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Abstract: Corrosion is a serious concern for the oil and construction industries. Controlling corrosion,
therefore, remains essential in a bid to reduce costs and save lives. The anti-corrosion potentials of
seven Furan-based Carbohydrazide derivatives were investigated using the density functional theory
(DFT) approach and Monte Carlo (MC) simulation. The energies of the frontier molecular orbitals
(FMOs) like the lowest unoccupied molecular orbital energy (EiLumo), highest occupied molecular
orbital energy (Enomo), energy gap (Eg), number of transferred electrons (AN), and other reactivity
descriptors were computed at DFT/B3LYP/6-31G(d) level of theory. The reactive sites were determined
using Fukui indices and molecular electrostatic potential (MESP) surface analysis. The adsorption
behavior of the compounds on the Fe (110) surface was investigated in hydrochloric acid solution using
MC simulation. The compounds displayed corrosion inhibition potentials as rationalized by their high
Enomo, A, 6, AN, AEpack-donation, and 1ow Eg, ELumo, |, and 1. This is because they showed the ability to
donate electrons to the metal’s d-orbital while also accepting electrons via back-donation, as revealed
by the MESP surface analysis. The MC simulation revealed good interaction between the compounds
(inhibitors) and Fe(110) surface in the HCI medium. These compounds could be used as inhibitors of
corrosion in the manufacturing industries.

Keywords: anti-corrosion; density functional theory; Fukui descriptor; carbohydrazides; Monte Carlo
simulation.

© 2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Acid solutions are used for industrial cleaning, oil well acidizing, and descaling of metal
parts; however, these metals corrode as they come in contact with acids [1]. Corrosion of metals
is a serious industrial and economic problem that needs tackling because the lives lost and the
amount of money wasted on corrosion damage is disturbing [2]. The debilitating effects of
metal corrosion are felt by marine, construction, aircraft, transport, oil, and chemical industries
[3]. Different methods adopted in the past could not withstand the test of time [4] as better
methods came to replace them, one of which is corrosion inhibitors [5,6]. Organic corrosion
inhibitors are preferred to metal complexes and organometallic compounds because of lower
toxicity, easier preparation and application, and extensive n-conjugative architecture, which
promotes the reactivity of the molecules [7-10]. Inhibition of corrosion by organic molecules
(inhibitor) is by adsorption of the inhibitor to the metal via electron donation and back-donation
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[11-13]. Preferred molecules are molecules with m—conjugation, and heteroatoms (O, N, S,
and/or P) [14,15]. Recent corrosion prevention and control advances focus on discovering new
organic molecules by structurally modifying the existing ones for better inhibition efficiency.
Some furan-based carbohydrazide derivatives (Fig. 1) with furan units were synthesized,
characterized, and reported for their anticancer activity [16]. However, owing to the molecular
structures and the presence of heteroatoms, the molecules were further investigated for their
ability to inhibit the corrosion of metals based on theoretical principles. Researchers have
employed density functional theory (DFT) methods to explore molecular structures, properties,
and possible applications, including corrosion inhibition potentials [17-21]. Prediction of
metal-inhibitor interactions and adsorbate-substrate adsorption energy can be achieved using
Monte Carlo (MC) simulations [6,22].

Therefore, this work sought to investigate the anti-corrosive potentials of some
carbohydrazide derivatives based on furan units using calculated frontier molecular orbitals
(FMOs), reactivity descriptors, and electrostatic potential (MESP) maps, Fukui indices, and
adsorption energies of the inhibitor-metal complexes.
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Figure 1. Structures of some furan-based carbohydrazide derivatives. A (R1=F, R,=OCHs), B (R1=F, R, =
F),C=(R1=Cl,R;=CH3),D=(R1=Cl,R,=0CH3), E=(R1 =F,R2=NO), F=(Ri1=F, R, =CI),G=(R: =
C|, Rz = NOz)

2. Materials and Methods

2.1. Quantum chemical calculations.

The most stable conformers of Carbohydrazide derivatives with furan units were
optimized using DFT with an unrestricted hybrid HF-DFT self-consistent field with Pulay’s
DIIS and direct geometric minimization [23] with Spartan 14 software [24]. The FMO energies
(Enomo and ELumo) were calculated at the B3LYP/6-31G(d) theoretical level [25]. From the
FMO energies, the energy band gap, Eq (Eg. 1), electron affinity, A (Eq. 2), ionization potential,
I (Eq. 3), chemical hardness, n (Eq. 4), softness, 6 (Eq. 5), electronegativity, x (Eq. 6) and
electrophilicity, o (Eq. 7) were all calculated [26]. The theory of inhibition stems from the
adsorption of inhibitor molecules on metal surfaces, which is possible by electron transfer from
the HOMO orbitals of the inhibitor to the vacant d-orbitals of the metal. The number of
electrons transferred (AN) was estimated using equation 8, where Xerq: @Nd Xinpn are the
electronegativities of the metal and the inhibitor while 1n,,0¢q; @and 1;,, represent the chemical
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hardness of the metal and the inhibitor, respectively. The theoretical value of 7 ¢V for yFe and
0 eV for nFe [27]. The back-donation of charges was also calculated (Eq. 9). The HOMO,
LUMO, and MESP maps were plotted.

E¢=ELumo — Enomo 1
A =-ELumo 2
| = -Enomo 3
_i-a
== 4
c== 5
n
1+A
Y °
2
o=% 7
2n
AN = X metal— X inh 8
2(MFe*tMinn)
AEback-donation = - ;_] 9

Sites prone to nucleophilic and electrophilic attacks are determined using the Fukui
analysis via dual descriptors [28,29]. The anionic state of the molecule has a charge qk(N+1)
on each of its atoms, while the cationic state of the molecule has a charge gk(N-1) on each of
its atoms. The neutral state of the compound has a charge gk(N) on each of its atoms. The Fukui
indices for nucleophilic and electrophilic attacks and the dual descriptor, fi*, fi, and Afi(r),
respectively, are calculated using Egs. 10-12.

fi* = [q(N+1) — g« (N) for nucleophilic attack 10
fic = [q«(N) — gk (N-1) for electrophilic attack 11
Afi(r) = fk* - Tk 12

2.2. Monte Carlo simulation.

Adsorption progress of the molecules was investigated by MC simulation using the
adsorption locator module on Material Studio 2017 software using Fe (110) as a standard metal
surface owing to plane miller indices [30] which suffice while searching for surfaces with well-
packed structure and good stability [31]. The compounds (A-G) were optimized with Forcite,
while the surface of the metal was modeled (10x10 supercell; vacuum thickness = 30 A; box
volume = 6). Five annealing cycles (50000 steps per cycle) were used to calculate fine-quality
adsorption [6]. The MC simulation on optimized low-energy Fe (110) was performed using
water and HCI media to mimic a real-life setting. The molecules were adsorbed on Fe (110)
surface using an adsorption locator module with a COMPASS forcefield. The adsorption
energy was calculated [6,22].

3. Results and Discussion

3.1. FMOs and reactivity descriptors.

The anti-corrosion  potentials  of  4-Fluoro-N-[4-(5-(2-(4-methoxybenzoyl)
hydrazinecarbonyl) furan-2-yl) phenyl] benzamide and its derivatives (A-G) were examined
using the FMOs and the global reactivity descriptors obtained from quantum mechanical
calculations. The HOMO energy represents how a molecule can transfer electrons to available
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metal orbitals, while the LUMO energy represents electron-accepting ability from the metal’s
valence orbitals [5]. From table 1, the HOMO energies of the compounds are in the following
order: A>D>C>B>F>E>G. The high HOMO energies of A, D, and C may arise from
the electron-donating ability of the methoxyl (OCH3) and methyl (CHs) groups in the moieties.
They (A, D, and C) tend to donate electrons to the metal’s low-lying d-orbitals than other
derivatives. The LUMO energies of the compounds follow the order A>B>D>C>F>E
> (), with compounds G and E displaying the most stabilized LUMO energy due to their ability
to accept electrons from their nitro substituent (NO2). Their reactivity and chemical stability
are described by their energy band gap (Eg) values. If the distance between the two FMOs
(Enomo and ELumo) is close (low energy gap), then the molecules are termed highly reactive.
At the same time, low reactivity is associated with a high energy gap [6]. High reactivity
improves the anti-corrosion efficiency of a compound on the surface of the metal [32].
Compounds E and G have the lowest energy band gap values of 2.77 and 2.79 eV, respectively,
implying that they are the most reactive and least stable. The order of the energy gap is B > A
>F>C>D>G>E. They, therefore, have the capacity as the best anti-corrosive agents among
all the derivatives investigated. In the same vein, the ionization potential, I, and electron
affinity, A, describe the inhibition efficiency of molecules. From table 1, the chemical potential
of compound G (5.83 eV) is the highest, indicating that its ability to donate electrons is the
least. In comparison, compound A (5.52 eV) has the highest ability to donate electrons owing
to its lowest chemical potential. The order with which the molecules can donate electrons is as
follows: A>D > C >B >F > E > G; this could be a result of the destabilization of the HOMO
by electron-donating —CHs and OCHs in compounds A, D, and C [33].

Other reactivity parameters include chemical hardness, softness, electronegativity,
electrophilicity, the fraction of electrons transferred, and back-donation (table 1). Molecules
with a high energy gap are termed hard, while those with a low energy band gap are termed
soft molecules. A high softness value indicates that the molecule is easily reactive, making
them better candidates as anti-corrosive agents [34]. The order of the chemical hardness is the
same as that of the energy band gap since they are directly proportional to each other, while
the order for softness is in the reverse order: E>G >D >C >F > A > B as it is an inverse of
the chemical hardness. Compounds E and G are expected to exhibit the best corrosion inhibitive
potentials given the values of their energy band gap, chemical hardness, and global softness.
The low global hardness and the relatively high electronegativity enhanced the electrophilicity
of compounds E and G. This may be attributed to the significant stabilization of the LUMO by
the nitro groups on compounds E and G. Also, the global electronegativities of compounds E
and G are less than that of iron, indicating the effective transfer of an electron to the metal [35].
AN accounts for a molecule’s anti-corrosive efficiency by transferring electrons to the metal’s
surface. The order AN follows is: E> G > D > A > C > B > F. It suffices to conclude that all
of the investigated molecules donate electrons, with molecules E (0.94) and G (0.92) having
the highest values; this is indicative that they have the best potentials to inhibit corrosion. One
of the bases of corrosion is that inhibitors and the metal interact via donation and back donation
of electrons. AEpack-donation 1S in the range -0.348 to -0.485 eV (Table 1). All the compounds are
energetically favored due to the negative values of their AEpack-donation.
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Table 1. Quantum chemical parameter of the molecules.

Molecules | Epomo(eV) | Eiumo(eV) E, (V) 1 (eV) A (eV) 1 (eV) 6 (eV?) X (eV) o (eV) AN AEpack-donation (€V)
A -5.52 -1.66 3.86 5.52 1.66 1.93 0.518 3.59 3.34 0.88 -0.483
B -5.62 -1.75 3.87 5.62 1.75 1.94 0.515 3.69 3.52 0.86 -0.485
C -5.59 -1.79 3.80 5.59 1.79 1.90 0.526 3.69 3.58 0.87 -0.475
D -5.56 -1.77 3.79 5.56 1.77 1.90 0.526 3.67 3.55 0.88 -0.475
E -5.79 -3.02 2.77 5.79 3.02 1.39 0.719 441 7.02 0.94 -0.348
F -5.65 -1.80 3.85 5.65 1.80 1.93 0.518 3.73 3.61 0.85 -0.483
G -5.83 -3.04 2.79 5.83 3.04 1.40 0.714 444 7.06 0.92 -0.350

3.2. HOMO and LUMO maps.

The optimized structures (figures 2a, Sla, S2a, S3a, S4a, S5a, and S6a), the HOMO
maps (figures 2b, S1b, S2b, S3b, S4b, S5b, and S6b) and the LUMO maps (figures 2c, Sic,
S2c¢, S3c, S4c, S5¢, and S6c) are presented. The HOMO map (fig. 2b) of compound A spreads
across the hydrazine through furan-2-yl to the phenyl and the amide nitrogen and oxygen
groups, while the LUMO map (fig. 2¢) spreads across the hydrazinecarbonyl through furan-2-
yl to the phenylbenzamide groups. The HOMO map (fig. S1b) of compound B spreads across
the hydrazinecarbonyl through furan-2-yl to the phenyl and the amide nitrogen and oxygen
groups, while the LUMO map, like molecule A (fig. S1c), spreads across the hydrazinecarbonyl
through furan-2-yl to the phenylbenzamide groups. The HOMO map (fig. S2b) of compound
C, like in B, spreads across the hydrazine through furan-2-yl to the phenyl and the amide
nitrogen and oxygen groups, while the LUMO map, like molecules A and B (fig. S2c) spreads
across the hydrazinecarbonyl through furan-2-yl to the phenylbenzamide groups. The HOMO
map (fig. S3b) of compound D, like molecule A, spreads across the hydrazine through furan-
2-yl to the phenyl and the amide nitrogen and oxygen groups, while the LUMO map (fig. S3c)
spreads across the hydrazinecarbonyl through furan-2-yl to the phenylbenzamide groups. The
HOMO map (fig. S4b) of compound E spreads across the hydrazine through furan-2-yl to the
phenyl and the amide nitrogen and oxygen groups, while the LUMO map (fig. S4c) spreads
across the other part of the molecule (nitrobenzoyl and hydrazine) groups. The LUMO map of
compound E confirms the stabilization on the orbital brought about by the electron-
withdrawing nitro substituent. The HOMO map (fig. S5b) of compound F spreads across the
hydrazine through furan-2-yl to the phenyl and the amide nitrogen and oxygen groups, while
the LUMO map (fig. S5c) spreads across almost every part of the molecule, save for the
chlorine atom and some phenyl carbons. The HOMO map (fig. S6b) of compound G, like
compound E, spreads across the hydrazine through furan-2-yl to the phenyl and the amide
nitrogen and oxygen groups, while the LUMO map (fig. S6c) spreads across the other part of
the molecule (nitrobenzoyl and hydrazine) groups. The LUMO map of compound G also, like
in E, confirms the stabilization on the orbital brought about by the electron-withdrawing nitro
substituent.

3.3. MESP analysis.

The MESP maps help to understand the electron-rich and electron-deficient parts of
molecules [32]. From the legend in figure 3, the blue and green regions (positive parts) of the
map indicate the sites that favor nucleophilic attack, while the red and orange regions (negative
parts) are sites that favor an electrophilic attack. The methoxybenzoyl ring, hydrazine, furan,
and the phenyl hydrogen atoms favor nucleophilic attack, during the heteroatoms on the
hydrazine carbonyl and furan ring favor an electrophilic attack. Also, some of the furan and
phenyl carbons favor an electrophilic attack. The same observation was seen in other molecules
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(Figs S7-12). Molecule C, in addition, has nucleophilic sites at its benzamide carbons and an
electrophilic site at its chlorine atom.

Figure 2. Optimized structure, HOMO, and LUMO Maps of A.
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Figure 3. MESP map of compound A.

The reactive sites in the molecules were determined by investigating the Mulliken
charge distribution. Non-hydrogen Mulliken charges were recorded for the neutral, cationic,
and anionic species of all compounds as earlier described in equations 10 — 12 and presented
in tables 2, S1, S2, S3, S4, S5, and S6. For molecule A (table 2), C2s has the highest fi* value
(0.006) with a positive Afk value (0.006); hence the site preferred for a nucleophilic attack,
while the maximum fx~ value is at Cs3 (0.016) and a negative Afx value (—0.006), hence the
favorite site for electrophilic attack. For molecule B (table S1), C24 has the highest fi* value
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(1.114) with a positive Afk value (2.268), hence favoring nucleophilic attack, while the
maximum fi value is at C12 (0.01) and a negative Afk value (—0.025), suggesting that it favors
electrophilic attack. For molecule C (table S2), C2s has the highest fi* value (0.367) with a
positive Afk value (0.74), indicating that it favors nucleophilic attack while the maximum fi~
value is at C17 (0.389) and a negative Afi value (—0.829) suggesting that it favors electrophilic
attack. For molecule D (table S3), Cs3 has the highest positive values for fi" value (0.009) and
fi", with Afk value (-0.008) indicating Css favors both nucleophilic and electrophilic attack. For
molecule E (table S4), Cas has the highest fi" value (0.049) with a positive Afi value (0.0.045),
indicating that it favors nucleophilic attack while the maximum fi~ value is at C12and Co6 (both
0.017). Negative Afi values of —0.026 and -0.034 respectively, suggesting that it favors
electrophilic attack. For molecule F (table S5), C1 has the highest fi" value (0.004) with a
positive Afi value (0.002), indicating that it favors nucleophilic attack while the maximum fi~
value is at C12 (0.011) and a negative Afk value (—0.024), suggesting that it favors electrophilic
attack. For molecule G (table S6), Czs has the highest fi" value (0.05) with a positive Afi value
(0.046), indicating it is the favorite site for a nucleophilic attack, while the maximum fi~ value
is at C12 (0.018) and a negative Afk value (—0.028), hence it is the site most likely to favor an
electrophilic attack.

Table 2. Fukui parameters from the Mulliken atomic charges of A.

Atoms Qk (N+1) Q«k Qx (N-1) Fi* Fi AFk
Co 0.538 0.578 0.583 -0.04 -0.005 -0.035
C1l 0.065 0.06 0.058 0.005 0.002 0.003
C2 -0.17 -0.152 -0.144 -0.018 -0.008 -0.01
C3 -0.203 -0.201 -0.198 -0.002 -0.003 0.001
C4 0.353 0.391 0.405 -0.038 -0.014 -0.024
C5 -0.203 -0.202 -0.199 -0.001 -0.003 0.002
C6 -0.204 -0.186 -0.181 -0.018 -0.005 -0.013
o7 -0.572 -0.507 -0.474 -0.065 -0.033 -0.032
N8 -0.74 -0.743 -0.738 0.003 -0.005 0.008
C9 0.349 0.373 0.402 -0.024 -0.029 0.005
C10 -0.175 -0.169 -0.153 -0.006 -0.016 0.01
Cl1 -0.201 -0.189 -0.165 -0.012 -0.024 0.012
C12 0.07 0.087 0.077 -0.017 0.01 -0.027
C13 -0.191 -0.177 -0.151 -0.014 -0.026 0.012
Cl4 -0.209 -0.203 -0.191 -0.006 -0.012 0.006
015 -0.554 -0.524 -0.517 -0.03 -0.007 -0.023
C16 0.298 0.321 0.335 -0.023 -0.014 -0.009
C17 -0.223 -0.217 -0.176 -0.006 -0.041 0.035
C18 -0.192 -0.185 -0.152 -0.007 -0.033 0.026
C19 0.312 0.322 0.341 -0.01 -0.019 0.009
C20 0.474 0.547 0.566 -0.073 -0.019 -0.054
021 -0.61 -0.553 -0.519 -0.057 -0.034 -0.023
N22 -0.466 -0.465 -0.426 -0.001 -0.039 0.038
N23 -0.479 -0.473 -0.45 -0.006 -0.023 0.017
C24 0.552 0.565 0.587 -0.013 -0.022 0.009
C25 0.08 0.074 0.074 0.006 0 0.006
C26 -0.19 -0.185 -0.176 -0.005 -0.009 0.004
Cc27 -0.18 -0.178 -0.172 -0.002 -0.006 0.004
C28 0.373 0.387 0.402 -0.014 -0.015 0.001
C29 -0.202 -0.201 -0.194 -0.001 -0.007 0.006
C30 -0.178 -0.168 -0.154 -0.01 -0.014 0.004
031 -0.566 -0.545 -0.525 -0.021 -0.02 -0.001
032 -0.511 -0.502 -0.48 -0.009 -0.022 0.013
C33 -0.209 -0.219 -0.235 0.01 0.016 -0.006
F34 -0.32 -0.289 -0.269 -0.031 -0.02 -0.011
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3.5. Monte Carlo simulation.

The total energy (Evot), adsorption energy (Eads), rigid adsorption energy (Erigid), and
deformation energy (Eper) Of the compounds under investigation on Fe(110) surface are
presented (Table 3). The Eot0f the compounds follows: E>C>B>D > A >F > G. All values
indicate that the compound’s adsorption on the metal surface is thermodynamically stabilized,
with E the best. The compounds also have low adsorption energy, indicating that they can
prevent or slow down the corrosion process. The Eags follows: E>C>B>D>F> G > A.
Eads is the sum of the Erigia and Eper. The Erigia is the energy released when the unrelaxed
adsorbate components are adsorbed on Fe(110), while the Epet is the energy released when the
adsorbate components have relaxed on Fe(110) [36]. Figures 4 a and b show both views of
adsorbed compound A on the metal surface in HCI, while those of compounds B to G are
presented in figures S12-17. All molecules displayed good surface coverage on Fe(110). The
negative AEpack-donation Values from DFT calculation imply that the inhibitors accept electrons
via back donation; this is buttressed by the parallel arrangement of the compounds on Fe(110)
via covalent and non-bonded interactions [31,37].

Table 3. Monte Carlo simulation results for Fe(110)-inhibitor systems.

System Evot (kcal/mol) Eads (kcal/mol) Erigid (kcal/mol) Eper (kcal/mol)
Fe(110)-inh A -11034.24 -13719.09 -11474.49 -2244.59
Fe(110)-inh B -10920.27 -13068.52 -11342.45 -1685.68
Fe(110)-inh C -10916.07 -13032.45 -11340.58 -1691.87
Fe(110)-inh D -10936.08 -13100.70 -11404.67 -1696.03
Fe(110)-inh E -10823.33 -12981.00 -11264.24 -1716.77
Fe(110)-inh F -11187.81 -13330.93 -11630.45 -1700.48
Fe(110)-inh G -11197.44 -13350.36 -11657.43 -1692.93

(b)

Figure 4. Monte Carlo simulation of adsorption of compound A on Fe(110) surface (a) side view (b) top view.

4. Conclusions

The corrosion inhibition potentials of seven furan-based Carbohydrazide derivatives
were investigated using DFT and MC simulations. The compounds displayed a low energy
gap, global hardness, high electron affinity, and global softness. Sites that (i) donate electrons
to vacant d-orbitals of the metal and (ii) accept electrons from the metals via back donation
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were revealed by the Fukui local reactivity indices and the molecular electrostatic potential
(MESP) map. The HOMO and LUMO maps revealed asymmetric distribution of charge. Also,
the MESP surface analysis revealed that the methoxybenzoyl ring, hydrazine, furan, and the
phenyl hydrogen atoms favor nucleophilic attack, while the heteroatoms on the hydrazine
carbonyl and furan ring favor electrophilic attack majorly in all compounds. Strong adsorption
of the compounds and effective surface coverage of the molecules on Fe(110) surface were
revealed by the Monte Carlo (MC) simulation. The negative AE pack-donation Values from DFT
calculation imply that the inhibitors accept electrons via back donation, buttressed by the
parallel and proximal arrangement of the compounds on Fe(110) via covalent and nonbonded
interactions.
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Figure S2. (a) Optimized structure (b) HOMO Map (c) LUMO Map of C.
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Figure S3. (a) Optimized structure (b) HOMO Map (c) LUMO Map of D.

Figure S4. (a) Optimized structure (b) HOMO Map (c) LUMO Map of E.
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Figure S6. (a) Optimized structure (b) HOMO Map (c) LUMO Map of G.
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Figure S9. MESP map of compound D.
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Figure S12. MESP map of compound G.

Table S1. Fukui parameters from the Mulliken atomic charges of B.

Atoms Qk (N+1) Qx (N) Qx (N-1) Fi* Fy AFx
Co 0.541 0.578 0.584 -0.037 -0.006 -0.031
C1 0.065 0.06 0.058 0.005 0.002 0.003
C2 -0.169 -0.152 -0.143 -0.017 -0.009 -0.008
C3 -0.203 -0.201 -0.197 -0.002 -0.004 0.002
C4 0.356 0.391 0.407 -0.035 -0.016 -0.019
C5 -0.203 -0.202 -0.198 -0.001 -0.004 0.003
C6 -0.203 -0.186 -0.18 -0.017 -0.006 -0.011
o7 -0.567 -0.507 -0.469 -0.06 -0.038 -0.022
N8 -0.739 -0.743 -0.735 0.004 -0.008 0.012
C9 0.349 0.374 0.406 -0.025 -0.032 0.007

C10 -0.175 -0.169 -0.15 -0.006 -0.019 0.013
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Atoms Qk (N+1) Qx (N) Qx (N-1) Fi* Fy AFx
Cl1 -0.201 -0.189 -0.162 -0.012 -0.027 0.015
C12 0.072 0.087 0.077 -0.015 0.01 -0.025
C13 -0.191 -0.177 -0.147 -0.014 -0.03 0.016
C14 -0.208 -0.203 -0.188 -0.005 -0.015 0.01
015 -0.553 -0.524 -0.514 -0.029 -0.01 -0.019
C16 0.298 0.322 0.334 -0.024 -0.012 -0.012
C17 -0.222 -0.216 -0.169 -0.006 -0.047 0.041
C18 -0.193 -0.184 -0.152 -0.009 -0.032 0.023
C19 0.314 0.322 0.345 -0.008 -0.023 0.015
C20 0.475 0.547 0.573 -0.072 -0.026 -0.046
021 -0.609 -0.552 -0.517 -0.057 -0.035 -0.022
N22 -0.465 -0.466 -0.433 0.001 -0.033 0.034
N23 -0.477 -0.471 -0.454 -0.006 -0.017 0.011
C24 0.548 -0.566 0.588 1.114 -1.154 2.268
C25 0.079 0.074 0.074 0.005 0 0.005
C26 -0.168 -0.157 -0.147 -0.011 -0.01 -0.001
c27 -0.205 -0.203 -0.2 -0.002 -0.003 0.001
C28 0.371 0.391 0.408 -0.02 -0.017 -0.003
C29 -0.204 -0.202 -0.199 -0.002 -0.003 0.001
C30 -0.187 -0.18 -0.174 -0.007 -0.006 -0.001
031 -0.566 -0.539 -0.518 -0.027 -0.021 -0.006
F32 -0.31 -0.29 -0.266 -0.02 -0.024 0.004
F33 -0.318 -0.288 -0.266 -0.03 -0.022 -0.008

Table S2. Fukui parameters from the Mulliken atomic charges of C.

Atoms Qx (N+1) Qx (N) Qx (N-1) Fy* Fy AFx
COo 0.534 0.578 0.582 -0.044 -0.004 -0.04
Cl 0.064 0.062 0.059 0.002 0.003 -0.001
C2 -0.166 -0.147 -0.139 -0.019 -0.008 -0.011
C3 -0.139 -0.135 -0.132 -0.004 -0.003 -0.001
C4 -0.081 -0.06 -0.058 -0.021 -0.002 -0.019
C5 -0.137 -0.134 -0.131 -0.003 -0.003 0
C6 -0.201 -0.182 -0.178 -0.019 -0.004 -0.015
o7 -0.572 -0.505 -0.468 -0.067 -0.037 -0.03
N8 -0.742 -0.741 -0.735 -0.001 -0.006 0.005
C9 0.356 0.372 0.404 -0.016 -0.032 0.016
C10 -0.174 -0.168 -0.151 -0.006 -0.017 0.011
Cl1 -0.199 -0.19 -0.164 -0.009 -0.026 0.017
C12 0.072 0.088 0.077 -0.016 0.011 -0.027
C13 -0.189 -0.177 -0.149 -0.012 -0.028 0.016
C14 -0.209 -0.203 -0.189 -0.006 -0.014 0.008

015 -0.549 -0.523 -0.516 -0.026 -0.007 -0.019
C16 0.302 0.322 0.336 -0.02 -0.014 -0.006
C17 -0.223 0.217 -0.172 -0.44 0.389 -0.829
C18 -0.191 -0.185 -0.152 -0.006 -0.033 0.027
C19 0.313 0.323 0.343 -0.01 -0.02 0.01
C20 0.482 0.543 0.569 -0.061 -0.026 -0.035
021 -0.601 -0.55 -0.516 -0.051 -0.034 -0.017
N22 -0.466 -0.465 -0.425 -0.001 -0.04 0.039
N23 -0.474 -0.469 -0.452 -0.005 -0.017 0.012
C24 0.545 0.56 0.591 -0.015 -0.031 0.016
C25 0.078 0.075 0.075 0.003 0 0.003
C26 -0.162 -0.155 -0.145 -0.007 -0.01 0.003
c27 -0.188 -0.186 -0.178 -0.002 -0.008 0.006
C28 0.182 -0.185 0.188 0.367 -0.373 0.74
C29 -0.189 -0.186 -0.183 -0.003 -0.003 0
C30 -0.185 -0.18 -0.172 -0.005 -0.008 0.003
031 -0.559 -0.539 -0.517 -0.02 -0.022 0.002
C32 -0.529 -0.532 -0.537 0.003 0.005 -0.002
CI33 -0.084 -0.008 0.04 -0.076 -0.048 -0.028
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Table S3. Fukui parameters from the Mulliken atomic charges of D.

Atoms Qk (N+1) Qk (N) Qk (N-1) Fi* Fe AFy
Co 0.533 0.579 0.585 -0.046 -0.006 -0.04
C1 0.064 0.062 0.06 0.002 0.002 0
C2 -0.166 -0.148 -0.14 -0.018 -0.008 -0.01
C3 -0.139 -0.135 -0.132 -0.004 -0.003 -0.001
C4 -0.081 -0.06 -0.058 -0.021 -0.002 -0.019
C5 -0.137 -0.134 -0.131 -0.003 -0.003 0
C6 -0.202 -0.183 -0.178 -0.019 -0.005 -0.014
o7 -0.575 -0.506 -0.472 -0.069 -0.034 -0.035
N8 -0.743 -0.742 -0.738 -0.001 -0.004 0.003
Cc9 0.356 0.372 0.401 -0.016 -0.029 0.013
C10 -0.175 -0.169 -0.153 -0.006 -0.016 0.01
Cl1 -0.2 -0.189 -0.166 -0.011 -0.023 0.012
C12 0.07 0.088 0.077 -0.018 0.011 -0.029
C13 -0.189 -0.177 -0.151 -0.012 -0.026 0.014
C14 -0.21 -0.203 -0.191 -0.007 -0.012 0.005
015 -0.55 -0.523 -0.517 -0.027 -0.006 -0.021
Cl6 0.303 0.321 0.335 -0.018 -0.014 -0.004
C17 -0.224 -0.216 -0.176 -0.008 -0.04 0.032
C18 -0.191 -0.185 -0.152 -0.006 -0.033 0.027
C19 0.313 0.323 0.341 -0.01 -0.018 0.008
C20 0.482 0.545 0.566 -0.063 -0.021 -0.042

021 -0.603 -0.552 -0.518 -0.051 -0.034 -0.017
N22 -0.466 -0.465 -0.425 -0.001 -0.04 0.039
N23 -0.478 -0.472 -0.449 -0.006 -0.023 0.017
C24 0.552 0.563 0.588 -0.011 -0.025 0.014
C25 0.08 0.074 0.074 0.006 0 0.006
C26 -0.188 -0.185 -0.175 -0.003 -0.01 0.007
C27 -0.18 -0.178 -0.172 -0.002 -0.006 0.004
C28 0.374 0.387 0.402 -0.013 -0.015 0.002
C29 -0.202 -0.201 -0.194 -0.001 -0.007 0.006
C30 -0.177 -0.168 -0.154 -0.009 -0.014 0.005
031 -0.561 -0.545 -0.524 -0.016 -0.021 0.005
032 -0.51 -0.502 -0.48 -0.008 -0.022 0.014
C33 -0.21 -0.219 -0.236 0.009 0.017 -0.008
Cl34 -0.087 -0.008 0.036 -0.079 -0.044 -0.035

Table S4. Fukui parameters from the Mulliken atomic charges of E.

Atoms Qk (N+1) Qx (N) Qx (N-1) Fi* Fy AFk
COo 0.561 0.576 0.576 -0.015 0 -0.015
C1l 0.038 0.06 0.051 -0.022 0.009 -0.031
C2 -0.157 -0.151 -0.139 -0.006 -0.012 0.006
C3 -0.209 -0.201 -0.198 -0.008 -0.003 -0.005
C4 0.379 0.392 0.411 -0.013 -0.019 0.006
C5 -0.225 -0.201 -0.205 -0.024 0.004 -0.028
C6 -0.176 -0.184 -0.183 0.008 -0.001 0.009
o7 -0.543 -0.505 -0.463 -0.038 -0.042 0.004
N8 -0.758 -0.743 -0.73 -0.015 -0.013 -0.002
C9 0.355 0.375 0.404 -0.02 -0.029 0.009
C10 -0.161 -0.168 -0.142 0.007 -0.026 0.033
Cl1 -0.191 -0.19 -0.159 -0.001 -0.031 0.03
C12 0.083 0.092 0.075 -0.009 0.017 -0.026
C13 -0.164 -0.174 -0.14 0.01 -0.034 0.044
C14 -0.206 -0.208 -0.2 0.002 -0.008 0.01

015 -0.513 -0.531 -0.505 0.018 -0.026 0.044
C16 0.315 0.313 0.325 0.002 -0.012 0.014
C17 -0.226 -0.213 -0.161 -0.013 -0.052 0.039
C18 -0.178 -0.168 -0.148 -0.01 -0.02 0.01
C19 0.307 0.307 0.342 0 -0.035 0.035
C20 0.561 0.559 0.6 0.002 -0.041 0.043
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Atoms Qk (N+1) Qx (N) Qx (N-1) Fi* Fy AFx
021 -0.536 -0.5 -0.448 -0.036 -0.052 0.016
N22 -0.48 -0.472 -0.464 -0.008 -0.008 -5.6E-17
N23 -0.505 -0.5 -0.504 -0.005 0.004 -0.009
C24 0.529 0.573 0.583 -0.044 -0.01 -0.034
C25 0.07 0.086 0.092 -0.016 -0.006 -0.001
C26 -0.217 -0.2 -0.217 -0.017 0.017 -0.034
c27 -0.179 -0.156 -0.15 -0.023 -0.006 -0.017
C28 0.328 0.279 0.275 0.049 0.004 0.045
C29 -0.172 -0.15 -0.141 -0.022 -0.009 -0.013
C30 -0.176 -0.166 -0.172 -0.01 0.006 -0.016
031 -0.534 -0.483 -0.473 -0.051 -0.01 -0.041
N32 0.233 0.382 0.369 -0.149 0.013 -0.162
033 -0.503 -0.384 -0.346 -0.119 -0.038 -0.081
034 -0.555 -0.394 -0.406 -0.161 0.012 -0.173
F35 -0.312 -0.288 -0.263 -0.024 -0.025 -0.001

Table S5. Fukui parameters from the Mulliken atomic charges of F.

Atoms Qx (N+1) Qxk (N) Qx (N-1) Fi* Fr AFx
COo 0.545 0.578 0.584 -0.033 -0.006 -0.027
Cl 0.064 0.06 0.058 0.004 0.002 0.002
C2 -0.167 -0.152 -0.143 -0.015 -0.009 -0.006
C3 -0.203 -0.201 -0.197 -0.002 -0.004 0.002
C4 0.359 0.391 0.408 -0.032 -0.017 -0.015
C5 -0.203 -0.202 -0.198 -0.001 -0.004 0.003
C6 -0.201 -0.185 -0.18 -0.016 -0.005 -0.011
o7 -0.563 -0.507 -0.468 -0.056 -0.039 -0.017
N8 -0.741 -0.743 -0.735 0.002 -0.008 0.01
C9 0.351 0.373 0.406 -0.022 -0.033 0.011
C10 -0.174 -0.169 -0.149 -0.005 -0.02 0.015
Cl1 -0.2 -0.189 -0.162 -0.011 -0.027 0.016
C12 0.074 0.087 0.076 -0.013 0.011 -0.024
C13 -0.19 -0.177 -0.147 -0.013 -0.03 0.017
C14 -0.208 -0.203 -0.188 -0.005 -0.015 0.01

015 -0.549 -0.524 -0.513 -0.025 -0.011 -0.014
C16 0.301 0.322 0.334 -0.021 -0.012 -0.009
C17 -0.222 -0.216 -0.169 -0.006 -0.047 0.041
C18 -0.194 -0.183 -0.152 -0.011 -0.031 0.02
C19 0.315 0.322 0.345 -0.007 -0.023 0.016
C20 0.486 0.548 0.574 -0.062 -0.026 -0.036
021 -0.605 -0.552 -0.516 -0.053 -0.036 -0.017
N22 -0.464 -0.466 -0.435 0.002 -0.031 0.033
N23 -0.476 -0.47 -0.455 -0.006 -0.015 0.009
C24 0.54 0.569 0.589 -0.029 -0.02 -0.009
C25 0.078 0.076 0.075 0.002 0.001 0.001
C26 -0.164 -0.152 -0.143 -0.012 -0.009 -0.003
c27 -0.139 -0.136 -0.133 -0.003 -0.003 0
C28 -0.072 -0.059 -0.058 -0.013 -0.001 -0.012
C29 -0.138 -0.135 -0.131 -0.003 -0.004 0.001
C30 -0.187 -0.177 -0.171 -0.01 -0.006 -0.004
031 -0.571 -0.538 -0.518 -0.033 -0.02 -0.013
CI32 -0.066 -0.01 0.041 -0.056 -0.051 -0.005
F33 -0.316 -0.288 -0.265 -0.028 -0.023 -0.005

Table S6. Fukui parameters from the Mulliken atomic charges of G.

Atoms Qx (N+1) Qx (N) Qx (N-1) Fy* Fy AFx
Co 0.561 0.578 0.577 -0.017 0.001 -0.018
C1 0.04 0.062 0.053 -0.022 0.009 -0.031
C2 -0.152 -0.147 -0.135 -0.005 -0.012 0.007
C3 -0.142 -0.134 -0.131 -0.008 -0.003 -0.005
C4 -0.056 -0.059 -0.056 0.003 -0.003 0.006
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Atoms Qk (N+1) Qx (N) Qx (N-1) Fi* Fy AFx
C5 -0.158 -0.133 -0.137 -0.025 0.004 -0.029
C6 -0.171 -0.18 -0.181 0.009 0.001 0.008
o7 -0.54 -0.503 -0.461 -0.037 -0.042 0.005
N8 -0.758 -0.743 -0.73 -0.015 -0.013 -0.002
C9 0.354 0.374 0.404 -0.02 -0.03 0.01
C10 -0.161 -0.167 -0.143 0.006 -0.024 0.03
Cl11 -0.191 -0.19 -0.159 -0.001 -0.031 0.03
C12 0.083 0.093 0.075 -0.01 0.018 -0.028
C13 -0.164 -0.175 -0.14 0.011 -0.035 0.046
C14 -0.205 -0.208 -0.2 0.003 -0.008 0.011

015 -0.513 -0.53 -0.505 0.017 -0.025 0.042
C16 0.315 0.312 0.326 0.003 -0.014 0.017
C17 -0.226 -0.213 -0.161 -0.013 -0.052 0.039
C18 -0.178 -0.168 -0.147 -0.01 -0.021 0.011
C19 0.307 0.307 0.343 0 -0.036 0.036
C20 0.562 0.559 0.6 0.003 -0.041 0.044
021 -0.535 -0.499 -0.448 -0.036 -0.051 0.015
N22 -0.48 -0.471 -0.464 -0.009 -0.007 -0.002
N23 -0.505 -0.5 -0.504 -0.005 0.004 -0.009
C24 0.53 0.573 0.583 -0.043 -0.01 -0.033
C25 0.07 0.085 0.092 -0.015 -0.007 -0.008
C26 -0.216 -0.2 -0.217 -0.016 0.017 -0.033
Cc27 -0.179 -0.156 -0.15 -0.023 -0.006 -0.017
C28 0.329 0.279 0.275 0.05 0.004 0.046
C29 -0.172 -0.15 -0.141 -0.022 -0.009 -0.013
C30 -0.176 -0.167 -0.172 -0.009 0.005 -0.014
031 -0.533 -0.482 -0.473 -0.051 -0.009 -0.042
N32 0.232 0.381 0.369 -0.149 0.012 -0.161
033 -0.503 -0.384 -0.346 -0.119 -0.038 -0.081
034 -0.556 -0.394 -0.406 -0.162 0.012 -0.174
ClI35 -0.063 -0.005 0.05 -0.058 -0.055 -0.003

(@) (b)
Figure S12. Monte Carlo simulation of adsorption of compound B on Fe(110) surface (a) side view (b) top
view.
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Figure S13. Monte Carlo simulation of adsorption of compound C on Fe(110) surface (a) side view (b) top
view.

Figure S14. Monte Carlo simulation of adsorption of compound D on Fe(110) surface (a) side view (b) top
view.

Figure S15. Monte Carlo simulation of adsorption of compound E on Fe(110) surface (a) side view (b) top
view.
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Figure S16. Monte Carlo simulation of adsorption of compound F on Fe(110) surface (a) side view (b) top
view.

Figure S17. Monte Carlo simulation of adsorption of compound G on Fe(110) surface (a) side view (b) top
view.
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