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Abstract: The present work describes the computational methods for the corrosion inhibition of aluminium using
three selected chemical constituents (5-methyldihydroflavasperone, 5-methylflavasperone and methoxylated
naphthyl butanone) reportedly obtained from the leaves extract of Guirea senegalensis. Quantum chemical
calculations including Exomo, ELumo, energy gap (AE), electronegativity (), global hardness (n) and fraction of
electrons transfer from the inhibitor molecule to the aluminium surface (AN) were calculated. The local reactive
sites through Fukui indices which explain the effect of structural features of these components in relation to
electrophilic and nucleophilic point of attack were evaluated. The similarities in quantum chemical parameters for
the compounds obtained revealed that the adsorption strengths of the molecules will be mostly determined by
molecular size rather than electronic structure parameters. Fukui indices showed that the point of interaction of
inhibitor molecule with the AI(110) surface were through aromatic carbon atom rich in pi-electrons and oxygen
atom of the alkanone functional group in the inhibitor molecules. Molecular dynamics simulations describing the
adsorption behavior of the inhibitor molecule on Al(110) surface through Forcite quench molecular dynamics were
carried out. The compounds were found to all obey the mechanism of physical adsorption because of their
relatively low adsorption energies.
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1. Introduction

Corrosion is one of the major means through which metals deteriorate. Most metals get corroded when they are in
contact with aggressive medium such as moisture in the air, acids, bases, salts, oils, aggressive metals polishes and
liquid chemicals [1]. Also, when metals are exposed to gaseous materials such as formaldehyde, acid vapour and
sulphur containing gases, they undergo corrosion [2]. Acids such as hydrochloric, hydrofluoric, phosphoric and nitric
are used in industrial processes including pickling, etching and descaling of metals in industries, this normally results
into corroding the metals involved [3-4]. Protection of metals and their alloys against corrosion when exposed to
corrosive media or aggressive environment has attracted much attention globally as a result of huge losses of resources
and finances that usually results annually [5].

Owing to its relative resistance to corrosion attack, lightweight, high strength, malleability, durability, ductility,
conductivity and recyclability, aluminium is an exceptionally valuable metal. Aluminium and its alloys find extensive
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and large number of applications in different capacities at various industries including transportation, construction,
packaging, and automobile, among others [6]. Presently, the corrosion inhibition of aluminum and its alloys are the
subject of tremendous technological importance, because of their increased industrial applications [7]. Organic
compounds containing heteroatoms or polar functional groups of nitrogen, oxygen and/or sulphur atoms in a
conjugated system have been identified to exhibit good corrosion inhibiting properties as an alternative way of
protecting metals from corrosion attack [8]. Inhibition by such compounds occur through the adsorption on the surface
of the corroding metal and the efficiency of the inhibitor compound depends on the structural, chemical and mechanical
characteristics of the adsorption layers of the metal under particular conditions [9].

Experimental methods are very useful means to explain the inhibition mechanism between the metal and inhibitor
molecule. Nonetheless, they are often expensive and time consuming. Ongoing development in hardware and software
computational tools has opened the ways for powerful use of computational chemistry in corrosion inhibition studies.
Several quantum chemical methods and molecular modeling techniques have been applied to relate the inhibition
performance of the inhibitors with their molecular properties [6]. Quantum chemical calculations have been broadly
employed to study and understand the reaction mechanisms. Also, they have been confirmed to be a very powerful
computational research tool in theoretical chemistry for investigating the corrosion inhibition of metals [10]. It has been
shown that the effectiveness of inhibitor molecule in metals protection is related to its electronic and spatial molecular
structure, relating the quantum chemical parameters and inhibition efficiency [11]. Theoretical parameters offer some
major advantages in which the molecules and their various substituent and fragments can be directly characterized on
the basis of their molecular structure only and the proposed mechanism of adsorption can be directly accounted for in
terms of the chemical reactivity of the compounds under study [12]. In some circumstances the parameters connected
with the electronic and chemical structure of the inhibitor molecule act concurrently on the inhibitor efficiency and may
be difficult to decide which parameter plays the most important role in deciding the efficiency of the inhibitor [13].
This present work is aimed to study the performance of three selected compounds obtained from literature which are
reportedly sourced from the leaves extract of Guiera senegalensis [14] which is to be used for the corrosion inhibition
of aluminum AIl(1 1 0) metal in gaseous phase. The experimental use of the extracts of Guiera senegalensis on
aluminium in hydrochloric acid solution have also been reported elsewhere [3].

2. Methodology

The inhibiting action of Guiera senegalensis extract, like other natural product extracts, can be attributed to the
adsorption of the phytochemical constituents on the aluminium metal surface. Accurate experimental determination of
the contributions of the different constituents to the overall inhibiting effect is considerably hindered by the complex
chemical compositions of its biomass extract. In the present work, the use of quantum chemical parameters and
molecular dynamics simulations to highlight the individual contributions of some isolated compounds of Guiera
senegalensis extract obtained from literature [14] was evaluated. Such calculations were performed to describe the
electronic structures of some of the major chemical constituents of the leaves of Guiera senegalensis; 5-
methyldihydroflavasperone, 5-methylflavasperone and Methoxylated naphthylbutanone with a view to establishing the
active sites as well as local reactivity of the molecules. The simulations were performed by means of the density
functional theory (DFT) electronic structure program DMol3 using a Mulliken population analysis. Electronic
parameters for the simulation included restricted spin polarization using the DND basis set and the Perdew—Wang (PW)
local correlation density functional. Local reactivity of the studied compounds was analysed by means of the Fukui
indices (FI) to assess regions of nucleophilic and electrophilic behaviour. Other parameters such as global hardness (1)
and softness (o) which are being calculated according to Koopman’s theory, from the values of Exomo and Eumo using
equation, electronegativity () and local softness s(r).

2.1 Sketching the Inhibitor Molecules and Geometry Optimization

Three inhibitor molecules of interest (5-methyldihydroflavasperone, 5-methylflavasperone and Methoxylated
naphthylbutanone) [14] (Fig. 1) were sketched using Chemdraw Ultra 7.0 software. The sketched molecules were all
subjected to geometry optimization in order to refine the geometry of their structures which also minimized their
conformational and torsional energies. This job was carried out using the DMol® geometry optimization as contained in
Accelrys Material Studio 7.0 software. The optimized structures were saved for further use in quantum calculations of
some electronic and structural properties [15].
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dihydrophenanthren-2(1H)-one methylphenanthren-1(4H)-one 2-yl)but-2-en-1-one

Fig. 1 - The sketched 2D structures of studied molecules

2.2 Quantum Chemical Calculations

Theoretical calculations were performed using the density functional theory (DFT) with B3YLP: 6-31G functional
and DND as the basis set programs in DMol® as contained in the Materials Studio 7.0 software (Accelrys, Inc.). These
calculations offer a very useful tool for understanding molecular properties and for describing the behavior of atoms in
molecules [16]. They also provide an insight into chemical reactivity and selectivity, in terms of global reactivities such
as global hardness (), global softness (o), frontier orbitals (HOMO and LUMO), electronegativity (x) and local
reactivity such as the Fukui function f(r) and local softness S(r) [17-19]. lonization energy (I) and electron affinity (A)
which are related to the energy of the highest occupied molecular orbital (Enomo) and lowest unoccupied molecular
orbital (ELumo) and molecular weight of each molecule were all calculated using Eq. 1-4 [17, 20-22]:

x=n=-(3) o) )

where p is the chemical potential, its the negative of the electronegativity y for N-electron system with total electronic
energy E and an external potential v(r), which has been defined as the first derivative of E with respect to N at constant
external potential v(r).

1= (32 o) = () vt @

n is the global hardness which has been defined within the density functional theory (DFT) as the second derivative of
energy E with respect to number of atoms N at constant v(r).

I'=—Eppme (3)
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Where 1 is the ionization potential and A is the electron affinity which are related in terms of energy of the highest
occupied molecular orbital (Enomo) for ionization potential (1) and of the lowest unoccupied molecular orbital (ELumo)
for electron affinity (A).
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Where y is the electronegativity, 1) is the global hardness and o is the Global softness.
Fraction of electrons transferred (AN) from the inhibitor molecule to the aluminium metal surface was calculated
using the Eq. 8:

¥Al — xinh
AN =—7Fr—— 8
2(nAl — ninh) ®

where Al = 5.6eV and yinh represents the absolute electronegativity of aluminium and the inhibitor molecule
respectively. nAl = 0 and ninh stands for absolute global hardness of aluminium and the inhibitor molecule
respectively.

The Fukui function f(r) is defined as the first derivative of the electronic density q(r) with respect to the number of
electrons N at constant external potential v(r). This is achieved using a scheme of finite difference approximations from
Mulliken population analysis of atoms for all the molecules under study. Calculations of point of nucleophilic attack
Fx* and electrophilic attack Fx~ were performed using Eq. 9-10 respectively as contained in the software.

F& = gV + 1) — g (V) 9)

Fxz = qx(N) — g (N — 1) (10)

Where gk is the gross charge of atom k in the molecule i.e the electron density at a point r in space around the molecule.
N corresponds to the number of electrons in the molecule. N + 1 corresponds to an anion, with an electron added to the
LUMO of the neutral molecule, N — 1 corresponds to the cation with an electron removed from the HOMO of the
neutral molecule. All calculations were performed at the ground state geometry. These functions were condensed to the
nuclei by using an atomic charge partitioning scheme, such as Mulliken and Hirshfeld model for population analysis.

2.3 Molecular Dynamics Simulation

Molecular Dynamics (MD) simulations were carried out at a molecular level using Forcite quench dynamics in
order to sample many different low-energy configurations and find the low-energy minima for the best adsorption of
each inhibitor molecule on the Al(1 1 0) metal surface as contained in the Materials Studio 7.0 software (Accelrys, Inc.)
[6]. Computations were performed in a 5 x 4 supercell using the condensed-phase optimized molecular potentials for
atomistic simulation studies (COMPASS) force field and the Smart algorithm in the software. Al(1 1 0) is the most
densely packed and also the most stable among several types of Al surfaces [23-24]. The crystal of Al was cleaved
along the (1 1 0) plane. The Al slab built for the docking process was relatively large enough to accommodate the
inhibitor molecules in order to avoid edge effects during docking. Temperature was fixed at 350K, with NVE
ensemble, time step of 1 fs and simulation time of 5 ps. The system was quenched every 250 steps with the Al(1 1 0)
surface atoms constrained. The structures of the inhibitor molecule previously optimized were used for the simulation.
Adsorption of a single inhibitor molecule onto the Al(1 1 0) surface offers access to the adsorption energetics and its
effect on the inhibition efficiency of the molecule [24]. The binding energy (BE) or adsorption energy E.gs, between the
inhibitor molecule and Al(1 1 0) surface was calculated using Eq. 11:

EEF.'S = —BE = E.-h'+.‘-z‘|:~|' - {E.-I.i:l (11)

where Eags is the adsorption energy equal to negative of binding energy (BE), Eai+ moi is the energy which corresponds
to the total energies of Al(1 1 0) surface and the inhibitor molecule, Ewq is the energy of the inhibitor molecule and Ea
is the energy of aluminium [24].

3. Results and Discussion

3.1 Quantum Chemical Calculations

Calculations were carried out in order to establish the active sites and local reactivity of all the three studied
inhibitor molecules. Simulations were done by means of the DFT electronic structure program DMol?® using a Mulliken
population analysis [25-26]. Electronic parameters for the simulation include unrestricted spin polarization using the
DND basis set and the Perdew—Wang (PW) local correlation density functional [6]. The result in Fig. 2-4 illustrate the
(a) optimized structure, (b) electron density, (c) highest occupied molecular orbital (HOMO) and (d) lowest unoccupied
molecular orbital (LUMO) of the studied inhibitor molecules A, B and C respectively. The optimized structure
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represents the refined molecules that are brought to a stable geometry with a minimal torsional strength. The electron
cloud in Fig. 2(b), 3(b) and 4(b) are saturated around each inhibitor molecule, the cloud of these electrons facilitate flat-
lying adsorption orientations of inhibitor molecule onto Al(1 1 0) metal surface which is the most densely packed and
also the most stable among several types of Al surfaces. In Fig. 2(c), 3(c) and 4(c), the regions of high HOMO density
are the sites at which electrophiles attack and represent the active centers, with the utmost ability to bond to the metal
surface. These regions of the HOMO orbitals are saturated on aromatic carbon atom containing the double bond (-C=C-
) in the inhibitor molecules as presented. The LUMO orbital on the other hand (Fig. 2d, 3d, 4d), can accept free
electrons in the p-orbital of the metal using antibonding orbitals to form feedback bonds [6, 27]. This can be observed
to be applicable to all the studied molecules, for reason that they have a common base moiety qualifying a lot of
structural and electronic similarities between them.

Fig. 2 - (a) Optimized structure; (b) Electron density around the optimized structure; (c) HOMO of the
optimized structure; (d) LUMO of the optimized structure for molecule A

Fig. 3 - (a) Optimized structure; (b) Electron density around the optimized structure; (c) HOMO of the
optimized structure; (d) LUMO of the optimized structure for molecule B
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Fig. 4 - (a) Optimized structure; (b) Electron density around the optimized structure; (c) HOMO of the
optimized structure; (d) LUMO of the optimized structure for molecule C

Table 1 presents the result of eigen values of highest occupied molecular orbital (Exomo) and lowest unoccupied
molecular orbital (ELumo), the energy gap AE and other quantum chemical parameters. Highest Enomo (-5.355) was
obtained with respect to molecule C, while lowest Exomo (-5.633) was obtained with respect to inhibitor B. High value
of Enomo decreased the value of AE and high value of E umo increased the value of AE, the smaller the energy gap
between the HOMO and LUMO energy which is a function of reactivity, the stronger interaction of inhibitor molecule
with the metal surface [28]. High values of Enomo indicate the disposition of the molecule to donate electrons to an
appropriate acceptor like the unoccupied molecular orbital of the Al metal. Thus, a low AE value shows good inhibition
efficiencies of the organic inhibitor because the energy to remove an electron from the last occupied orbital will be
minimized [29-30]. The values of Enomo oObtained show no significant difference between all the molecules which is
due to the similarity of their molecular size containing the HOMO. The similarities in quantum chemical parameters
mean that the adsorption strengths of the molecules will be mostly determined by molecular size parameters rather than
electronic structure parameters [21]. Also, excellent organic inhibitors not only donate electrons to a vacant orbital of
the metal, but they also accept free electrons from the metal which makes them more electron rich and therefore offer
better inhibition efficiency. The result obtained in Table 1 shows that all the inhibitor molecules are rich in electrons
since higher value of ELumo is an index that indicate the tendency of a molecular specie to accept free electron and offer
good inhibition performance.

The values of fraction of fraction electron transferred from inhibitor molecule to the metal surface (AN) ranges
from (0.493-0.563) with molecule B having the lowest value 0.493 and molecule C having the highest value 0.563
which are all less than 3.6. If AN is less than 3.6, inhibition efficiency increases with increase in values of the electron
donating ability of the molecules while if the AN is greater than 3.6, the inhibition efficiency decreases with increasing
values of the electron donating ability of the molecules [6]. The difference in electronegativity between the inhibitor
molecules and aluminium drives the electron transfer. Therefore, all the three molecules inhibit the corrosion of
aluminium in the following order of performance C<A<B with molecule B having the lowest AN value (0.493) because
it has high capacity of donating more electrons leading to better inhibition performance [31].

Based on the result presented in Table 2, the electrophilic attack on inhibitor molecule A, B and C has their highest
Mulliken and Hirshfeld charges each on C(3) of their structures. While for the nucleophilic attack, their highest
Mulliken and Hirshfeld charges are on C(12), O(22) and O(21) for inhibitor molecule A, B and C respectively. All the
C(3)’s are the carbon atoms containing the double bond (-C=C-) in aromatic ring of the inhibitor molecule A, B and C.
C(12), O(22) and O(21) are the carbon and oxygen atom of ketone group of the inhibitor molecule A, B and C
respectively. These are the region on the inhibitor molecules having the highest Mulliken and Hirshfield charges where
the electrophilic and nucleophilic could possibly attack. The regions of a molecule where the Fukui function is large
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are chemically softer than the regions where the Fukui function is small, and by invoking the HSAB principle in a local
sense, one may establish the behavior of the different sites with respect to hard or soft reagents [20-21]. Thus all the
molecules can accept and also release electrons mostly through the active centers specified by the Mulliken and
Hirshfield model. This can clearly be observed on those centers on HOMO and the LUMO orbital in Fig. 2(c) — 4(c)
and 2(d) — 4(d) respectively. The similarities in quantum chemical parameters mean that the adsorption strengths of the
molecules will be mostly determined by molecular size parameters rather than electronic and/or structural parameters
[6].

The values of Fukui indices for electrophilic (f)) and nucleophilic (f*) attack by Mulliken and Hirshfield model for
inhibitor molecules A, B, and C respectively are presented in Table 2. The local reactivities of each molecule by means
of Fukui indices indicates the regions of electrophilic and nucleophilic attack on the inhibitor molecules. f measure the
ability of the molecule to release electrons or reactivities with respect to electrophilic attack, whereas f* measures the
tendency of the molecule to attract electrons or reactivities relating to nucleophilic attack. Atom with highest Fukui
value represents the point where electrophile or nucleophile can attack the molecule.

Table 1 - Quantum chemical parameters of the studied inhibitor molecules
Inhibitor Molecules

Parameters A B C
HOMO (at orbital number) 80 79 84
LUMO (at Orbital number) 81 80 85
Erowmo (eV) -5.372 -5.633 -5.355
ELumo (eV) -0.841 -1.183 -1.487
Energy gap (AE) (eV) 4.531 4.450 3.868
Molecular weight (gmol?) 302.326 300.310 316.353
lonization potential (1) (eV) 5.372 5.633 5.355
Electron Affinity (A) (eV) 0.841 1.183 1.1487
Global hardness (1)) 2.2655 2.2250 1.9340
Global softness (o) 0.441 0.449 0.517
Absolute Electronegativity (x) 3.107 3.408 3421
Fraction of Electron Transfer (AN) 0.550 0.493 0.563

Key: A = 5-methyldihydroflavasperone B = 5-methylflavasperone C = methoxylated naphthyl butanone.

Table 2 - Calculated Fukui functions for all the inhibitor molecules (A-C)

Electrophilic (F) Nucleophilic (F*)
Molecules . . . .
Mulliken Hirshfeld Mulliken Hirshfeld
A (C3) 0.077 (C3) 0.088 (C12) 0.176 (020) 0.163
B (C3)0.074 (C3) 0.083 (022) 0.107 (022) 0.104
C (C3) 0.086 (C3)0.101 (021) 0.135 (021) 0.129

Key: A = 5-methyldihydroflavasperone; B = 5-methylflavasperone; C = methoxylated naphthyl butanone.

3.2 Molecular Dynamic Simulation

Adsorption parameters for the interaction of the studied molecules with the Al(1 1 0) surface via Forcite quench
dynamics were calculated. The total energies for the adsorption Eags of inhibitor molecule A, B and C were computed
by averaging the energies of the five most stable representative adsorption configurations which were presented in
Table 3. The side view snapshot for the lowest energy adsorption configurations for single inhibitor molecules A, B and
C, for the interaction with AI(1 1 0) surface were shown in Fig. 5(a), (b) and (c) respectively. The results shows that
each inhibitor molecule maintained flat-lying adsorption orientation on the Al(1 1 0) metal surface, as shown by the
delocalization of the electron density around all the molecules in Fig. 2(b), 3(b) and 4(b). This configuration
maximizes contact between the molecule and the metal surface. It has been reported that, the more negative the Eags of
the inhibitor-metal surface, the better the adsorption of the inhibitor onto the metal surface and subsequently the higher
the inhibition performance [32-33]. Based on the Eags values obtained, molecule B having more negative value of Eags iS
expected to perform better in inhibiting the corrosion of Al(1 1 0) in gas phase because of its molecular size and double
bond on aromatic carbon atoms. This indicates that the larger molecules with electron donating ability are more
strongly adsorbed on the metal surface. It can be observed from Table 3 that the magnitude of calculated Eags values
was all less than 100kcalmol, this is despite the fact that the simulations did not put into consideration the specific
covalent interactions between the molecules and the Al(1 1 0) surface. Values less than or equal to 100kcalmol™ have
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been reported to be in the range of physical interactions [21, 33]. Therefore, adsorptions of these molecules on Al(1 1
0) surface in terms of their adsorption energy increases in the order of B>A>C. This observation is attributed to their
molecular size and functional groups capable of donating electrons to the p-orbital of Al metal.

(a)-Molecule A

(b)-Molecule B (c)-Molecule C

Fig. 5 - (a), (b) and (c) are the side view snap shots for the adsorption of inhibitor molecule A, B and C
respectively on the Al(1 1 0) metal surface

Table 3 - Calculated adsorption parameters for the interaction of the inhibitor molecules (A, B and C) with the
Al(1 1 0) surface

Molecule Total Potential Molecular Energy Energy of Al (11 0) Adsorption Energy
Energy (kcal/mol) (kcal/mol) surface (kcal/mol) (kcal/mol)

A -143.652+1.325 -71.571+2.554 0.000+000 -72.081+2.113

B -136.417+5.389 -59.279+3.213 0.000+000 -77.138+3.812

C -150.570+0.205 -81.122+1.221 0.000+000 -69.448+0.563

Key: A = 5-methyldihydroflavasperone; B = 5-methylflavasperone; C = Methoxylated naphthyl butanon

4. Conclusion

This work revealed that 5-methyldihydroflavasperone, 5-methylflavasperone and methoxylated naphthyl butanone
reportedly sourced from Guiera senegalensis leaves extract inhibits the corrosion of Al(1 1 0). Quantum chemical
parameters associated with the electronic structures of the inhibitor compounds and Fukui indices for electrophilic and
nucleophilic attacks, indicated that the compounds could adsorb on the Al(1 1 0) surface through the aromatic carbon
atoms containing the double bond and oxygen atoms from the ketone functional group. The molecular dynamics
simulation results showed that all inhibitors have adsorption energies less than 100 kcalmol? signifying a physical
adsorption mechanism. The compounds were also established to be similarly adsorbed on the aluminum metal surface
in the same flat lying pattern as indicated by the total electron density map of the compounds and the interaction of the
carboxyl and methoxy functional groups of these compounds with the aluminium metal surface. This shows a great
similarity in the structure of these three Guiera senegalensis selected compounds.
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