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Quantum chemical calculations and molecular dynamics simulations were performed to 

investigate the effect of four flavonoids compounds (Kaempferol, Quercetin, Myricetin and 

Rhamnetin) from Guiera Senegalensis leaves on corrosion inhibition of aluminium metal in 

vapour phase. Quantum chemical parameters including EHOMO, ELUMO, energy gap (ΔE), 

electronegativity (χ), global hardness (η), global softness (σ) and fraction of electrons 

transferred (ΔN) from the flavonoid molecule to the aluminium surface were calculated and 

the results indicate that the larger the molecular size the better the inhibition efficiency. Local 

reactive sites through Fukui indices were also calculated to explain the effect of electronic and 

structural features of the flavonoid compounds present in the leaves extract of Guiera 

senegalensis (GS). The results showed that the point of interaction of inhibitor molecule with 

the Al(1 1 0) surface were through hydroxyl and carbonyl functional groups of the studied 

compounds. Molecular dynamic simulations revealed that the adsorption behaviour of each 

flavonoid molecule on Al(1 1 0) surface through quench dynamics were found to obey the 

mechanism of physical adsorption and the more negative is the adsorption energy between the 

inhibitor-metal surface the better inhibition performance of the molecule on Al(1 1 0) surface. 
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1. Introduction  

    Corrosion is a natural phenomenon which can be 

regarded either chemical or electrochemical in nature [1]. 

Usually, metal gets oxidized in the presence of acids, 

alkali, salts and sulphides. Acids such as hydrofluoric acid, 

hydrochloric acid, nitric acid and phosphoric acid are used 

in the industries for pickling, etching and descaling of 

metals [2-4]. These are processes that generally lead to 

substantial loss of the metal to corrosion. Owing to its 

corrosion resistance, lightweight, high strength, 

recyclability, formability, durability, ductility, and 

conductivity, Aluminium is an exceptionally valuable 

metal. The metal and its alloys find extensive and large 

number of applications in various industries in different 

capacities [5] such as chemical, oil and gas transportation, 

automobiles, construction among others. The corrosion 

protection of Aluminium and its alloys are the subject of 

tremendous technological importance worldwide due to the 

increased industrial applications of these materials [6]. 

Among the alternative ways of protecting metals from 

corrosion, organic compounds containing polar functional 

groups of the heteroatoms nitrogen, oxygen or sulphur 

atoms in a conjugated system have been identified to 

exhibit good inhibiting properties [7]. The inhibition occurs 

via adsorption of these molecules on the surface of the 

corroding metal and the performance of the inhibitor 

depends on the mechanical, structural and chemical 
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characteristics of the adsorption layers of the metal under 

particular conditions [8].  

Experimental procedures are very useful ways to explain 

the inhibition mechanism between the metal and inhibitor 

molecules but they are often expensive and consume a lot 

of time. Continuing advancement in hardware and software 

tools has opened the door for powerful use of 

computational chemistry in corrosion inhibition studies. 

Numerous quantum chemical methods and molecular 

modelling techniques have been implemented to correlate 

the inhibition performance of the inhibitors with their 

molecular properties [5]. Quantum chemical calculations 

have been broadly used to understand the reaction 

mechanism; they have also been confirmed to be a 

powerful computational research tool for investigating the 

corrosion inhibition of metals [9]. It has been proved that 

the efficiency of inhibitor molecule is related to its 

electronic and spatial molecular structure, relating the 

quantum chemical parameters and inhibition efficiency 

[10]. Quantum chemical methods and molecular modelling 

techniques allow the description of a large number of 

molecular quantities illustrating the reactivity, binding 

properties and shape of a complete inhibitor molecule as 

well as molecular fragments and substituents attached to it. 

Theoretical parameters offer two major advantages: the 

molecules, their various substituents and fragments can be 

characterized directly on the basis of their molecular 

structure only, and also directly the proposed mechanism 

of action can be accounted for in terms of the chemical 

reactivity of the compounds under study [11]. In several 

cases the parameters connected with the electronic and the 

chemical structure of the molecule act concurrently on the 

inhibitor efficiency and it is difficult to decide which 

parameter plays the most important role in increasing the 

inhibitor efficiency [12]. Silva et al. [35] reported the bio 

guided phytochemical studies which allowed the 

identification of the four flavonoids compounds 

(Kaempferol, Quercetin, Myricetin, Rhamnetin) of interest 

from G. senegalensis leaves extract. This research work 

intends to study the performance of the four selected 

flavonoid compounds of the leaves extract of Guirea 

senegalensis for corrosion inhibition of pure Aluminium 

Al(1 1 0) metal through computational approaches. 

2. Methodology  

2.1 Sketching the Inhibitor Molecules and Geometry 

Optimization 

The inhibitor molecules of interest (Kaempferol, Quercetin, 

Myricetin and Rhamnetin) 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 so as to minimize their 

conformational and torsional energies. This task was 

accomplished using the DMol
3
 geometry optimization 

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 

[13]. 

(a) (b)

(c) (d)

 

Figure 1. The sketched 2D structures of the four flavonoid 

molecules under study; (a) Kaempferol (b) Quercetin (c) 

Myricetin (d) Rhamnetin. 

  

2.2 Quantum Chemical Calculations 

All theoretical computations were performed using the 

density functional theory (DFT) package (DMol
3
) with 

B3YLP: 6-31G functional and DND as the basis set 

programs as contained in the Materials Studio 7.0 software 

(Accelrys, Inc.). This provides a very useful tool for 

understanding molecular properties and for describing the 

behaviour of atoms in molecules [14, 15]. The calculations 

provide an insight into chemical reactivity and selectivity, 

in terms of global reactivity such as electronegativity (χ), 

global hardness (η), global softness (σ), frontier orbitals 

(HOMO and LUMO) and local reactivity such as the Fukui 

function F(r) and local softness S(r) [15-19]. Ionization 

potential (I) and Electron affinity (A) which are related to 

the energy of the highest occupied molecular orbital 

(EHOMO) and lowest unoccupied molecular orbital (ELUMO) 

and molecular weight of each molecule were all calculated 

using the following equations [18-22]: 

χ = μ = -(
  

  
)v(r)      (1) 

Where μ is the chemical potential. It is the negative of the 

electronegativity χ for an N-electron system with total 

electronic energy E and an external potential v(r). This can 

also be defined as the first derivative of E with respect to N 

at constant external potential v(r). 

η = (
   

   
)  ( )  (

  

  
)  ( )   (2) 
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Where η is called the global hardness, which can be 

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 = -EHOMO     (3) 

A= -ELUMO     (4) 

Where I is the ionization potential and A is the electron 

affinity which are related in terms of energy of the highest 

occupied molecular orbital (EHOMO) for ionization potential 

(I) and of the lowest unoccupied molecular orbital (ELUMO) 

for electron affinity (A). 

χ = 
(   )

 
   

           

 
   (5) 

η   (
   

 
)  

           

 
   (6) 

σ = 1/η      (7) 

Where χ is the electronegativity, η is the global hardness, σ 

is the Global softness, I is the electron affinity, A is the 

ionization potential, EHOMO is the energy of the highest 

occupied molecular orbital and ELUMO the lowest 

unoccupied molecular orbital.  

Fraction of electrons transferred (ΔN) from the inhibitor 

molecule to the pure aluminium metal surface was 

calculated using equation (8): 

   
χ   χ   

 (η   η   )
     (8) 

Where χAl = 5.6eV and χinh is the absolute electronegativity 

of aluminium and the inhibitor molecule respectively. ηAl = 

0 and ηinh stands for absolute global hardness of aluminum 

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) using a 

scheme of finite difference approximations from Mullikan 

population analysis of atoms for all the molecules under 

study. Calculations for the nucleophilic attack ƑK
+
 and 

electrophilic attack ƑK
- 
were performed using equations (9) 

and (10) respectively as contained in the software. 

ƑK
+
 = qK(N+1) –qk(N)     (9) 

Ƒk
-
 = qk (N) –qk(N-1)     (10) 

qk is the gross charge of atom k in the molecule, which is 

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 Mullikan and Hirshfeld 

population analysis. 

 

2.3 Molecular Dynamics Simulation 

Molecular Dynamics (MD) simulations were conducted at 

a molecular level using Forcite quench dynamics in order 

to sample many different low-energy configurations and to 

find the low-energy minima for the adsorption of each 

inhibitor molecule on the Al(1 1 0) metal surface as 

contained in the Materials Studio 7.0 software (Accelrys, 

Inc.) [5]. Calculations were performed in a 4 × 3 super cell 

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 [22-24]. The Al crystal was 

cleaved along the (1 1 0) plane. The Al slab built for the 

docking process was larger than the inhibitor molecules in 

order to avoid edge effects during docking. Temperature 

was fixed at 350 K, with NVE ensemble, with 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 process. 

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 performance of the molecule [23]. 

The adsorption energy Eads and the binding energy (BE) 

between the inhibitor molecule and Al(1 1 0) surface were 

calculated using equation (10): 

Eads = - BE = EAl + Mol - (EMol + EAl)   (10) 

Where Eads is the adsorption energy equal to negative of 

binding energy, EAl + Mol is the energy which corresponds to 

the total energies of Al(1 1 0) surface and the inhibitor 

molecule, EMol is the energy of the inhibitor molecule and 

EAl is the energy of aluminum [23]. 

3. Results and Discussion 

3.1 Quantum Chemical Calculations  

To describe the electronic structures, calculations were 

performed in order to establish the active sites and local 

reactivity of all the studied molecules. Simulations were 

performed by means of the DFT electronic structure 

program DMol
3
 using a Mullikan 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 [5]. The results in Figures 2-5 illustrate (a) the 

optimized structure, (b) electron density, (c) highest 

occupied molecular orbital (HOMO) and (d) lowest 

unoccupied molecular orbital (LUMO) of the studied 

molecules i.e., Kaempferol, Quercetin, Myricetin and 
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Rhamnetin respectively. The optimized molecules 

represent the refined molecules that are brought to a stable 

geometry with a minimized torsional strength. In Figure 

2(b), 3(b), 4(b) and 5(b), the electron cloud is saturated all 

around the studied inhibitor molecules which facilitate flat-

lying adsorption orientations of the inhibitor onto Al(1 1 0) 

surface. The regions of high HOMO density on the 

inhibitor molecule are the  sites at which electrophiles 

attack and represent the active centres, with the greatest 

ability to bond to the Al metal surface, these region of 

HOMO orbital are saturated on hydroxyl functional group 

of all the inhibitor molecules as shown in Figure 2(c), 3(c), 

4(c) and 5(c), LUMO orbital on the other side, can accept 

the electrons from the p-orbital of the metal by means of 

antibonding orbitals to form feedback donations [5, 10].  

 

 
Fig 2. (a) Optimized structure, (b) Electron density around 

the optimized structure, (c) HOMO of the optimized 

structure and (d) LUMO of the optimized structure for 

Kaempferol. 

 
Fig 3. (a) Optimized structure, (b) Electron density around 

the optimized molecule, (c) HOMO of the optimized of 

molecule and (d) LUMO of the optimized structure of 

Quercetin molecule. 

 

 

 
Fig 4. (a) Optimized molecule, (b) Electron density around 

the optimized molecule, (c) HOMO of the optimized 

molecule and (d) LUMO of the optimized Myricetin 

molecule. 

 

 
Fig 5. (a) Optimized molecule, (b) Electron density around 

the optimized molecule, (c) HOMO for the optimized 

molecule and (d) LUMO for the optimized Rhamnetin 

molecule. 

 

The result presented in Table 1, shows the eigenvalues of 

the highest occupied molecular orbital (EHOMO), lowest 

unoccupied molecular orbital (ELUMO), energy gap and 

other quantum chemical parameters. The highest EHOMO (-

5.766) was obtained in Kaempferol molecule while least in 

EHOMO (-5.970) was obtained in Myricetin molecule. High 

value of EHOMO decreased the value of ∆E and high value 

of ELUMO increased the value of ∆E, 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 

EHOMO indicate the disposition of the molecule to donate 

electrons to an appropriate acceptor like the unoccupied 

molecular orbital of the Al metal. Thus, a ∆E low 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 EHOMO obtained 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 
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electronic structure parameters [5, 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 electrons and offer good inhibition performance. The 

values of the fraction of electron transferred from inhibitor 

molecule to the metal surface (∆N) ranges from (0.412-

0.772) with Myricetin having the lowest value 0.412 and 

Kaempferol having the highest value of 0.772 (Table 1). 

All these values are all less than 3.6 which indicate that 

inhibition efficiency increases with increase in values of 

the electron donating ability of the molecules while ∆N 

greater than 3.6 indicates that inhibition efficiency 

decreases with increasing values of the electron donating 

ability of the molecules [5]. The difference in 

electronegativity between the molecules and aluminium 

drives the electron transfer. Therefore, all the studied 

molecules inhibit the corrosion of Al and has the 

performance in the following order Kaempferol < 

Rhamnetin < Quercetin < Myricetin with Myricetin having 

the lowest ∆N value (0.412) shows relatively better 

inhibition efficiency amongst others [31]. 

Table 1: Quantum chemical parameters for all the studied 

inhibitor molecules 

Parameters KF

R 

QCT MRT RM

T 

HOMO (at orbital number) 74 78 82 82 

LUMO (at Orbital 

number) 

75 79 83 83 

EHOMO (eV) -

5.77 

-5.87 -5.97 -

5.84 

ELUMO (eV) -

1.77 

-1.65 -1.68 -

1.55 

Energy gap (ΔE) (eV) 4.00 4.21 4.29 4.32 

Molecular weight (gmol
-1

) 286 302 318 316 

Ionization potential (I) 

(eV) 

5.77 5.87 5.97 5.84 

Electron Affinity (A) (eV) 1.77 1.65 1.68 1.54 

Global hardness (η) 2.00 2.11 2.15 2.15 

Global softness (σ) 0.50 0.47 0.47 0.47 

Absolute Electronegativity 

(χ) 

2.51 3.76 3.83 3.69 

Fraction of Electron 

Transfer ΔN 

0.77 0.44 0.41 0.44 

KFR: Kaempferol, QCT: Quercetin, MRT: Myricetin, RMT: 

Rhamnetin 

 

Table 2 gives the Fukui indices values for Electrophilic (F
-
) 

and Nucleophilic (F
+
) attack by Mullikan and Hirshfield 

model for all the studied molecules. While Figure 6 below 

is the 3D structures for all the molecules corresponding to 

the highest Fukui values for specific atom in Table 2. This 

result shows the local reactivity of each molecule by means 

of Fukui indices which indicates the regions of 

electrophilic and nucleophilic attack for all the molecules. 

F
- 
measures reactivity with respect to electrophilic attack or 

the ability of the molecule to release electrons, whereas F
+ 

measures reactivity relating to nucleophilic attack or 

tendency of the molecule to attack electrons. Based on the 

results obtained in Table 2 for the electrophilic attack, 

Kaempferol, Quercetin, Myricetin and Rhamnetin has both 

their highest Mullikan and Hirshfeld charges on (O)3, 

(O)3, (O)3 and (O)15 respectively, while for the 

nucleophilic attack, both their Mullikan and Hirshfeld 

charges are on (O)5, (O)5, (O)5 and (O)11. The first three 

molecules all have their electrophilic attack on (O)3 

oxygen of hydroxyl group (-OH) and nucleophilic attack 

on (O)5 of ketone functional group (O=C-), this could be 

attributed to similarities in their chemical structure with 

identical –OH and ketone functional groups that comprised 

of HOMO and LUMO orbital respectively. The region of a 

molecule where the Fukui function is large are chemically 

softer than the region where the Fukui function is small, 

and by invoking the hard and soft acid and base (HSAB) 

principle in a local sense, one may establish the behaviour 

of the different sites with respect to hard or soft reagents 

[20-21]. Thus, all the molecules can accept electrons and 

also release electrons mostly through the active centres 

specified by the Mullikan and Hirsheld model as one can 

clearly see those centres on HOMO and the LUMO orbital 

in Figure 2(c), 3(c) 4(c) and 5(c) and figure 2(d), 3(d) 4(d) 

and 5(d) respectively. Interestingly, those active sites for 

donor and acceptor of electrons are clearly shown in Figure 

6, where by each atom is specified by a unique number. 

 

Table 2: Fukui Functions for all the Inhibitor molecules 

Molecules Electrophilic (F
-
) Nucleophilic (F

+
) 

 Mullikan Hirshfeld Mullikan Hirshfeld 

Kaempferol (O3) 

0.094 

(O3) 

0.089 

(O5)  

0.106 

(O5)  

0.106 
Quercetin (O3) 

0.096 

(O3) 

0.090 

(O5)  

0.109 

(O5)  

0.106 
Myricetin (O3) 

0.100 

(O3) 

0.095 

(O5)  

0.106 

(O5)  

0.103 
Rhamnetin (O15) 

0.100 

(O15) 

0.093 

(O11) 

0.110 

(O11)  

0.107 
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Figure 6. The 3D labelled structures for (a) Kaempferol, 

(b) Quercetin, (c) Myricetin and (d) Rhamnetin molecules. 

 

3.2. Molecular Dynamic Simulations 

Molecular Dynamics (MD) was carried out at molecular 

level by MD simulations using Forcite quench dynamics to 

sample many different low-energy configurations in order 

to identify the low-energy minima for the adsorption of the 

each studied molecule on the metal surface. The total 

energies were calculated by averaging the energies of the 

five most stable representative adsorption configuration of 

each molecule. The side view snapshot for the lowest 

energy adsorption configurations for single molecules of 

Kaempferol, Quercetin, Myricetin and Rhamnetin for the 

interaction of Al(1 1 0) surface were shown in Figures 7 

(a), (b), (c) and (d) respectively. The results indicate that 

each inhibitor molecule maintained flat-lying adsorption 

orientation on the Al(1 1 0) surface, as can be seen from 

the delocalization of the electron density all around the 

molecules in Figure 2(b), 3(b), 4(b) and 5(b) above. This 

adsorption configuration maximizes contact between the 

molecule and the metal surface. The results of adsorption 

energies for the interaction of each molecule with the Al (1 

1 0) surface via Forcite Quench Dynamics were presented 

in Table 3. It has been reported that, the more negative the 

Eads (or more positive the BE) of the inhibitor-metal surface 

interaction is, the better the adsorption or the higher the 

binding of the inhibitor onto the metal surface and 

subsequently the higher the inhibition efficiency of the 

molecule [32-33]. Based on the Eads or BE values obtained, 

Myricetin having more negative value of Eads(-

84.213±0.621Kcalmol
-1

) or more positive value for BE 

(84.213±0.621Kcalmol
-1

) is expected to perform better in 

inhibiting the corrosion of aluminum. This could be related 

to the order of molecular size, with larger molecules more 

strongly adsorbed on the metal surface. It can be observed 

that the magnitude of calculated Eads or BE values are all 

less than 100kcalmol
-1

, despite the fact that the simulations 

did not put into consideration the specific covalent 

interactions between the molecules and the aluminum 

surface. Values less than or equal to 100kcalmol
-1

 have 

been reported to be in the range of physical interactions 

[21, 32]. Therefore, adsorptions of these molecules on Al 

surface in terms of their binding energy increases in the 

following order; Kaempferol ˂ Rhamnetin ˂ Quercetin ˂ 

Myricetin. This observation can be attributed to their 

molecular size, and the entire molecule adsorbed with a flat 

orientation on the Al(1 1 0) surface [34]. 

 
Fig 7. The side view snap shots for the adsorption of (a) 

Kaempferol, (b) Quercetin (c) Myricetin and (d) 

Rhamnetin molecule on the Al(110) metal surface. 

Table 3: Calculated Adsorption Parameters for the 

Interaction of the Studied Molecules with the Al(1 1 0) 

Surface via Forcite Quench Dynamics.  

Molecule Total 

Potential 

Energy 

(kcal/mo

l) 

Molecu

lar 

Energy 

(kcal/

mol) 

Energy 

of 

Al(110) 

surface 

(kcal/

mol) 

Adsorp

tion 

Energy 

(kcal/m

ol) 

Binding 

Energy 

(kcal/m

ol) 

Kaempferol -

126.609 

±3.531 

-

48.009 

±6.235 

0.000 

±000 

-

78.600 

±1.327 

78.600 

±1.327 

Quercetin -

142.989 

±4.224 

-

60.333 

±3.301 

0.000 

±000 

-

82.656 

±4.517 

82.656 

±4.517 

Myricetin -

171.128 

±2.315 

-

86.915 

±3.121 

0.000 

±000 

-

84.213 

±0.621 

84.213 

±0.621 

Rhamnetin -

141.245 

±2.342 

-

61.324 

±5.615 

0.000 

±000 

-

79.921 

±2.579 

79.921 

±2.579 

 

4. Conclusions  

This work revealed that molecules of flavonoids compound 

from Guiera Senegalensis leaves can inhibit the corrosion 

of aluminum metal. Quantum chemical parameters 

associated with the electronic structures of the inhibitor 

molecules confirmed their inhibiting potential through 

HOMO, LUMO, ΔN, electron density, while Fukui indices 

indicates that the molecules may adsorb to the Al metal 

surface trough the hydroxyl (–OH) and carbonyl (-C=O) 

(a) (b)

(c) (d)
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functional groups. The molecular dynamics simulation 

results showed that all inhibitors have some adsorption 

energies less than 100kcalmol
-1

 and could adsorb on the 

aluminum metal surface in the same pattern showing a 

great similarity in the structure of these four selected 

compounds. The adsorption energy of these compounds 

was found to have a direct relation with their molecular 

weight, the adsorption energy increases with increase in 

molecular weight of the inhibitor molecule which in turn 

increases the inhibition efficiency. 
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