhof (GGA-PBE)*® functional applied

52—-5S

to DMol3*” and CASTEP*® modules in the BIOVIA Materials
Studio 2020 platform. PBE incorporates a density gradient to
account for the electron inhomogeneity in the system. The
modules used in this work are shown in Figure 1. The DMol3

DFT Modules

DMole3 CASTEP

l l

Electronic descriptors
(e.g. HOMO, LUMO,
global hardness)

Interaction Energy,
Population Analysis,
Density of States

Figure 1. (a) Square 2D cell showing various sites. Each blue apex
shows an iron atom in Fe (100). (b) Properties of the sulfonamides
calculated from the various modules.

module was applied for the calculation of frontier molecular
orbitals (HOMO and LUMO) of sulfonamides and related
properties (AE,, absolute electronegativity, global hardness,
and so forth). However, the CASTEP module is applied to
calculate the interaction energy and electronic properties of the
sulphonamides adsorbing at the Fe (100) surface.

2.1. DMol3. DMol3 accounts for a Fermi occupation
scheme (electronic technique appropriate for the covalent
systems) or a thermal occupation scheme (appropriate for
metals), often required for converging electronic density.

The double numerical plus polarization (DNP) is applied as
a basis set (illustration of electrons in quantum state), which
retains the d-type polarization function to heavy atoms (Fe)
and p-type polarization functions to H, atoms; this provides
improved precision by reducing the basis set superposition
error (BSSE) relative to Gaussian 6-31G (d, p).6 ST All the
atoms were subjected to optimization until convergence in
cutoff energy, force, and displacement reached 1.0 X 107¢ Ha
(2.720 x 107° eV), 0.001 Ha/A (0.0272 eV/A), and 0.005 A,

respectively.
The work function of each slab is obtained using eq 1.
®slab = Evacuum - EFermi (1)
where E,, ., is the vacuum local potential energy, and Eg, . is

the Fermi level.

The work functions for the two, three, and four layers of the
Fe (100) slabs are calculated as 0.142 Ha (3.86 V), 0.145 Ha
(3.95 eV), and 0.147 Ha (4.00 eV), respectively.

2.2. CASTEP. The four-layer iron slab with 5 X S supercells
with 100 atoms was applied for the first principal calculations.
This model is well-tested, including our previous work®” and
other people’s work,"*** for quantum chemical calculations.
The work function calculated from DMol3 in this work also
shows that selecting four layers is better. The space (vacuum)
above the slab was set to 25 A in the normal direction to give
ample space between cleaved surfaces to minimize interaction.
We had selected the Gamma k-point due to the large slab size.
To check the model accuracy, we performed a convergence
test of total energy for the Fe (100) slab with 2 X 2 X 1 k
points using the same basis sets. The error in total energy (Or
interaction energy) is less than 0.01 eV. The cutoff energy for
ultrasoft pseudopotential was set to 400 eV.

https://doi.org/10.1021/acsomega.4c04651
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Figure 2. Top and side views for relaxed structure of the dissociative adsorption of the SFC, SFM, SFP, and SFT molecules at the Fe (100) surface
using the CASTEP module at the DFT + D level. In the neutral molecule, the red is O atoms. The yellow is S atoms. The light gray is C atoms. The
dark blue is N atoms. The light blue is Fe atoms, and the white is H atoms. The bond lengths are in A

The optimization of the Fe (100) slab is performed applying
spacing for 10 X 10 X 10 of the bulk iron with the fine setting
of Monkhorst—Pack k-point Brillouin zone sa.mpling.65 The
estimated lattice constant for the BCC iron was a = b = ¢ =
2.812 A after using the ultrasoft pseudopotential by an error of
1.88% related to the experimental value of 2.866 A°® and is in
excellent agreement.

The interaction energy of the inhibitors is estimated by the
following expression:®”

Eint = [Ecomplex - (Eslab + Einhibitor)] (2)

where E e is the energy of the inhibitor/iron slab in the
adsorbed state, Egy,, is the energy of clean Fe (100), and
Eihibitor 1S the energy of the inhibitor in an isolated state.
Equation 2 is also used to calculate adsorption energy.

Both module functionals (DMole3 and CASTEP) per-
formed well during calculations, although CASTEP removes
the BSSE due to the plane wave. All the atoms were subjected
to optimization until convergence in cutoff energy, force,
stress, and displacement reached 2.0 X 107 eV, 0.02 eV/A, 0.1
GPa, and 0.002 A, respectively.

The total energy for the isolated SFC, SEM, SFP, and SFT
molecules was computed and fully relaxed in a 20 A X 20 A X
20 A cube box. The electronic energy of these inhibitors was
calculated using the same CASTEP-based material studio code
as that mentioned above. The partial charges of molecules
were calculated from Mulliken analyses. The electronic spin
density and overlap atomic matrix were employed to obtain the
Mulliken partition charges in the molecule.®® Furthermore,
modeling Fe-sulphonamides remains challenging for first-
principles periodic calculations because of the large size of
the adsorbing systems (e.g, 124 atoms for SFC), which
requires significant resources and calculation times.

3. RESULTS AND DISCUSSION

3.1. The Adsorption of Sulphonamides. To better
explain the adsorption of sulfonamides on the Fe (100) surface,
we obtained structural information to construct the final
geometries with different initial orientations (unoptimized
geometries). Two oxygen atoms are bonded to sulfur atoms in
sulphonamides (O—S—0). In this work, we consider two
scenarios. In the first scenario, the initial position of the
molecules has O—S—0 atoms facing toward the surface plane

(Figure S1). In the second scenario, the O—S—O atoms face
away from the surface (Figure S2). When the initial
configuration (unoptimized geometries) O—S—O faces toward
the surface, it leads to dissociative adsorption, while O—S—0O
facing away from the surface leads to molecular adsorption.
Juan et al.®’ observed similar characteristics with the
adsorption of 2-mercaptoimidazole on the Fe (1 0 0) surface.

3.1.1. Dissociative Adsorption of Sulfacetamide (SFC),
Sulfamerazine (SFM), Sulfapyridine (SFP), and Sulfathiazole
(SFT). The SFC, SFM, SFP, and SFT dissociation at the Fe
(100) surface is spontaneous. We only observed this behavior
when the initial configuration is directed toward O—S—O
atoms facing downward, bonding with the iron atoms and
localized at the iron surface. The relaxed structures of these
molecules are depicted in Figure 2. The interaction energy and
geometrical parameters of the optimized geometries at the Fe
(100) surface for the dissociative interaction of the SEC, SFM,
SFP, and SFT molecules are listed in Table 1. The geometric

Table 1. Interaction Energy and Geometrical Parameters of
Optimized Geometries at the Fe (100) Surface in the
Dissociative Form of SFC, SEM, SFP, and SFT Molecules
Using the CASTEP Module at the DFT/DFT + D Level”

molecule ( interaction interaction ds_g,
O—S—O  energy DFT energy DFT + dg g, ‘E\DFT) (DFT + D)
down) (—eV) D (—eV) (A) (A)
SEC 3.424 4.680 3.169 3.120
SFM 3.424 4.762 3.049 3.027
SEP 3.476 4.840 3.061 3.029
SFT 2.939 4.235 2.926, 5.878 2.930, 5.869

“Where distances of S atom from the surface dg_g, are in A.

orientation of the molecules at the Fe (100) surface is
described through the tilt angle of the Z-axis. The tilt angle of
the molecules in the dissociative form is shown in Figure S3.
Furthermore, in this study, we understand the modes of bond
formation at each location for all forms of sulphonamide
molecules and thus is described hereafter.

3.1.1.1. Adsorption of the SFC (CgH;oN,05S). The first
configuration is shown in Figure 2. It relates to SFC in the
dissociative form adsorbed by dissociation into (C,H,NO) and
(C4HgNO,S). The dissociation mechanism linked to the
formation of an N—Fe bond (of C,H,NO) at the top site

https://doi.org/10.1021/acsomega.4c04651
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and two O—Fe bonds (of the C;HNO,S) at the Fe (100)
surface. A similar spontaneous dissociation of 2-mercaptoben-
zothiazole (MBT) is observed by Chiter et al,,”” where MBT
inhibitors in thione form deprotonated on the surface of Cu.
The adsorbed molecule makes a bond via O atoms and N
atoms at a distance of 1.941, 1.943, and 1.933 A, as shown in
Figure 2. The best inhibitors are molecules that strongly bond
to iron surfaces. The tilt angle of both fragments of SFC from
the surface plane is 61° (Figure S3). The interaction energy of
the SFC molecule in dissociative form is —4.680 eV (Table 1)
after applying dispersion correction D.

3.1.1.2. Adsorption of the SFM (C,;H;,N,0.,S). The SFM
molecule adsorbed at the Fe (100) surface dissociates into
(CsHgN;) and (C4HgNO,S). The SFM interacts via three
covalent bonds on the Fe (100) surface (second snap in Figure
2). This makes bonds via the O and N atoms to the top site
with the bonding O—Fe, O—Fe, and N—Fe at 1.942, 1.949, and
1.965 A, respectively. In this configuration, we observed that
the two O atoms had share between two top sites of the Fe
atoms. This interaction mode for the SFM at the Fe (100)
surface well agrees with the interaction of 2-mercaptobenzo-
thiazole (MBT) on the oxidized covered Cu surface with an
oxide layer, where S and N make bonds with the Cu surface.”'
The adopted orientation is from the aromatic ring containing S
(C4HgNO,S) to the aromatic ring containing N atoms
(CsHgN;) on the Fe surface, and the surface of the molecule
is angled about 42° and 90° from the Fe surface plane (Figure
S3). There is no difference in the interaction energy (—3.424
eV) between SFC and SFM without dispersion correction
(Table 1), unveiling that both adsorption types are
isoenergetic.

3.1.1.3. Adsorption of SFP (C;;H;;N;0,S). The interaction
mechanisms and adsorption modes of the SFP are the same as
those of SFC and SFM; however, inhibition characteristics are
different depending on the locations and bond formation on
the surfaces. For SFP, these interaction energies are similar to
SFC and SFM of the same orientation on the Fe (100) surface,
for which the values were —4.680, —4.762, and —4.840 eV/
molecule (Table 1) for SFC, SFM, and SFP, respectively. The
adsorbed inhibitors on the Fe (100) must also appear in a
geometry that increases the interfacial impedance, thus
lowering the current density and general corrosion rate. This
issues could be easily handled by the DFT.>" The maximum
interaction energy (—4.840 eV) is found for the SFP in
dissociated form at the Fe (100) surface. The axis of the SFP
molecule for CsHsN, and CcHGINO,S is oriented by 90° and
61°, respectively at the Fe (100) plane (Figure S3). Vernack et
al.”? found a similar result for the interaction of MBT at the Cu
(111) plane. It was discovered that MBT can exhibit strong
adsorption in a perpendicular orientation on the Cu (111)
surface, bonded via the atom § at higher coverage. SFP binds
via the O and N atoms with O—Fe, O—Fe, and N—Fe bond
lengths of 1.963, 1.963, and 1.957 A, respectively (Figure 2).

3.1.1.4. Adsorption of SFT (CoHgN;0,S,). The S atoms of
SET are localized at the distance of 2.930 and 5.869 A after
applying the dispersion correction on the iron surface and not
making a bond to Fe atoms (fourth snapshot in Figure 2 and
Table 1). The O atoms of SFT accommodate at top sites
through bond lengths of 1.946 and 1.988 A at the Fe (100)
surface. The interaction energy of the SFT is —4.235 eV
(Table 1) after applying dispersion correction. The weak
adsorption of the SFT is attributed to one of the fragments not
bonded via the surface (Figure 2). The SFT, too, adsorbed in a

perpendicular position like SFP on the Fe (100) plane. After
the adsorption, tilt angles are 90° and 61° for the fragment
C;H;N,S and CcHGNO,S, respectively (Figure S3).

The complete dissociation process of the sulphonamides
shown in Figure 2 will be treated within the forthcoming work,
where the competitive effectiveness, ie., inhibitors-water,
inhibitors-acids, inhibitors-metals, will be theoretically consid-
ered as described by others.”””*”® Thus, only the molecular
adsorption mechanism of sulphonamides is presented here-
after.

3.1.2. Molecular Adsorption of Sulfacetamide (SFC),
Sulfamerazine (SFM), Sulfapyridine (SFP), and Sulfathiazole
(SFT). 1t is better to demonstrate the molecular adsorption in
the presence of acids and solvents present in the medium
described by SEM obtained in the experiment;”* however, the
dissociation of the sulphonamides reflects the stability of the
geometries. The interaction energy and the geometrical
parameters of the optimized geometries at the Fe (100)
surface for the SFC, SFM, SFP, and SFT molecules are
depicted in Table 2. The negative interaction energy (E,)

Table 2. Interaction Energy and Geometrical Parameters of
Optimized Geometries at the Fe (100) Surface in the
Molecular Form of the SEC, SEM, SEP, and SFT Molecules
Using the CASTEP Module at the DFT/DFT + D level®

molecule interaction interaction

(O-S—O energy DFT  energy DFT +  dg_p, (DFT)  ds_g, (DFT +
up) (=eV) D (-eV) (A) D) (A)
SEC 1.656 3.421 4.807 4.796
SEM 0.642 2.329 7.014 7.012
SFP 0.986 2912 5.881 5.878
SFT 2.727 4.733 5.450, 1.840 5.439, 1.835

“Where distances of S atom from the surface dg_, are in A.

illustrates the spontaneity of the adsorption phenomenon of
inhibiting molecules at the metal surface. The E;, for
molecular adsorption of the SFC, SEM, SFP, and SFT at the
Fe (100) surface using DFT functionals are —1.656, —0.642,
—0.986, and —2.727 V, respectively. All of the sulfonamide
molecules are chemically adsorbed at the Fe (100) surface. The
previous analysis indicates that a E; less than —20 kJ/mol
(—0.207 eV) on mild steel shows that the adsorption
mechanism is characterized by a physical nature; and more
than —40 kJ/mol (—0.415 eV), it occurs chemically.”>~"® The
top and side snaps of relaxed geometries for molecular
adsorption of the SFC, SEM, SFP, and SFT molecules at the Fe
(100) surface are depicted in Figure 3. The bond length of the
Fe—O in the SFC is of the order of 1.906 A; however, the
bonding length of the Fe—N is found to be 2.228 A (Figure 3).
Thus, the SFC adopted the orientation wherein the O atom is
closer than the N atom on the Fe surface. The SFM molecule
did not make a bond with the surface wherein the S atom sits
at 7.012 A from the surface (Table 2).

The SFP adsorbed covalently through C atoms at the top
site, and the bonding length of Fe—C is 2.171 A (Figure 3).
The SFT molecule makes a bond via S and N atoms at 2.301,
2.489, and 2.163 A, as shown in Figure 3. The total interaction
energy difference (AE) in Tables 1 and 2 for SFT is 0.498 eV
with D; however, the AE is only 0.212 eV without D.

For further geometrical information, the side view of the
plane for a tilt angle of the SFC, SFM, SFP, and SFT to the
iron surface is shown in Figure S4. The SFP and SFT adsorbed
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Figure 3. Top and side views for the relaxed structure of the molecular adsorption of the SFC, SFM, SFP, and SFT molecules at the Fe (100)
surface using the CASTEP module at the DFT + D level. In the neutral molecule, the red is O atoms. The yellow is S atoms. The light gray is C
atoms. The dark blue is N atoms. The light blue is Fe atoms, and the white is H atoms. The bond lengths are given in A.
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Figure 4. Relaxed geometries (left) of molecular adsorption and (right) variation in the interaction energy for the SFC, SFM, SFP, and SFT
molecules at the Fe (100) surface after applying 0.6 eV electric field using the CASTEP module at the DFT + D level. In the neutral molecule, the
red is O atoms. The yellow is S atoms. The light gray is C atoms. The dark blue is N atoms. The light blue is Fe atoms, and the white is H atoms.

The alphabets a—c in A are the bonds made with the surface.

at the Fe (100) surface shown in snapshot of Figure S3 make a
similar tilt angle from the surfaces. The orientation of the Z
axis for SFP and SFT is about 31° and 42°, respectively.
3.1.2.1. Molecular Adsorption of Sulfacetamide (SFC),
Sulfamerazine (SFM), Sulfapyridine (SFP), and Sulfathiazole
(SFT) with an Electric Field. Microbes at the surface influence
the corrosion rate; therefore, we applied an electric field on the
surface to understand the adsorption mechanism. In our
previous work,” we described the geometrical and electronic
densities of the iron for H, S, and SO, utilizing an electric field
for the adsorption on the Fe (100) surface. Electric field as a
microbe is chosen, on one hand, to avoid complexities and, on
the other hand, to avoid finding unavailable/inaccessible
structural information on the microbes to consider at the
DFT level. The optimized geometries (left) of the molecular
adsorption and (right) change in the interaction energy for the
SFC, SEFM, SFP, and SFT molecules at the Fe (100) surface
after applying 0—0.6 eV electric field are shown in Figure 4. On
the application of an electric field at the slab, the geometries of
the interacting molecules are the same as those without electric
field. We remind that the SFC plane lies at an angle of about

42°, 31° to the surface, with O and N atoms facing toward the
surface, which favors covalent bond formation between the
inhibitors and the Fe (100) surface. The SFP also makes a
covalent bonding via the C atom on the top site. The Fe—C
bond length is 2.227 A. Here, the Z axis of the SFP is angled
42° with the plane (Figure 4).

The interaction energies for molecular adsorption of the
SFC, SFM, SFP, and SFT at the Fe (100) surface using DFT +
D functionals are —7.972, —8.296, —7.993, and —9.129 eV,
respectively, after applying 0.6 eV electric field. This molecular
adsorption of sulfonamides resembles dissociative adsorption,
and the results obtained on Fe (100) surfaces by applying an
electric field showed that absolute interaction energy increases
with an increase in the electric field.

The interaction energy is dissimilar (presence/absence of
electric field), and we can believe that the microbial corrosion
inhibition mechanism to vary depends on the sulfonamides’
local bonding and interaction competency. The SFT molecules
have the highest interaction energy and therefore would be the
best microbial inhibition; however, it is extremely difficult to
distinguish between normal and microbial corrosion inhibitors
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HOMO (U

Figure 5. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for (a) SFC, (b) SFM, (c) SFP, and
(d) SFT using DFT at the DMole3 module. In the neutral molecule, the red is O atoms. The yellow is S atoms. The light gray is C atoms. The dark
blue is N atoms. The light blue is Fe atoms, and the white is H atoms. 1, 2, 3, and 4 are the atom indexes.

as both forms of corrosion occur simultaneously. The
interaction energy for the SFC, SFP, and SFT agglomerates
at a higher electric field (Figure 4, right).

3.2. Electronic Structure Analysis. For further insights
into the sulfonamides-Fe contacts, electronic structure analysis
of the SFC, SFM, SFP, and SFT is performed, which gives
significant information for reactive sites of the sulfonamides
and electron transfer with the substrate. We calculated the
various electronic descriptors for the sulfonamides and charge
analysis. We also plotted the density of states (DOS) for free
molecules and the adsorbing system. Furthermore, we
calculated the charge density variation (Ap) to confirm the
bonding mechanisms.

3.2.1. Electronic Descriptors. It is well-known that frontier
molecular orbitals govern the reactivity of sulphonamides.
HOMO/LUMO of sulfonamides is linked with the electron
donating/accepting capability of the molecule. However, the
energy of LUMO shows the capability of the inhibitors/
molecule to accept electrons. The lower value of the energy of
LUMO, the higher the probability; molecule would take
electrons.”’ HOMO and LUMO levels for the optimized
geometry of SFC, SEM, and SFT are shown in Figure S. From
all these figures, it is evident that SFC, SFM, SFP, and SFT
display electron-rich regions capable of sharing electrons to the
Fe (100) surface, which enhances their capability to inhibit
iron corrosion by establishing a molecule barrier. The quantum
chemical descriptors for SFC, SEM, SFP, and SFT are shown
in Table 3. Additional information is included in the
Supporting Information.

The estimated eigenvalues for HOMO of SFC, SEM, SFP,
and SFT molecules are —5.972, —5.547, —5.496, and —5.501
eV, respectively. These low occupied orbitals eigenvalues
denote that the electrons needed a little electrons volt of
energy to be ionized (i.e.,, +5.972 and +5.547 eV for SFC and
SEM, respectively) and therefore easily shared with the Fe
(100) surface. As anticipated, the HOMOs of SFC, SFM, SFP,
and SFT are mostly localized on the z-system of the benzene

Table 3. Estimated Chemical Descriptors (Quantum) for
the SFC, SFM, SFP, and SFT Using the DMole3 Module®

molecule SEC SEM SEP SET
experimental inhibition 38.42% 84.56% 76.84% 69.64%
efficiency”*
Eromo (eV) —5972  —5547  —5496  —5.501
Euovo (eV) —1794  —-1819  —1562 —1515
AE (eV) 4178 3728 3.934 3.986
1(eV) 5972 5.547 5.496 5.501
A (eV) 1.794 1.819 1.562 1.51S
x (eV) 3.883 3.683 3.529 3.508
7 (eV) 2.089 1.864 1.967 1.993
c 0.479 0.536 0.508 0.502
0] 3.609 3.639 3.166 3.087
of S5.811 5.713 5.176 5.090
Wy 1.928 2.030 1.647 1.582
AwfE 7.740 7.743 6.823 6.673
AE; 0 donation —0.522  —0466  —0492  —0.498
AN 0.028 0.085 0.120 0.123

“I is ionization potential, A is electron affinity, y is absolute
electronegativity, 7 is global hardness, o is global softness, @ is global
electrophilicity, @{ is electron accepting powers, w; is electron
donating power, AN is fraction of electrons transferred, and
AEp,ck—donation 18 €lectron back-donation.

ring (carbonyl group). LUMO for the SFM is concentrated
toward aromatic rings having N atoms (Figure S).
Furthermore, the energy gap (AE,,,) between HOMO and
LUMO of sulfonamides is a significant parameter that would
be estimated for inhibition of sulphonamides. The lower value
of the AE,, is linked with enhanced inhibition efficiency of the
sulphonamides.”””*" The SFM exhibits the smallest AEg,,
measured at 3.728 eV, while the SFC demonstrates the highest
AEg,, at 4.178 eV. This observation aligns well with the
experimental inhibition efficiency shown in Table 3.
Pearson”' proposed that in the inhibitors where the HOMO
is occupied with electrons, the electronegativity subdivides the
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Figure 6. DOS of molecular adsorption for (a) SFC, (b) SFM, (c) SFP, and (d) SFT of various atoms at the Fe (100) surface. E; denotes the Fermi
energy level (0 eV). S, N, and O are the heteroatoms of sulphonamides. 1, 2, 3, and 4 are the atom indexes depicted in Figure S.

AE,,, into two parts, and the addition of these parts presents
the chemical hardness. It is well-known from previous works
that global hardness (#) shows the resistance toward the
polarization of an electron cloud of atom/ion/molecules.*” In
addition, molecule/inhibitor with a high value of global
softness (6) would easily react and be adsorbed on the iron
surface. However, the molecule with a higher global hardness
value (lower global softness value) is anticipated to show lower
corrosion inhibition efficiency® (weak interaction). In the
present study, the global hardness of the SFC is the highest
(minimum global softness). The global hardness follows the
order of SFC > SFT > SFP > SEM, which agrees to
experimental inhibition efficiency.”* The high global softness
of 0.479, 0.536, 0.508, and 0.502 (Table 3) for SFC, SFM,
SFP, and SFT indicates that they are suitable candidates for
robust and efficient adsorption with the Fe (100) surface.

The SFM exhibits the smallest —AEyp, 4 _gonations Measured at
0.466, while the SFC demonstrates the highest—AE 4 _4onation
at 0.522. This observation also aligns well with the
experimental inhibition efficiency shown in Table 3. However,
Kokalj et al.** reported severe doubts about the direct link
between the molecular parameter of inhibitors and inhibition
efficiency.

Furthermore, the predicted fractions of electrons (AN)
transferred of the SFC, SFM, SFP and SFT are 0.028, 0.085,
0.120, and 0.123, respectively, showing the tendency of these
inhibitors to mutually share electrons at the Fe (100) surface.

38728

3.2.2. Population Analysis. Mulliken established an
intuitive method of subdividing molecules into atoms and
providing a combined treatment of the covalent bonds and
extreme ionic limits at a reasonable computational cost.** It is
commonly known that the numeric value of Mulliken
electronic charges on the atoms has little/no implication;
however, relative values of charges are meaningful.85 A negative
value implies antibonding, while a positive value implies a
bonding state. The N1 and N2 atoms of the SFC gain a charge
of 0.1 ¢ and 0.06 e, respectively, after the adsorption
(comparing free state and adsorbed state) at the Fe (100)
surface. The Mulliken negative charge of the SFM for the
atoms N1, N2, N3, and N4 before the adsorption was 0.88,
0.82, 0.45, and 0.45 €7, respectively; however, they become
0.73, 0.82, 0.35, and 0.38 €7, respectively, after the adsorption.
The O atoms of the sulphonamides (SFC, SFM, SFP, and
SFT) also gain a little Mulliken charge after the adsorption at
the Fe (100) surface. Alamiery et al.*® successfully used the
Mulliken analysis for theoretical study with adsorption of
thiosemicarbazide for determining the inhibition adsorption
site. They found that increased electronegativity around
heteroatoms (S, N, and O) favors the adsorption. A significant
change in the charges (0.28 ¢~ to 0.03 ¢”) occurs for the S2
atom of the SFT molecule.

3.2.3. Electron Density. The DOS for sulphonamides
demonstrates the spreading of electrons on the energy scale
which is crucial to electrical conductivity®” of the components
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Table 4. Atomic Charges (Mulliken) for the Molecular Adsorption of SFC, SFM, SFP, and SFT of Various Atoms at the Fe

(100) Surface”

free state adsorbed state
N1 N2 N3 N4 01 02 03 S1 S2 NI N2 N3 N4 01 02 03 S1 S2
molecule (=€) (=€) (e7) (=€) (=e?) (e7)
SFC 0.88 0.85 091 091 0.55 2.15 0.78 0.79 0.90 091 0.53 2.13
SFEM 0.88 0.82 0.45 0.45 0.90 0.93 2.15 0.73 0.82 0.35 0.38 0.88 0.92 2.16
SFP 0.88 0.82 0.43 0.90 0.93 2.15 0.74 0.78 0.42 0.88 0.92 2.14
SET 0.88 0.81 0.42 0.88 0.93 2.15 0.28 0.76 0.81 0.38 0.88 091 2.13 0.03
“S, N, and O are the heteroatoms of sulphonamides. 1, 2, 3, and 4 are the atom indexes depicted in Figure S.
- 5.000e1
- 3500e1
- 20001
- 5.000e2
- -1.000e-1

Figure 7. Ap (side view) for molecular adsorption of SFC, SFM, SFP, and SFT at the Fe (100) surfaces. A slice is sketched through sulfur atom S1
and depicted as a top view. At the scale (right), the blue section indicates charge depletion, and the red section indicates charge accumulation.

in the corrosive (electrochemical) environment. For funda-
mental understanding of inhibition, the DOS of sulfonamides
in the adsorbed state is compared with the isolated (free) state.
The DOS of the SFC, SFM, SFP, and SFT molecules for the
heteroatoms (S, N, O) is shown in Figure 6. The zero value on
the energy scale is the Fermi energy level. The first peak in free
state of nitrogen atoms NI and N2 for the SFC occurs near
zero and —1.30 eV, respectively; however, it shifted to
—1.09and —2.20 eV after adsorption on the energy scale.
The DOS of the SI atom in sulphonamides (SFC, SFM, SFP,
andSFT) experiences a minor shift, while the S2 atom in the
SFT undergoes a significant change. A similar finding is
observed in the Mulliken charge analysis detailed in Table 4,
showcasing an alteration of around 0.02eV for SI and a 0.25
eV change for S2 atom. The shift of the DOS toward a low
energy level for the SFC, SFM, SFP, and SFT atoms implies
the stabilization of sulphonamides at the Fe (100) surface. The
energy shift in atomic orbitals is alike to the alkanethiol
molecule adsorbed at the iron surface.*” The first peak of
oxygen atoms OI and O2 for the SEM shifted by 0.73 and 0.61
eV, respectively, toward lower energy on the DOS scale. Jibiao
et al.*” demonstrated that the Fe (100) valence band had a key
role in the adsorbate-Fe interaction.

3.2.4. Electron Density Difference. To get further details for
the charge distribution of inhibitors, electron density difference

(Ap) is computed at an iso-surface of +0. l%for sulfonamides.

The Ap value is estimated using eq 3.

Ap = pironslab/x - (pironslab + /?x) (3)

where x corresponds to inhibiting species such as SFC, SEM,
SFP, and SFT molecules, p;.nsab/x is the electron density (ED)
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of the Fe slab with inhibiting species x, p;.onq.p is the ED of the
clean surface of the Fe slab, and p, is the ED of species x in a
free state. The Ap for molecular adsorption of SEC, SFM, SFP,
and SFT at the Fe (100) surfaces is shown in Figure 7. A
significant change in the charges around the adsorbing
sulfonamides demonstrates strong inhibition of these mole-
cules at the Fe (100) surface (Figure 7).

Furthermore, a clear depiction can be drawn from the slice
sketched parallel to the surface, as shown in the top view of
Figure 7. In such a map, electron-poor sites are designated with
blue on the scale, electron-rich sites are red-colored, and sites
with yellow show moderate charge density. For the inhibitors
contacting the Fe (100) surface and suppressing corrosion
reaction, there is an electron-deficient area more than electron-
rich ones for inhibitors on the adsorbing surface (the situation
is reversed for the Fe slab). The drawn surfaces shown in
Figure 7 indicate that the distribution of colors leads to blue >
yellow> red. The maps of SFC and SFT are portrayed by
electron-deficient regions much more (broader blue area) than
those of SEM and SFP. This agrees with the interaction energy
order of SFM < SFP < SFC < SFT. The yellow regions are
concentrated around the oxygen atoms, which agrees with the
order of the electron density difference (side view in Figure 7)
on the Fe surface.

4. CONCLUSIONS

The adsorption of the four corrosion inhibitors, SEC, SFM,
SFP, and SFT, was performed using DFT. The DFT-based
quantum calculations provide a greener pathway for under-
standing the complexity of microbial corrosion without
discharging any environmentally harmful chemicals. The
electric field (novel approach) in the z-direction is applied to
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understand the inhibition effectiveness of these molecules from
microbial corrosion at the Fe (100) surface. Associated with
the corrosion inhibitor molecules, these results explain the
substantially improved inhibition efficacy against the MIC. The
interaction energy in the absence of electric field for the
molecular adsorption utilizing the DFT + D functional of the
SEC, SFM, SFP, and SFT at the Fe (100) surface is —3.421,
—2.329, —2.912, and —4.733 eV, respectively. It becomes
—7.972, —8.296, —7.993, and —9.129 eV, respectively, after
applying 0.6 eV of an electric field. The exceptional increase in
the interaction energy of inhibitors at the Fe surface and
models studied confirmed the reliability of the inhibition
effectiveness from the microbes. A comparison of the
inhibition efficiency of SFC, SFM, SFP, and SFT studied in
this work suggests that their inhibition effect is closely linked
to electronic descriptors such as HOMO, LUMO, ionization
potential, absolute electronegativity, global softness, global
electrophilicity, fraction of electrons transferred, and electron
back-donation. The global softness follows the order of SFC <
SFT < SFP < SEM, which agrees with the experimental
inhibition efficiency. The downward shift (lower energy) in the
density of states for the SFC, SFM, SFP, and SFT atoms
indicates that these species are stabilized at the Fe surface. This
is also confirmed by electron density difference maps of the
SFC, SFM, SFP, and SFT, which are illustrated by electron-
deficient regions much more (broader blue area) than those of
electron abundance regions (red area). Furthermore, the
negative sign of the interaction energy, HOMO values, and
other thermodynamic parameters calculated suggest that the
adsorption mechanism is chemisorption.

Investigating the interaction of sulfonamide at an atomistic
scale, particularly the mechanism of bond formation, helps
understand the protection from initiating localized corrosion.
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