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Corrosion protection of Al(111) by
8-hydroxyquinoline: a comprehensive DFT study+

Fatah Chiter,?® Marie Laure Bonnet,® Corinne Lacaze Dufaure, ®*° Hao Tang® and

Nadine Pébére?

8-Hydroxyquinoline (8HQ) & a new green corrosion inhibitor. DFT-D calculations are performed to
investigate the adsorption of 8HQ and derivatives on the Al(111) surface from low to high coverage. From

0 = 0.20 to 0.66, the adsorption energies are 112,

241, 166 and —3.44 eV per molecule for 8HQ,

and its tautomer, its hydrogenated and its dehydrogenated species, independently of the coverage.
In contrast, the geometry of the adsorbates changes between coverage up to 0.66 and the full monolayer
(0 = 1). The creation of a dipole at the molecule/metal interface reduces the work function of aluminum.

DOI: 10.1039/c8cp03312a

To further evaluate the modification of the reactivity of the surface, adsorption of Oz on the Al(111) surface

covered by the organic layer is investigated. O, dissociation takes place for 0 = 0.66. When the Al surface
is fully covered (0 = 1), the reduction of O, and the oxidation of Al atoms do not occur.

1 Introduction

The high toxicity and carcinogenic risks associated with
chromates, used as corrosion inhibitors, have imposed restric-
tions on their use in industrial applications and their substitution
by new environmentally friendly inhibitors. Among the numerous
substances proposed to replace chromates, some friendly organic
molecules have been identified'™ and experimental work has
shown that 8-hydroxyquinoline (8HQ, with a chemical formula
CgH;NO and presented in Fig. 1) is one of the most promising
corrosion inhibitors of aluminum and aluminum alloys.***
Electrochemical studies performed on pure aluminum in
neutral and acidic chloride solutions”* or on aluminum alloys
in acidic and alkaline solutions®” showed that the presence of
8HQ in the electrolyte prevents the adsorption of aggressive
ions on the Al surface oxide layer and limits the dissolution
of the aluminum oxide layer. In addition, Yaro et al® and
Soliman” showed a decrease of the corrosion rate of aluminum
alloys in an acidic medium with the increase of 8HQ concen-
tration. Other work reported that 8HQ doped sol-gel coatings
improve the corrosion resistance of the 2024 aluminum
alloy.'®'? More recently, Balaskas et al.® investigated by elec-
trochemical methods the efficiency of 2-mercaptobenzothiazole
(2-MBT), 8HQ and benzotriazole (BTAH) as corrosion inhibitors
of 2024 aluminum alloy and concluded that 2-MBT is the most
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Fig.1 Native 8HQ molecule (), and tautomer (1), hydrogenated (y) and
dehydrogenated (5) species.

efficient inhibitor and it is the only one that decreases anodic
and cathodic reactions. Mixtures of inhibitors are also frequently
used. Marcelin and Pébére' confirmed that 8-HQ and BTAH are
two effective corrosion inhibitors of AA2024. From local electroche-
mical impedance measurements, they demonstrated a synergistic
effect between the two molecules and concluded that 8HQ acts
mainly on the aluminum matrix. The electrochemical experimental
studies suggested that the inhibitive efficiency of 8HQ could be
explained thanks to: (i) the adsorption of the molecule on the Al
surface and its interaction with the substrate, (ii) the formation of
insoluble chelating complexes (tris(8-hydroxyquinoline) aluminum,
Al(8HQ);) over the aluminum oxide layer and (iii) less adsorption of
aggressive species (chloride ions) which can damage the aluminum



oxide layer. However, little is known about the origin of the
mechanisms at the atomic scale. To our knowledge, only few
investigations are available on the adsorption of 8HQ or of the
Al(8HQ); complex on metallic surfaces. A combined density
functional theory (DFT) and non-contact atomic force micro-
scopy (nc-AFM) study concerned intermolecular interactions
between 8HQ molecules in molecular assemblies on a Cu(111)
surface.”” The observations, acquired on Cu(111) and in
specific conditions imposed by AFM analyses such as low
density deposition conditions, are particularly precise. In addi-
tion, in that work, Zhang et al. reported DFT calculations of
selected ‘flat-lying’ 8-hydroxyquinoline (8HQ) molecular assem-
blies on a Cu(111) substrate to validate their interpretation of
the AFM images. The aim of our study is different as we wanted
to investigate the adsorption of 8HQ species present in aqueous
solutions and at different pH, on Al(111).

In addition, DFT investigations on Al(8HQ), complexes on
cobalt,'® magnesium'” and aluminum'®'? surfaces have been
reported. These latter studies focused mainly on the creation of
a dipole at the Al(8HQ),/metal interface.

In a previous study on the bonding of 8HQ and its deriva-
tives on an Al(111) surface, we reported the main characteristics
of the interaction mechanisms at low coverage.*® The adsorption
of the 8HQ molecule and its derivatives, tautomer, dehydroge-
nated and hydrogenated 8HQ species, which are present in the
experimental medium according to the pH of the solution, on
the Al(111) substrate was investigated by performing dispersion
corrected DFT calculations. We demonstrated that all the 8HQ
species can be chemisorbed on the Al(111) surface. For example,
the native 8HQ molecule is chemisorbed by forming covalent
bonds between Al atoms on the surface and N and C atoms of
the molecule. However, during the formation of the covalent
bonds, the 8HQ molecule is strongly deformed and the chemi-
sorbed mode is finally only slightly stronger (0.21 eV) than the
physisorbed mode. Hydrogenated 8HQ has a larger adsorption
energy than the native form (—1.71 eV vs. —1.11 eV), mainly due
to lower distortion of the molecule instead of an increase of the
bonding. The tautomer, for which the H atom of the -OH group
in 8HQ is transferred to the N atom, is also bonded to the Al
surface by the O atom and the adsorption energy is stronger
(—2.39 eV). Finally, the dehydrogenated 8HQ species has the
strongest bonding with an adsorption energy of —3.45 eV.
In all the cases, a strong contribution of the vdW forces at the
molecule/metal interface in the adsorption mechanism is
observed. But the orientation of the molecules with respect to
the surface and the stability of the molecular layer depend on the
surface coverage and these characteristics are assumed to influ-
ence the inhibitor efficiency. At high surface coverage, inter-
molecular interactions could stabilize specific adsorption modes.
A. Kokalj** showed for instance, that a properly orientated adsorp-
tion structure of BTAH on the Cu(111) surface modifies signifi-
cantly the electronic properties of the metallic surface (a decrease
of the work function). The efficiency of BTAH on copper was also
studied by Y. Jiang et al.** and was attributed to the physisorption
of the molecules and the formation of an intermolecular
H-bonding network, which resulted in a thin and protective film

on the surface. Derivatives of BTAH were also investigated and it
was shown that the chemisorption of the dehydrogenated radical
is the most stable at low coverage and in contrast, the formation of
a full layer occurs in the form of a physisorbed layer or an
organometallic layer.”® It was also observed that the adsorption
energy of the BTAH molecule on the Cu,0(111) surface increases
with the surface coverage® and that the molecules are strongly
adsorbed forming covalent bonds with the Cu atoms and hydro-
gen bonds with the surface O atoms. Recently, DFT calculations
including dispersive corrections showed that structures of dimers
and chains of BTA molecules are the most stable topologies on
Cu(111) at all coverages.”

Others examples of the influence of the surface coverage on
the adsorption properties of organic layers on metals are given
in the literature. For instance, the adsorption of glycine*® and
carboxylic acids (CA)*” on zinc surfaces was investigated from
low to high coverage. For glycine, dissociative adsorption to
form a glycinate species is favorable independently of the
surface coverage. However, at low coverage, the most stable
configuration is parallel to the surface whereas at higher cover-
age an epitaxial glycinate monolayer is organized on the
Zn-Zn0(0001) surface.”® For the carboxylic acids, the bridging
adsorption mode and self-assembled monolayer formation are
attributed to van der Waals forces through lateral interactions
of the carbon chains of the molecules.””

In the present work, the formation of layers by 8HQ and
derivatives (presented in Fig. 1) on Al(111) is investigated and
the influence of the coverage of the Al(111) surface on the
adsorption topologies and adsorption energies of the organic
molecules is presented and understood. Charge transfers due
to the adsorption process are calculated and give evidence for
covalent bonding. In addition, van der Waals interactions also
contribute to the formation of the molecular layer on the Al
surface. The interface dipole created at the molecule/metal
interface and the Al(111) work function change are determined
and the relationship between these two quantities is high-
lighted. Finally, the modification of the reactivity of the covered
Al(111) surface towards the oxygen molecule is evaluated in
order to link the computed results with the experimental
inhibition efficiency.

2 Computational models and details

All calculations were performed in the framework of Density
Functional Theory (DFT) using the Vienna Ab initio Simulation
Package®®° (VASP) and the Projector Augmented Wave (PAW)
method,*'”? taking into account the spin polarization. The
Generalized Gradient Approximation (GGA) of Perdew-Burke-
Ernzehof**?* (PBE) functional was chosen for the exchange-
correlation term. Convergence with respect to cutoff energy
Ecw, Methfessel-Paxton®® smearing ¢ and the size of the
Monkhorst-Pack®® mesh of k-points was carefully checked in
order to have the same energy precision in all calculations
(less than 1 meV per atom). Values of E,, =450 eVand ¢ = 0.1 eV
were used. For the studies of molecular oxygen dissociation,



tests were performed with a higher E., value (900 eV) and led to
the same results.

The Al substrate was described by an asymmetric monoclinic
slab of 4 atomic layers. Atoms of the two bottom layers were kept
at their position in the bulk during all computations. The atoms
of the two top layers of the slab and of the adsorbed molecules
were optimized. Atomic positions were relaxed with the
conjugate gradient algorithm until forces on each moving
atom were less than 0.02 eV A™". The vacuum region was set
at 18 A (equivalent to 8 atomic layers thick) to minimize the
interactions in the z direction between periodic images of
the molecule/substrate system. The molecules were adsorbed
on the top layer of the slab with different surface coverages.
The lowest coverage (6 = 0.2) was selected to minimize the
interaction between the adsorbed molecule and its periodic
images on a (5 x 6) array (an Al surface area of 212 A?). The
lateral dimension of the supercell was then successively

decreased with one 8HQ molecule per unit cell to mimic the
increase of the surface coverage. The surface coverage 0 = 1
was reached when the Al(111) surface was fully covered by the
8HQ molecules or derivatives (Fig. 2, 6 = 1). Five supercells
containing 30, 20, 12, 9 and 6 aluminum surface atoms were
used to simulate 6 = 0.20, 0.33, 0.5, 0.66 and 1, respectively.
The k-point grid for the reciprocal Brillouin zone sampling
was increased accordingly (see Table 1).

For the study of the dissociation of the O, molecule
on the Al(111) surface covered by organic layers (0 = 0.66
and 0 = 1), a (6 x 6) array was chosen for the metallic slab
(144 atoms) with a sampling of (3 x 3 x 1) k-points in the
Brillouin zone.

van der Waals interactions were included according to the
DFT-D2 method?” implemented in VASP. As in our previous
work on the adsorption at low coverage,”® only interactions at
the molecule/aluminum interface and between molecules in
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Fig. 2 Adsorption topologies and electronic density variation (Ap) at two coverages (6 = 0.66 and 6 = 1). The 8HQ molecule (y); and the tautomer (z).

Top: Top view; and bottom: side view.



Table 1 Grid of k points for molecule/slab calculations according to the coverage 0

Coverage 0 0.20 0.33
Number of atoms in the surface 30 20
Number of atoms in the unit cell 120 80
Surface area (A?) 212 141
k Points 3x3x1 3 x

the organic layer were considered. The total energy was there-
fore calculated for the (slab + molecules) system by:

DFT-D _ ~DFT vdwW vdw
Etot - Etot + Eslab/mol + Emol/mol (1)
with EX0W o1 the vdW interactions at the aluminum/molecule

interface and E‘{ﬂ(‘,’ﬁmol the vdW interactions between the molecules.

From the total energies, two energetic features were calcu-
lated to quantify the molecule/surface interactions. The first
one, E,q4s, characterized the simultaneous adsorption of all the
molecules from their free state. The adsorption energy on
the Al(111) surface was thus calculated as:

(2)

where Egapimor 1S the total energy of the system with the
molecule adsorbed on the Al(111) surface, Egab/opt is the energy
of the bare relaxed Al(111) slab calculated without dispersive
corrections and Enope 1S the energy of the free molecule
optimized in vacuum.

The binding energy, Eping, characterized the strength of the
bonding at the molecule/aluminum interface without taking
into account energetic trends for the deformation of the
substrate and the adsorbate induced by the formation of the
layer on Al(111). The binding energy was then defined as:

Eqds = Estab+mol — Estab/opt — Emol/opt

(3)

where Egabimor 1S the total energy of the system with the molecule
adsorbed on the Al(111) surface and Egjapysp and Emoliayersp are the
total energies of the isolated slab and isolated deformed molecular
layer at their geometry after adsorption, respectively.
Therefore, the deformation energies of the substrate
deform and of the molecule EdCform during the adsorption
process were evaluated. The substrate deformation energy

deform \yas calculated as:

Ebind = Estab+mol — Eslab/sp - Emol-layer/sp

deform
Eslab

(4)

where Egjap/sp and Egapjope are the total energy of the isolated
slab at the geometry after adsorption and the total energy of the
relaxed slab, respectively.

The molecule deformation energy

= Eslab/sp - Eslab/opt

eform

ol was determined as:

(5)

where Enoysp and Enoliope are the total energy of the isolated
molecule at the geometry after adsorption (one molecule per
unit cell) and of the optimized free molecule, respectively.

Finally, the interactions between molecules in the layer were
evaluated from the calculation of the cohesive energy per
molecule in the organic layer Ef;‘;ﬁr by:

deform
Emol

- Emol/sp - Emol/opt

(6)

oh _
Efayer - Emol—layer/sp - Emol/sp

0.5 0.66 1
12 9 6
48 36 24
85 64 42
3 x1 5x5x1 5x5x1 7x7x1

where Enol-tayer/sp 15 the total energy of the isolated layer and
Emoysp is the energy of the isolated molecule at the geometry
after adsorption without interaction with the periodic images
(large unit cell).

To quantify the electronic changes in the systems, the net
charge variation (Agy) was determined on each atom by:

Aqx — qids _ )f(ree (7)
where ¢ and ¢2%° are the charges on each atom x (Bader’s

population analysis on VASP charge densities®®) of the molecule
and the slab before (optimized geometries of the free systems)
and after adsorption. The total molecular charge variation AQ
was calculated as:

free
mol

ads
mol —

AQmol = (8)

To clearly observe the charge transfer, the electron density
variation Ap was plotted:

©)

where pgapimor 1S the electron density distribution on the
optimized system, and pgjap/sp aNd Pmol-iayer/sp are the electron
density distributions on the substrate and molecular layer at
the geometry after adsorption, respectively.

Ap = pslabrimol — (pslab/sp + pmol—layer/sp)

3 Results and discussion
3.1 Adsorption of 8HQ species on the Al(111) surface

We took into account experimental results presented in the
literature with bulk 8HQ or in polar solvent. 8HQ molecules are
associated as dimer molecules (with hydrogen bonds between
two monomers) in the bulk 8HQ crystal.>> When the crystal in
powder is introduced in a polar solvent, which is the case when
studying corrosion inhibitors in aqueous solution, the dimer
molecules are dissociated and 8HQ molecules (monomers) are the
main species in the solution.*®™*> We thus studied the interaction
of 8HQ monomers with the Al(111) surface. Preliminary calcula-
tions were also performed on the adsorption of the 8HQ dimer on
the Al(111) surface and results are presented in the ESL.¥ To mimic
the different chemical forms of the molecule present in aqueous
solution at different pH, we looked at the pK, values of the 8HQ
molecule. Many organic molecules can gain and/or lose a proton
in aqueous solutions by reacting with water molecules. These
phenomena are dependent on the pH of the solution. The pK,
of a molecule gives information on its ability to be protonated
or deprotonated at a certain pH and, for a given molecule, two
pK, values indicate the presence of two different functional
groups that can be protonated or deprotonated. The pK, values
of the 8HQ molecule are 5.13 and 9.89.%° In neutral solution,



the native 8HQ molecule (y) and its tautomer () (Fig. 1) coexist.
At low pH (pH < 5.13), the 8HQ molecule is protonated,
whereas at high pH (pH > 9.89) it is deprotonated. The
modeling of charged species is not trivial because periodic
boundary calculations impose the use of charge neutrality in
the system. Therefore, the adsorption of the hydrogenated ()
and dehydrogenated () species, which are radicals, was studied
to simulate the adsorption of the charged species of 8HQ at low
and high pH. This assumption is usually done in periodic
calculations.*”*® For the different surface coverages, several
initial configurations (including high symmetry adsorption
sites on the surface unit cell) for the adsorption of the 8HQ
molecule and its derivatives on the Al(111) surface were con-
sidered. The reactive sites of the molecules (O, N, ortho C2 and
para C4 sites) were initially positioned on the different Al(111)
surface sites (top, bridge, hollow-fcc and hollow-hcp sites).

In the present paper, only the most stable optimized configu-
ration for each species and at each coverage is presented. The
adsorption energetics (Fig. 3-5) are analyzed by taking into
account the simultaneous elementary steps of the adsorption
mechanism for the formation of an organic layer: (i) the mole-
cule/metal interactions (Eping), (ii) the deformation of the mole-
cules due to the adsorption modes (Eacs™), (iii) the deformation
of the metallic surface during the adsorption process (ESge™) and
(iv) the interactions between the molecules in the layer (Efge,).
In addition, the modifications in the interatomic distances as a
function of 6 are summarized in Table 2.

3.1.1 Adsorption geometries and energies for the 8HQ
species as a function of the coverage (#). The adsorption of
native 8HQ (labeled y) and its derivatives (z, # and 9) at low
coverage (0 = 0.20) was previously described.”® At this low
coverage, the native 8HQ molecule is chemisorbed parallel
to the aluminum surface with an adsorption energy of —1.11 eV
(6 = 0.2).>° Covalent bonds are created between the N atom and
the C4 atom of the molecule (numbering in Fig. 1) and atoms of
the Al(111) surface. In the present work, results at higher surface
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Fig. 3 Adsorption and binding energies of the molecules on the Al(111)
surface versus the coverage 6. The 8HQ molecule (x); the tautomer (z);
dehydrogenated 8HQ (4); and hydrogenated 8HQ (n). (a) adsorption
energies; and (b) binding energies.

coverages (0 = 0.3 to 1) are presented. By increasing progressively that of native 8HQ is observed with again the replacement of the

0 to 0.3, 0.5 and 0.66, the conformation of the chemisorbed
% molecules on the Al(111) surface does not change significantly
and the molecules are always bonded to the Al(111) surface
through covalent bonds formed by N and C4 atoms with surface

C4-Al bond by a C2-Al bond (dc,-4 = 2.168 A and dcy- = 3.707 A).
On the contrary, the O-Al bond is kept (do-a1 = 1.814 A).

For the hydrogenated form (), the geometrical evolution of
the adsorbed molecules as a function of the coverage is very

Al atoms (see the adsorption configuration in Fig. 2 for 6 = 0.66 similar to that of native 8HQ in spite of the presence of the H

and distances in Table 2). However, for the transition from
0 = 0.66 to 0 = 1, due to the high density of adsorbed molecules
on the surface, their parallel topology cannot be kept. For 6 = 1,
the C4-Al bond does not exist any more (dcs-a = 3.684 A in
Table 2; instead, a new C2-Al bond is created, dc, 5 =2.178A) and
the electron density accumulation (Ap in Fig. 2) indicates covalent
bonding. In addition, the oxygen atom of the hydroxyl group is
situated at 2.073 A exactly above an Al atom in the surface.

In the case of the tautomer (t), from 6 = 0.2 to 0.66, three
bonds (O-Al, N-Al and C4-Al) ensure strong bonding with the
Al(111) surface. The interatomic distances reported in Table 2
(do-a1 = 1.844 + 0.006 A, dy 4 = 2.222 + 0.005 A and dcya =
2.185 + 0.004 A) underline the strong bonding of the tautomer.
Here again, for 0 = 1, a significant geometrical change similar to

atoms on the O and N atoms: from 6 = 0.2 to 0.66, the species is
chemisorbed on the Al(111) surface through two covalent
bonds, i.e. N-Al (dn-a1 = 2.315 + 0.004 A) and C4-Al (dcsn =
2.180 + 0.004 A). For 0 = 1, the C4-Al bond is deleted (dcs-a1 =
3.808 A) and the C2-Al bond (dc,-a1 = 2.219 A) is established.
The influence of the surface coverage on the adsorption
of the dehydrogenated form () is totally different to those
obtained for the three previous molecule derivatives. For the
dehydrogenated species, both the O and N atoms remain
bonded to the surface from 6 = 0.2 until 6 = 1. The geometrical
modification with the increase of the coverage is small in
comparison to the changes of the adsorbed g, T and # molecules
going from 6 = 0.66 to 6 = 1. The only noticeable change in the
d topology is a modification of the adsorption position of the



Table 2 Distances in A between the Al surface atoms and the atoms
of the 8HQ molecule and its derivatives after adsorption for different
coverages 0

Coverage O Al N Al C2 Al C4 Al
8HQ
0 0.2 2.659 1.968 2.948 2.189
0 0.3 2.701 1.967 2.957 2.191
0 0.5 2.762 1.969 3.000 2.188
0 0.66 2.745 1.966 2.905 2.184
0 1 2.073 1.916 2.178 3.684
Tautomer
0 0.2 1.838 2.223 3.154 2.182
0 0.3 1.841 2.224 3.153 2.187
0 0.5 1.844 2.223 3.160 2.184
0 0.66 1.852 2.217 3.146 2.189
0 1 1.814 2.095 2.168 3.707
Hydrogenated 8HQ
0 0.2 3.021 2.314 3.281 2.176
0 0.3 3.019 2.311 3.271 2.179
0 0.5 3.026 2.311 3.279 2.176
0 0.66 3.091 2.324 3.284 2.187
0 1 2.263 2.198 2.219 3.808
Dehydrogenated 8HQ
0 0.2 1.914 2.048 3.373 4.710
0 0.3 1.914 2.044 3.402 4.402
0 0.5 1.907 2.050 3.421 4.929
0 0.66 1.917 2.032 3.453 4.902
0 1 1.822 2.119 3.510 4.492
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Fig. 4 Cohesive energies in the layers for different coverages 0: The 8HQ
molecule (y); the tautomer (z); dehydrogenated 8HQ (9); and hydroge
nated 8HQ ().

O atom from a bridge site on the Al(111) surface for 6 = 0.2 to
0.66 to a top site for 0 = 1 (Fig. 2). For 0 = 1, the O, N, C2 and C4
atoms of the four molecules are located on top of Al atoms.
Fig. 3(a) presents the variation of the adsorption energy E,q4s
with the coverage 0 of the 8HQ molecule and its tautomer,
hydrogenated and dehydrogenated forms on the Al(111)
surface. Negative adsorption energies are obtained for all species
and coverages, indicating the formation of a stable organic layer
on Al(111). From 0 = 0.2 to 0.66, constant adsorption energies of
—1.12 £+ 0.04 eV for native 8HQ, —1.66 £+ 0.07 eV for the
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Fig. 5 Contribution of the dispersion forces at different coverages 0 for
the adsorption of the molecules on the Al(111) surface. The 8HQ molecule
(); the tautomer (7); dehydrogenated 8HQ (d); and hydrogenated 8HQ (1).
(a) Total vdW energies, (b) vdW energies at the molecule/substrate inter
face, and (c) vdW energies in the organic layer.

hydrogenated molecule, —2.41 + 0.02 eV for the tautomer, and
—3.44 £ 0.02 eV for the dehydrogenated species are calculated.
For 6 = 1, the native 8HQ, the hydrogenated, the tautomer and
the dehydrogenated molecules have an adsorption energy of
—1.00 eV, —1.40 eV, —2.27 eV and —3.60 eV, respectively.
However the adsorption energy values includes not only the
bonding of the molecule to the surface but also the deformation
of the molecule and of the slab due to the adsorption process.
The binding energy, Eping, shown in Fig. 3(b), only quantifies
the bonding at the molecule/metal interface without taking into
account the energetic cost of the deformation of the slab and
the deformation of molecules in the organic layer, and the
interactions between molecules. Due to the covalent character



of the bonding, the binding energies (per molecule) are signifi-
cantly larger (by about 0.5 eV for # up to more than 2 eV for 1)
than the adsorption ones that are drastically reduced (in
absolute value) by the positive (destabilizing) deformation
energies. From 6 = 0.2 to 0.66, the molecule deformation
energies are strong with values of 0.55 + 0.01 eV (), 0.71 +
0.03 eV (), 1.57 £ 0.01 eV (y) and 1.96 £ 0.01 eV (7). At these
coverages, the slab deformation energies when adsorbing
%, T and n are rather weak (about 0.13 eV for y, 0.10 eV for
n and 0.25 eV for 1), whereas when ¢ is adsorbed, the slab
deformation energy reaches 0.45 eV.

As previously explained, in addition to the deformation
energies, the adsorption energy takes also into account the
interactions between the molecules in the organic layer. The
cohesive energy Efme, of the layers formed on the Al(111)
surface at different coverages is shown in Fig. 4. The energies
were calculated by only taking into account the interactions
between the molecules in the layer and not the deformation of
the molecules during the adsorption process (eqn (6)). The
results show a change for 6§ = 0.5 to 1 with negative values of

lfy}ér that indicate stabilizing interactions between molecules.
At low coverages, the molecules are not close enough to be
interacting (Ef;’yl;r ~ 0). At full coverage, Effylér, that quantifies
the interactions in the layer, represents 6% of the adsorption
energy E,qs for the dehydrogenated species, 18% for the tauto-
mer and up to 30% and 32% for the native 8HQ and the
hydrogenated species.

To sum up all these energetic features, it can be written:

— eform deform coh
Eaas = Epina t+ E(rjnol + Eglab + Elayer

In this equation, it must be underlined that the molecule
and slab deformation energies are unfavorable for a stable layer
on the Al(111) surface, and in contrast, the molecule/surface
binding energy and the intermolecular cohesion energy are the
driving force of the adsorption process.

3.1.2 van der Waals dispersive forces. Only van der Waals
interactions between the organic layer and the Al(111) surface
and between the molecules in the layer were taken into
account. Fig. 5(a) presents the total van der Waals energy in
the systems. Fig. 5(b) and (c) show the variation of the vdW
energies as a function of the coverage 0 at the molecule/
substrate interface and between molecules in the layer, respec-
tively. The native 8HQ molecule, the tautomer and the hydro-
genated species show similar trends and this can be linked to
comparable topology on the surface (topology parallel to the
surface). For these three species, the total vdW energy decreases
slightly with increasing coverage showing that the van der
Waals interactions increase. The average value is —1.63 =+
0.06 eV. For the dehydrogenated molecules, the value is
—1.06 £ 0.04 eV from 0 = 0.2 to 0.66 and —1.43 eV at full
coverage (0 = 1). From 6 = 0.2 to 0.66, the vdW energy at the
molecule/substrate interface is —1.24 + 0.05 eV for native SHQ,
the tautomer and the hydrogenated species and —0.96 + 0.03 eV
for 0 = 1 (Fig. 5(b)). The decrease of the interactions (increase of
the van der Waals energy) can be attributed to the topological

change occurring at full coverage, where the molecules become
tilted on the Al(111) surface. Thus, the contact between the
molecules and the substrate is reduced and vdW interactions
at the interface are limited. For the dehydrogenated molecule,
a small variation of the vdW energy at the interface is observed
(—0.78 £ 0.06 eV), explained by the fact that this species presents
the same adsorption topology independently of the coverage.
The vdW energy between the molecules in the organic layer
shows a limited variation from 0 = 0.2 to 0.5 (Fig. 5(c)). The
energies are —0.34 £ 0.04 eV for 8HQ, the tautomer and the
hydrogenated species and —0.28 £+ 0.01 eV for the dehydroge-
nated molecule. For low coverages, the vdW interactions
between the molecules are minimized due to the large distance
between the molecules. At high coverages (0 > 0.5), the great
number of molecules on the Al(111) surface reduces the distance
between the molecules and hence increases the vdW interactions
between them. For all the molecules, the vdW energies in the
organic layer are —0.43 £ 0.07 eV and —0.67 £ 0.08 eV for
0 = 0.66 and 0 = 1, respectively. The decrease of the contribution
of the vdW energy at the interface, when 6 increases, is compen-
sated for by the increase of the vdW contribution between the
molecules in the layer, in particular at full coverage. Besides
the formation of covalent bonds between the molecules and the
Al(111) surface, these results underline a strong contribution of
vdW forces in the adsorption process.

3.1.3 Charge transfers, dipole moments and work function
changes

Charge transfers. As defined previously, the global charge
variation AQy, is calculated by the difference between the total
number of electrons on the adsorbed molecules and that of the
free species calculated in vacuum. Strong electronic transfers
from the substrate to the adsorbates were determined. Once
adsorbed on Al(111), the y, 7, # and J molecules were negatively
charged. Fig. 6 shows the global charge variation on the
molecules as a function of the coverage 0. Independently of
the coverage, the global charge variations in the molecules are
—0.84 £ 0.11¢, —1.18 + 0.09 e, —1.40 + 0.07 eand —1.50 £ 0.09 e
for the hydrogenated, the dehydrogenated, the native 8HQ and
the tautomer species, respectively. Table 3 presents the charge
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Fig. 6 Global charge variation as function of the coverage 0 of the 8HQ
molecule and its derivatives after adsorption on the Al(111) surface. The
8HQ molecule (y); the tautomer (z); dehydrogenated 8HQ (d); and hydro
genated 8HQ (n).



Table 3 Charge variation (in e) of atoms as function of the coverage 6
after adsorption of the 8HQ molecule and its derivatives. Atoms X of the
molecules bound to the Al atoms are also indicated Al(X)

o N Cc2 Cc4 Al1(0) Al2(N) Al3(C2) Al4(C4)
8HQ
0 0.2 -0.01 —0.25 —0.38 —0.24 +0.10 +0.66 +0.04 +0.56
0 0.3 +0.03 -0.23 —0.29 —0.33 +0.08 +0.66 +0.03 +0.54
# 05 -001 —0.26 —0.39 —0.32 +0.07 +0.66 +0.03 +0.55
0 0.66 0.00 —0.26 —0.33 —0.32 +0.04 +0.66 +0.07 +0.57
0 1 -0.09 —-0.20 —-0.78 +0.08 +0.41 +0.66 +0.55 —0.09
Tautomer
# 0.2 -0.16 —0.03 —0.19 —0.23 +0.73 +0.32 —0.01 +0.58
¢ 03 -0.16 —0.05 —0.14 —0.25 +0.72 +0.30 +0.00 +0.58
# 0.5 -0.17 —-0.08 —0.23 —0.30 +0.71 +0.33 +0.00 +0.57
0 0.66 —0.15 —0.07 —0.20 —0.29 +0.69 +0.31 —0.02 +0.58
0 1 -0.19 —-0.03 —0.58 +0.04 +0.75 +0.42 +0.58 —0.14
Hydrogenated 8HQ
# 0.2 -0.04 —0.08 —0.07 —0.33 +0.00 +0.34 —0.00 +0.59
¢ 03 -0.08 —0.06 —0.03 —0.31 —0.01 +0.33 —0.01 +0.58
8 0.5 -0.04 —0.07 +0.08 —0.34 —0.02 +0.31 —0.00 +0.58
@ 0.66 —0.08 —0.06 +0.05 —0.32 —0.05 +0.31 —0.02 +0.58
0 1 -0.18 —-0.06 —0.40 +0.01 +0.30 +0.35 +0.52 —0.12
Dehydrogenated 8HQ
# 0.2 -047 —0.17 -0.13 —0.19 +0.49 +0.89 —0.08 +0.00
9 03 —-047 -0.16 —0.17 —0.09 +0.48 +0.89 —0.08 —0.01
# 05 -—0.47 —0.15 —0.15 —0.24 +0.50 +0.88 —0.07 +0.00
0 0.66 —0.47 —0.16 —0.17 —0.06 +0.50 +0.91 —0.04 —0.09
0 1 -0.35 -0.13 -0.21 -0.17 +0.70 +0.55 -0.08 —0.06

variation on the atoms in the system due to the adsorption
process. The net charge variation on the other atoms of the
molecule and of the surface are negligible (<0.01 e). A detailed
analysis of the values shows that the electron transfers are
principally localized on the O, N, C2 and C4 atoms of the
molecules and on the surface Al atoms. In the 7 and  molecules,
the gains of electrons on the N atom (with the presence of a H-N
bond) are lower than in y and § (nearly two times lower in # than
in y). Similarly, due to the presence of the H atom attached on the
O atom of the hydroxyl group, the gains of electrons on the O atom
in y and # are also lower than in 7 and é.

Dipole moments. In their free state, the 8HQ molecule and its
derivatives are polar molecules, with an intrinsic dipole
moment localized in the plane of the molecules and oriented
from the oxygen atom to the electropositive area. The calculated
dipole moment (in plane) of native 8HQ and the tautomer in
vacuum are 2.5 D and 5.67 D respectively. Both forms can
coexist in neutral solvents. We also modeled the 8HQ molecule
in acidic and basic solutions using its hydrogenated and
dehydrogenated forms. The dipole moments of these species
in their free state are 1.92 D and 5.71 D for the 1 and J species
respectively. In all these free molecules, the out of plane
component of the dipole moment is zero. During the adsorp-
tion process, the electronic transfers induce the formation of a
dipole at the molecule/metal interface. Fig. 7(a) presents the
variation of the total dipole moment yu,(mol/slab) normal to the
surface for the molecule/metal systems as a function of
the surface coverage ¢ for the four molecules. The negative
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Fig. 7 Dipole moments for different surface coverages 6. (a): u(mol/slab);
(b): umol); and (c): Au,. The 8HQ molecule (x); the tautomer (z);
dehydrogenated 8HQ (4); and hydrogenated 8HQ (n).

of p(mol/slab) indicates that the dipole moment is oriented
down to the Al(111) surface. The radical species (hydrogenated
and dehydrogenated forms) induce higher dipole moments
(in absolute value) than native 8HQ and the tautomer molecules.
For all the species, the dipole moment p{mol/slab) strength
decreases linearly with increasing coverage up to 6 = 0.66. For
0 = 1, in the case of the native 8HQ molecule, the tautomer and
the hydrogenated forms, there is a change in the molecular layer
structure on Al(111) and in the electronic transfers that modifies
(mol/slab). For the dehydrogenated form, no change in the
layer structure at high coverage is observed and the dipole
moment still follows a linear decrease (in absolute value).

For a more detailed analysis, u,(mol/slab) can be decomposed
into three contributions:

z(mol/slab) = p(mol) + p,(slab) + Ap,



where ,(mol) and p,(slab) are the components in the direction
normal to the surface of the dipole moments for the molecular
layer and the substrate at their geometry after adsorption,
respectively. Thus Ap, is the dipole moment induced at the
interface by the electronic redistribution due to chemical
interactions between the molecules and the substrate. This
decomposition of u,(mol/slab) is artificial because all the
components are closely linked. However, analyzing the variation
of each component gives insight in the origin of the work
function changes that we describe below.

Fig. 7(b) and (c) show the variation of u,(mol) and Ay, as
a function of the coverage 0 for all the adsorbed species on
the Al(111) surface. The change of these two quantities can be
attributed to the deformation and/or the orientation of the mole-
cule which depend on the density of the molecular layer. The
molecular dipolar component g,(mol) is oriented from the mole-
cule down to the substrate and it has the same sign and the same
decreasing trend with the coverage as j,(mol/slab). However, the
component induced by the charge transfer Ay, is oriented
oppositely (from the surface to the molecule, Au,) to u,(mol),
except for the hydrogenated molecule 1 (see Fig. 7(c)). For all the
adsorbed molecules (native 8HQ and its derivatives) the value of
Uz(slab) varies from 0.01 D to 0.05 D. This is negligible when
compared to u,mol) and Au,. The global interface dipole
moment p,(mol/slab) is thus an equilibrium between the con-
tribution of the molecular layer and the contribution at the
interface related to the charge transfer.

To conclude, the magnitude of the molecular permanent
dipole (u,(mol)) and the variation of the dipole moment at the
interface (Au,) induced by electronic transfers are significant in
the adsorption of 8HQ and derivatives on Al(111). Similar con-
clusions were reported for the adsorption of the Al(8HQ)s
complex on cobalt,"® whereas the dipole moment was dominated
only by the molecular dipole moment in the adsorption of the
Al(8HQ); complex on magnesium'” and aluminum'®'® surfaces.

Work function changes. The work function is one of the
properties affected by electronic changes due to the adsorption
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of organic molecules on metallic surfaces and the interface
dipole plays a crucial role in the work function shift. In the
present work, the work function was calculated from the
difference between the Fermi energy (Er) and the asymptotic
electrostatic potential energy (V) in the middle of the vacuum
of the simulation cell:

d):V%_EF-

The work function change during the adsorption process
was given by:

A¢ = ¢(mol/slab) — ¢(slab)

where ¢(mol/slab) and ¢(slab) are the work function of
the molecule/metal systems and the bare Al(111) surface,
respectively.

Fig. 8(a) shows the work function variation as a function of
the surface coverage . Unlike the adsorption energy and the
electronic transfers, which show a low dependence on the
coverage 6, the work function change is strongly sensitive
to the adsorption topology of the molecules, which depends on
the coverage. In all cases, the adsorption of the 8HQ molecule and
its derivatives on the Al(111) surface reduces significantly the work
function of the substrate (A¢p < 0) with a change of the work
function between 0.1 and 1.4 eV. These values are in agreement
with experimental work function changes (0.8 to 1.5 eV) and DFT
computed values (0.9 to 1.7 eV) determined for the adsorption of
the AI(8HQ); complex on an aluminum surface."®'? The shift of
the work function A¢ as a function of 0 is attributed to the
electron redistribution due to the molecules’ chemisorption on
Al(111) and to the charge transfers between the substrate and the
adsorbates. Moreover, the polarization effects due to van der
Waals forces change with the topology of the adsorbate and also
modify the work function of the system. It is known as “the push
back effect”****** where the electron cloud of the metal is
compressed by the electron cloud of the adsorbed molecule.

For 6 = 0.2 to 0.66, the dehydrogenated species 6 shows the
largest change of the work function followed by the hydrogenated
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Fig. 8 Work function change (A¢) as a function of the surface coverage and relationships between the work function change (A¢) and the dipole
moment (u,(slab/mol)) at each coverage 0. The 8HQ molecule (y); the tautomer (1); dehydrogenated 8HQ (9); and hydrogenated 8HQ (n).



species #, the tautomer 7 and finally the native 8HQ molecule
1(AP(0) < Ad(n) < Ad(r) < Ad(y)). It is not possible to find any
correlation between the total electronic transfer from the substrate
to the adsorbed molecules and the work function changes because
of different adsorption geometries of y,t, 7 and J species.

For 0 = 1, a different order in the ranking of the work
function change induced by the adsorbed molecules is observed
and the largest work function change is for the tautomer/Al(111)
system (Ag(i7) < AP(6) < A¢p(x) < A¢(t)). In that case where all
the molecules have similar adsorption geometries, the work
function variation varies as the reverse of the total electronic
transfer (AQo = —0.95, —1.10, —1.47, —1.54 e for 5, J, y and t
respectively). To conclude, the work function change depends on
the nature of the adsorbate and on the coverage.

The relation between the work function variation and the
interface dipole moment p,(mol/slab) was also investigated.
Fig. 8(b) presents the work function change A¢ as a function
of u,(mol/slab) at different coverages (from 6 = 0.2 to 1).
The correlation between the work function variation and the
interface dipole moment g, (mol/slab) follows a linear variation
as proposed by the Helmholtz model: A¢ = —4n0y, (in atomic
units), with the slope of the lines increasing with 0.

3.2 Adsorption of molecular oxygen on the protected Al(111)
surface

In order to verify the efficiency of these protective layers against
oxygen reduction which is the cathodic reaction involved in the
corrosion process, the interaction of molecular oxygen with the
covered Al(111) surface was also investigated for two surface
coverages: (i) 6 = 0.66 where the Al surface is totally covered by
molecules parallel to the surface for the 8HQ and tautomer
species and by molecules tilted on the surface in the case of the
dehydrogenated form, and (ii) 0 = 1 where all the organic
species are tilted on the metallic surface. The interaction of
O, on the Al(111) surface covered with the hydrogenated species
was not studied because it will be shown in the following that
the presence of a hydroxyl ~-OH or an amino -NH chemical
group on the organic molecule favors the dissociation of the
0O, molecule.

For 6 = 0.66, the main results concerning the geometrical
changes in the layer (i, T or J species) due to interactions with
O, are presented in Table 4. For the native 8HQ molecule, a
spontaneous dissociation of the O, molecule is obtained when
it is positioned on top of the N atom of the adsorbed molecule.
The resulting geometry is shown in Fig. 9(a). In the free O,
molecule, the calculated O-O distance is 1.23 A. After the
adsorption on the partially 8HQ-covered surface (6 = 0.66),
the O-O distance is increased to 2.83 A. In fact, one of the O
atoms (O,), initially placed at more than 2 A from the hydroxyl
group of the 8HQ molecule, captures the H atom of this group
with a final O,—H distance of 0.98 A. This atom (O,) is adsorbed
on-top of an Al atom with a distance O,-Al of 1.76 A. The second
O atom (Oy,) is adsorbed on a threefold symmetry site (hcp) of
the surface not covered by the molecules with an averaged
Op,-Al distance of 1.84 A. Due to this reaction, the native 8HQ
molecule becomes dehydrogenated by losing the H atom of the
hydroxyl group (Fig. 9) and adopts a geometry with three
covalent bonds (between O, N, C4 atoms and Al atoms) similar
to the adsorption geometry of J at low coverage®® (presented in
Table 4 as d,). The net charges of the O, and O, atoms after the
dissociation of the 0,0}, molecule are respectively —1.52 e and
—1.73 e. Finally, the total energy variation in the system during
the O, reduction process is —8.16 eV. This value was calculated
as the difference between the total energy of the system after O,
adsorption and the sum of the total energy of the 8HQ/Al(111)
system and the free O, molecule.

The interaction of the O, molecule on the Al(111) surface
covered by the tautomer t for 0 = 0.66 is similar to the case
of y with a lower total energy variation (—7.19 eV). The final
geometry is shown in Fig. 9. After the dissociation, the 0,-O
distance is 2.81 A. One of the O atoms (O,) has taken the H
atom of the NH group of the tautomer and is adsorbed on top
of an Al atom in the Al(111) surface with an O,-Al distance of
1.75 A. The length of the O,-H bond is 0.98 A. The second O
atom (Oyp,) of the oxygen molecule is adsorbed on a hcp site of
the Al(111) surface with an average Op,-Al distance of 1.84 A.
One of the four tautomer molecules in the simulation cell is
thus dehydrogenated during the O, reduction. Again, the bond

Table 4 Geometrical parameters of the molecules in the native 8HQ, tautomer and dehydrogenated layers adsorbed on Al(111) for a coverage 6 = 0.66

before and after reduction of an O, molecule

dCZC3 dC3C4 dCAlClO dClOCS dCSCG dCGC7 dC7CS dC8C9 dCQClO dCQN dCZN dCBO dOH dNH
8HQ
Free mol. 1.417 1.381 1.418 1.419 1.383 1.415 1.385 1.431 1.430 1.361 1.325 1.355 0.990 2.051
0 0.66 1.368 1.472 1.476 1.405 1.401 1.400 1.399 1.408 1.413 1.419 1.415 1.375 0.990 2.140
0 0.66+ O, 1.366 1.470 1.477 1.402 1.401 1.396 1.412 1.425 1.421 1.415 1.401 1.348 2.222 2.300
Tauto
Free mol. 1.404 1.388 1.421 1.406 1.402 1.401 1.426 1.466 1.434 1.350 1.338 1.270 2.064 1.041
0 0.66 1.352 1.472 1.480 1.406 1.399 1.399 1.408 1.411 1.406 1.442 1.439 1.352 2.354 1.026
0 0.66+ O, 1.366 1.471 1.479 1.402 1.401 1.397 1.410 1.423 1.422 1.410 1.408 1.355 1.936 2.722
Deh. 8HQ
Free mol. 1.410 1.384 1.414 1.426 1.399 1.387 1.456 1.496 1.431 1.344 1.334 1.249
5,20 1.368 1.465 1.475 1.403 1.401 1.397 1.413 1.425 1.421 1.408 1.406 1.346
0 0.66 1.401 1.390 1.420 1.419 1.389 1.412 1.390 1.417 1.425 1.375 1.349 1.366
0 0.66+ 0, 1.401 1.390 1.420 1.418 1.388 1.412 1.388 1.414 1.425 1.375 1.348 1.365
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Fig. 9 O, interaction with the Al(111) surface covered (8 = 0.66) by: (a): a native 8HQ layer; (b): a tautomer layer; and (c): a dehydrogenated 8HQ layer.
O, and O, are the atoms of the initial O, molecule. The dark blue and the black arrow represent the O, H and the O, O, distances, respectively.

lengths and distances in the *dehydrogenated tautomer’ mole-
cule after the adsorption of O, are similar to those of one
adsorbed mode of the dehydrogenated species determined
previously at low coverage®® and also presented in Table 4
(the J, mode for 6 = 0.2). After dissociation, the net charges
on the O, and Oy, atoms are —1.42 e and —1.72 e, respectively,
similar to the case of the adsorption of O, in the presence of the
native 8HQ molecule. In both cases, the surface Al atoms give
electrons to the O, molecule and are thus oxidized.

The difference between the energy variations during the O,
reduction on Al(111) in the presence of 8HQ or the tautomer
layer is 1 eV. During the reduction process, there is an uptake of
one H atom by the O, molecule. This leads to the dehydrogena-
tion of one inhibitor molecule (x or 7) and the geometrical
relaxation on Al(111) of the molecule that is dehydrogenated.
The energy released by this geometrical relaxation is different
in each case because the initial geometries are different
(one is the geometry of 8HQ on Al(111) and the other one is
the geometry of the tautomer on Al(111)) and the difference
between the adsorption energy of 8HQ and the adsorption
energy of the tautomer molecules on Al(111) is 1 eV. The
energetic difference of 1 eV between the O, reduction processes
on the 8HQ and tautomer layers is thus mainly due to the
dehydrogenation and geometrical relaxation of the dehydroge-
nated y or 7 inhibitor molecules.

We have demonstrated above that the dehydrogenated 8HQ
molecule is the most stable layer on Al(111) with a topology of
the molecules tilted on the metallic surface. For 6 = 0.66, there
is still some surface area not protected by the molecules. O,
dissociation occurs on the Al(111) surface (see Fig. 9) with an
energy variation of —8.86 eV (taking as references the O, free
molecule and the metallic slab covered by the dehydrogenated

molecules for 6 = 0.66) and a final O,-O, distance of 2.93 A.The
O, and Oy, atoms are adsorbed in hcp sites on the Al(111)
surface and there is an electronic transfer from the Al atoms to
the O, and Oy, atoms (electronic gains of 1.74 e on each O, and
Oyp, atoms). The dehydrogenated molecules are only slightly
affected by the electronic transfers and no geometrical changes
in the organic layer are observed during the O, reduction
(see bond lengths in Table 4).

At a higher coverage (6 = 1), as shown in Fig. 2, for all the
8HQ species (native 8HQ, the tautomer, and the dehydroge-
nated molecules), the Al(111) surface is totally covered. The O,
molecule does not interact or is only physisorbed on the
molecular layer in all the cases with no change in the O-O
distance in the O, molecule, kept at the bond length of the free
0, molecule. There is no electronic transfer to the O, molecule
and the organic layer thus forms an efficient barrier against
electronic transfer from the Al substrate to the O, molecule.

4 Conclusions

In the present work, the interaction of 8HQ molecules and
derivatives with the Al(111) surface is investigated from low to
high coverage. For 6 =0.2 to 1, the calculations were performed
in the framework of dispersion corrected Density Functional
Theory (DFT-D). For all the molecules studied, stable chemi-
sorbed configurations are determined with the formation of
covalent bonds between the organic molecules and the metal
surface and a significant contribution of vdW interactions.
These latter interactions are especially strong at the molecule/
metal interface at low coverage and between the molecules in
the organic layers at high coverage. During the chemisorption



process, the molecules are strongly deformed, which reduces
the adsorption energies. Among the 8HQ molecule and its
derivatives, the dehydrogenated species has the strongest
coupling with the Al(111) surface and adopts similar adsorption
topologies independently of the coverage. In contrast, the
native 8HQ, tautomer and hydrogenated species exhibit a
structural change in their adsorption topologies between low
and high coverage. The strongest bonding on Al(111) of the
dehydrogenated species, present in alkaline aqueous solutions,
is in agreement with recent experimental results (electro-
chemical measurements and surface analysis) showing that the
8HQ molecule is especially efficient in alkaline solutions (these
results are unpublished because studies are still in progress).

For all the coverages and all the adsorbed species, localized
electronic transfers from the substrate to the adsorbates are
observed. The electronic density redistribution due to the
adsorption of the molecules induces the reduction of the work
function of the metal. The increase of the coverage leads to the
strongest change of the work function. This variation is linked
to the formation of a dipole at the molecule/metal interface and
of a dipole in the organic layer.

To demonstrate that the formation of a complete layer of
8HQ molecules or derivatives on Al(111) can inhibit aluminum
corrosion, molecular oxygen reduction on the covered aluminum
surface is also investigated. This reaction is one of the elementary
reactions occuring during the corrosion process of aluminum. At
low coverage, dissociation of the O, molecule occurs on uncovered
areas of the Al(111) surface. At full coverage (0 = 1), O, dissociation
does not happen in the presence of the organic layers thus
preventing aluminum atoms from further oxidation (no electronic
transfer). 8HQ layers on Al(111) form a protective barrier against
corrosion of the Al substrate.
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study

Dimer adsorption

We tested additional initial geometries including the adsorption of dimer assemblies of
8HQ molecules. The optimized geometries are presented in Figure 1.
We calculated the total adsorption energy of the dimer, the adsorption energy per 8HQ

molecule and the binding energy.

Eads/dimer = Eslaberimer - Eslab/opt - Efreedimer/opt (1)
Eads/SHQmolecule = Eads/dimer/2 (2)
Ebind/SHQmolecule = Lislab+dimer — Eslab/sp - Edimer—layer/sp (3)



<
L L
. . ¢ ¢ O ¢ .
¢ .
< (¥ .
¢ ¢
< ¢ (%
< ‘ L
A t

R O GG W': %WL
1 | N S

veovoooe Coo0oebe 0000 ¢ 0o

©COOeO000C gooo0o00( ©000COEO
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Figure 1: Adsorption topologies of dimer assemblies of 8H(Q molecules on Al(111)Left:
conformation C1. Middle: conformation C2. Right: conformationC3.

Where Egapidimer is the total energy of the system with the dimer molecule adsorbed
on the Al(111) surface, Egab/opt is the energy of the bare relaxed Al(111) slab calculated
without dispersive corrections and Ef,ccgimer/opt 1S the energy of the free dimer optimized
in vacuum, Egup/sp and Egimer—_iayer/sp are the total energies of the isolated slab and
isolated deformed dimer layer at their geometry after adsorption, respectively.

The results are presented in Table 1. y 8H(Q monomer corresponds to the native 8HQ
molecule, § 8HQ monomer to the dehydrogenated species and n 8HQ monomer to the
hydrogenated species.

We observed the formation of different H-bonding in the dimer (-OH...N, -OH...O, -
NH...O, -CH...N). A physisorbed mode was found (see Figure 1 (C1)). In that case the
total adsorption energy FE,qs/dimer Was -2.42 €V for the dimer (taking as the reference the
free dimer species) or -1.21 eV /8HQmolecule. The adsorbed dimer geometry is not modi-
fied when compared to the free dimer species and Ejpind/gsHQmolecute; the binding energy per

8HQ molecule on the Al(111) surface, has a value of -1.21 eV. The 8HQ monomer binds



Table 1: H bond length in A between the atoms of the 8HQ dimer assemblies after ad-
sorption on Al(111), adsorption and binding energies in eV.

Conformations H bond length Eads/dimer Eads/8HQmolecule Ebind/8HQmolecule
C1 on Al(111) OH N:1.99 -2.42 -1.21 -1.21

C2 on Al(111) OH O:178  -2.82 141 /

NH 0:1.95

C3 on Al(111) CH N:2.33 -2.12 -1.06 -2.88

x 8HQ monomer on Al(111) / / -1.11 -2.90

d 8HQ monomer on Al(111) / / -3.44 -4.20

n 8HQ monomer on Al(111) / / -1.71 -2.31

stronger to the surface than in the case of the dimer (Binding energy: -2.90 eV /molecule
for the 8HQ monomer and -1.21 eV/8HQmolecule when the 8HQ is in the form of the
dimer). Others conformations are chemisorbed conformations with the formation of co-
valent bonds between the molecules and the Al surface atoms. It indicates the strong
affinity of the 8H(Q molecule with aluminum. Two conformations are shown in Figure 1
(C2) and (C3). The most stable adsorption topology of the dimer on the Al(111) surface
led to a chemical modification of the organic species (Figure 1 (C2)): one H atom of the
hydroxyl group of one 8HQ molecule is transferred to the other 8HQ molecule. The 8HQ
dimer becomes thus one hydrogenated and one dehydrogenated species on Al(111) with
conformations of the two molecules on the Al(111) surface similar to the conformation of
the dehydrogenated ¢ and hydrogenated n monomers at low coverage (see Table 1 and
also presented in the manuscript) but with H bonding between the two species. The
total adsorption energy is -2.82 eV (taking as the reference the free dimer species) or
-1.41 eV /molecule if we divide the latter value by the number of monomers in the dimer.
In our manuscript, for the adsorption of the monomer species, i.e. adsorption of only
one type of species for each calculation, the adsorption energy of the dehydrogenated o
molecules is -3.44 eV /molecule independently of the coverage and the adsorption energy
of the hydrogenated species is -1.71 eV /molecule independently of the coverage. So the
binding of only one type of species is stronger than the adsorption energy of the same
species in the modified dimer (averaged at -1.41 eV per molecule). For the conformation
in Figure 1 (C3), the total adsorption energy is -2.12 eV for the dimer (taking as the refer-

ence the free dimer species) and then -1.06 eV /molecule, and the binding energy per 8HQ



monomer on the Al(111) is -2.88 eV /molecule. The geometries of the 8H(Q molecules in
the adsorbed dimer species are the same as the geometry of one SHQ monomer adsorbed
on Al(111). In the work presented in the revised manuscript, the adsorption energy for
one 8HQ monomer is about -1.11 eV /molecule independently of the surface coverage.
The 8HQ monomer binds slightly stronger to the surface than in the case of the dimer
(Binding energy: -2.90 eV /molecule for the 8HQ monomer and -2.88 eV /8HQmolecule
when the 8HQ is in the form of the dimer). These results show that the association of
the molecules as dimers on the Al(111) surface is thus not favored over the adsorption of

monomer species, presented in the article.





