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1. Introduction

Corrosion affects most industrial sectors and can negatively impact the environment, safety, and
security, as well as cost money each year [1]. Iron and its alloys are widely used in industrial
applications and are very susceptible to corrosion [2]. The solution to this problem is to use corrosion
inhibitors to reduce the corrosion rate and save yearly costs [3].

Some ways to protect iron and its alloys from corrosion include selecting suitable construction
materials, coating, cathodic protection, anodic protection, and inhibitors. The development of green
corrosion inhibitors is a priority for the future. This type of inhibitor does not contain heavy metals or
toxic compounds. Green corrosion inhibitors can be obtained from root, seed, leaf, stem, flower, and
fruit extracts which are environmentally friendly and widely available sources of organic compounds
[1-4].

Corrosion inhibitors protect metals by being adsorbed on the metal surface and preventing contact
with its environment thus preventing corrosion. Adsorption of inhibitors on the surface occurs through
the interaction of electron pairs and phi electrons from heteroatom compounds with the iron surface.
Inhibitor molecules can be adsorbed on the surface through several different mechanisms namely
chemical adsorption, physical adsorption, and physicochemical adsorption so that a layer is formed
that protects the metal surface from corrosion [4].

Organic compounds in plant extracts used as corrosion inhibitors contain heteroatom groups (N,
O, S), mbonds, aromatic rings, and polar groups such as -OH, C=0 [5]. For example, compounds
contained in rimbang leaf extract are hexadecanoic acid, ethyl ester (11.13%), 9,12,15
octadecatrienoate acid, ethyl ester (Z,Z,Z) (7.47%) [6], DL-proline, 5-oxo-, methyl ester (9.16%),
fisetin [7], alpha-tocopherol-beta-d-mannoside and other identified compounds [8] and can potentially
be corrosion inhibitors.

This rimbang leaf extract has been studied by Khunbutsari ez al. (2010) as an antibacterial [6]. Sani
et al. (2020) tested rim bang leaf extract for treating oxidative disorders in mice [7]. Murugesan et al.
(2021) have evaluated rim bang leaf extract for mosquito control and molecular docking potential [8].
Dharmaraj et al. (2021) have experimentally tested rimbang leaf extract as a corrosion inhibitor [9].
Based on the literature, no one has computationally studied the compound of rimbang leaf extract as
a corrosion inhibitor.

Corrosion inhibitor testing can be done experimentally and computationally. Computation can
investigate chemical problems using theoretical chemistry approaches combined with efficient
computer programs to determine molecular geometry, molecular orbitals, chemical reactivity,
chemical and physical properties of molecules [10]. The commonly used computational method is
density functional theory (DFT) because this method is effective and its calculations are accurate [11].

Research on iron corrosion inhibitors using computations has been conducted by Ramadhani et
al. (2020) on xanthone derivative compounds using the DFT method [11]. Arthur (2019) researching
phenyl urea derivative compounds as corrosion inhibitors using the DFT method [12], and Emriadi et
al. (2024) researching khellin derivatives as corrosion inhibitors using the DFT method [3].
Calculations with DFT show good correlation and provide information on the quantum chemical
parameters of the inhibitor compounds.

The parameters obtained from the DFT determine the corrosion inhibition ability are the highest
occupied molecular orbital energy (Enomo), the lowest unoccupied molecular orbital energy (Erumo),
and the dipole moment. From the Enomo and Erumo values obtained the gap energy (AE), electron
affinity (A), electronegativity (X), hardness (1), softness (o), electrophilicity (w), nucleophilicity (g)
can be calculated as inhibitor reactivity parameters while the adsorption energy and bonding energy
values as inhibitor parameters when interacting with Fe (110) [11]. The purpose of this study is a
computational analysis of iron corrosion inhibition by compounds contained in rimbang leaf extract
using the DFT method.
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2. Experimental Section

2.1. Materials

The tools used in this study include hardware and software. The hardware is a Lenovo Ideapad Slim
1i laptop with specifications Intel(R) Celeron(R) N4020 CPU @ 1.10GHz RAM 8.00 GB, and the
software is a Gaussian 16 W program to process data and Gaus View 6.0 to optimize the content of
rimbang leaf extract compounds and the Vesta program to make Fe (110) crystals. The materials used
in the study were rimbang leaf extract compounds from the journal [6-8], as shown in figure 1.
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8-methyl-heptadecane Neophytadiena Hexadecanoic acid, ethyl ester
(Inh 1) (Inh 2) (Inh 3)

0 o
9,12,15 Octadecatrienoic Fisetin DL-Proline,5-0x0-,methyl ester
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beta-d-mannoside heptanoate (bromomethyl)-3-nitro-
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Figure 1. Structure of compounds contained in rimbang leaf extract

2.2. Geometry Optimization of Rimbang Leaf Extract Compounds

The compounds in the extract of rimbang leaves were optimized using the Gaussian 16W program
package, DFT calculation method, and B3LYP/6-31G basis set in solvent free conditions. After the
optimization, the data will be stored in 3 formats: chk, gjf, and notepad. The output data is in the form
of optimal geometric structure, Enomo, Erumo, countour HOMO (Highest Occupied Molecular
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Orbital) and LUMO (Lowest Unoccupied Molecular Orbital), total energy (Etot), dipole moment (),
and ESP (Electrostatic Potential). Then, from the Enomo Erumo values, the inhibitor reactivity
parameters are obtained in the form of band gap values (AE), electronegativity (x), hardness (n),
softness (o), electrophilicity (w), nucleophilicity (€). After calculation, the compound with the best
inhibitory ability is obtained, and the stability of the inhibitor is analyzed.

2.3. Optimization of Compounds from Rimbang Leaf Extract Interacting with Fe (110) Crystals
The Fe (110) crystal structure is made using Vesta software, and then the file is saved in pdb format.
The Fe (110) crystal is then opened in the Gauss view 6.0 window and interacted with the inhibitor
molecule. The Fe-Inhibitor complex is then optimized using the molecular mechanics method. The
optimization results are in the form of optimal geometric structures and total energy. Then, from the
total energy value, the interaction energy and bonding energy values of the compound are obtained to
analyze the interaction and bonding of the inhibitor with the Fe (110) crystals.

Inhibitor molecules contained _
in rimbang leaf extract Inhibitor Molecule + Fe (110)

Optimization Results (Data

: output) ¢
Enomo, ELumo, Dipole
moment, HOMO - Total energy
countour, LUMO - Interaction energy
countour, Band gap - Bond energy
(AE),electronegativity
(x), chemical potential Optimal Geometry Structure

(1), hardness (n),
softness (o),
electrophilicity (o),
nucleophilicity (g),

\ 4

Molecular Stability Analysis and Analysis
of the type of interaction and strength of
the interaction of inhibitor + Fe

Figure 2. Research flow diagram

3. Results and Discussion

3.1 Geometry Optimization and Contour HOMO-LUMO

This optimization was done using the DFT method to obtain a stable molecular structure. The optimal
geometric structure, HOMO and LUMO contours of compounds in rimbang leaves in the solvent free
phase in the 3D form are shown in table 1. The geometric structure with red atom color = O; gray =
C; white = H; blue = N; dark red = Br, while the HOMO-LUMUO Contour in the compound is green
= bonding orbital and red = antibonding orbital.
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Table 1. Geometric structure, HOMO, and LUMO contour of compounds contained
in rimbang leaves. Compound Geometry Structure

Inh Compound Geometry Structure  Contour HOMO Contour LUMO

8 methyl ’ ;
' heptad o PR
eptadecane % zf(," >
.9 idga
. @ ‘J 14 1‘4
2 Neophytadiena N
dad 4 ‘
4“‘ ‘? ﬁa
3 Hexadecenoic , ¥
acid, ethyl ester ~ # #"ste¥ 8,880,
9,12,15 ot , P9
. . 'g—‘ PR & o
4  octadecatrienoic = ., © 2 2. >
acid etyl ester A
. .J
2 @ 2
5 Fisetin . f e ‘: 2o’
29 ;e
J.' ") @9
¢
6 DL-Prolin, 5- 2 (‘\.’ 2
0xo0-, metil ester > @9
% 9%
2y 2
Alpha 3 :‘ S . :::fg,z
7  tocopherol-beta- S 20 e,
d-mannoside P s
b A ,3}#‘ M
-- . . r"
5 1soprop1'1 2 » C 5
8 metilfenil e g“ © f‘ 5;
heptanoate ’ {;, ‘
Benzene, 1- P4
. e
(bromometil)-3- +a e
9 nitro- 82 9%, 0
4 2 .

The compounds in rimbang leaf extract are a group of metabolite compounds, namely flavonoids,
fatty acids, phenolics, diterpenes, and vitamins, which in their structure contain hydroxyl groups (-
OH), carboxyl groups (-COOH) and carbonyl groups (-C=0). Compounds containing functional
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groups such as carbonyl and aromatic rings and conjugated m electrons act as corrosion inhibitors due
to forming coordination bonds with empty d orbitals on the metal surface [13].

The HOMO contour is the electron density in the HOMO band and shows the area that is an
electron donor. In contrast, the LUMO contour is the electron density in the LUMO band and shows
the area that is an electron acceptor [14].

The HOMO and LUMO contours of the nine inhibitor molecules are distributed almost the same
namely on the -C-C- group for Inh 1, on the -C=C- group for Inh 2, on the carboxyl group for Inh 3
and 4, on the aromatic ring for Inh 7 and 8, while the other Inh are distributed throughout the
molecular structure. This indicates that all of these compounds have active groups distributed on the
molecule and can increase the absorption of inhibitors. Similar observations have been reported in the
literature [15] the compound 6-methyl-2-(p-tolyl)-1,4-dihydroquinoxaline has HOMO and LUMO
contours distributed throughout the structure.

3.2 Parameters of Inhibitor Reactivity of Rimbang Leaf Extract Compounds

The reactivity of a corrosion inhibitor can be computationally determined from the values of Enomo,
Erumo, bandgap (AE), electronegativity (), ionization potential (I), electron affinity (A), hardness (n),
softness (a), electrophilicity (w) and nucleophilicity (g) as shown in table 2.

Tabel 2. Calculation values of inhibitor reactivity parameters
Parameters Compound content of rimbang leaf extract

Inhl Inh2 Inh3 Inh4 Inh5 Inh6 Inh7 Inh8 Inh9
Enowmo (€V) -7.82  -6.11 -724 -6.45 -5.85 -6.71 -5.42 -6.54 -7.58
Erumo (eV) 235 056 -0.02 -0.03 -1.78 -0.68 0.23 -0.33 -3.09

AE (eV) 10.18 554 721 642 4.07 6.02 566 6.21 4.48
X (eV) 273 334 363 324 382 369 259 344 534
I(eV) 782 611 724 645 585 6.71 542 654 7.8
A(eV) 235 056 002 0.03 1.78 068 -0.23 0.33  3.09
n.(eV) 509 277 360 321 2.03 3.01 2.83 310 224
o (ev?h) 019 036 027 031 049 033 035 032 044
[16]w (eV) 068 -083 -090 -081 -095 -092 -0.64 -086 -1.33
e(eV?h) -146  -1.19 -1.10 -123 -1.04 -1.08 -154 -1.16 -0.74

The HOMO orbital energy is the ability of a molecule to donate electrons to an acceptor with an
empty molecular orbital. Conversely, the LUMO orbital energy is related to electron affinity with the
tendency to accept electrons [17]. The greater the HOMO energy value, the more inhibitor electrons
are donated. The smaller the LUMO energy value, the greater the number of electrons the inhibitor
receives. Higher HOMO energy values have better corrosion inhibition performance [18].

The calculated Enomo and Erumo values for the compounds are shown in table 2. From these
results the best compounds according to Enomo are inh 7 and inh 5 with values of -5.42 eV and -5.85
eV respectively. Inh 7 and inh 5 can be associated with the presence of many OH groups that are
effective as electron donors. This indicates that inh has a high tendency to donate electrons to the low
and unfilled d orbitals of metal atoms [16]. In addition, inh 9 shows a stable Erumo for forming back
bonds with metals.

Bandgap (AE) is the ratio between Enomo and Erumo indicating stability as a corrosion inhibitor.
A smaller bandgap value of the inhibitor molecule will improve inhibition efficiency because of the
energy required to excite electrons from the lowest to the highest orbital. Inh 5 and 9 show the lowest
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bandgap (4.07 and 4.48 eV respectively) indicating their high reactivity and kinetic stability [16],[19].
The band gap can be calculated using equation (1).

Electronegativity (x) is an important descriptor when a reaction occurs between a metal and an
inhibitor molecule. Electronegativity indicates the capacity of a molecule to attract electrons in a
covalent bond. The smaller the electronegativity value the more difficult it is to attract electrons from
the metal and its stability is high [12]. Inh 7 shows a lower electronegativity value of 2.59 eV than iron
(electronegativity 7 eV). The further the inhibitor electronegativity value is from the metal, the better
its reactivity and the greater the corrosion inhibition efficiency [16]. The electronegativity value is
obtained from equation (2).

AE = Erumo - Enomo ¢))
_1+A
-1 ®
I= 'EHOMO (3)
A= 'ELUMO (4)
I-A
n=— ®)
-1
o= ©
_ 2
w= - @)
£= — (8)

Tonization potential (I) is the energy required to remove an electron from the highest occupied
molecular orbital (HOMO). Higher ionization potential values indicate less reactive molecules and
lower values can more easily donate electrons to the metal surface [20]. From table 2. Corrosion
inhibitors show good ionization potentials, namely inh 5 and 7 (5.85 and 5.42 eV respectively). It can
be observed that the hydroxyl groups in inh 5 and 7 significantly decrease the ionization potential
values. The ionization potential values are obtained from equation (3).

Electron affinity (A) is the energy released when an electron is added to the lowest unoccupied
molecular orbital (LUMO). A high value of electron affinity indicates the ability of the inhibitor to
accept electrons from the metal surface so that they are stable during the interaction of the inhibitor
with the metal and can participate efficiently in the electron donor and acceptor process [20]. Inh 9
shows the highest value (3.09 eV) because there is a nitro group as a strong electron withdrawer so
that it is good in the process of donating and accepting electrons from the metal. The Electron affinity
value is obtained from equation (4).

Hardness (1) indicates its resistance to deformation or distortion of the electron cloud. Molecules
with lower hardness are generally more reactive and more suitable for corrosion inhibitors because
they can easily donate electrons or accept electrons and are inversely proportional to softness. High
softness values indicate efficiency as suitable inhibitors against metal surfaces [21-22]. Inh 5 and 9
show the lowest hardness (2.03 and 2.24 eV) and the highest softness (0.49 and 0.44 eV! respectively).
The hardness and softness value is obtained from equation (5) and (6).

Electrophilicity (w) measures the tendency to accept additional electrons and the resistance of a
system to exchange electrons with its environment. A high electrophilicity value indicates a high
electron transfer between the donor and acceptor [23-24]. Inh 7 has the highest value (-0.64 eV)
indicating a high ability to accept electrons. The electrophilicity value is obtained from equation (7).

Nucleophilicity (€) indicates the tendency to donate electrons with others or the opposite of
electrophilicity. High nucleophilicity values make good candidates as corrosion inhibitors [25-26]. The

http://www.eksakta.ppj.unp.ac.id/index.php/eksakta
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highest nucleophilicity value is inh 9 indicating that the molecule can easily donate electrons to the
metal. The nucleophilicity value is obtained from equation (8).

In conclusion, the nine most reactive compounds of rimbang leaf extract are inh 5, inh 7 and inh
9 (fisetin, alpha tocopherol-beta-d-mannoside and benzene 1-(bromomethyl)-3-nitro-). Inh 5 has many
hydroxyl groups that will donate electrons and aromatic rings whose electrons are conjugated so that
they help the process of donating electrons to metals just like inh 7 because molecules containing
heteroatoms and heterocycles are more effective as corrosion inhibitors than only containing aliphatic
chains such as the molecular structure of inh 1. Inh 9 contains a nitro group as an electron withdrawer,
an aromatic ring as a weak electron donor and a Br atom that attracts electrons from adjacent groups.
Therefore, the three compounds will be tested for Mulliken charge density and their interactions with
Fe (110) crystals.

3.3 Mulliken Charge Density

Figure 3 shows the mulliken density value of the compounds contained in the extract of rimbang
leaves. The atom with the highest negative charge illustrates that the inhibitor readily donates electrons
to the metal surface. However, it can be seen that the inhibitor can easily interact with the metal surface
through the active center (O atom). The values obtained indicate that the O atom has a higher negative
charge on inh 5 (fisetin), inh 7 (alpha tocopherol-beta-d-mannoside) and inh 9 (benzene 1-
(bromomethyl)-3-nitro-) which indicates that the compounds of rimbang leaves extract effectively
inhibit corrosion by being adsorbed on the metal surface through their active groups [27-28].
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Figure 3. Mulliken density of rimbang leaf extract (a) Fisetin (b) Benzene, 1-(bromomethyl)-3-nitro
(c) Alpha tocopherol-beta-d-mannoside

The fisetin compound has the most negative O atomic charge, which is -0.654 on the O28 atom,
the benzene 1-(bromomethyl)-3-nitro- compound, has the most negative O atomic charge on the O17
atom with a value of -0.287 and the alpha tocopherol-beta-d-mannoside compound has the most
negative O atomic charge on the Q96 atom with a value of -0.657. Of the three compounds, the most
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negative atomic charge value is found in the Alpha tocopherol-beta-d-mannoside compound, which
shows the compound's better ability to donate electrons to the metal surface.

3.4 Interaction of Inhibitors with Fe (110)
This study used Fe (110) crystals to analyze the interaction of rimbang leaf extract content inhibitors
as corrosion inhibitors on iron. Optimization was carried out on each molecule, Fe crystals, and
combinations of molecules with Fe crystals to determine the interaction between molecules and
inhibitors.

Figure 4 shows the inhibitor molecules adsorbed on the iron surface in a flat orientation. The
central site of inhibitor adsorption on the Fe (110) surface through the oxygen heteroatom group and
aromatic ring structure interact parallel or flat with the iron surface.
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Figure 4. Interaction of inhibitors with Fe (110) (a) benzene, 1-(bromomethyl)-3-nitro
(b) fisetin (c) alpha tocopherol-beta-d-mannoside.

Optimization was carried out using the molecular mechanics method to obtain the Fe energy
value, the inhibitor molecule energy value, and the Fe-inhibitor complex energy value. The adsorption
value and bond value were determined based on the formulas in equations (9) and (10) and the bond
length between Fe and O, as shown in table 3.

The performance of inhibitor adsorption on the iron surface is analyzed based on adsorption
energy and bond energy. The negative value of bond energy indicates that the inhibitor molecules on
the Fe (110) surface are spontaneously adsorbed. The more positive the adsorption energy, the more
negative the bond energy indicates that it is easier for the molecules to be adsorbed on the iron surface

3.
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Adsorption energy = Ecomplex — (Ere + Einnivitor) )
Bonding energy = 'Eadsorption (10)

The higher adsorption energy value and lower binding energy value are found in the alpha
tocopherol-beta-d-mannoside compound because it has many OH groups and has an aromatic ring

and long carbon chain, making it easier for oxygen atoms to donate electrons to Fe molecules.

Tabel 3. The interaction value of inhibitor molecules with Fe (110)

Inhibitor (k;r%ﬁol) (k]?;;ii)gl) ' Eg)o
Fisetin 183.50 -183.50 1.86
Alpha tocopherol-beta-d-mannoside 200.13 -200.13 1.84
Benzene, 1-(bromometil)-3-nitro- 155.18 -155.18 1.86

The negative sign indicates that the bond formation process occurs exothermically. Based on the
bond energy value, it is known that the three inhibitor compounds with Fe crystals are chemical
interactions. One of the factors that determines the type of physisorption or chemisorption that can
occur is the closest distance between the inhibitor atom and the Fe atom. The estimate for the type of
physiosorption is determined when the inhibitor-surface distance is >3A, while the type of
chemosorption is determined when the distance is <3A [29-30]. From the results obtained, the bond
length of the inhibitor compound shows almost the same value, and the interaction that occurs is a
chemical interaction.

4. Conclusion

Alpha tocopherol-beta-d-mannoside, fisetin, and benzene, 1-(bromomethyl)-3-nitro compounds are
effective inhibitor molecules among other inhibitor molecules in rimbang leaf extract compounds
based on the reactivity parameters of the inhibitor compounds. Meanwhile, the interaction of the
inhibitor with Fe (110) shows that among the three compounds, the one with the lowest bond energy
value of -200.13 kJ/mol and the smallest Inh-Fe bond length value of 1.84 A is alpha tocopherol-beta-
d-mannoside. The bond energy and bond length values show that the interaction between the inhibitor
and the Fe molecule is a chemical interaction.
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