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ABSTRACT

Density functional theory (DFT) calculations have been performed on Mesembrine,
Mesembrenone, Mesembrenol and Tortuosamine, using Gaussian 03 (GO03) program with
complete optimization of geometries. Quantum parameters and thermodynamic Gibbs function
have been used to investigate the efficiency of the corrosion inhibition of each compound.
Mesembrenone has been found to have very good corrosion inhibition efficiency as compared
to the other compounds. Quantum parameters and frontier orbitals together with calculated
thermodynamic function AG for adsorption show spontaneous physical adsorption of the
Mesembrenone on aluminum.
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1. INTRODUCTION

Extracts of several natural products of plant
origin, containing organic compounds with
multiple bonds and having the hetero atoms
(O, N, S, and P), are useful and widely used
as effective  corrosion inhibitors  [1-6].
Aluminum is one of the most important metals
and has been used in a wide range of alloys [7].
It is the second to iron in terms of production

and consumption. This is attributed to
the following distinguished Aluminum
characteristics: low atomic mass, being

inexpensive, environment-tally friendly, pleasing
appearance, and its industrial application [8,9].
This area of research is of much importance due
to naturally friendly, plant results are readily
available, renewable sources of materials and
inexpensive. Plant products are organic in
nature and some of the constituents including
tannins (organic and amino acids) alkaloids,
and pigments are known to exhibit inhibiting
action. Therefore, plant extract has become
important because it is a rich source of natural
products which can be extracted by simple
methods at low cost [10]. Recently, leaf extract
of Mesembryanthemum nodiflorum has been
reported as natural and green inhibitors for
aluminum corrosion [11].

The leaf extract of Mesembryanthemum
nodiflorum is organic and contains four major
chemical constituents, which are classified as
indole alkaloids (Fig. 1), namely, Mesembrine,
Mesembrenone, Mesembrenol and Tortuosam
-ine.

Theoretical chemistry has been used to explain
the mechanism of corrosion inhibition, such as
guantum chemical calculations, which have been
proved to be very powerful tool for studying the
mechanism [12-15]. The reactive ability of the
inhibitor is linked to their frontier molecular
orbitals, including highest occupied molecular
orbital (HOMO), and the lowest unoccupied
molecular orbital (LUMO), and other parameters
such as hardness and softness.

In this study, the major compounds have not been
isolated, instead the whole plant extract has been
dealt with. Moreover, the quantum chemical
parameters and molecular dynamics simulations
have been performed to investigate the effect
of Mesembryanthemum  nodiflorum indole
alkaloids as corrosion inhibitors of aluminum
using density functional theory DFT to find
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their inhibitors activity. Furthermore, these
theoretical calculations have been used to
investigate the efficiency of each compound
as a corrosion inhibitor of Al.

2. COMPUTATIONAL

The molecules were optimized using density
functional theory DFT/B3LYP using 6-31G (d)
main set (Gaussian 03, Revision B.03) [16], the
corresponding geometries of all molecules under
investigation were optimized without any
geometric  constraints for full geometric
optimizations [17]. No imaginary frequency was
found, indicating minimal energy structures.
Self- consistent reaction field (SCRF) was used
to perform calculations in the presence of a
solvent by open up an inhibitor cavity within the
solvent reaction field [18]. To accelerate the
calculation  process, PM3 semi-empirical
method was used in optimizing the molecular
structures of the indole compounds. After that,
re-optimizations for the structures were
repeated by DFT/B3LYP method. This method
is a Becke’s three-parameter functional (B3)
and including mixture of Hartree — Fock (HF)
wave function and DFT energy calculation that
adds exchange term correlation in DFT terms
together with the functional of Lee, Yang, and
Parr (LYP) [19,21].

Enomo and E o (the energy of the frontier
molecular orbitals) [22], the energy gap (AE),
the hardness (n), the softness (o), the
fraction of the electron transferred (AN), the
electrophilicity index (w), and the AG of
adsorption of inhibitors on aluminum have
been calculated for these compounds. The
absolute electronegativity (X), the absolute
hardness (n) of the inhibitor, the softness (o),
and the electrophililcity index (w) are given as
follow [23]:

X=(+A) /2 n=(-A)/2 o=1/n w=yW2n

where the ionization potential (I) and the
electron affinity (A) are calculated by the
following relations according to molecular orbital
theory [22]:

I'=-Epomo @and A =-E yyo
and u represents the chemical potential and is
assumed to be equal to the negative of the X

[22]. w was proposed by Parr [23] as a measure
of the electrophilic power of a molecule.
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Herein, electrons flow from lower X (inhibitor) to
higher X (metal) until the chemical potentials
become equal. AN has been calculated from
the obtained values of X and n, from the
inhibitor to metallic surface as follow [24,25]:

AN = (X metal ~ X inh) 12 (n metat T 1 inh)

where X . and X ,, denote the absolute
electronegativity and n .y and n ;,, denote the
absolute hardness of metal and the inhibitor,
respectively. The difference in electronegativity
drives the electron transfer, and the sum of the
hardness parameters acts as resistance [23].

3. RESULTS AND DISCUSSION

The compounds under investigation are
Mesembrine, Mesembrenone, Mesembrenol and
Tortuosamine [11]. The calculated results of the
energies of frontier molecular orbitals for the
inhibitors are shown in Table 1.

Table 1. Calculated HOMO — LUMO energies
of the inhibitors by the DFT method

Compound E homo (6Y)  Epumo (eV)
Al 5.98% 0.43%
Mesembrine -5.54 -0.40
Mesembrenone -5.41 -1.60
Mesembrenol -5.16 -0.22
Tortusamine -5.31 -0.59

2 form Ref. [29]

The chemical reactivity is a function of the
interaction between the HOMO and LUMO levels
of the reacting species [26] based on the frontier
molecular orbital (FMO) theory. The energy of

the highest occupied molecular orbital Epomo
shows the electron donating ability of the
molecule. High value of E,., indicates a
tendency of the molecule to donate electrons to
the appropriate  acceptor molecule of low
empty molecular orbital energy [27]. On the
other hand, E o represents the energy of the
lowest unoccupied molecular orbital and
indicates the ability of the molecule to accept
electron [28]. Consequently, the lower the
value of E o, the more the molecule accepts
electrons. Therefore, when increasing HOMO
and decreasing LUMO the binding ability of
the inhibitor to the metal surface increases.
The values of the energies of HOMO and LUMO
for metal- Al [29] have been compared to
the  calculated values calculated for
Mesembryanthemum nodiflorum major
compounds to determine the type of the
interaction. LUMO - HOMO gaps for the
interaction aluminum-inhibitors (given in Table
2), show that aluminum will act as a Lewis base
while the inhibitor Mesembrenone act as a Lewis
acid. So, aluminum utilizes the HOMO orbital to
initiate the reaction with LUMO orbital of
Mesembrenone. The interaction has a certain
amount of ionic character because the values of
LUMO ;, — HOMO , gap approximately fall
between 4 to 5 eV. Strong covalent bond can
be expected only if the LUMO ,,, — HOMO ,
gap is approximately zero [30].

The inhibitors Mesembrine, Mesembrenol and
Tortuosamine act as a Lewis base and
aluminum acts as Lewis acid (Table 2). In
this case Mesembrenone act as cathodic
inhibitors while the other inhibitors act as
anodic inhibitors.



In Table 3, the energy separation, AEg,, =
(ELumo — Enomo): is an important parameter and
it is a function of the reactivity of the inhibitor
molecule towards the adsorption on metallic
surface. As AEgap decreases, the reactivity of
the molecule increases leading to an increase of
the inhibitor efficiency [31]. The effectiveness
of Mesembryanthemum nodiflorum compounds
under investigation as inhibitors has been
further addressed by evaluating the global
reactivity parameters. The electronegativity,
X, the global chemical hardness, n, the global
softness, o, the fraction of electrons
transferred, AN, and the electrophilicity, w, are
shown in Table 3.

Hard-Soft-Acid—Base (HSAB) terms have been
used to discuss the bonding tendencies of the
inhibitors towards the metal atom and the
frontier-controlled interaction concepts [32-34].
The principle of HSAB says that hard acids
prefer to coordinate to hard bases and soft
acids prefer to coordinate to soft bases. Metal
atoms are known as soft acids [30]. Therefore,
hard molecules have a high HOMO-LUMO g,
and soft molecules have a small HOMO-
LUMO g [25], and thus soft bases inhibitors
are the most effective ones for metals [31]. So,
Mesembrenone which has the lowest energy
gap and the highest softness, is expected to
have the largest inhibition efficiency as
compared to Mesembrine, Mesembrenol and
Tortuosamine. This could also be confirmed
by calculating another quantum chemical
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parameter, o, which measures the softness of
the molecule and so its reactivity. In Table 3,
it is shown that Mesembrenone has the larger o
values than the others. Table 3 also presents
the hardness values, n, obtained for the
inhibitors. Herein, the Mesembrine, Mesembre-
nol, and Tortuosamine have the larger
hardness values than Mesembrenone. This
tendency is the reverse with the results of
softness. Therefore, the inhibitor with the
smallest value of global hardness (hence the
highest value of global softness) is the best. This
is because a soft molecule is more reactive
than a hard molecule [35].

The fraction of transferred electrons (AN) is
also calculated and tabulated in Table 3. The
values of AN of Mesembrenone and
Mesembrenol are greater than of Mesembrine
and Mesembrenone. The electrophilicity index,
w, shows the ability of the inhibitor molecules
to accept electrons from aluminum (Table 3).
Mesembrenone exhibits the highest electrophili-
city value as compared to the electrophilicity
values of Tortuosamine, Mesembrine and
Mesembrenol; consequently, this observation
confirms its high capacity to accept electrons.
The observed electrophilicity value for Mesem-
brenone is attributed to the low E o oOf
Mesembrenone (E o= -1.60 eV) compared
to other compounds. That is, aluminum acts as
Lewis base while Mesembrenone act as Lewis
acids (cathodic inhibitor). Also, the Al atoms
can accept electrons from inhibitor molecule to

Table 2. HOMO — LUMO ,, interaction of al-inhibitor by the DFT method

Inhibitors LUMO ,,,, —HOMO , (eV) LUMO 5 — HOMO ,, (eV)
Mesembrine 5.58 5.11
Mesembrenone 4.38 4.98
Mesembrenol 5.75 4.73
Tortusamine 5.39 4.88

Table 3. Calculated quantum chemical parameters for

the inhibitors

Quantum parameters Mesembrine Mesembrenone Mesembre  nol Tortusamine
EHOMO (eV) -5.54 -5.41 -5.16 -5.31
ELUMO (eV) -0.40 -1.60 -0.22 -0.59
AEgap 5.14 3.81 4.94 4.72
I (eV) 5.54 5.41 5.16 5.31
A (eV) 0.40 1.60 0.22 0.59
X (eV) 2.97 3.50 2.69 2.95
n (ev) 2.57 1.90 2.47 2.36
o 0.38 0.52 0.40 0.42
AN 0.02 0.03 0.04 0.02
w 1.72 3.22 1.47 1.84

Xp=3.20, N o= 2.77
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Table 4. Calculated A G (kJ mol '1) values of the investigated inhibitors

Inhibitors Cathodic inhibitors Anodic inhibitors Di pole moment (Debye)
Mesembrine 22.4 2.7
Mesembrenone -28.8 2.2
Mesembrenol 49.5 1.2
Tortuosamine 24.4 2.9

form a coordinated bond (anodic inhibitor). The
inhibitor molecule can accept electrons from
aluminum atom to form back-donating bonds
depending on the orientation of optimized
structure of the inhibitor on the spatial (Fig. 2).
These donation and back-donation processes
strengthen the adsorption of Mesembrenone
onto the aluminum surface and increase the
inhibition efficiency.

The AG values for adsorption of the
investigated inhibitors on aluminum surface are
calculated and given in Table 4.

All compounds show positive AG values except
Mesembrenone. The difference  between
physical adsorption and chemical adsorption
depends on the magnitude of Gibbs free
energy changes [36-38]. For  physical
adsorption, AG value is in the range of 0 to -40
kJ.mol™, whereas for chemical adsorption, AG
value is in the range of -80 to -400 kJ.mol™. The
suggested mechanism for Mesembrenone is
physical adsorption because AG value is -28.8

kJ.moI'l, whereas the other compounds show
non-spontaneous process. The measured AG
value for nodiflorum extract at temperature

298K is -11.5 KJ.moI'l, which suggests a
physical adsorption [11].

4. CONCLUSION

It can be concluded that theoretical calculations
gave a good picture about the Mesembryan-

themum nodiflorum leaf extract by suggesting
that Mesembrenone shows the most inhibition

efficiency as
compounds, because

compared

to the other
it has low E 4o that

can form a strong interaction with aluminum to act

as cathodic

inhibitor.

Also, the highest

electrophilicity of Mesembrenone as compared to

the other

compounds which

represents a

measure of the electrophilicity power of the
molecule. Also, the energy gap is smallest as

compared to
indicates the most

the other

three compounds
reactive compound. On

addition Mesembrenone has negative Gibbs free

energy while other

compounds show non-

spontaneous Gibbs free energy. The leaf extract

shows spontaneous energy which may
suggests that corrosion inhibition mainly from
Mesembrenone.
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