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Abstract As anticorrosive materials, natural products such as flower extracts are widely used. In

lieu of using the whole product, it is better to apply the isolated phytochemical active component

among all existing components in the flower as anticorrosive. Therefore, identifying the component

or components responsible for anticorrosion paves the road for its experimental synthesis and effec-

tive application. In the present investigation, a comprehensive investigation of three phytochemicals

present in Allium Jesdianum (AJ) flower, namely Methyl heptadecanoate (Palmitic acid), Ethyl

(9Z,12Z)-octadeca-9,12-dienoate (a-Linolenic acid), and Icosan-1-ol (1-Ecosanol) was characterized

using computational methods (DMol3, and Monti Carlo (MC) simulations) to determine the inhi-

bition potentials for corrosion, chemical reactivities, and adsorption behaviors. Isolated forms were

characterized by local and global reactivity descriptors such as the energies and distributions of the

highest occupied molecular orbitals (HOMOs), Lowest unoccupied molecular orbitals (LUMOs),

their gaps, hardness (h), global softness (s), global electronegativity (v), chemical potential ðl), elec-
trophilicity (x), nucleophilicity ðe), electron-accepting power ðx�Þ, electron-donating power (xþ),
and net electrophilicity (Dx�). A further investigation has been made into the adsorption of three

types of industrial metals, namely Fe(110), Al(111), and Cu(111). Based on the most stable

adsorption configurations, the three phytochemicals adsorbed parallel to all surfaces. Adsorbate

and surfaces interact primarily via chemisorption. In line with this result, the radial distribution

function (RDF) has been analyzed. Computed parameters illustrated 1-Ecosanol’s superiority over

other phytochemicals and justified the reason behind its efficiency.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

As a result of corrosion, a person’s health is at risk, and the problem is

costly. There can be collapses of buildings and bridges, oil pipeline

breaks, and chemical plant leaks. Fires and other issues can result from

corroded electrical contacts and blood poisoning from corroded med-

ical implants. As radioactive waste is stored in containers for tens of

thousands of years, corrosion threatens its safe disposal. The search

for green corrosion inhibitors has caught the attention of corrosion sci-

entists in recent years (Kahkesh and Zargar, 2021; Singh, 2019; Prasad,

2022; Akalezi and Oguzie, 2016; Prasad, 2022; Abdellattif, 2021;

Salleh, 2021; Elmsellem, et al., 2019; Hafez, 2019; Sikine, et al.,

2016; Douche, 2020; Chkirate, 2021; Azgaou, 2022).

These inhibitors are biologically degradable, toxic-free, eco-

friendly, and economical. Oxygen, nitrogen, sulfur, and multiple bonds

in plant extracts provide inhibitory effects. Metal corrosion is pre-

vented by physisorption and chemosorption from plant-derived corro-

sion inhibitors, which form protective films through electrostatic

attraction or the formation of coordination bonds.

The properties of the inhibitor/surface mechanism and an under-

standing of the structural nature of the inhibitor in the corrosion pro-

cess have been analyzed by quantum chemical calculations, especially

density functional theory (DFT). Researchers can design promising

inhibitor molecules and recognize their structures at an atomic level

using DFT calculations. Therefore, DFT calculations can provide

molecular-level insight into the most effective phytochemical/s in a

plant extract. Efficient Phytochemical/s can then be synthesized in

the laboratory and applied in the corrosion tests; by doing so, both

time and the environment will be saved (Abdellattif, 2021).

Hafez et al. (Hafez, 2019) aimed to examine the effects of commer-

cial oil of Eucalyptus on inhibition of corrosion with mild steel in HCl

acid by means of potentiodynamic, gravimetric, polarization and elec-

trochemical impedance spectroscopic techniques. It is found that the

adsorption of Eucalyptus inhibitor follows the Langmuir adsorption

isotherm equation. A direct relationship was found between the inhibi-

tion efficiency and immersion time of samples in the solution. Both the

anodic metal dissolution and the cathodic hydrogen evolution acting

as a mixed type of inhibitor as indicated from the polarization plots.

In another effort by Fekkar et al. (Abdel-Rahman, 2020) the ethanol

and hexane extracts of Chamaerops humilis L. fruits as green corro-

sion inhibitors for mild steel in 1.0 M HCl solution has been investi-

gated. Corrosion rates were evaluated at 308 K using weight loss,

potentiodynamic polarization and electrochemical impedance spec-

troscopy (EIS) techniques. Electrochemical techniques such as weight

loss, electrochemical impedance spectroscopy (EIS) and potentiody-
Table 1 A simulation of the adsorption of three phytochemical inh

Inhibitor Fe(110)

Etot Eads

GC1 –222.95 �182.35

GC2 �226.80 �195.62

GC3 �258.69 �203.19

Al(111)

Etot Eads

GC1 �124.09 �83.48

GC2 �122.40 �91.21

GC3 �151.41 �95.91

Cu(111)

Etot Eads

GC1 �134.41 �93.81

GC2 �132.60 �101.41

GC3 �163.82 �108.32
namic polarization showed that the extracts exhibit excellent inhibition

efficiency. It was proved that the corrosion mechanism is controlled by

charge transfer process and function as mixed type inhibitors. Lang-

muir adsorption isotherm was indicated. The inhibition efficiency

increases with an increase in the concentration of the inhibitors and

reaches not less than 80 %.

As a member of the Liliaceae family, Allium Jesdianum (AJ) grows

widely in the west and northwest of Iran and is widely cultivated in

Japan as a garden plant with purple-lilac flowers. There are many

nutritional and medicinal uses for this plant. According to reports,

AJ flowers contain three main phytochemicals tested by GC-Mass

analysis. As a green anticorrosive for mild steel in an acidic solution,

Kahkesh and Zargar (Kahkesh and Zargar, 2021) tested AJ extract.

Using electrochemical impedance spectroscopy, the maximal inhibition

efficiency was excellent and equaled 96.18 %. By potentiodynamic

polarization, both cathodic and anodic corrosion current density

declined, and mixed-type inhibition was confirmed. AJ extract concen-

tration affects inhibition performance according to weight loss mea-

surements, and Langmuir’s adsorption isotherm describes banner

adsorption on metal surfaces. However, in that study, the whole plant

extract was used, so it was not possible to determine which phytochem-

ical component was mostly responsible for the anticorrosive proper-

ties. To our knowledge, no theoretical work has been conducted to

determine which phytochemical component of AJ is most effective as

an anticorrosive agent. Abdellattif et al. (Abdellattif, 2021), through

computational studies, investigated the most effective phytochemical

inhibitors among the eight phytochemicals present in the Calotropis

Procera plant. By force field COMPASS, it was possible to determine

their orientation toward Fe(110) surface and to elucidate the three

most active phytochemical inhibitors. Prasad et al. (Prasad, 2022), in

a combined experimental and theoretical study, investigated Cinnamo-

mum Tamala extract as an efficient bio-anticorrosive for low-carbon

steel in 0.5 M H2SO4 solution. Several experimental techniques such

as electrochemical impedance spectroscopy and Tafel and gravimetric

loss, were applied to show that the inhibition efficiency of this extract

reached 96.76 % at deficient concentrations. DFT and molecular

dynamics (MD) simulations help in understanding the electronic

adsorption and in performing a comparative inhibitory activity of

phytochemicals.

As we can see from the above literature, as anticorrosive materials,

natural products such as flower extracts are widely used. In lieu of

using the whole product, it is better to apply the isolated phytochem-

ical active component among all existing components in flower as anti-

corrosive. Therefore, identifying the component or components

responsible for anticorrosion paves the road for its experimental syn-

thesis and effective application. There will be a lot of savings for the
ibitors on Fe (1110), Al (1111), and Cu (1110) in kcal/mol.

Erigid Edef dEads=dNi

�192.26 9.91 �182.35

�197.97 2.35 �195.62

�205.89 2.70 �203.19

Erigid Edef dEads=dNi

�86.97 3.49 �83.48

�94.44 3.23 �91.21

�97.18 1.27 �95.91

Erigid Edef dEads=dNi

�96.19 2.39 �93.81

�105.22 3.80 �101.41

�109.64 1.33 �108.32
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corrosion industry if corrosion inhibitors are developed to prevent cor-

rosion of more than one metal at the same time (Wazzan et al., 2022).

We were motivated by this to investigate the feasibility of the three

phytochemicals present in AJ extract as effective environment-

friendly inhibitors in acidic media for three metals: steel, aluminum,

and copper. Fig. 1 presents the chemical structure and IUPAC names

of these three phytochemical components. Through computational

study outcomes, we seek to identify the most effective phytochemicals.

Therefore, to examine the inhibition efficiency of three phytochemical

constituents present in AJ extract in an acidic solution, we used Dmol3

and Monti Carlo (MC) simulations. Calculations based on DMol3/

DFT showed the phytochemical’ anticorrosive activity depends on

its molecular structure. On Fe(110), Al(111), and Cu(111) metallic

surfaces (surfaces with the greatest stability), a MC simulation method

was used to study the orientations, adsorption energies, and radial dis-

tribution functions (RDFs) of the phytochemicals. Each molecule’s

major microspecies in 1 % HCl (pH = 0) were validated to be the ones

presented in Fig. 1 and used in Dmol3 and MC simulations.

2. Method

A geometric form that could exist in an acidic medium was

determined with the help of the MarvinSketch package. From
the obtained result, the chemical structures of the three phyto-
chemical active components in Allium Jesdianum in the acidic

medium were proved to be the ones presented in Fig. 1. The
subsequent calculations were then based on these structures.

2.1. Monti Carlo simulation details of adsorbed systems

The Monte Carlo (MC) simulation is one of the most potent
techniques for simulating the adsorption of anticorrosive
materials on metal surfaces (Khaled, 2009; Alamri, 2020;

Kasprzhitskii and Lazorenko, 2021; Berisha, 2020). A Metro-
polis algorithm is used to implement the model (Metropolis,
1953). The MC simulation involves first cleaving bulk Fe,
Fig. 1 The chemical structures of the active phytochemical compon

(common names) and abbreviations.
Al, and Cu metals into the Fe(111), Al(111), and Cu(111)
surface with a thickness of 5.0 Å. In terms of thermodynamic
stability, these surfaces ranked highest (Kokalj, 2010). The

optimization processes of the resultant surfaces and the three
investigated phytochemical inhibitors GC1-3 were detailed in
our previous publication (Wazzan et al., 2022). Fe(111), Al

(111), and Cu(111), these surfaces are five metallic layers.
The size of the 3D Triclinic Fe(110) of a, b, and c are 24.82,
24.82, 38.18 Å, respectively, and 3D Triclinic Al(111) of a,

b, and c are 28.63, 28.63, 39.44 Å, respectively, and the 3D Tri-
clinic Cu(111) cell of a, b, c are 25.56, 25.56, 38.44 Å, respec-
tively.(See Fig. 2).

2.2. DMol3 details of isolated inhibitors

Version 8.0 of Material Studio from BIOVIA was used to per-
form DFT calculations of isolated inhibitors using the DMol3

module. We are applying the generalized gradient approxima-
tion (GGA), a well-known algorithm. Many molecular systems
naturally exhibit inhomogeneity in their electron gas, which

GGA takes into account (Perdew, 1992; Becke, 1988), with
PBE (Paier, 2005) and DNP basis set. Our previous publica-
tion provides details (Wazzan et al., 2022). COSMO was used

to include the water solvent (Klamt, 2018). Ensure accurate
results by setting all parameters to Fine. To achieve optimal
geometry on potential energy surfaces, it is ensured that nega-
tive frequencies are absent from the obtained geometries.

3. Results and discussion

3.1. Adsorbed systems

As postulated by Kokalj (Kokalj, 2010), key factors determin-

ing inhibition effectiveness in corrosion inhibition studies are
ents in Allium Jesdianum flower, along with their IUPAC names



Fig. 2 Fe(110), Al(111), and Cu(111) periodic slab, along with the lattice parameters used in MC simulation.

Fig. 3 The most stable adsorbed systems obtained from MC simulation.
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carefully modeling the inhibitor-surface interaction and not
the molecular electronic properties. Therefore, we will first
look at the adsorption models of the three phytochemicals
studied on the surface of the metal. Then, using the inhibitor’s

interaction with the metal surface (Fe(111), Cu(111), and Al
(111)) serves as a tool for estimating the adsorption energies,
this can be quantified as follows:
Eads ¼ Einh@Feð111Þ=Alð111Þ=Cuð111Þ

� EFeð111Þ=Alð111Þ=Cuð111Þ þ Einh

� � ð1Þ
Where Einh@Feð111Þ=Alð111Þ=Cuð111Þ is the total energy of the sim-

ulated corrosion system, and EFeð111Þ=Alð111Þ=Cuð111Þ is the total

calculated energy of the Fe(111), Al(111), and Cu(111) sur-

faces and that of the Einh is the total calculated energy of the
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free inhibitor molecule. Our MC simulation enabled us to
determine the ideal adsorption site for the metal surface using
the adsorption locator model. In Fig. 3, the simulated acidic

corrosion media, the three studied phytochemicals displayed
the most stable (lowest energy) configurations. A representa-
tive image of phytochemical inhibitor molecule orientation is

obtained through MC simulation. As a result, it is possible
to determine if inhibitor molecules with similar orientations
to metal will offer better corrosion inhibition protection, i.e.,

when the corrosion inhibitor has a flat orientation, it covers
a larger surface area and provides more corrosion inhibition
protection than when it has a vertical orientation (Singh,
2019). Since phytochemicals acquire a horizontal or flat posi-

tioning, they covering a large metallic surface, helping to
adsorb them to the three metal surfaces (Abdellattif, 2021;
Berisha, 2020; Singh, 2019). While GC1 and GC3 have rela-

tively larger surface areas, better surface coverage and protec-
tion is provided by them.

The minima calculated energies (kcal/mol) (Table 1) that

were found at the best adsorption site: (i) the total energy (sub-
strate/adsorbate energy,

Etot), (ii) rigid adsorption energy (unrelaxed adsorbate com-

ponents adsorbed on the substrate, Erigid), (iii) deformation

energy (relaxed adsorbate components adsorbed on the sub-

strate, Edef), (iv) adsorption energy (rigid adsorption

energy + deformation energy, Eads), and (v) (dEads=dNi)

(metal–inhibitor energy, where one of the inhibitor molecules

has been removed) (Elgendy, 2019). Here are the results of
the simulation of the adsorption of the three inhibitors on
Fe(110), Al(111), and Cu(111) surfaces using MC listed in
Table 1, and the adsorption energies are plotted in Fig. 4.

According to Equation (1), the inhibitor covers the metal sur-
face with a protective layer based on the negative adsorption
energy. The adsorption energies of inhibitors on the Fe(111),

Cu(111), and Al(111) are all negative and in the range from
�83.48 to �203.19 kcal/mol. In general, molecules attach to
metal surfaces via chemosorption since higher adsorption ener-

gies make chemosorption more effective (Wazzan et al., 2022;
Kasprzhitskii and Lazorenko, 2021; El-Aouni, 2021). A study
Table 2 Calculated molecular quantum chemical descriptors (MQC

QCPs Inh

GC

EHOMO(/eV) �6.

ELUMO(/eV) �0.

Energy gap, DEgap (/eV) 5.

Ionization energy, I ¼ �EHOMO (/eV) 6.

Electron affinity, A ¼ �ELUMO (/eV) 0.

Global hardness, h ¼ I�A
2 (/eV) 2.

Global softness, s ¼ 1
h (/eV

�1) 0.

Global electronegativity, v ¼ � IþA
2 (/eV) 3.

Chemical potential, l ¼ �v (/eV) �3.

Electrophilicity, x ¼ l2

4h ¼ IþA
8 IþAð Þ2 (/eV)

2.

Nucleophilicity, e ¼ 1
x (eV�1) 0.

Electron accepting power, x� ¼ 3IþAð Þ2
16 I�Að Þ(/eV)

4.

Electron donating power, xþ ¼ Iþ3Að Þ2
16 I�Að Þ(/eV)

22.

Net electrophilicity, Dx� ¼ xþ þ x�(/eV) 26.

Total energy change, DEB�D(/eV) �0.
of the adsorption energies of inhibitors on the Fe(110)
revealed that they are significantly larger than those on Cu
(111) and Al(111), where the values for the last two metals

are somehow comparable. Compared to Cu(111) and Al
(111), the inhibitors form a more stable protective layer on
Fe(110). On the other hand, GC3 shows the highest adsorp-

tion energies, followed by GC2 and GC1 for the three metals.
According to this observation, GC3 is the most active anticor-
rosive phytochemical in Allium Jesdianum flower in an acidic

medium.

3.1.1. Radial distribution function

It is possible to gain a further understanding of the interactions

between phytochemical inhibitor molecules and metal surfaces
by analyzing radial distribution functions (RDFs). An impor-
tant indicator of inhibitor interaction with metal surfaces is the

first prominent peak in the RDF curve. Because physical inter-
actions tend to produce peaks of greater than 3.5 Å, whereas
peaks between 1.0 Å and 3.5 Å indicate chemisorption (Xie,
2015). MD simulation trajectories were used to determine the

total radial distribution function of the three phytochemical
inhibitors (Fig. 5).

From Fig. 5, we can see that the first peaks of the three phy-

tochemical inhibitors appear at 2.87 Å, 2.55 Å, and 2.54 Å in
Al(111), Cu(111), and Fe(110), regardless of the type of inhi-
bitor molecule. The bond length between the metal surface

inhibitor is less than 3.5 Å, indicating a chemosorption interac-
tion. Additionally, the strength of interaction with the three
metals increases as follows: Al(111) < Cu(111) < Fe(110).

This order of the strength of interaction (gðrÞ vs r curve) comes
very consistent with the order of increasing the adsorption
energies.

3.2. Isolated inhibitors

3.2.1. Frontier molecular orbitals and energy gaps

Inhibitor molecules are reacted chemically with metal surfaces
through the highest occupied (HOMO) and lowest unoccupied
Ds) of the investigated phytochemical inhibitors.

ibitor

1 GC2 GC3

173 �5.440 �5.964

653 �0.668 1.521

520 4.772 7.485

173 5.440 5.964

653 0.668 �1.521

760 2.386 3.743

362 0.419 0.267

413 3.054 2.222

413 �3.054 �2.222

110 1.955 0.659

474 0.512 1.517

162 3.780 2.238

815 16.527 0.918

976 20.307 3.156

690 �0.597 �0.936
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(LUMO) molecular orbitals. Two processes dominate the
interaction between the metal surface and the inhibitor mole-
cule. The two processes are: electrons are donated from the

inhibitor molecule to the empty d-orbital of the metal (transi-
tion metal), and electrons are given back to the inhibitor mole-
cule from the filled d-orbital. Therefore, the two processes

complete each other, and both benefit enhancing the adsorp-
tion process. The ability of the inhibitor molecule to donate
an electron to the metal surface is measured by the energy of

the HOMO orbital (EHOMO), as the EHOMO becomes high (less
negative; destabilized) as the donation process becomes more
accessible. Accordingly, its ionization energy (I ¼ �EHOMO)
should be small in value. In contrast, inhibitor molecules’ abil-

ity to accept an electron from the metal surface is measured by
the energy of its LUMO orbital (ELUMO), as the ELUMO
Fig. 4 MC simulations of the adsorption energies (in kcal/mol).

Fig. 5 RDFs of investigated phytochemical inhibitors adsorbed on the metal surfaces.
becomes low (more negative; stabilized) as the accepting pro-
cess becomes easier. Accordingly, its electron affinity

(A ¼ �ELUMO) should be large in value. A molecule with such
HOMO-LUMO alignment is chemically soft. In accordance
with the HSAB principle, bulk metals are chemically the soft-

est of all materials, so they interact better with soft materials.
In addition, the HOMO-LUMO energy gap

(DEgap ¼ ELUMO � EHOMO) should be as small as possible to

indicate a more reactive inhibitor molecule toward the anticor-
rosive behavior. Table 2 and Fig. 6 show the optimized geome-
tries, energies of HOMOs and LUMOs, gaps, and special
distributions in an aqueous medium. Simulation in the aque-

ous medium is essential as the corrosion of the metals occurs
in the hummed environment.

The results from Table 2 and Fig. 6 show that the EHOMO

values increase (less negative; destabilized) in the following
order: GC1 < GC3 < GD2, and thus the ability to donate
electrons would be predicted following the same order. While

the ELUMO values decrease (more negative; stabilized) in the
following order: GC3 < GC1 < GD2, and thus the ability
to accept electrons would be predicted following the same
order. In contrast, the DEgap values of GC1 and GC2 are small

equal 3.468 and 5.520 eV, respectively, and thus indicate the

ease of polarization of these two investigated phytochemical
molecules. DEgap values decrease in the following order:

GC3 > GC1 > GC2, and thus the reactivities of the inhibitor
molecules will follow the reverse order. We should mention
here that a smaller DEgap value, however, as Kokalj and

coworkers demonstrate, it does not unambiguously indicate

a better inhibitor (Kokalj, 2021).
Inspection of the special distribution of electron density of

HOMOs and LUMOs is essential to the qualitative determina-

tion of which part/s of the molecule are capable of donating/
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accepting electrons. The hydrocarbon parts of GC1 and GC3
seem unreactive to donate or accept electrons since any
HOMOs and LUMOs do not occupy them. The HOMOs

and LUMOs are delocalized mainly on the terminal alcoholic
unit in GC3 and the ester unit in GC1. In GC2, part of the
hydrocarbon chain can donate electrons since the HOMO

orbital is delocalized over it. At the same time, the ester unit
can accept electrons since the LUMO orbital is delocalized
over this part of the molecule.

3.2.2. Molecular quantum chemical descriptors

Hard and soft acids and bases (HSAB) theories can explain the
reactivity of three phytochemical molecules toward metal sur-

face adsorption (Pearson, 1963; Geerlings et al., 2003).
According to HSAB principal, several molecular quantum
chemical descriptors (MQCDs) such as global hardness (h),

global softness (s), global electronegativity (v), chemical poten-
tial ðl), electrophilicity (x), nucleophilicity ðe), electron-
accepting power ðx�Þ, electron-donating power (xþ), and net

electrophilicity (Dx�) can be evaluated. Detailed equation

used to evaluate these descriptors can be found next to each
descriptor in Table 2.

Global hardness is synonymous with the DEgap apart from

the factor of ø (Kokalj, 2021). On the other hand, upon contact
between inhibitor and metal, there will be a flow of electrons

from lower v (inhibitor) to higher v (metal) until the chemical
potentials becomes matched. Sanderson’s electronegativity
equalization principle says that the inhibitor with a large elec-

tronegativity difference will require a longer time to reach
equalization. This will lead to a high level of reactivity, which
Fig. 6 Densities of HOMOs and LUMOs, their energies and ene
implies a high level of inhibition (Geerlings and De Proft,
2002). Therefore, low global hardness and electronegativity val-
ues suggest that phytochemical inhibitors are highly reactive

molecules capable of accepting and transferring electrons dur-
ing the interaction between metals and inhibitors (Dagdag,
2020). Among the three molecules, GC2 is the softest molecule

(h ¼ 2.386 eV), and GC3 has the smallest v value (2.222 eV).
Electro- and nucleophilicity descriptors indicate the inhibition
molecule’s ability to accept and donate electrons.

A charge transfer model for donation and back-donation
charges make up another essential descriptor, i.e., the total
energy change (DEB�DÞ. Based on the value of the molecular
hardness, as shown in the following equation, the charge trans-

fer model can be calculated:

DEB�D ¼ � h

4
ð2Þ

Thus, it is suggested that if h > 0 or DEB�D < 0, the elec-
tron back-donation from the metal surface to the empty orbi-
tals of inhibitor molecules is energetically favorable. DEB�D are

negative, and the maximum value is �0.936 eV for GC3, indi-
cating the stronger charge back-donation to this inhibitor.

Among the three phytochemical molecules, GC3 has the

lowest x and the largest e values, showing that the molecule
is more likely than the other two to give electrons to the empty
d-orbital of the metal surface. On the other hand, GC1 has the

largest x and the lowest e values. The tendency of GC1 to
accept electrons from the occupied d-orbital of the metal
exceeds that of the other two molecules. We can conclude that

the adsorption mechanism involves the transport of electrons
rgy gaps (in eV) in aqueous medium. Note: Isovalue: 0.03 au.
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from the inhibitor to the metal surface in light of the adsorp-
tion behavior of the three molecules on the three metal
surfaces.

3.2.3. Local Fukui functions

A local Fukui function in inhibitor molecules could reveal

nucleophilic (fþ) and electrophilic (f�) attack sites (Fukui,
1982). Fig. 7 presents the 3D plots of the isosurfaces of the

three investigated phytochemical inhibitors with nucleophilic
and electrophilic Fukui functions in water. There is no domi-
nation of the distribution of electrophilic and nucleophilic
Fukui functions on the molecular skeletons of the three inves-

tigated inhibitors. For GC1 and GC3, the fþ and f� functions

are delocalized on the same sections of the molecule, i.e., ester
in GC1 and alcoholic unit in GC3. Therefore, these sites are
responsible for both electrophilic and nucleophilic attacks.
Conversely, the existence of an ester unit in GC2 does not

mean that it is the site for both attacks. Since it is where fþ

function is relocated, and therefore electrophilic attack occurs

at this site, electrophilic attack occurs at this site, whereas
nucleophilic attack occurs at the branched alkene since it is
occupied by f� function.

3.2.4. Inhibitor-metal interactions descriptors

When assessing the phytochemical inhibitor’s interaction with
a specific metal, the inhibitor-metal interaction descriptors are

necessary, and they are listed in Table 3. Such descriptors
included the number of transferred electrons (DN) from the
inhibitor to the metallic surface. Based on the obtained values

of v and h, DN value can be calculated (Parr and Pearson,
1983):
Fig. 7 3D plots of isosurface for the electrophilic and nucleophi

Table 3 Calculated inhibitor-metal interactions descriptors of the i

method.

QCPs Fe(111)

GC1 GC2 GC3

Number of transferred electrons,

DN (/e)

1.942 2.107 4.862

Initial molecule–metal interaction

energy,Dw (/eV)

1.366 1.860 6.318

free energy of adsorption, DGads

(cathodic) (in kJ/mol)

135.8 170.4 250.7

free energy of adsorption, DGads

(anodic) (in kJ/mol)

�135.8 �170.4 �250.7
DN ¼ vmetal � vinhð Þ
2 hmetal þ hinhð Þ ð3Þ

Electron transfer is driven by electronegativity difference,
and resistance is determined by the sum of hardness parame-
ters (Khalil et al., 2016). According to the free electron gas

model, the values of electronegativity are related to the Fermi
energy of metal in free-electron gases. As a result, electron–
electron interactions are ignored. As for the metal surface,

the workfunction (umetalÞ is taken as its electronegativity
(Kovačević and Kokalj, 2011). Thus, umetal of the metal has
been incorporated, so the electronegativity measurement is at

the appropriate level. In contrast, a lack of attention is paid
to chemical hardness since bulk metals have relatively low
Fermi state levels, and their hardness is determined by the den-
sity of those states (Yang and Parr, 1985). Thus DN value can

be expressed as follows:

DN ¼ umetal � vinhð Þ
2hinh

ð4Þ

The experimental values of umetal for bulk metals are: 4.82,
4.24, and 4.98 eV for Fe, Al, and Cu metals, respectively

(Michaelson, 1977). If DN > 0, inhibitor molecule is donor
and metal is acceptor and if DN < 0, the reverse is true. With
greater electron-giving capacity at the metal surface, inhibition

efficiency also increased, i.e., DN < 3:6, according to Lukovits.
The computed electronegativities of the three phytochemical
inhibitors are 3.413 eV (GC1), 3.054 eV (GC2), and 2.222 eV

(GC3). All are smaller than the workfunctions of metals, so
DN is positive. The inhibitor molecule will flow electrons to
the metal more readily than the metal will flow electrons to

the inhibitor molecule (Kokalj, 2010). The most electrons were
transferred for all metals by GC3, then GC2, and then GC1,
lic Fukui functions in an aqueous solution (Isovalue: 0.03 au).

nvistigated phytochemical inhibitors obtained from the DMol3/

Al(111) Cu(111)

GC1 GC2 GC3 GC1 GC2 GC3

1.141 1.415 3.777 2.162 2.298 5.162

0.472 0.839 3.812 1.694 2.213 7.119

79.8 114.4 194.8 151.2 185.8 266.2

�79.8 �114.4 �194.8 �151.2 �185.8 �266.2
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according to the order of adsorption strength on metal sur-
faces. On the other hand, inhibitors and metal types also affect
the number of electrons transferred.

Another essential descriptor is the initial molecule–metal
interaction energy ðDw). Dw is an estimate of the initial mole-
cule–metal interaction energy, which is given by the following

equation:

Dw ¼ vmetal � vinhð Þ2
4 hmetal þ hinhð Þ ¼

umetal � vinhð Þ2
4hinh

ð5Þ

The conclusion for Dw values is in the same vein as the one
derived for DN values. Calculating the adsorption free energy
(DGads) is a way to understand the adsorption mechanism

(chemisorption or physisorption). If the metal Fe/Al/Cu would
act as an anode, the inhibitor would serve as a cathode. The
value of DGads can be determined according to the following

equations:

DGadsðcathodicÞ ¼ v Fe=Al=Cuð Þ � vinh ¼ u Fe=Al=Cuð Þ � vinh ð6Þ

DGadsðanodicÞ ¼ vinh � v Fe=Al=Cuð Þ ¼ vinh � u Fe=Al=Cuð Þ ð7Þ
Similarly to what was perfumed earlier, their workfunctions

will replace the electronegativities of metals. The values of

DGads of the three investigated phytochemical inhibitors are
listed in Table 3. Values of DGads � �40 kJ/mol, clearly indi-
cating chemosorption as the adsorption mechanism. As for the

three metals, DGads values of GC3 are much greater than those
of GC1 and GC2, followed by GC2 and then GC1, this result
is very consistent with MC simulations of their adsorption
trend.

4. Conclusions

In this work, DMol3 and MC simulations were applied to investigate

the best anti-corrosive material among the three phytochemical com-

ponents (GCi (i = 1–3)) in AJ flower for Fe(110), Al(111), and Cu

(111) metals. MC simulation revealed through the values of adsorp-

tion energies and peaks in RDFs that the inhibition effect of the three

investigated compounds increased in the order GC1 < GC2 < GC3.

The DFT outputs from the DMol3 simulation show consistent results

with the trend approved by MC simulation for most calculated param-

eters. This study indicated the responsibility of GC3 for the inhibition

effect of this flower for more than one metal.
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