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8-Hydroxyquinoline (8-HQ) is a promising organic molecule for the corrosion protection of aluminum
and its alloys in the replacement of chromate salts. On the aluminum surface, the presence of an oxide
layer naturally formed can influence the inhibition efficiency which depends on molecule—-surface inter-
actions. In the present study, we performed quantum chemical calculations on native 8-HQ, tautomer
and 8-Q (deprotonated, H-abstracted or radical) molecules, adsorbed on an oxidized aluminum surface
(y-Al,O<(111)/AL(111)). All species have the ability to interact strongly with the oxidized aluminum surface
and can form stable and dense organic films. The bonding strength of different species of 8-HQ on
oxidized aluminum surfaces is more favorable for 8-Q and tautomer species than for the native 8-HQ
molecule. On the surface, the native 8-HQ molecule is physisorbed, forming H-bonds, in contrast to the
tautomer and 8-Q species that show the predominance of chemisorption modes, involving both
H-bonds and covalent bonds at the molecule/substrate interface. The dispersion energy significantly

Received 4th October 2022, contributes to the adsorption mechanism and increases with increasing molecular surface coverage, due

Accepted 4th January 2023 to attractive molecule—molecule interactions. Regardless of surface coverage and considered reaction
mechanisms, the 8-Q species is able to enhance the stability of all aluminum sites, and thus to slow

down the anodic reaction. In contrast, the native molecule and the tautomeric form have no significant
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1 Introduction

Aluminum and its alloys show good corrosion resistance, due
to the protection conferred by the native oxide film sponta-
neously formed on their surface in various environments.
However, this natural protection depends on the composition and
thickness of the oxide film. Thin oxide films can be damaged or
destroyed in contact with aggressive medium containing chlorides
ions or in acidic solution, which can weaken the corrosion resistance
of the aluminum substrate. One of the traditional solutions to
mitigate the corrosion is the use of chromate salts. However, their
use in industrial applications is now strongly restricted due to the
high toxicity and carcinogenic risks of these compounds.

Many experimental and theoretical works have been devoted
to evaluate and understand the corrosion inhibition efficiency
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effect or even weakened the stability of aluminum surface atoms.

of organic molecules as alternatives to replace chromate salts
under various conditions.”” It is well-known that 8-hydroxy-
quinoline (8-HQ) molecules have a strong affinity with metals,
forming chelates via their O and N atoms in solution and
organic films on metals. They are also used for analytical
chemistry, electronic, and photoelectronic applications and
emergency technologies.® ' Therefore, 8-HQ is also considered
as a promising candidate to inhibit the corrosion of aluminum
and its alloys. Previous works on aluminum alloys'®"” in acidic
and alkaline solutions showed that the inhibition efficiency
increases with increasing organic inhibitor concentration, time
contact and pH value. The effect of the protective organic film
on the surfaces and its role in the corrosion inhibition mecha-
nism were also demonstrated."”>* 8-HQ molecules strengthen
the stability of the native aluminum oxide film formed on
aluminum surfaces in neutral solution.**** The inhibitor pre-
vents the destruction of the oxide film and limits the adsorp-
tion of aggressive chloride ions. This result was explained
assuming the adsorption of the molecule on the metal surface.
The molecule has the ability to prevent pitting corrosion of the
aluminum in neutral®*** and acidic***® solutions. 8-HQ doped
sol-gel coatings also improve the corrosion resistance of 2024
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aluminum alloy.”” The molecule forms highly insoluble com-
plexes on the surface and stops the metal dissolution.® The
adsorption of 8-HQ on the metal surface leads to the formation
of a protective organic layer, which blocks the active metal sites
and also prevents the adsorption of chloride ions.>® However,
Balaskas et al.>® compared the efficiency of 8-HQ, benzotriazole
(BTAH) and 2-mercaptobenzothiazole (2-MBT) molecules as
potential corrosion inhibitors and they found that 2-MBT
is the most efficient inhibitor for the 2024 aluminum alloy.
The synergistic effect of 8-HQ and BTAH molecules was also
studied, and combining the two molecules improves the corro-
sion resistance of the 2024 alloy.”®

Understanding of the 8-HQ-metal interactions at the atomic
scale has been the subject of several works, considering only
the oxide-free metal surfaces. Alq; complexes adsorbed on
metal surfaces such as Al, Cu, Mg, Co, Ag and Au have been
the subject of DFT*°? and experimental®**” studies. The
complexes are composed of one Al atom (cation) and three
8-Q molecules (deprotonated 8-HQ). The majority of these
studies mainly concern the electronic structure and the creation
of a dipole at the Algs/metal interfaces. A weak interaction was
found for Alqs/Cu,*>>® Alqs/Au® and Alqs/Co®” systems, attrib-
uted to a strong anisotropy of intermolecular interactions and
physisorbed molecules. Bulteau et al.*® studied at the atomic
scale (DFT calculations) the adsorption of Algs; complexes on the
Al(111) surface and sequential adsorption of the dehydrogenated
8-HQ molecules, until the formation of Alq; complexes on the
surface. The formation of Alq; complexes from free dehydroge-
nated molecules on the Al(111) surface leads to more stable
structures than the direct adsorption of Alq; on the Al(111)
surface. Combining density functional theory (DFT) and non-
contact atomic force microscopy (nc-AFM) methods, Zhang
et al®® interpreted the intermolecular interaction of self-
assembled 8-HQ molecules on the Cu(111) surface under AFM
conditions. The DFT calculations were focused on low density
selected ‘flat-lying’ 8-HQ adsorption configurations assembled
on the substrate surface, in relation with AFM analysis.

In our previous studies,’®*" we investigated the adsorption
characteristics of the 8-HQ molecule under different forms on
the oxide-free Al(111) surface for different surface coverages.
These features are assumed to determine the inhibitor efficiency
of the molecule. Regardless of the nature of the species, the
molecule could be chemisorbed on the Al(111) bare surface, with
the strongest adsorption of 8-Q H-abstracted species. The mole-
cules interact with the Al surface atoms via covalent bonds,
involving O, N and C atoms. The results revealed a significant
contribution of dispersion energy to the adsorption mechanism.
However the value depends on the adsorption species and sur-
face coverage. Globally, upon increasing the surface coverage,
the dispersion energy decreased at the molecule/Al(111) interface
and increased at the molecule/molecule in the organic film. The
protective property of the organic films on the Al substrate was
studied,” considering the molecular oxygen (O,) reduction on
the partially and completely covered Al surface, which is one of
the elementary reactions occurring during the corrosion process
of aluminum. The results indicate that O, dissociation can occur
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on uncovered areas, whereas the reduction reaction does not
occur on the Al(111) surface covered by a compact organic film.
A study of the influence of the chemical modification (substitu-
tion of H atom by Br and SO; ™~ group) on the reactivity of the 8-HQ
molecule with Al cations for the formation of chelates and their
interaction with an Al(111) surface was performed combining DFT
and MD calculations.*” The bonding of the different species with
AP’ is characterized as ionic with a weak covalent character.
Moreover, all species showed a strong adsorption on the Al(111)
surface, driven by O and N atoms present in the native form, in
addition to the O atoms of the SO;~ group. Recently, You and
Liu*® performed a density functional theory based molecular
dynamic (DFT-MD) simulations to investigate the interaction
mechanism of 8-HQ molecules on the Al,Cu alloy surface and
also to address the molecular mechanism oxidation of pristine
and 8-HQ coated alloy surfaces. The authors showed that under
ambient conditions, O, molecules interact strongly with Al sites
on the pristine surface alloy and this interaction is strengthened
by the presence of Cu. In contrast, the oxidation rate decreases on
8-HQ coated alloy surfaces and it is more pronounced at higher
coverages.

All these results are relevant to understand the reactivity of
the 8-HQ molecule and its complexes toward the bare Al(111)
and Al,Cu surfaces. They described the surface chemistry of the
inhibitor-surface bonding and the formation of organo-metallic
and organic films. However, the surface states of the metal have
a significant impact on the inhibition efficiency of the
molecules,**™*® and taking into account the native oxide film
in the simulation is missing to clarify the 8-HQ/aluminum
interactions in neutral and alkaline reacting phases. Therefore,
in order to gain deeper insights into molecules/Al surface
chemistry, including the role of the surface oxide, we performed
quantum chemical DFT calculations on the interaction mecha-
nism of 8-HQ molecules on an oxidized aluminum surface
(y-Al,05(111)/Al(111)), ie. the Al(111) surface covered by an
ultrathin hydroxylated oxide film. The adsorption energy and
the contribution of the dispersion forces to the adsorption
mechanism and the adsorption configurations are systematically
investigated from low to saturation molecular surface coverage.
In addition, the electronic property analysis evidences the types of
chemical bonds at the molecule-surface interface. The vacancy
formation energies are calculated to estimate the corrosion
inhibition power of the 8-HQ molecule on an oxidized Al surface.

2 Computational details

All calculations were performed in the framework of DFT with
the periodic plane-wave basis set code VASP (Vienna Ab initio
Simulation Package).”>> All results were obtained with
projector-augmented-wave potentials using a 450 eV plane-
wave cut-off.>®*>* The Generalized Gradient Approximation
(GGA) of the Perdew-Burke-Ernzehof (PBE) functional®>>®
was used for the exchange-correlation term. We used Methfes-
sel-Paxton smearing®’ with a smearing value of 0.1 eV. To
describe the lateral molecule-molecule interactions, which play
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an important role in full surface coverage, we used the empiri-
cal dispersion correction of Grimme, known as PBE-D2.°®
However, the PBE-D2 approach describes adequately the lateral
intermolecular interactions, but overestimates the molecule
oxide interactions. To avoid the latter term, we set the Cg
coefficient of Al to zero (C2' = 0), because in the oxide the Al
atoms are in a +3 oxidation state.’® These calculations are
called PBE-DO hereafter. The results obtained using this
scheme were used to calculate the overestimation of the
adsorption energies calculated by PBE-D2. Atomic positions
were relaxed with the conjugate gradient (CG) algorithm until
forces on each moving atom were less than 0.02 eV A™*, All
atoms were free to relax, except the two bottom Al(111) metal
layers that were kept fixed at the calculated lattice parameter of
Al which is 4.06 A, in good agreement with the experimental
value of 4.05 A.>° The dimensions of the unit cell used in
calculations were 9.90, 8.57 and 36.53 A in the x, y and z
directions, respectively, and it corresponds to the (; 2)
supercell of an Al(111) metal surface, and the vacuum region
was set to more than 18 A, to minimize the interactions in the z
direction. Hence the Brillouin-zone samplingeo was set to the
5x 5 x 1 k-point grid.

2.1 Oxidized aluminum surface model

The structure of the model is shown in Fig. 1. The completely
oxidized aluminum surface model is taken from previous
publications,*”*#%1%> where it is described in greater
detail.*"*> The model consists of Al(111) metal substrate sup-
porting an ultrathin y-Al,05(111) aluminum oxide film, with 5 A
thickness. The oxide surface exhibits a hydroxyl density of 14.4
OH per nm?, with 60% and 40% in p,-OH and p;-OH modes,
respectively (Fig. 1). In p,-OH mode, the OH group is in the
bridge site between two Al surface ions, while in the p;-OH
mode, the OH group is coordinated to one Al surface ion as
illustrated in Fig. 1b. The hydroxylated surface exhibits different

Fig.1 Al(111) surface covered by ultrathin y-Al,Os(111) hydroxylated
oxide. Snapshots correspond to (a) side view, (b) top view, with encircled
w-OH surface group and (c) chemical environment of the Al surface
atoms. (a) Grey: Al oxide; grey hatched: Al metal. (b and c) Red: oxygen
surface; red hatched: oxygen under surface; white: hydrogen.
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distinct aluminum sites that can interact with adsorbates
(organic inhibitors), and these sites could have different reactivity
due to different chemical environments as shown in Fig. 1c. Each
aluminum surface atom is bonded to four to six oxygen atoms.
Some of them are coordinated to three OH group and one to three
Ogn atoms, where the subscripts dn indicates oxygen atoms
located below (dn) the surface Al layer. Other aluminum atoms
are coordinated to four OH groups and one Og,, atom.

2.2 8-HQ molecules

The physical and chemical properties of the 8-hydroxyquinoline
(8-HQ) molecule (Fig. 2) have been well described in the
literature.®*"®® In the bulk structure, 8-HQ crystallizes in the
orthorhombic space group Fdd2.* In dilute solution, according
to the pH and the nature of the solvent, the molecule can exist
under different species in monomeric form separated by the
solvent molecules. The native 8-HQ molecule (Fig. 2a) is the
predominant form in neutral solutions and can coexist with
the tautomeric form (Fig. 2b) in a polar solvent.®*~®® The native
8-HQ molecule is more stable than the tautomer species, with
an energy difference of 0.50 eV'® in vacuum. Therefore, we
investigated the interaction of these two forms with the hydro-
xylated oxidized aluminum surface. We also studied the adsorp-
tion of the deprotonated, H-abstracted and radical of the 8-HQ
molecule denoted 8-Q (Fig. 2c), because it can be present in
alkaline solutions, where the metal is passivated by a native
oxide film. This was also motivated by the literature results that
show the affinity of this species to interact strongly with
metals.** 3392 I calculations, the 8-Q is considered as a radical
species without the H atom on the hydroxyl group of the native
8-HQ molecule. But we also considered the 8-Q H-abstracted or
deprotonated species from the dissociation of the native 8-HQ
molecule on the surface, which can lead to: (i) the release of H,
molecules or (ii) the formation of water molecules with the OH
surface group. Other forms of the molecule could exist under
certain conditions which are not considered here, such as an
8-HQ molecule without intramolecular H-bonding which is less
stable by 0.37 eV in vacuum than the native molecule with an
intramolecular H-bond. The protonated 8-HQ molecule present
in acidic solution at pH < 3.8% is not studied in our case. The
energy of the standalone molecules in vacuum was obtained in a
simulation box with dimensions of 20 A x 20 A x 20 A, using the
same computational conditions as described above, except for the
radical form, where the spin polarization was implemented to
obtain the energy minimum.

Fig. 2 8-HQ molecule under different forms. (a) Native 8-HQ molecule,
(b) tautomer species and (c) 8-Q species.
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2.3 Energetics

The adsorption energy of the molecules on the oxidized alumi-
num surface was calculated as:

Eags = [E(molecule/slab) — E(slab) — nE(molecule)l/n (1)

where E(molecule/slab) is the total energy of the system with
molecules adsorbed on the surface. E(slab) and E(molecule) are
the energies of the bare, relaxed hydroxylated y-Al,O5(111)/
Al(111) slab and of the standalone molecule (native 8-HQ,
tautomeric and 8-Q species) optimized in vacuum, respectively.
n is the number of molecules adsorbed on the surface of the
simulation cell. The validity of E.qs calculated using eqn (1) is
limited to direct adsorption of the species (native 8-HQ, tauto-
mer or 8-Q form) from the gas phase to substrate surface
(competitive adsorption of different species present in the
reacting phase), the energy reference being the standalone
species itself. Hence, E,qs can also be considered as a binding
energy (E.qs = —E),) for the tautomer and 8-Q species present in
the reacting phase.

The adsorption energy for the 8-Q under mechanisms

1
8-HQ + * — 8-Q,qs + EHQ (eqn (2)) or 8-HQ + % — 8-Q,qs +

H,0,4s (eqn (3)), and thus corresponding to H-abstracted or

deprotonated species, respectively, was also calculated consid-
ering the 8-HQ native molecule as the reference energy:

s = [E(slab/8-Q) + gE(Hz) — E(slab) — nE(8-HQ)]/n (2)

s = [E(slab/(8-Q + H,0)) — E(slab) — nE(8-HQ)]/n  (3)

where E(8-Q/slab) and E(slab/(8-Q + H,0)) are the total energies
of the system with deprotonated 8-Q molecules adsorbed and
co-adsorbed with water on the substrate surface, respectively.
E(H,) and E(8-HQ) are the energies of one free H, molecule and
one free native 8-HQ molecule optimized
respectively.

As the van der Waals interactions were included according to
the empirical dispersion correction of Grimme (PBE-D2), we calcu-
lated its contribution to the adsorption mechanism as follows:

in vacuum,

Eqisp = [Evaw(molecule/slab) — E.qw(slab) — nEqw(molecule)]/n
(4)

where E qw(molecule/slab) is the van der Waals energy for the
system molecule-surface. Eyqw(slab) and E,gw(molecule) are the
van der Waals energies’ correction for the bare, relaxed hydro-
xylated y-Al,053(111)/Al(111) slab and for the standalone molecule
(8-HQ native, tautomer and 8-Q species) optimized in vacuum,
respectively. n is the number of molecules adsorbed on the
surface.

In order to show the ability of the 8-HQ inhibitor to slow
down the corrosion of the oxidized aluminum surface, we also
analyzed the defect formation energy, which corresponds to the
creation of one aluminum vacancy in the hydroxylated surface
without (uncoated) and with (coated) inhibitor, according to
eqn (5) and (6), respectively.
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AEg?fSetcTe = Edefect(Alm—l) + E(A13+ + 367) - Eperfect(Alm)
(5)
AEcoated

defect

= Egefect(n-molecule/Al, 1) + E(AlzJr +3e7)
(6)

— Eperfect (n-molecule/Al,,)

Thus, the defect formation energy difference between the
coated and uncoated surfaces was calculated as:

_ coated pristine
AAEgefect = AEdefect - AEdefect

= (Egefect (n-molecule/Al,,—1) — Eperfect (n-molecule/Al,,))

- (Edefect (Alm—l ) - Eperfecl (Alm ))
(7)

where Egefece and Eperfece are the total energy of the defect and
perfect surface, respectively. m is the number of Al atoms in the
slab. Furthermore, eqn (7) allowed us to get rid of the reference
energy E(AI*" + 3e7).

2.4 Charge density analysis

The charge density difference is expressed as follows:

Ap(l') = p(r)slab/molecule - (p(r)slab + p(r)molecule) (8)

where p(r)siab/molecute 1S the charge density distribution of the
system with the molecules adsorbed on the surface. p(r)sap and
P(Y)molecule are the charge density distributions of the isolated
slab and isolated molecules frozen at their geometry after
adsorption, respectively.

The electron changes were determined on each atom as:

AN(x) = Nags(x) — Nyac(x) ©)

where N,45(x) and Ny,.(x) are the numbers of electrons on each
atom (Bader population analysis)®” of the molecule and the slab
before and after adsorption, respectively.

3 Results and discussion

In the following, the analysis of the most stable adsorption
configurations obtained for a native 8-HQ molecule, tautomer
and 8-Q species on models of the hydroxylated oxidized alumi-
num surface is presented. Several envisaged initial adsorption
bonding geometries were investigated for different surface
coverages. For instance, the molecule plane can stand parallel,
tilted or perpendicular to the surface at low surface coverage,
however, for high coverage the almost perpendicular adsorption
mode is more favorable. As the hydroxylated oxidized aluminum
surface contains several different adsorption sites, we studied
different combinations of initial geometries for molecules at
high surface coverage. Thus, we focused our analysis on the
perpendicular adsorption mode, where the molecule is directed
toward the surface with specific chemical groups close to the
surface, i.e. OH group and N atom for the native form, O atom
and NH group for the tautomer species and O and N atoms for
the 8-Q species. The energy criterion trends as the adsorption
energy and van der Waals energy contributions at the molecule-
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surface interface and between the molecules, combined to the
bond distances (H-bond and covalent bonds) and electronic
structure tools were utilized to distinguish between chemi-
sorbed, weakly chemisorbed and physisorbed modes®® of the
different adsorbed species on the hydroxylated oxidized alumi-
num surface. Consistency between all of these parameters
reveals the physisorption of the native 8HQ molecule and
chemisorption of the tautomer and 8-Q (radical, H-abstracted
or deprotonated) species on the substrate surface.

3.1 Energy trends

It is known that the corrosion inhibition efficiency of the
organic molecules can be evaluated by the quantification of
their adsorption energy and bonding strength on the substrate
surfaces.””*®%>7° The molecules have to be adsorbed strongly
on the surface at high coverage to favor the formation of a
protective organic film. This organic film first plays the role of
barrier avoiding the interaction of aggressive species, such as
chlorides with the substrate surface. It moreover must stop the
electrochemical reactions taking place in the corrosion process.
All energies based on PBE-D2 and PBE-DO methods are compiled
in Table 1 for different adsorption species, surface coverages and
considered reaction mechanisms on the hydroxylated oxidized
aluminum surface. We notice that the energies calculated via the
PBE-D2 functional are overestimated by about 0.20 eV compared
to that calculated by the PBE-DO scheme, without any change in
the adsorption mechanisms and adsorption modes. The adsorp-
tion energy calculated by eqn (1) and the contribution of the
dispersion forces to the bonding, quantified by the calculation of
the dispersion energy by eqn (4), for the most stable configura-
tions of native 8-HQ, tautomeric and 8-Q (radical) species
adsorbed on the hydroxylated oxidized aluminum surface at
molecular densities of 1.18, 2.36 and 3.54 molecule nm™? are
reported in Fig. 3.

The calculated adsorption energies are negative regardless
of the adsorbed species and coverage of the surface, meaning
that the adsorption process is exothermic. This reveals the
reactivity of 8-HQ molecules to interact with the hydroxylated
oxidized aluminum surface and their ability to form stable
organic layers on the substrate surface. However, the values of

Table 1 Adsorption and dispersion energies (eV molecule™)
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Fig. 3 PBE-D2 calculated adsorption (E.qs) and dispersion (Egisp) energies
per molecule for the native 8-HQ, tautomeric and 8-Q (radical) species
adsorbed on the y-Al,O3(111)/Al(111) surface at different surface coverages.

E,.qs and Egjsp and their evolution as a function of the surface
coverage depend on the adsorbed species.

For the native 8-HQ molecule (Fig. 4), the adsorption energy
based on PBE-D2, is —0.97, —1.09 and —1.12 eV molecule™* for
coverages of 1.18, 2.36 and 3.45 molecule nm™>, respectively,
and it is higher with the PBE-DO approach by 0.21 £ 0.01 eV
molecule ™ (Table 1), due to cancellation of the dispersion
energy contribution between the molecules and the surface.
H-bonds and dispersion forces drive the adsorption of 8-HQ.
For the more dense organic film, the molecules binding can
be attributed to dispersion forces (Fig. 3). The contribution of
the dispersion energy to the adsorption energy increases as a
function of the surface coverage and it is —0.59, —0.80 and
—1.10 eV molecule™" for surface coverages of 1.18, 2.36 and
3.54 molecule nm 2, respectively, representing respectively
61%, 73% and 98% of E.qs. This gain of dispersion energy
comes from the cohesion energy of the organic layer, which is
higher for a dense organic film due to molecule-molecule
interactions. The high contribution of H-bonds and dispersion
interactions, together with a moderate adsorption energy,
suggest a physisorption adsorption mode. Similar results were

calculated with the PBE-D2 functional for different adsorption modes and monolayer

densities of native 8-HQ, tautomer forms and 8-Q under radical, H-abstracted and deprotonated species on the oxidized aluminum surface. Values in

brackets are the adsorption and dispersion energies (eV molecule™)

between the molecules and Al surface oxide)

considering the PBE-DO scheme (we avoid the dispersion force contribution

8-Q

Coverages (molecule nm™?) Energy (eV molecule ) 8-HQ Tautomer Radical H-abstracted = Deprotonated
1.18 Eads —0.98 (—0.76)  —2.06 (—1.88)  —3.75 (=3.55)  —1.90 ~1.87

Eaisp —0.59 (—0.36)  —0.49 (—0.29)  —0.54 (—0.30)
2.36 Eads -1.09 (—0.87)  —1.73 (—1.50)  —3.20 (—2.99) —1.34 ~1.40

Edisp —0.80 (—0.55)  —0.72 (—0.48)  —0.66 (—0.43)
3.54 Eads ~1.12(-0.91)  —1.69 (—1.48) —2.91 (-2.71) —1.05 -1.17

Eaisp —~1.10 (—0.86)  —1.04 (—0.83)  —1.05 (—0.81)
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A

Fig. 4 Top views of the most stable adsorption configurations of the native 8-HQ molecules on the y-Al,O5(111)/Al(111) surface, with their adsorption

energies (PBE-D2 approach). Snapshots (a—c) correspond to surface coverages of 1.18, 2.36 and 3.54 molecule nm

~2, respectively. Snapshots (d—f)

illustrate side and top views for the different adsorption features of the species.

obtained for the native 8-HQ molecule on oxide-free Al(111) metal
surfaces,*®*! where it was demonstrated that the molecules were
adsorbed in both physisorption (—0.90 eV molecule ") and
chemisorption (—1.11 eV molecule” ") modes.** On the oxide-
free Al(111) surface, the adsorption energy was dominated by a
high contribution of vdW interactions.

The adsorption energy of tautomer species is lower than that
of native 8-HQ molecules whatever the surface coverage. This
means that the binding of the tautomer species on the hydro-
xylated oxidized aluminum surface is stronger than in the case
of the native form which leads to a more stable organic film on
the surface. The competitive reactivity of both species is similar
to what was found on oxide-free Al(111) metal surfaces.*® The
reactivity of the tautomer species comes from the O atom and
NH group instead of the N atom and OH group in the native
8-HQ. We calculated adsorption energies with a PBE-D2
(PBE-DO) approach of —2.06 (—1.88), —1.73 (—1.50) and —1.69
(—1.48) eV molecule™" for surface coverages of 1.18, 2.36 and
3.54 molecule nm ™2, respectively. These values of the adsorp-
tion energies are therefore a first indication of the predomi-
nance of the chemisorption of the tautomer species. At a
coverage of 3.54 molecule nm 2, shown in Fig. 5(d)-(f),
the molecules are less strongly bonded with a decrease of
adsorption energy (in absolute value). However, the bonding
of the molecule remains strong to form stable and dense
organic films. The values of the dispersion energy calculated
for the adsorption of tautomer species are of the same order of
magnitude as those calculated for the adsorption of the native

This journal is © the Owner Societies 2023

form at each coverage. However, in terms of contribution to the
adsorption energies, they correspond to 23, 42 and 62% for
tautomer species, due to the strong chemical bonding (61, 73,
and 98% for the native form) for surface coverages of 1.18, 2.36
and 3.54 molecule nm™?, respectively.

The 8-Q species only chemisorbs, with adsorption energies
of —3.75, —3.20 and —2.91 eV molecule * for surface coverages
of 1.18, 2.36 and 3.54 molecule nm ™2, respectively, considering
the direct adsorption of the species (radical 8-Q) from the
reacting phase to the surface substrate (eqn (1)). These results
indicate that among 8-HQ molecule species, the 8-Q species has
the strongest bonding with the hydroxylated oxidized aluminum
surface, and are suitable to mitigate the corrosion processes. We
calculated values for the dispersion energies that contribute to
the adsorption energy to about 14, 20 and 36% for surface
coverages of 1.18, 2.36 and 3.54 molecule nm™?, respectively.
Considering the native 8-HQ molecule as the reference energy
(eqn (2) and (3)), we obtained adsorption energies values of
—1.90, —1.34 and —1.05 eV molecule ' for the 8-Q H-abstracted
mechanism, and —1.87, —1.40 and —1.17 eV per molecule for 8-
Q and water co-adsorption mechanism for a surface coverage of
1.18, 2.36 and 3.54 molecule nm™?, respectively. These results
also indicate that whatever the reaction mechanisms, the depro-
tonation of the native form is favorable to obtain 8-Q species
adsorbed on the surface. As for the tautomer species, we note a
decrease of the bonding strength (E.qs decrease in absolute
value) when increasing surface coverage, due to the different
reactivity of the aluminum sites, which leads to an
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Fig. 5 Top views of the most stable adsorption configurations of tautomer species on the y-Al,O3(111)/Al(111) surface, with their adsorption energies
(PBE-D2 approach). Snapshots (a)—(c) correspond to surface coverages of 1.18, 2.36 and 3.54 molecule nm™2, respectively. Snapshots (d)—(f) illustrate

side and top views for the different adsorption features of the species.

inhomogeneity in the adsorption configurations (Fig. 6). How-
ever, the formation of a dense organic film remains an exother-
mic process.

To summarize, the 8-HQ molecules interact strongly with
the hydroxylated oxidized aluminum surface and show the
ability to form dense organic layers. However, their bonding
strength and adsorption mode depend on the molecule species
present in the reacting phase and the reaction mechanism. The
adsorption strength increases in the order native 8-HQ <
tautomer species < 8-Q species. The contribution of the dis-
persion forces to the adsorption energy is higher for the dense
organic film and increases as 8-Q species < tautomer species
< native 8-HQ. The differences in molecule-surface bonds
formation (covalent bonds and H-bonds) are developed in the
following, according to the adsorbed species, surface atoms of
the adsorption sites and surface coverage.

3.2 Adsorption configurations

3.2.1 Native 8-HQ molecules. The most stable adsorption
configurations for native 8-HQ molecules at different surface
coverages are shown in Fig. 4. Fig. 4(a)-(c) correspond to
surface coverages of 1.18, 2.36 and 3.54 molecule nm 2, respec-
tively. For better visualization, we also displayed in Fig. 4(d)—(f)
the side view of different snapshots obtained for the native
8-HQ molecule on the oxidized aluminum surface.

The native 8-HQ molecule interacts with the hydroxylated
oxidized aluminum surface by the formation of two or three

4290 | Phys. Chem. Chem. Phys., 2023, 25, 4284-4296

H-bonds, according to the adsorption sites on the surface and
surface coverage. The adsorption mechanism involves both an
N atom and OH group of the molecule, and p;-OH and p,-OH
surface groups. The OH molecule group can act as an H-bond
donor and acceptor (Fig. 4(d)) or only H-bond donor (Fig. 4(e)
and (f)), whereas the N atom always acts as an H-bond acceptor
(Fig. 4(d)—(f)). The results reveal no hierarchy in the reactivity of
OH surface groups toward the 8-HQ molecule, which is impor-
tant to the formation of a dense organic layer. Indeed, both the
OH group and N atom form H-bonding with p,-OH and p,-OH
groups in Fig. 4(d), with the p,-OH group in Fig. 4(e) and with
p-OH in Fig. 4(f). In Fig. 4(d), three H-bonds are formed
between the molecule and the OH surface groups One
H-bond is between the OH group (H-donor) of the molecule
and oxygen of p;-OH surface group, with an OH-OH bond
length of 1.51 A. The second H-bond is between the oxygen of
the molecule (H-acceptor) and p,-OH surface group, with an
OH-OH bond length of 2.06 A. The third H-bond is between the
N atom (H-acceptor) of the molecule and p,-OH surface group,
with an OH-N bond length of 1.78 A. Overall, the OH-OH bond
lengths for the H-bond donor is shorter than the H-bond
acceptor and these bond lengths increase slightly with increas-
ing surface coverage. In contrast, the OH-N bond length
remains similar at different coverages. This adsorption configu-
ration is common to the three surface coverages studied. In
Fig. 4(e) and (f), the molecules form two H-bonds and involve
n1-OH and p,-OH surface sites. The adsorption configuration in

This journal is © the Owner Societies 2023
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Fig. 6 Top views of the most stable adsorption configurations of 8-Q under radical, H-abstracted and deprotonated forms on the y-Al,O3(111)/Al(111)
surface, with their adsorption energies (PBE-D2 approach for radical species). Snapshots (a—c) correspond to surface coverages of 1.18, 2.36 and

3.54 molecule nm~2

Fig. 4(e) is common for both 2.36 and 3.45 molecule nm >

surface coverages, involving L,-OH surface groups, while the
configuration in Fig. 4(f) is identified for 3.45 molecule nm >
surface coverage, involving p,-OH surface groups. The OH-OH
and OH-N bond lengths range from 1.58 to 1.88 A, and from
1.68 to 2.05 A, respectively.

3.2.2 Tautomer species. Fig. 5(a)-(c) show the relevant
adsorption configurations for tautomer species on the hydro-
xylated oxidized aluminum surface at surface coverages from
1.18 to 3.54 molecule nm >, Fig. 5(d)~(f) display the adsorption
geometries for the tautomer molecules on the substrate
surface.

According to the surface coverage, the tautomer species can
form several bonds. Some molecules can adsorb with the
formation of Al-O and AI-N bonds and H-bonding. The results
reveal a mix of both chemisorption and physisorption modes of
tautomer species on hydroxylated oxidized aluminum surface
at higher coverage, while the chemisorption mode is preferred
for low (1.18 molecule nm™?) and intermediate (2.36 molecule
nm™?) coverages. Fig. 5(a) shows the most stable configuration
obtained at low coverage (1.18 molecule nm~?), and the adsorp-
tion mode is displayed in Fig. 5(d). The tautomer species forms
bond via an O atom with an Al site (almost top site), with an
0-Al bond length of 1.75 A. This is an indication of O-Al
covalent bonding. The chemisorption of the molecule is also
enhanced by the formation of H-bonding between the NH
group of the molecule and OH surface group, with an NH-
OH bond length of 1.94 A.

This journal is © the Owner Societies 2023

, respectively. Snapshots (d—f) illustrate side and top views for the different adsorption features of the species.

Fig. 5(b) shows the most stable configuration of the tauto-
mer obtained for a surface coverage of 2.36 molecule nm 2.
Some molecules are adsorbed in a similar geometry (NH-OH
bond length of 2.00 A and O-Al bond length of 1.75 A) as the
one found at low coverage (Fig. 5(d)). Other molecules dis-
played in Fig. 5(e) also show similar adsorption behaviour on
adjacent surface sites as for the first configuration. Chemi-
sorption on the surface via O-Al chemical bond and NH-OH H-
bond, with bond lengths of 1.95 and 1.89 A, respectively, is
observed.

For a higher surface coverage of 3.54 molecule nm 2, the
configuration is shown in Fig. 5(c). In the organic film, some
molecules are chemisorbed in similar configurations as pre-
viously described for low and intermediate surface coverages
(Fig. 5(d) and (e)). Other molecules are shown in Fig. 5(f). They
interact only by the formation of H-bonding (three H-bonds).
The tautomer species is physisorbed (or weakly chemisorbed)
via the formation of OH-O-HO H-bonds, with bond lengths of
1.62 and 1.82 A. The NH group also forms a H-bond with a NH-
OH bond length of 1.78 A.

3.2.3 8-Q species. The relevant adsorption configurations
for 8-Q species on hydroxylated oxidized aluminum surface are
shown in Fig. 6(a)-(c) for surface coverages of 1.18, 2.36 and
3.54 molecule nm™?, respectively. All molecules are chemi-
sorbed on the surface by the formation of covalent bonds and
H-bonding for all studied surface coverages. The molecules
involve O and N atoms in the adsorption mechanism with Al
atoms and OH surface groups. However, several types of bonds
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can be formed between the molecule-surface, as shown in
Fig. 6(d)-(f). The results confirm a difference in the reactivity
of Al sites and the adaptability of the molecule to interact with
the different surface sites (Al atoms and OH group). In the most
stable configuration shown in Fig. 6(d) and common to differ-
ent surface coverages, the molecule forms O-Al-N bonds in the
bridge position, with O-Al and N-Al bond lengths of 1.89 and
2.10 A, respectively. The O-Al bond length increases slightly by
0.05 A, at higher coverage, in contrast to N-Al, which decreases
by 0.05 A. The molecule-surface interaction was also enhanced
by the formation of O-HO H-bonding. The O-HO bond length
is about 1.69 A, for low surface coverage and it decreases by
about 0.04 A for high coverage. In Fig. 6(¢) common for surface
coverages of 2.36 and 3.54 molecule nm ™~ and in Fig. 6(f) found
for a surface coverage of 3.54 molecule nm 2, the molecules
show almost similar bonding features on adjacent surface sites.
The molecule binds covalently via its O atom to Al atom on
almost the top site. It also forms H-bonding via its N atom. The
O-Al bond length and N-HO H-bond distances are 1.80 and
1.64 A, respectively, for the configuration in Fig. 6(e), and 1.82
and 1.62 A, respectively, for the configuration in Fig. 6(f).

3.3 Charge density analysis

In order to bring out more information about the bonding
strength and to confirm the type of molecule-surface bonds, we
investigated the electronic properties of the molecule/surface
system for different surface coverages. Analysis of the charge
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N-HO H-bond

Tautomer form
NH-O H-bond

Al—O
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[ ]
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&

. ?%«“% 7
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density difference (Ap(r)), was performed using eqn (8) for
different adsorption configurations. Fig. 7 shows the Ap(r) plots
for different adsorption snapshots of native 8-HQ, tautomeric
and 8-Q species on the hydroxylated oxidized aluminum sur-
face. For better visualization and interpretation of the results,
we kept only one molecule on the surface and plotted a density
isosurface of +0.0009 e A~>. In Fig. 7, snapshots a-c, d-f and g-i
correspond to the different adsorption configurations obtained
for the native 8-HQ molecule, tautomer and 8-Q species,
respectively, on the oxidized aluminum surfaces. The Bader
charge distribution (number of electrons in each atom) in the
systems was evaluated by eqn (9) and the results are compiled
in Table 2.

For the native molecule in Fig. 7(a)-(c), the molecule-surface
H-bond formation is confirmed by the charge density analysis.
For all configurations, one H-bond is evidenced by charge
density accumulation (blue color) on the N atom and charge
density depletion (green color) on the hydrogen atom of the OH
surface group. Another H-bond is evidenced by charge density
depletion on the H atom of the OH of the 8-HQ and charge
density accumulation on the O atom of the OH surface group.

The charge density difference for the different adsorption
configurations of tautomer species adsorbed on the hydroxy-
lated oxidized aluminum surface is shown in Fig. 7(d)-(f). The
strong bonding of the molecule to the surface is confirmed by
the formation of covalent and H-bonds that indicate chemi-
sorption and physisorption (or weakly chemisorbed) modes of

OH-O H-bond N-HO H-bond

0O-HO H-bond

A—O
covalent bond
&

(f)%

covalent bond

4
e
A—O

&

covalent bond
)
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Fig. 7 Charge density variation for different adsorption snapshots of the most stable configurations obtained for 8-HQ molecules (native, tautomer and
8-Q species) on the y-Al,O5(111)/Al(111) surface at different coverages. Blue and green colors correspond to the accumulation and depletion of charge

density, respectively, with an isosurface of £0.0009 e A=2.
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Table 2 Bader charge distribution variation of the number of electrons
(AN (electron molecule™) variation of the number of electrons in each
atom) for different surface coverages (molecule nm™2) of the adsorbed
species, the metal and oxide parts of the substrate. Positive and negative
values correspond to gain and loss of electrons, respectively

Surface coverage

Adsorption species Part of systems 1.18 2.36 3.54
Native 8-HQ AN (molecule) within +0.06
AN (metal) —0.34 —0.34 —0.04
AN (oxide) +0.31 +0.33 +0.04
Tautomer species AN (molecule) +0.78 +0.54 +0.40
AN (metal) —0.28  —0.05  —0.05
AN (oxide) —0.50  —0.49  —0.35
8-Q species AN (molecule) +0.80 +0.79 +0.79
AN (metal) —0.07  +1.05  +0.63
AN (oxide) —0.73  —1.84  —1.42

the species. Fig. 7(d) and (e) correspond to the chemisorption of
the tautomer on the surface with O-Al covalent bonds and
H-bonding between NH and OH groups. This is confirmed by the
charge density accumulation (blue color) between the O atom of
the molecule and an Al surface atom. H-bond is evidenced by the
charge density depletion (green color) on the hydrogen atom of
the NH molecule group and the charge density accumulation on
the O atom of the OH surface group. Fig. 7(f) confirms the H-
bond formation for the physisorption mode of the species on the
surface by charge density accumulation on the O atom and
charge density depletion on the hydrogen atoms of the OH
surface groups. In addition, a second H-bond is evidenced by
the charge depletion and accumulation in a H atom of NH and O
atom of OH groups, respectively. However, even without showing
the covalent bonds, the configuration (Fig. 7(f)) shows strong
redistribution of electrons in the molecule, therefore can be
classified as weakly chemisorbed.

For 8-Q species shown in Fig. 7(g)-(i), the charge density
difference confirms the chemisorption of the species on the
oxidized aluminum surface by the formation of covalent and
H-bonds. In Fig. 7(g), the O-Al-N bridge bonds are evidenced
by the charge density accumulation between O, N and Al atoms
involved in the chemical interaction. In addition an H-bond is
formed by the O atom of the molecule and H atom of the
hydroxyl surface group, evidenced by the charge density accu-
mulation and depletion in the O and H atoms, respectively. The
charge density in Fig. 7(h) and (i) with similar adsorption
behavior on adjacent surface reactive sites confirm the for-
mation of O-Al covalent bonds by the charge accumulation
between them and H-bond by the charge density accumulation
and depletion in the N and H atoms, respectively, of the
molecule atom and OH surface group.

The Bader charge analysis in Table 2 reveals that the electron
transfer and its distribution depends on the adsorption species
and surface coverage. The electron distribution shows no signifi-
cant electron transfer between the molecule and the substrate for
the native 8-HQ molecule, again accounting for a physisorption
mode of the species on the hydroxylated oxidized aluminum
surface. Independently of the surface coverage, the electron
changes in the molecules are within +0.06 e molecule™", with a

This journal is © the Owner Societies 2023
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slight redistribution of the electrons in the molecule after adsorp-
tion. However, the physisorption of the molecule induces a charge
reorganisation in the substrate for surface coverages of 1.18 and
2.36 molecule nm ™% We thus find an electron transfer of about
0.33 electrons from the metallic part to the oxide.

The charge analysis for the tautomer species shows an
electron transfer from the substrate to the molecules, whatever
the surface coverage. However, the electron transfer decreases for
high surface coverage, due to the difference in the adsorption
configurations of the molecules on the surface, increasing surface
coverage. We calculated values of 0.78, 0.54 and 0.40 e molecule "
for surface coverages of 1.18, 2.36 and 3.54 molecule nm?,
respectively. The electrons transfer comes mainly from the oxide
part, with slight contribution of the Al of the metallic part, except at
low coverage. Indeed for surface coverage of 1.18 molecule nm 2,
0.28 and 0.50 electron are transferred from the metal and the oxide,
respectively, to each molecule, whereas only about 0.05 electron
comes from the metal part for surface coverages of 2.36 and
3.54 molecule nm™>.

The Bader charge analysis shows that the largest charge
changes are for the adsorption of the 8-Q species. This reveals
that the organic film and the metal part of the substrate are
electron acceptors, while the oxide part is an electron donor.
The oxide gives globally 0.73, 1.84 and 1.42 e molecule " for
coverages of 1.18, 2.36 and 3.54 molecule nm™ >, while the
electron transfer from the oxide to the adsorption species has
an average value of 0.79 & 0.01 e molecule ". The electron gain
in the metal part is only significant when increasing coverage,
and the values are 1.05 and 0.63 e molecule ' for surface
coverages of 2.36 and 3.54 molecule nm ™2, whereas it remains
unchanged for surface coverages of 1.18 molecule nm™ >, with a
value of 0.07 e molecule .

Through this analysis, we can also see that for tautomer and
8-Q species at high coverage, the electron transfer is shared
between the molecules proportionally to their bonding strength
on the surface. We recall that the organic films at coverages of
2.36 and 3.54 molecule nm > were composed by a combination
of different adsorption configurations, with an inhomogeneity
in the adsorption features. Thus, the molecule that gains more
electrons coincides with the molecule with the highest bonding
strength. For example, the charge gains are 0.73, 0.28 and 0.18 e
for each molecule in the organic film formed at a coverage of
3.54 molecule nm > by the tautomer species, which corre-
sponds to three molecules adsorbed on the surface, and the
bonding energies for the same molecules in the organic film
are about 4.44, 2.62, and 2.39 eV, respectively. A similar trend is
found for the 8-Q species, where the charge gains are about
0.90, 0.88 and 0.57 e for the three molecules, correlating to
bonding energies of 7.04, 5.94 and 5.88 eV, respectively. We can
also emphasize a charge redistribution in the molecules after
their chemisorption on the surface. All atoms of the molecules
(N and O atoms) involved directly in the formation of covalent
bonds with the Al surface atoms underwent strong electron
changes, which confirms the covalent nature of the bonds. For
the 8-Q species, the O and N atoms gain about 0.26 £+ 0.02 and
0.12 + 0.01 e, respectively, according to the surface coverage.

Phys. Chem. Chem. Phys., 2023, 25, 4284-4296 | 4293


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp04626a

Open Access Article. Published on 05 January 2023. Downloaded on 3/5/2026 5:27:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

The chemisorption of the tautomer species via O-Al covalent
bond leads to an electron gain of about 0.55 e for the O atom.

3.4 Vacancy formation energy

In order to investigate further the corrosion inhibition effi-
ciency of native 8-HQ, tautomer and 8-Q molecules, related to a
slow down of the dissolution of aluminum atoms present in the
hydroxylated oxide, we calculated the vacancy formation energy
difference (AAEgefect) between the coated and uncoated sur-
faces, using eqn (7). This shows whether the molecules can
mitigate the anodic reaction and their ability to decrease or
inhibit the surface atoms dissolution. It corresponds to the
creation of one aluminum vacancy on the surface with and
without the presence of the molecules. We considered all
surface atoms for each adsorption species and increase the
surface coverage. However for better interpretation of the data,
we calculated an average value for each surface coverage. The
results are shown in Fig. 8. A negative value of AA Egefect, means
that the extraction of an Al atom of the surface could be easier
in the presence of the organic layer. This can accelerate the
dissolution of the atom surface. However, the dissolution
process depends also on the kinetics of the reactions in relation
with the activation energy for Al extraction. In contrast,
AAEgerece > 0 means that the hydroxylated oxidized surface is
stabilized by the presence of the organic layer and the dissolu-
tion of the surface atoms can be slowed down from a thermo-
dynamical point of view and independently of the kinetics of
the reactions.

Regardless of the surface coverage, the adsorption of the
native 8-HQ molecule on oxidized aluminum surfaces leads to
no significant change in the average AAEgcf... We calculated
average values of 0.07, —0.10 and 0.01 eV per Al atom for
surface coverages of 1.18, 2.36 and 3.54 molecule nm 2, respec-
tively. These results indicate that the native species do not have
the ability to improve the stability of the surface aluminum
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Fig. 8 Average vacancy formation energy (eV per atom) difference
between coated and pristine oxidized aluminum surface at different
molecular surface coverages. (a) Native 8-HQ species, (b) tautomer
species and (c) 8-Q species.
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atoms. Locally, the sensitivity of the Al atoms to the anodic
reaction remains similar to without the inhibitor and for
certain atoms is almost weakened. The adsorption of the
tautomer form leads to more sensitivity of the aluminum
surface atoms toward the dissolution, even if the tautomer
species shows a stronger bonding than the native molecules on
the hydroxylated oxidized aluminum surface. The average
defect formation energies are negative, and could mean the
acceleration of the anodic reaction with a decrease of this effect
for full surface coverage. We calculated values of —0.33, —0.37
and —0.27 eV per Al atom for a surface coverage of 1.18, 2.36
and 3.54 molecule nm 2. Globally, we can conclude that both
the native 8-HQ molecule and its tautomer form do not slow
down the dissolution of aluminum, despite their strong inter-
action with the hydroxylated oxide surface. However, the
presence of dense organic films formed for the highest surface
coverage could act as a physical barrier and induce an activa-
tion barrier for the Al extraction.

For the 8-Q species, the average value of AAEgefec is positive
for all studied surface coverages and involved Al sites. These
results reveal clearly that the presence of the organic layer slows
down the extraction of Al atoms from the surface of the
substrate. AAEgefec increases with the surface coverage, show-
ing the beneficial effect of a compact organic layers on the
substrate surface. The average defect formation energy differ-
ences (between coated and uncoated surfaces) are about 0.73,
1.34 and 1.46 eV per Al atom for surface coverages of 1.18, 2.36
and 3.54 molecule nm >, respectively. However, a difference in
the local effect of the inhibitor to slow down the Al extraction
was evidenced. AAEgcfe.c changes with the aluminum surface
sites. AAEqgefect 1S in the range of 0.13 to 1.91 eV per Al atom for
a coverage of 1.18 molecule nm ™2, of 0.56 to 2.38 eV per Al atom
for a coverage of 2.36 molecule nm~? and 0.57 to 2.71 eV per Al
atom for a coverage of 3.54 molecule nm 2. We can conclude
that among the native 8-HQ, tautomer and 8-Q molecules, the
8-Q species shows suitable features to improve the corrosion
resistance of the aluminum surface.

4 Conclusions

Dispersion corrected Density Functional Theory (DFT-D) was
used to investigate the molecule-surface interactions and to
study the ability of the molecules to form a protective organic
film to prevent metal dissolution. The adsorption of the 8-HQ
molecule and its tautomeric and 8-Q species on the hydroxy-
lated oxidized aluminum (y-Al,05(111)/Al(111)) surface was
studied from low to high surface coverage. The structural and
energetic trends were analysed to determine the most stable
adsorption configurations. The electronic structure analysis
was used to provide more details about the molecule-surface
interactions. The reactive sites, adsorption configurations and
modes are highlighted for different species, i.e. native 8-HQ,
tautomer and 8-Q species at surface coverages from 1.18 to
3.54 molecule nm > The defect formation energy calculated
with and without inhibitors on the surface is a good indicator

This journal is © the Owner Societies 2023
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to show if the molecules have the ability to slow down the
dissolution of surface atoms, thereby mitigating the anodic
reaction on the metal.

The adsorption strength of different species increases from
the native 8-HQ to the deprotonated species. The dispersion
energy increases as a function of surface coverage. This mole-
cule-molecule interaction becomes dominant for the highest
coverage for the native form. However, in terms of contribution
to the adsorption energy, it increases as 8-Q species < tauto-
mer species < native 8-HQ.

The reactive sites are the N atom and OH group for the
native form, the O atom and NH group for the tautomer
species, and the O and N atoms for the 8-Q species. The
adsorption strength is enhanced by the synergy of different bond
formations. Al sites on the hydroxylated oxidized aluminum
surface show different reactivities, but all are able to interact
with the molecules, forming covalent bonds. In addition, the OH
oxide surface groups play a significant role in the determination
of the adsorption modes and configurations, forming H-bonding
according to the adsorption species. The native 8-HQ molecule is
physisorbed on a hydroxylated oxide surface, whereas the tauto-
mer and 8-Q species are chemisorbed.

Despite the ability of all species to interact strongly with the
oxide surface and their ability to form stable organic films, only
the 8-Q species prevents the extraction of Al atoms from the
oxide surface. In contrast, the native form does not significantly
change the average defect formation energy difference between
the coated and uncoated surfaces and the tautomer species can
favor the extraction of the surface metal atoms. However, the
two last species could form a physical barrier, which may
induce kinetic activation energy for Al extraction. We can
conclude that among the native 8-HQ, tautomer and 8-Q
molecules, the 8-Q species provide the best protection against
aluminum corrosion.
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