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DFT studies of the bonding mechanism of
8-hydroxyquinoline and derivatives on the (111)
aluminum surface

Fatah Chiter,?® Corinne Lacaze-Dufaure,*® Hao Tang® and Nadine Pébére®

The 8-hydroxyquinoline (8-HQ) molecule is an efficient corrosion inhibitor for aluminum and is also
used in organic electronic devices. In this paper, the adsorption modes of 8-HQ and its derivatives
(tautomer, dehydrogenated and hydrogenated species) on the Al(111) surface are characterized using
dispersion corrected density functional theory calculations. The 8-HQ molecule is physisorbed and is
chemisorbed on the aluminum surface with similar adsorption energy (—0.86 eV to —1.11 eV) and these
adsorption modes are stabilized by vdW interactions. The binding of the dehydrogenated species is
the strongest one (adsorption energy of —3.27 eV to —3.45 eV), followed by the tautomer molecule
(=216 eV to —2.39 eV) and the hydrogenated molecule (—-1.71 eV) that bind weaker. In all the
chemisorbed configurations there is a strong electronic transfer from the Al substrate to the adsorbate
(0.72 e to 2.16 e). The adsorbate is strongly distorted and its deformation energy is high (0.55 eV to 2.77 eV).
The analysis of the projected density of states onto the orbitals of the molecule and the electronic density

variation upon adsorption (Ap) between the molecule and the surface account for covalent bonding.

1 Introduction

The 8-hydroxyquinoline (8-HQ) molecule is an organic species
well-known for its affinity to interact with metals. The 8-HQ
chelates metallic atoms'™ and it was thus used in analytical
chemistry to detect, separate and extract metallic ions by the
formation of complexes. 8-HQ complexes were also good candi-
dates for electronic, photoelectronic applications and emergency
technologies®” based on organic light emitting diodes (OLEDs)
because of nonlinear optical properties and strong fluorescence in
solid state and aqueous solutions.

The 8-HQ molecule also interacts with metallic surfaces and
was studied for the protection against corrosion of aluminum
and its alloys. These materials are widely used in aerospace
industries due to their high strength-to-weight ratio, outstanding
mechanical properties and good resistance to corrosion. However,
the protective aluminum oxide thin film can be destroyed in
contact with aggressive elements such as chlorides ions or in
acidic medium.® Traditionally, chromate salts are used as
efficient corrosion inhibitors. However due to the high toxicity

and carcinogenic risks of these compounds, their u
industrial applications is strongly restricted. As a conseqt
intense research efforts are being undertaken to find
environment friendly substitutes and many experimental"
explore alternative ways to protect aluminum and its
against corrosion.” ' The 8-HQ molecule showed corr
inhibition efficiency in several experimental works.'%**~
instance, Pébére et al®* investigated the corrosion of
aluminum in neutral and acidic chloride solutions. The
cluded that in neutral solution, the presence of the
slowed down the destruction of the aluminum oxide lay
pitting, and suggested that 8-HQ prevented the adsorpti
chloride ions. The same conclusion was reached in the wi
Lamaka et al.'® In another study on 5083 aluminum al
acidic and alkaline solutions, Yaro et al.>* showed that
decreased the cathodic reduction and inhibited thus the
sion. Finally, Song-mei et al>* observed that the cort
active sites on the surface of 2024 aluminum alloy were bl
by the presence of 8-HQ and its derivatives in chloride sol
From a computational point of view, most studies o
corrosion inhibiting molecules considered the propert
the molecule in the gas phase, without taking into accou
substrate. The experimental inhibition efficiency was disc
through electronic properties (molecular frontier orbitals, H(
LUMO gap) and molecular reactivity indicators (hardness
ness, Fukui indices) of the free organic species. Complete r¢
were published by Gece'”'® and Obot et al.>® on this subject.



description of the corrosion inhibition mechanism, which takes
into account both the corrosion inhibition molecule and the
metallic surface, is very complex and few studies attempted to
address this challenge.”*° The studies of Kokalj et al.>*™* on the
adsorption of benzotriazole and derivatives on the Cu(111) surface
were for instance particularly meaningful for the understanding
of the corrosion inhibition process of organic molecules. In
connection with the subject of our work, some calculations
performed to understand the mechanism of the adsorption
of molecules on the aluminum,?®?°?%37 g-alumina®®*™“** and
boehmite** 3¢ surfaces were also particularly relevant. But none
of them were related to the adsorption of the 8-HQ molecule on
metallic surfaces with the goal to understand the binding
mechanism. For this purpose, the understanding of the molecule/
substrate interface is of great importance because this is a complex
system with properties that depends on the bonding.*®*”** To
our knowledge, only few investigations in relation with 8-HQ
were carried out on the adsorption of the tris(8-hydroxy-
quinoline)aluminum (Alqs) complex on cobalt,** magnesium*’
and aluminum*®"” surfaces. The unique DFT study of the inter-
action of the 8-HQ single molecule with a metallic surface was
done on Cu(111) surface. The calculations were used to interpret
intermolecular hydrogen bonding in small 8-HQ molecular
assemblies on the Cu(111) surface observed experimentally by
non-contact atomic force microscopy (NC-AFM) images.*®

In this work, we focused on the adsorption of the 8-HQ
molecule and its derivatives on the surface of aluminum. This
adsorption on Al(111) was realistic, because it corresponds to
experimental conditions in acidic and alkaline medium where
the oxide layer is dissolved and in a neutral medium where the
oxide layer could be defective with a direct interaction of the
inhibitor and the bare metallic surface. In addition to the study
of the 8-HQ molecule, we investigated the interaction of deri-
vatives (tautomer, dehydrogenated and hydrogenated 8-HQ,
which could be present in the experimental medium) with
the Al(111) substrate. All calculations were performed by using
dispersion corrected DFT. We first present here calculations on
the free molecules. We conclude that the dehydrogenated 8-HQ
is supposed to be the more reactive species and we expected an
electronic transfer from the substrate to the molecule. This
could be deduced from the comparison of the energy of the
frontier orbitals for the four free species. In a second part, we
present the results concerning the adsorption of the 8-HQ and
derivatives on the Al(111) surface at low coverage. The 8-HQ was
the only molecule that showed a physisorbed configuration
(¢ configuration) dominated by van der Waals interactions
between the molecule and the surface. Chemisorbed configura-
tions were found for the 8-HQ molecule (31 and 2 configura-
tions), its tautomer (1 and 12 configurations), its dehydrogenated
species (01, 02 and 03 configurations) and the hydrogenated
species (i configuration). The strongest bonding to the aluminum
surface was found for the dehydrogenated species, followed by the
tautomer, the hydrogenated molecule and finally the native
8-HQ. For the four compounds, the chemisorption process was
in relation with a strong electronic transfer from the substrate to
the organic species and a strong geometrical deformation of the

adsorbed molecule. On the contrary, only a small deformation
of the metallic surface could be observed upon adsorption. A
detailed analysis of the charge density change (before and after
adsorption) and of the projected density of states onto the
molecular orbitals demonstrated a strong covalent bonding.
Nevertheless van der Waals interactions at the molecule/substrate
interface were not negligible at all and accounted for stable
adsorption configurations on the metallic surfaces.

2 Computational details

All calculations were performed in the framework of the density
functional theory (DFT) using the Vienna Ab initio Simulation
Package®™! (VASP) and the Projector Augmented Wave (PAW)
method.?*>® We used the Generalized Gradient Approximation
(GGA) of the exchange—correlation term and the Perdew-Burke-
Ernzehof*! (PBE) functional. Convergence with respect to cutoff
energy (Ecu), Methfessel-Paxton®® smearing ¢ and size of
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). If not otherwise stated, we used E., =
450 eV, and ¢ = 0.1 eV. The grid of k-points was set to (3 x 3 x 1)
for slab calculations. Spin polarization was taken into account.
Atomic positions were relaxed with conjugate gradient algorithm
until forces on each moving atom were less than 0.02 eV A~

For molecule/surface calculations, we used an asymmetric
slab and the molecule was adsorbed on one side of the slab (top
layer). The Al substrate was described by a 4 atomic layers
monoclinic (5 x 6) slab of 120 atoms. Atoms of the two bottom
metallic layers were kept fixed at their position in bulk during
all calculations. Only the atoms of the two top layers of the slab
and of the molecule were allowed to relaxed. The large supercell
(14.28 A x 17.14 A) was necessary to minimize the interaction
between the molecule and its periodic images in the (x x y)
directions. Moreover the vacuum region was set to about 18 A,
which corresponded to 8 atomic layers thick to minimize the
interactions in the z direction.

As it is well known that classical DFT does not include the
dispersive van der Waals (vdW) interactions, different correc-
tive methods were proposed in the literature.>”"*° Even if these
corrections improved significantly the description of molecules,
molecular crystals and molecule/surface systems, the benefit of
these contributions on metallic materials and surfaces could be
questionable. The van der Waals interactions based on DFT-D2°®
as implemented in VASP was modified to consider the vdwW
interactions only at the aluminum/molecule interface Eﬁ&‘{,v/mol.
The total energy was therefore calculated by:

EPTP = B 4 B mon (1)
The adsorption energy was calculated as:

Eads = Eslab+mol - Eslab/vac - Emol/vac (2)

where Egap+mol Was the total energy of the system with the
molecule adsorbed on the Al(111) surface. Egapjvac a0d Epolvac
were the energy of the clean relaxed Al(111) slab and of the free



molecule optimized in vacuum that were calculated without
dispersive corrections.
The molecule deformation energy was determined as:
def
Emeoorm = LEmol/ads — Emol/vac (3)
where Epo1/ads and Emoivac Were the total energy of the isolated
molecule at the geometry after adsorption and of the free
molecule optimized in vacuum, respectively.
The substrate deformation energy was also calculated as:

deform

Eglab = Eslab/ads - Eslab/vac (4)

where Egjap/aas and Egpaprvac Were the total energy of the isolated
slab at the geometry after adsorption and the total energy of the
slab relaxed, respectively.

Finally, we calculated the interaction energy as:

eform

defo deform ( 5 )

Eint = Eads - - Emol

where E,4s was the adsorption energy, Edeform gnd pdeform were

the slab and molecule deformation energies, respectively.
The net charge variation was determined on each atom by:

0} (6)
where the Q3% and Q! were the net charge on each atom x
(Bader population analysis®') of the molecule and the slab

before and after adsorption, respectively.
We plotted the electronic density variation as:

AQ — nads __

Ap = Pslab+mol — Pslab/ads — Pmol/ads (7)

where pgaprmol Was the electron distribution on the system,
Dslabj/ads and  pProraas Were the electron distribution on the
isolated substrate and molecule at the geometry after adsorp-
tion, respectively.

3 Results and discussion
3.1 Free 8-HQ molecule and derivatives

The 8-hydroxyquinoline (8-HQ) molecule is an organic compound
(18 atoms) that crystallizes in the orthorhombic space group
Fdd2.°> Depending on the nature of the solvent, the 8-HQ
molecule can be present under the o form (with intramolecular
hydrogen bonding), f form (without intramolecular hydrogen
bonding) and tautomeric form (see Fig. 1). This latter form is
supposed to be present in polar solvents.®*®* The pK, values
of 8-HQ in aqueous solutions at 20 °C are 5.13 (NH'/N) and 9.89
(—OH/O"™). For pH around 7, the predominant form is the 8-HQ
which coexists with the tautomeric form and we investigated
the adsorption of these two species on the Al(111) surface. In
highly basic solutions the 8-HQ molecule can be present in the
dehydrogenated form and we also studied the adsorption on
Al(111) of the dehydrogenated 8-HQ molecule that is a radical
species. This was also motivated by the fact that the dehydro-
genation of the 8-HQ on metals was reported in the literature,
ie. on Cu(111)."® We were also interested by the adsorption
of the hydrogenated 8-HQ molecule, which could be present in
acidic solution for pH < 3.8.%
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Fig. 1 (a) o 8-HQ molecule with carbon numeration, long axis (L-axis) and
short (S-axis); (b) B 8-HQ, (c) tautomer; (d) dehydrogenated 8-HQ;
(e) hydrogenated 8-HQ; red, blue, cyan and white spheres correspond
to the oxygen, nitrogen, carbon and hydrogen atoms respectively.

We first performed computations on the isolated 8-HQ
molecule (¢ and B forms) and its tautomer. In these 0 K gas
phase calculations, the o form was the most stable (with a total
energy of 0.37 eV lower than f, and 0.50 eV lower than tautomer)
due to the intramolecular H-bond. It was also previously shown
in the literature by using the polarized continuum model that
for the native 8-HQ, the o form was the more stable form in
polar solvent® and the rotational barrier for the OH group was
calculated to be 0.11 eV and 0.40 eV for the f - o and o —» B
conformational changes respectively (B3LYP calculations). We
thus assumed that the o isomer is promptly formed. We therefore
only studied the interaction of the most stable form of the 8-HQ
molecule (o form), with the aluminum surface. The results of
these latter computations are presented in the following section.
The obtained geometrical information for the o 8-HQ free
molecule (calculated in vacuum, bond lengths presented in
Table 1, bending angles and torsional angles not detailed here)
were in good agreement with experimental results,*> and other
calculations®*™®° presented in the literature. For the tautomer
molecule, the calculated geometrical parameters showed a
change in the bond lengths involving the O and N atoms in
comparison to the bond lengths in the o 8-HQ.

We also considered the free dehydrogenated and hydro-
genated 8-HQ species. The geometrical parameters of these
species were only slightly different than that of the o 8-HQ
molecule (see Table 1), except for chemical bonds close to the
nitrogen and oxygen atoms. For the dehydrogenated 8-HQ the
C,—Cg and Cyg-Cy bond lengths were increased of about 0.07 A,
and the Cg-O bond length was shorten of 0.10 A. These
variations were qualitatively similar to that of the tautomer.
In the hydrogenated 8-HQ molecule the C,-N bond length was
increased of about 0.06 A, and the C,-C; bond length was
decreased of 0.04 A, (compared to the 8-HQ molecule).

Atomic charges (in Table 2) calculated with the Bader popula-
tion analysis method,*" showed negative charges on oxygen and
nitrogen atoms for the 8-HQ molecule and its derivatives. The
charge variation on these atoms under different form was directly
linked to the presence or not of the hydrogen atom on the
O and N atoms.



Table 1 Bond lengths (in A) of the & 8-HQ molecule, tautomer, dehydrogenated and hydrogenated 8-HQ, before and after adsorption on the Al(111)
surface; the experimental values correspond to the crystallized 8-HQ molecule®?

. d0203 dC3C4 dc4clo dcwcs dcscé dcﬁc7 dc7c8 dcscg dcgcw dcgN dCZN dcso don dnu
Exp. 1.428 1.443 1.423 1.443 1.357 1.431 1.412 1.411 1.449 1.383 1.350 1.390 — —
o 8-HQ
Isolated 1.415 1.381 1.418 1.419 1.383 1.414 1.384 1.431 1.429 1.361 1.325 1.355 0.991 2.026
7] 1.414 1.387 1.420 1.421 1.389 1.414 1.389 1.432 1.429 1.360 1.331 1.354 0.995 2.015
71 1.435 1.378 1.449 1.405 1.400 2.397 1.398 1.408 1.424 1.397 1.455 1.402 0.992 2.242
22 1.365 1.471 1.475 1.406 1.401 1.401 1.395 1.404 1.413 1.413 1.416 1.390 0.995 2.111
Tautomer
Isolated 1.404 1.388 1.421 1.406 1.400 1.401 1.425 1.464 1.432 1.349 1.337 1.272 2.034 1.043
71 1.453 1.362 1.453 1.406 1.397 1.395 1.413 1.412 1.409 1.449 1.511 1.351 2.466 1.027
T2 1.353 1.470 1.478 1.406 1.399 1.399 1.409 1.409 1.404 1.442 1.438 1.350 2.324 1.027
Dehydrogenated 8-HQ
Isolated 1.408 1.383 1.414 1.426 1.399 1.386 1.455 1.496 1.429 1.344 1.334 1.249 — —
o1 1.465 1.362 1.452 1.403 1.401 1.402 1.401 1.416 1.419 1.371 1.449 1.388 — —
02 1.368 1.465 1.475 1.403 1.401 1.397 1.413 1.425 1.421 1.408 1.406 1.346 — —
03 1.402 1.386 1.419 1.418 1.385 1.413 1.387 1.417 1.425 1.372 1.344 1.367 — —
Hydrogenated 8-HQ
Isolated 1.377 1.408 1.431 1.414 1.393 1.399 1.398 1.401 1.425 1.389 1.383 1.386 0.972 1.013
n 1.350 1.472 1.476 1.407 1.397 1.399 1.399 1.401 1.407 1.439 1.439 1.376 0.979 1.023
Table 2 Net charges Q, (in e) on each atom x of the isolated molecules (Bader analysis)
C, C3 Cy Cs Ce C; (0 Co Cio N (0] H
o 8-HQ
+0.63 —0.01 —0.15 +0.04 —0.05 +0.10 +0.44 +0.54 —0.11 —1.15 —1.15 +0.65
Tautomer
+0.43 —0.07 —0.04 —0.15 —0.02 —0.10 +0.87 +0.52 +0.01 —1.30 —1.10 +0.50
Dehydrogenated 8-HQ
+0.56 —0.06 —0.14 +0.12 +0.08 —0.19 +0.96 +0.66 —0.25 —1.13 —1.01 —
Hydrogenated 8-HQ
+0.11 +0.30 —-0.12 +0.15 —0.24 +0.11 +0.38 +0.30 +0.02 —1.22 —1.10 +0.60

The adsorption of organic molecules could be roughly
understood through the analysis of molecular frontier orbitals
(the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO)). As shown in Fig. 2, the
HOMO of the tautomer was about 0.80 eV higher than that of o
8-HQ, while the LUMO of the tautomer was about 0.60 eV lower

(@ (d)
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Fig. 2 Molecular orbitals of the 8-HQ molecule and derivatives. HOMO at
bottom and LUMO at top. (a) « 8-HQ; (b) tautomer; (c) dehydrogenated
8-HQ; (d) hydrogenated 8-HQ.

than the LUMO of the o 8-HQ molecule. This was an indication
that the tautomer was more reactive with more facility to
give and to receive electrons than the o 8-HQ molecule. The
dehydrogenated and hydrogenated 8-HQ were radicals in their
ground state. The LUMO had the same form as the HOMO as
the orbital was singly occupied due to the lost or excess of one
electron for the dehydrogenated or hydrogenated molecules
respectively. The LUMO of the dehydrogenated 8-HQ species
had the lowest energy among the three forms of the 8-HQ
molecule and its derivatives investigated here and this sug-
gested that the dehydrogenated 8-HQ could more easily gain
electrons. The hydrogenated 8-HQ had the highest HOMO
energy, suggesting this time that the hydrogenated 8-HQ could
more easily give electrons than the other three species. The
energy of its LUMO orbital was the highest one and hydro-
genated 8-HQ might not gain easily electrons.

3.2 Adsorption of 8-HQ and its derivatives on the Al(111)
surface

We studied the adsorption of 8-HQ and its tautomeric, dehydro-
genated and hydrogenated forms on a 4-layers Al(111) slab. As
mentioned previously, we limited ourselves to a low coverage case
by using a supercell with large lateral size. In order to identify
the most stable adsorption sites, we selected for each molecule



different initial positions (with O and N on top, hcp and fcc
positions of the surface sites) and put initially the molecule
parallel to the surface. Furthermore, in order to overcome a
possible activation energy barrier between physisorption and
chemisorption states, different initial molecule-surface distances
were chosen.

3.2.1 Physisorption. At the end of the optimization pro-
cess, a physisorption state was obtained only for the o 8-HQ
molecule with an initial molecule-surface distance larger than
2.31 A, (¢ configuration in Table 3 and in Fig. 3). The calculated
PBE-D adsorption energy was —0.90 eV, without noticeable
deformation for both the molecule and the substrate (see in
Table 3 the deformation energy of 0.01 eV). For this configu-
ration, the molecule was flat and parallel to the surface at a
normal distance of about 3.20 A. We also investigated this state
without taking into account the dispersion corrections. The
optimized adsorption conformation of the molecule was then
only slightly different but we calculated an adsorption energy of
—0.06 eV (PBE) and an average molecule-surface distance of
3.80 A. This confirmed that the ¢ configuration was essentially
stabilized by the van der Waals interactions between the
molecule and the surface which is typical of a physisorbed
state. As expected the bond lengths and the angles in the o
8-HQ molecule were not modified by the physisorption process
(see in Table 1). In this case, Bader charge analysis showed a
minor transfer of 0.20 electrons from the substrate to the
molecule. We plotted the charge distribution variation Ap and
for this physisorbed configuration, the electronic density between
the molecule and the slab was very low (<—0.002 e A% Fig. 4).
This physisorbed configuration had the long axis (L-axis, through
O, N and C, atoms, see Fig. 1) of 8-HQ oriented along the [212]
direction with the oxygen atom located on top of a surface
aluminum atom, while the nitrogen atom was located close to

Table 3 Calculated adsorption energy (E,qs), deformation energy for the
molecule (ES™) and the aluminum slab (ESS™), vdW energy (Evaw).
interaction energy (Einy), charge variation on the molecule (AQESY for the
8-HQ molecule and its derivatives adsorbed on the Al(111) surface and
work function variation (A¢) upon adsorption. (¢): physisorbed o 8-HQ
molecule; (y1) and (x2): chemisorbed o 8-HQ molecule; (1) and (z2):
chemisorbed tautomer; (61), (62) and (63): chemisorbed dehydrogenated
8-HQ molecule; (): chemisorbed hydrogenated 8-HQ molecule

Ewas  Emo™ Eas™ Eaw  Eine  AQRY A
Configuration (eV) (eV) (eV) (ev) (ev) (e (ev)
o 8-HQ
® —0.90 0.01 0.01 -1.05 —-0.92 —-0.20 -0.23
71 —0.86 1.41 0.10 -1.22 -2.37 -1.33 -0.19
22 —-1.11 1.60 0.14 -1.27 —-2.85 —-1.33 -0.16
Tautomer
71 —-2.16 2.15 0.23 -1.21 —-4.54 -1.54 -0.20
T2 —2.39 2.27 0.24 -1.27 —4.90 —-1.46 -0.19
Dehydrogenated 8-HQ
o1 —3.27 1.90 0.66 -1.11 -5.83 —-2.16 -0.16
02 —-3.40 1.72 0.23 -1.26 —5.35 —-1.99 -0.01
03 —3.45 0.55 0.43 -0.77 —4.43 -1.17 -0.60
Hydrogenated 8-HQ
n —-1.71 0.69 0.10 -1.24 -2.50 —-0.72 -0.36

a threefold site. This geometry was close to that obtained by
Zhang et al.*® for 8-HQ adsorbed on the Cu(111) surface.

3.2.2 Chemisorption. Two chemisorbed configurations
were obtained for the o 8-HQ molecule and they are denoted
#1 and %2 in Table 3 and on Fig. 3. In the y1 configuration, the
L-axis of the molecule was orientated along the [022] direction.
The O and N atoms were located on top of Al surface atoms and
C, atom was located close to a top site. In the 2 configuration,
the short axis (S-axis, through N and C, atoms, see Fig. 1) of the
molecule was oriented along the [220] direction and the L-axis
was oriented along [022] direction. The O, N and C, atoms were
located on top of Al surface atoms. The calculated adsorption
energy (E,qs), deformation energy for the molecule (E&f™) and
the substrate (ESas™) upon adsorption and the global charge
variation on the adsorbate AQ{‘O‘?l are summarized in Table 3.
The calculated adsorption energies of the y1 and y2 were
—0.86 eV and —1.11 eV respectively. These values were in the
same range than for the physisorbed configuration. The main
reason to get similar adsorption energy was that the deforma-
tion energy of the molecule in these two configurations was
1.50 £ 0.10 eV, which reduced significantly the chemisorption
energy to a value close to that of the physisorption. If we
subtracted the deformation energy to the adsorption energy,
we obtained an interaction energy (Ei,.) between the molecule
and the metal of —2.37 eV and —2.85 eV for the y1 and y2
configurations respectively whereas the interaction energy for
the physisorbed mode was —0.92 eV. This showed a strong
molecule/surface interaction for y1 and y2 configurations. The
vdW energy in these chemisorbed o 8-HQ configurations was
—1.24 £ 0.03 eV showing again a high contribution of the
vdW forces to the molecule-surface interactions. Due to the
high value of deformation energies, a calculation without vdwW
corrections gave a positive adsorption energy of +0.07 eV for y2
configuration, in spite of the formation of chemical bonds
between 8-HQ and the substrate.

For the y1 and x2 configurations, the carbon ring was not
much deformed (variation of C-C distances <0.03 A, in Table 1
and planar phenolic ring in Fig. 3). The main geometrical
changes on the molecule concerned the pyridine ring and
specially the bonds involving N, C, or C, atoms (see Table 1).
Moreover these two cycles (phenolic and pyridine) were not any
longer coplanar. This high deformation of the molecule, due to
the adsorption was directly linked to the electronic transfer
from the substrate to the molecule (1.33 electrons) that modi-
fied the electronic density on the cycles. The analysis of the
charge variation on the atoms (in Table 5) showed that the
transferred electrons were mainly localized on these N, C,
and C, atoms. The electronic transfer came from the Al atoms
that bound directly with the molecule, i.e. Al, (AQ = +0.47 e,
bound to N), Al; (AQ = +0.47 e, bound to C,) for the y1
configuration and Al, (AQ = +0.63 e, bound to N), Al, (AQ =
+0.55 e, bound to C,) for the 2 configuration (see Table 6). The
charge calculation also showed an electronic transfer from the
Al; atom (below the O atom) to the molecule, with a value of
+0.47 e and +0.21 e net charge for the y1 and y2 configurations
respectively. This Al; atom moved slightly out of the surface.



Fig. 3 o 8-HQ, tautomer and dehydrogenated 8-HQ topologies on Al(111). (a) Schematic presentation of short bridge (d4), long bridge (d>) on the Al(111)
surface and crystallographic orientations. Green spheres: Al surface atoms; yellow spheres: Al sub-surface atoms. Top and side views of optimized
structures; (@), (x1) and (x2): physisorbed and chemisorbed modes for the 8-HQ molecule; (t1) and (z2): chemisorbed modes for the tautomer; (61), (62)

and (63): chemisorbed modes for the dehydrogenated 8-HQ molecule.

It could be surprising as we will demonstrate below that the
O atom was not chemically bound to the surface in o 8-HQ
adsorption (see distance Al;-O and plotting of Ap in Fig. 4). In
fact, there was a global electronic rearrangement and a charge
redistribution within the atoms of the o 8-HQ molecule that
followed the electronic transfer from the surface. Moreover in

these two configurations, the charge variation on the Al atoms
others than that directly bound to the molecule were less than
£0.10 e and the participation of these atoms to the bonding
could be considered as negligible. All these results showed that
the y1 and y2 configurations of the o 8-HQ molecule were
chemisorbed modes. It was also evident on the plotting of the
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Fig. 4 Charge distribution variation Ap for the o 8-HQ molecule adsorbed
on the Al(111) surface (isosurface value: —0.002 e A=%); (a) ¢ configuration;
(b) 1 configuration; (c) y2 configuration.

charge distribution variation Ap (see Fig. 4), that electrons were
shared between the surface Al atoms and the N and C, atoms
for the y1 configuration and between the Al surface atoms and
the N and C, atoms for the y2 configuration. The Al,-N and
Al;-C, (Al,-C,) distances in Table 4 for the y1(y2) configura-
tions were 1.96 £ 0.01 A, and 2.23 4 0.04 A, respectively. The
Al,-N bond length was in agreement with the AI-N bond length
(2.02 A) calculated by Arrouvel et al*' in their study of the
chemisorption of glycine on a-alumina and with the Al-N bond
length (1.98 to 2.05 A) calculated by Borck et al.*® in their work
about the adsorption of methylamine on o-alumina. Same
feature was found for the tautomer and the dehydrogenated
molecules as it is described below. The aluminum/molecule
chemical bonding for all these molecules and the creation of
Al,-N and Al;-C, or Al,~C, bonds could be explained by the
position of the C, and C, atoms, that are in ortho or para
positions relatively to the N atom. These positions are known as

Table 4 Bond lengths (in A) between oxygen (dao), nitrogen (dan).
carbon atoms (dAlcz, dALc“) and nearest surface aluminum atoms; short
Ad; and large Ad, bridge variations; buckling (Ah) along the surface normal
direction; (¢): physisorbed o 8-HQ molecule; (x1) and (x2): chemisorbed o
8-HQ molecule; (r1) and (t2): chemisorbed tautomer; (51), (62) and (53):
chemisorbed dehydrogenated 8-HQ molecule; (y): chemisorbed hydro-
genated 8-HQ molecule. Al-Al distances for the clean relaxed slab:
dy=286A and d, = 495 A

Configuration dyio (A) dai (A) daic, (A) daic, (A) Ad, (A) Ad, (A) AR (A)

o 8-HQ
® 3.09 3.41 3.28 3.16 0.00 0.00 0.09
71 2.33 1.95 2.27 3.02 0.13 0.05 0.22
22 2.43 1.97 2.94 2.19 0.19 0.14 0.31
Tautomer

71 1.83 2.13 2.20 3.20 0.03 0.08 0.52
T2 1.81 2.23 3.15 2.18 0.09 0.19 0.52
Dehydrogenated 8-HQ

o1 1.91 1.90 2.14 3.44 0.62 0.11 0.64
02 1.80 1.92 2.84 2.20 0.26 0.22 0.34
03 1.92 2.05 3.37 4.71 0.13 0.00 0.81
Hydrogenated 8-HQ

n 3.02 2.31 3.28 2.17 0.07 0.07 0.35

more electrophile positions on the pyridine molecule than
the meta position.®® The electronic transfer from the surface
to the molecule was thus particularly directed to these C, and
C, atoms.

We focus now on the tautomer species. According to calcu-
lations on the free molecules, the tautomer could be more
reactive than the o 8-HQ because of its smaller HOMO-LUMO
gap. Two chemisorbed configurations were found (t1 and 12
configurations in Table 3 and Fig. 3). In the 1 configuration,
the tautomer was chemisorbed on neighboring top sites via N
and O atoms, and on almost bridge site via C, atom, with L-axis
oriented along the [022] direction. The adsorption energy of
this 71 configuration was —2.16 eV, which was significantly
stronger than the y2 configuration of the o 8-HQ by 1.05 eV.
However, the deformation energy was also larger (2.15 eV
>1.60 eV for the most stable chemisorbed o 8-HQ). As shown
in Fig. 3 (11 configuration), the tautomer was bound to surface
aluminum atoms by the O, N and C, atoms with Al,;-O, Al,-N
and Al;-C, distances of 1.83 A, 2.13 A, and 2.20 A, respectively
(see Table 4). Upon adsorption the carbon cycle was only
slightly deformed as in the case of chemisorbed o 8-HQ and
the C~C; (i, j = 5 to 10) distances changed of less than 0.02 A,
except for the Cg—Co bond that was close to the O and N atoms
involved in the bonding. The high value of the deformation
energy of the molecule seemed to be linked to larger modifica-
tions of the pyridine ring, due to bonds involving N and C,
atoms: in the o 8-HQ, during the adsorption process, the O-Cg,
Cg—Cy, Co-N, and C,-N bonds lengths were modified by +0.05 A,
—0.03 A, +0.05 A, and +0.10 A, respectively (see ¥2 in Table 1)
whereas for the tautomer (1) adsorption these distances were
modified by +0.07 A, —0.05 A, +0.10 A, and +0.17 A, respectively.
The Bader analysis showed that 1.54 electrons were transferred
from the substrate to the tautomer. This confirmed that the
tautomer is a better electron acceptor than the o 8-HQ. Again
the electronic transfers presented in Table 5 showed a gain of
electrons for the O, Cg, Cy, and C, atoms for which the bond
distances were modified and there was only a slight variation of
the charge on the N atom. The values of the net charge variation
on each Al atoms are summarized in Table 6. The electronic
transfer came from the Al surface atoms bound to O, N and C,
atoms of the molecule. We thus conclude that an electronic
redistribution within the molecule followed the electrons transfer
from the substrate to the adsorbate.

The stable 72 configuration had its S-axis along the [220]
orientation, and the L-axis along the [022] direction. The N, O
and C,; were on top of Al surface atoms, with an adsorption
energy of —2.39 eV (0.23 eV lower than the 71 configuration).
In this configuration, the molecular deformation energy was
similar to the 71 configuration, but the optimized geometry
showed clearly an Al,-C, (2.18 A) bond, instead of the Al;—C,
(2.20 A) bond that was in 71 configuration. The pyridine ring
was deformed with all the distances modified of 0.03 to 0.10 A,
and the molecule was again not planar (see Fig. 3). The global
electrons transfer from the substrate to the molecule (1.46 electrons)
was similar to that of 1 configuration. But in the 72 configuration
the C, atom also gained electrons (AQc, = —0.39 €) and the transfer



Table 5 Charge variation AQ, (in €) on atom x of the molecules after adsorption on the Al(111) surface (Bader analysis)

C, Cs Cy Cs Ce C, Cg Co Cio N (6] H
o 8-HQ
71 —0.75 —0.08 +0.06 —0.14 —0.01 —-0.17 —0.09 —0.09 +0.12 —0.20 —0.09 +0.01
x2 —0.42 —0.09 —0.30 —0.07 +0.00 —-0.17 —0.14 —0.08 +0.09 —0.24 —0.02 —0.06
Tautomer
71 —0.69 —0.09 —0.02 +0.15 —0.04 —0.02 —0.31 —0.35 +0.00 +0.07 —-0.21 —0.05
T2 —0.31 +0.10 —-0.39 +0.16 —-0.12 +0.03 —0.29 —-0.31 —0.07 +0.02 —0.20 —0.05
Dehydrogenated 8-HQ
o1 —0.69 —0.09 —0.02 +0.15 —0.04 —0.02 —0.31 —0.35 +0.00 +0.07 —-0.21 —
02 —0.31 +0.10 —-0.39 +0.16 —-0.12 +0.03 —0.29 —-0.31 —0.07 +0.02 —0.20 —
03 —0.14 +0.07 +0.05 —0.08 —-0.11 +0.12 —0.49 —0.25 +0.25 —0.28 —0.42 —
Hydrogenated 8-HQ
n —0.07 —0.26 —-0.33 —0.20 +0.24 —0.12 +0.01 —0.04 —0.04 —0.06 —-0.05 +0.01

Table 6 Charge variation AQ, (in e) on Al atoms of the
molecule in a mode geometry

surface after adsorption (Bader analysis). Al (x, mode): Al atom bound to the x atom

of the

Al Al Al Al

o 8-HQ

71 +0.47 +0.47 (N, top) +0.47 (C,, almost top) +0.03

72 +0.21 +0.63 (N, top) +0.03 +0.55 (Cy, top)
Tautomer

71 +0.75 (O, top) +0.38 (N, top) +0.57 (C,, almost top) —0.02

72 +0.73 (O, top) +0.32 (N, top) 0.00 +0.58 (Cy, top)

Dehydrogenated 8-HQ

01 +0.53 (O, bridge) +1.06 (O and N, bridge) +0.56 (C,, top) +0.01

02 +0.76 (O, top) +0.62 (N, top) +0.06 +0.55 (C,, top)
03 +0.49 (O, bridge) +0.89 (O and N, bridge) —0.09 0.00
Hydrogenated 8-HQ

n +0.00 +0.34 (N, top) —0.00 +0.59 (Cy, top)

to the C, atom was lower (AQc, = —0.31 €) than in the 11
configuration (AQg, = —0.69 e). The electronic transfer came
from the aluminum surface below O, N and C, atoms (see
Table 6) and was again followed by a redistribution within the
molecule. For these two chemisorbed configurations, Ap plots
(see Fig. 5 Ap = —0.002 e A~%) showed clearly electron accumu-
lation regions between the molecules and the Al surface atoms
involved in bonding. This strong molecule/metal coupling was
confirmed by the interaction energy of —4.54 eV and —4.90 eV
for the 71 and 72 configurations respectively. The average vdW
contribution in these two configurations was —1.24 £+ 0.03 eV
which accounted for about one forth of the interaction energy.
Finally as in the case of the o 8-HQ molecule, the coordination
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Fig. 5 Charge distribution variation Ap for the tautomer molecule

chemisorbed on the Al(111) surface (isosurface value: —0.002 e A~3);
(a) 71 configuration; (b) t2 configuration.

of the tautomer molecule to the surface was done via the C,
and C, atoms that are the most electrophile positions on the
pyridine ring.

Starting from several initial geometries, the dehydrogenated
8-HQ molecule chemisorbed on the Al(111) surface in three
stable configurations with different chemical bonding charac-
teristics and molecule orientations relatively to the surface.
They are denoted 61, 62 and 63 in Fig. 3. The adsorption
energies were —3.27 €V, —3.40 eV and —3.45 eV respectively
(in Table 3). The 02 and d3 configurations were more stable
than the 1 configuration by at least +0.13 eV. The L-axis of the
three configurations were all oriented along the [022] direction
(Fig. 3), while only the 62 configuration had its S-axis oriented
along the [220] direction. The Al-X (X = O, N, C, and C,) bond
lengths given in Table 4 were typical chemical bond lengths.

The deformation energy of the most stable 63 configuration
was much smaller than the deformation energy for the J1 and
02 configurations (0.55 eV, 1.72 eV and 1.90 eV for 63, 62 and 61
respectively). The low deformation energy for 63 could be
explained by the absence of bonding between the carbon atoms
of the pyridine ring and aluminum surface atoms unlike in 61
and 02 configurations. Thus, the pyridine ring remained planar,
but not parallel to the Al surface (Fig. 3) even if put initially



parallel and far from the surface. Only the lengths of the bonds
close to the O and N atoms were modified (Aa?c7c8 = —0.06 A,
Ade,c, = —0.06 A, Adcx = +0.03 A, and Adgo = +0.12 A). The
vdW contribution was also lower than in the other configura-
tions because the molecule was not parallel at all to the Al
surface. This reduced significantly the molecule-surface disper-
sion interactions compared to configurations where the molecule
was almost parallel to the surface. In the same time, the electronic
transfer from the substrate to the molecule was also the lowest
one (1.17 electrons), which could also be explained by the absence
of AI-C bond between the molecule and the substrate. For 63, the
atoms that had the largest change of their net charge during the
adsorption process were N, O, Cg and Cy atoms (AQy = —0.28 e,
AQo = —0.42 €, AQg, = —0.49 e, and AQc, = —0.25 ¢). Most of the
electronic transfer came from the Al; and Al, atoms of the
aluminum surface. Their net charge variations due to the adsorp-
tion of the molecule are given in Table 6. The Al, atom was shared
between the N atom that was adsorbed on top and the O atom
that was adsorbed in a bridge position between Al; and Al,. The
Al, atom thus gave globally more electrons than the Al; atom
(AQal, = +0.49 e and AQ,), = +0.89 e).

The 61 configuration corresponds to the molecule chemisorbed
on the Al surface via the O atom (bridge site), N atom (almost top
site) and the C, atom (top site). The 62 configuration showed the
same topology as the chemisorbed o 8-HQ in y2 configuration and
the bonding was between O, N, C, and Al surface atoms (see Fig. 3)
on top sites. The calculated deformation energies in Table 3 and
the distances given in Table 1 showed that the molecules adsorbed
with one carbon atom of the pyridine ring (C, for 61, C, for 62)
were more deformed than in the 63 configuration which was only
bound by the O and N atoms. The high values of the deformation
energies (1.90 eV and 1.72 eV for the 61 and 62 configurations
respectively) were due to the change in the bond lengths, valence
angles and the out-plane deformation. In these configurations,
eight of the twelve bonds in the molecule were largely modified.
The modification of the bond lengths in the pyridine ring were
however different in two cases: the shorter C-C bond was C;-C,
(d = 1.362 A) for 61 and C,-C; (d = 1.368 A) for 62 with more
electronic delocalization around the N atom (C,-N and Cy-N bond
lengths were 1.407 & 0.001 A), less ring deformation and a slightly
lower deformation energy in the 62 configuration than in the 1
configuration. The phenolic and pyridine cycles were closer to the
surface than in the 43 configuration and the vdW energy inter-
actions were stronger (vdW energy: —1.11 eV for 61 and —1.26 eV
for 02). The analysis of the charge transfer variation on the atoms
of the molecule in 61 and 62 configurations presented in Table 5
showed again that electronic transfer and bond lengths changes
were in close relation. In these configurations, most of the atoms
were concerned by the electrons redistribution that followed the
electron transfer from the substrate. The Al atoms involved in this
chemical bonding were the atoms directly in contact with the N, O
and C, (or C,) atoms (AQy from +0.53 e to +1.06 e, see Table 6) and
the Al atom shared by two atoms of the molecule were the most
highly changed. The net charge variations on the other Al atoms of
the aluminum slab were less than +0.10 e with thus a negligible
electronic transfer to the molecule.

For these three configurations, the interaction energy between
the dehydrogenated molecule and the surface was very high
(—5.83 eV, —5.35 eV and —4.43 eV) showing that the molecule
was strongly bound to the surface. The Ap plots (see Fig. 6) again
presented electron accumulation regions between the molecules
and the Al surface atoms and made clear some covalent nature of
the bonding. Finally if we compare with the o 8-HQ and tautomer
molecules, the dehydrogenated 8-HQ molecule was the most
reactive toward the Al(111) surface according to the adsorption
energy and the highest electronic transfer from the substrate to
the molecule.

The stable configuration for the adsorption of the hydro-
genated 8-HQ molecule on the Al(111) surface was denoted 7 in
Tables 1 and 3-6. This stable chemisorbed configuration had
the same orientation and similar adsorption topology to that
obtained for the chemisorption of the 8-HQ molecule in the y2
configuration (Fig. 3). The nitrogen and C, carbon atoms of the
pyridine ring were involved in the bonding of the hydrogenated
molecule to the metallic substrate. This could be deduced
from the value of the du and duic, bond lengths in Table 4.
The strong electron accumulation (Ap in Fig. 7) between the
C, carbon atom and the Al, aluminum atom of the surface
accounted for a covalent bonding with a stronger bonding via
the C, atom than via the N atom. An electronic transfer
was observed again from the substrate to the molecule with
a total charge variation AQ[¢' = —0.72 e on the hydrogenated
species. This electronic transfer was the lowest one compared
to all the chemisorbed cases (8-HQ, tautomer and dehydro-
genated) and this behavior might be due to the high energy of
its LUMO.

From the adsorption energies, it could be concluded that the
hydrogenated species was more strongly bound to the substrate
than the 8-HQ molecule (E,qs = —1.71 eV for the 5 configuration
and E,qs = —0.98 + 0.12 eV for 8-HQ). But it could be deduced
that this strong value of the chemisorption energy for the
configuration was due to a low value of the deformation energy
of the molecule (0.69 eV). The interaction energy of —2.50 eV
was in the same range than in the case of the 8-HQ molecule
(Eine = —2.37 to —2.85 eV) and their reactivity was thus similar.
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Fig. 6 Charge distribution variation Ap for the dehydrogenated 8-HQ
molecule chemisorbed on the Al(111) surface (isosurface value: —0.002 e A=3);
(a) 01 configuration; (b) 62 configuration; (c) 63 configuration.
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Fig. 7 Charge distribution variation Ap for the hydrogenated 8-HQ mole-

cule chemisorbed on the Al(111) surface (isosurface value: —0.002 e A~3);
n configuration.

3.2.3 Surface deformation during the chemisorption process.
The deformation energy of the surface was in the range of
0.10-0.66 eV. It was linked to surface corrugation and lateral
buckling in the Al surface plane. The adsorption induced vertical
corrugation of the surface (A%) was measured as the difference in
height between the highest and lowest Al atom in the surface
layer. The extent of the lateral deformation of the short bridge site
(Ad;) and the long bridge site (Ad,) was defined as the difference
between the Al-Al distance of the short bridge (d,) site or the large
bridge (d,) site after adsorption and the corresponding Al-Al
distance on the clean relaxed surface. We chose to give the values
of these d; and d, distances represented in Fig. 3(a) because they
were the most modified Al-Al distance on the Al(111) surface
upon adsorption.

The corrugation of the Al(111) surface along the surface
normal direction was characterized by Ah distances of 0.22 A,
to 0.81 A, (see chemisorbed modes in Table 4). When the
molecules were adsorbed on top sites, the Al atoms were only
bound to one atom of the molecule. The corrugation was thus
lower (Ah =0.22, 0.52, 0.34 and 0.35 A, for the y1 to 12, 62 and 5
configurations) and the deformation energy of the surface was
smaller (0.10, 0.23, 0.24 and 0.10 eV respectively). When the O
and N atoms of the adsorbate occupied close sites on the
Al(111) surface, they shared one Al atom such as in the 01
and 63 configurations and Ah increased (Ak = 0.64 A, for 61 and
0.81 A, for 62) as well as the surface deformation energy (0.43 eV
and 0.66 eV respectively). In addition to the surface corruga-
tion, the adsorption process induced deformations in the (x, y)
surface plane. The largest changes in the distance between
Al first neighbors were observed for the adsorption of the
dehydrogenated 8-HQ molecule with a maximal Ad,/d, change
of 22% and again a high deformation energy. The maximal
variation of the distance between Al second neighbors Ad,/d,
was less than 5% for all the configurations.

3.2.4 Work function changes. The work function ¢ is one
of the most fundamental properties of a metallic surface. It is
the minimum energy required to extract an electron out of the
surface to the vacuum. As such, it is of interest to a wide range
of surface phenomena.®””””® In particular the measurement of
the work function changes A¢ is routinely used in the study
of the adsorption processes on metal surfaces and photo-
emission. In this paper the work function was calculated from
the difference between the Fermi energy (Eg) of the system and
the average electrostatic potential energy V., in the middle of
the vacuum region: ¢ =V, — Ep.

The work function change induced by the adsorption
of molecules on the metallic surface was thus calculated by:
Ap = ¢’ — ¢, where ¢’ and ¢ were the work function for the
surface covered by molecules and the bare surface respectively,
calculated with dipole correction.

In our case the adsorption of the o 8-HQ molecule and its
derivatives at low coverage affected considerably the work
function of the substrate and the work function change was
in the range of —0.01 to —0.60 eV (see Table 3). This behavior
of the work function variation is similar to that calculated
experimentally and theoretically for the adsorption of the Alq;
complex on cobalt®** and aluminum®’ surfaces. The adsorp-
tion of these organic molecules tended to decrease the work
function of the Al(111) substrate and thus to modify the
electronic surface properties of the substrate.

3.2.5 Electronic structure analysis. A more detailed picture
of the molecule-surface bonding could be provided by an
electronic structure analysis. Fig. 8 and 10 show the density
of states projected onto the molecule for the 8-HQ molecule
and the tautomer respectively, before and after adsorption on
the Al(111) surface. For the dehydrogenated and hydrogenated
8-HQ molecule with an odd number of electrons, spin polarized
(majority spin and minority spin) pDOS are presented in Fig. 11
and 12 respectively.

For the free molecules, in order to compare the relative
reactivity of the o 8-HQ molecule and its derivatives with the
aluminum surface, we plotted the pDOS of the 8-HQ, tautomer,
dehydrogenated and hydrogenated 8-HQ molecules taking as
Ep the Fermi level of the Al(111) clean slab. To do so a single
point calculation was performed with the molecules at their
optimized geometry (free molecules) and set parallel to the
Al(111) surface at a vertical distance of 10 A. We considered
that this distance was large enough to prevent an interaction
between the molecule and the metallic substrate. This condi-
tion was necessary to mimic the electronic structure of these
molecules in their free state and we clearly identified the
HOMO and LUMO of the molecule in the pDOS. By this
approach (same reference, ie. Ep of the aluminum slab in
Fig. 8(a), 10(a), 11(a) and 12(a)), we could directly compare
the reactivity of these three molecules with the Al(111) surface.
The Al Fermi level was at the middle of HOMO-LUMO gap for
the o 8-HQ molecule. For the tautomer the HOMO-LUMO gap
was smaller, indicating again a high reactivity of the tautomer
and specially a larger electron affinity than for the « 8-HQ as its
LUMO was closer to the aluminum Eg. The electronic structure
for the dehydrogenated form of the 8-HQ molecule showed that
the Fermi level of the metal was located just below the LUMO of
the molecule. This indicated that the dehydrogenated molecule
would interact spontaneously with the aluminum substrate.
These features confirm the conclusion already reached by
considering the energy of the HOMO and LUMO orbitals for
the free molecules in section “Free 8-HQ molecule and deriva-
tives”. However by considering both the molecule and the
substrate (at 10 A, thus without interaction), this electronic
structure analysis brings a new information on the reactivity,
not only on the molecular point of view (HOMO-LUMO gap),



(a)

18 T T T T T T T
16 | E
14| g
12 F 4
2
S 10f —
-]
B \ |
o 8r | | 4
Q
a
a
6 o
4t i
2 4
op 1 L L L L Y L L i
-4 -3 2 -1 0 1 2 3 4
E-Ef (eV)
(b)
10 T T T T T T T
\
8l §
g ST b
T
=
2
£
@
o 4r E
a
a
2k i
ot 9
s s L L L L !
-4 -3 2 -1 0 1 2 3 4
E-Ef (eV)

(©

pDOS (arb.units)

E-Ef (V)

(d)

pDOS (arb.units)

! ! ! Y
2 4 0 1 2
E-Ef (eV)

Fig. 8 Projected density of states (pDOS) onto the molecular orbitals before and after adsorption of the o 8-HQ molecule on the Al(111) surface. (a) Free
8-HQ before adsorption; (b) ¢ configuration; (c) 1 and y2 configurations; (d) separated 8-HQ and slab at the geometry after adsorption for y1 and 2

configurations.

but also on the reactivity of the metallic slab versus molecular
species (the position of the Eg of the substrate to the HOMO-
LUMO gap of the molecule). For the hydrogenated species, the
Fermi level of the metal was located just below the HOMO of
the molecule and at 0.8 eV of the LUMO. At first sight it could
be concluded that the hydrogenated species would interact with
the surface giving electrons to the metal. In fact, the calculation
of the charge variation on the metal/molecule system showed as
already said an electronic transfer from the metallic surface to
the adsorbate.

The pDOS of the physisorbed o 8-HQ in Fig. 8(b) showed
that the energy differences between the molecule orbitals were
globally conserved (including the HOMO-LUMO gap). The
position of these molecular levels were shifted significantly
to lower energy by 1 eV. The other modification was a clear
enlargement of molecular levels, especially for the unoccupied
states. This indicated a small coupling between the adsorbate
and the substrate. To further explore this low coupling we
plotted the charge distribution variation with an isosurface
value of —0.0002 e A~ (in Fig. 9) that was ten times smaller
than the value of the isosurface in Fig. 4. It showed a tiny
among of charge localized between the 8-HQ and the Al(111)
surface that was not seen on the plot of Ap with an isosurface of

—0.002 e A™* (in Fig. 4(a)). This picture is consistent with the
small amount (0.2 electron) transferred from the substrate to
the physisorbed 8-HQ molecule (in Table 3).
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Fig. 9 Projected density of states (pDOS) onto the molecular orbitals after
adsorption and charge distribution variation Ap for the o 8-HQ molecule
physisorbed on the Al(111) surface ¢ configuration (isosurface value:
—0.0002 e A~3).



For the o 8-HQ molecule chemisorbed on the surface the
pDOS are presented in Fig. 8(c). The pDOS onto the molecular
orbitals were modified significantly during the adsorption
process. These modifications were the consequence of the
strong coupling between the substrate and the molecule. As
expected molecular levels observed for the free o 8-HQ were no
longer present in the final pDOS. New occupied molecular
levels appeared between —2 eV and the Fermi level and were
linked to the chemical bonding between the molecule and the
aluminum surface atoms, with a change in the hybridization of
the N and C,(y1) or C4(32) atoms in the pyridine ring. From
comparison of the pDOS for the y1 and y2 configurations, it
could be concluded again that the y2 configuration was the
most stable one because of lower occupied bonding states than
in the x1 configuration, specially in the —1.5 €V to 0.5 eV range.
To gain insight in this bonding, we also plotted the pDOS for
the y1 and y2 systems imposing a distance of 10 A, between the
substrate and the molecule, but freezing the geometry of the
slab and of the o 8-HQ molecule at their optimized geometry
when in interaction (Fig. 8(d)). This allowed to see the influence
on the molecular orbitals energies of the deformation of the o
8-HQ molecule upon adsorption. It showed a significant shift
of the unoccupied molecular orbitals levels of the deformed o
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8-HQ molecule to lower values and the gap was decreased by
about 0.7 eV. The LUMO level was shifted toward the Fermi
level of the metal and could favor the electron transfer from the
metal to the adsorbate.

For 71 and 72 configurations of the tautomer, the pDOS in
Fig. 10(b) were different than the pDOS of the y1 and of 2
configurations for the o 8-HQ molecule. It is because the
tautomer and the o 8-HQ molecule had different bonding
characteristics to the Al surface. The difference in the bonding
was visualized through the plot of charge density variation Ap.
Comparing y1, y2 and 71, 72 configurations on Fig. 4 and 5, one
can distinguish the supplementary charge localization just
below the O atom, which confirmed the formation of strong
Al-O covalent bonds with short lengths of 1.82 + 0.01 A. The
new electronic states coming from the interaction of the mole-
cular orbitals of the tautomer with the metal could not to be
clearly identified on Fig. 10(b). But peaks on the pDOS in the
range between —2 eV and 0 eV were due to the molecule/surface
coupling and they were clearly different in the —2 eV to —1 eV
range when compared to that of the o 8-HQ chemisorbed con-
figurations in the same range of energies. The states from —2 eV
to —1 eV could thus be assigned to the bonding between the
O atom and the Al surface in the tautomer/aluminum interaction.

pDOS (arb.units)

Fig. 10 Projected density of states (pDOS) onto the molecular orbitals before and after adsorption of the tautomer on the Al(111) surface. (a) Free
tautomer before adsorption; (b) t1 and 2 configurations; (c) separated tautomer and slab at the geometry after adsorption for 71 and 2 configurations.
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Fig. 11 Projected density of states (pDOS) up and down onto the molecular orbitals before and after adsorption of the dehydrogenated 8-HQ molecule
on the Al(111) surface. (a) Free dehydrogenated before adsorption; (b), (d) and (f) 61, 62 and 63 configurations respectively; (c), (e) and (g) separated
molecule and slab after adsorption for 61, 62 and 063 configurations respectively.

Such difference were also observed for new unoccupied states and the substrate separated by the distance of 10 A, in Fig. 10(a)
between 0 eV and +2 eV. Comparing the pDOS for the molecule (tautomer with optimized geometry in its free state) and in
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Fig. 12 Projected density of states (pDOS) up and down onto the molecular orbitals before and after adsorption of the hydrogenated 8-HQ molecule on
the Al(111) surface. (a) Free hydrogenated before adsorption; (b) n configuration; (c) separated molecule and slab after adsorption for  configuration.

Fig. 10(c) (tautomer at its optimized geometry when adsorbed),
we could again take into account the influence of the deforma-
tion of the molecule on the energy and the form of the projected
density of the states. First, in Fig. 10(c) there were many occupied
and unoccupied states near the Fermi level and no gap was
observed. Thus for the tautomer, the molecular orbitals of the
species after adsorption were more significantly modified than
in the case of the o 8-HQ molecule, because of a stronger
bonding with the Al(111) surface for the tautomer.

The pDOS onto the molecular orbitals for all configurations
of the chimisorption of the dehydrogenated and hydrogenated
8-HQ molecule (Fig. 11(b), (d), (f) and 12(b)) were completely
different from the pDOS for the free molecule (Fig. 11(a) and
12(a)). Upon adsorption the spin up and spin down pDOS
became similar, there was no more unpaired molecular states.
It could be explained by the electron transfer from the alumi-
num substrate to the molecule.

The shape of the pDOS for each J and 7 configurations were
dissimilar from the pDOS for other ones. For the J1 configuration,
the first principal peak below Er was located at —0.6 eV, while the
first principal massif of peaks above Er was situated around 1.8 eV.
The 62 and 5 configurations presented the same topology for the
molecule chemisorbed on the Al(111) surface and there were many
bonding states (due to molecule surface coupling) between —2 eV

and Er and above +2 eV on the pDOS. The slight difference in the
pDOS between these two configurations was due to the presence or
the absence of the Al-O bond and the weight of the Al-N bond, as
showed in Fig. 6(b) and 7. In 43 configuration, the contribution of
the molecular orbitals appeared clearly for both occupied and
unoccupied states. The occupied states showing a contribution
from the molecular levels of the molecules were below —2 eV and
were thus much lower than in the case of the /1 and 62 con-
figurations. In this 43 configuration, the molecule was bound to
the Al surface bidentately by N and O atoms and there was no
carbon atoms involved in the molecule/surface bonding. This kind
of molecule/surface coupling did not require change in the
hybridization of C, or C, atoms and thus the pDOS for separated
molecule and slab after adsorption (Fig. 11(g)) were similar to that
of the free molecule (Fig. 11(a)). Finally, the 03 configuration
presented a LUMO position very close to the Fermi level, suggest-
ing that the system could easily accept more electrons.

4 Conclusion

The present work is a first step in the understanding of the
aluminum corrosion inhibition mechanism. We investigated in
details the interaction of the 8-hydroxyquinoline molecule and



its derivatives with the Al(111) surface. The 8-HQ molecule has
proven experimentally to be efficient against the corrosion of
aluminum and its alloys. It is potentially present in aqueous
solution as o 8-HQ, its tautomer, dehydrogenated and hydro-
genated species. We performed intensive dispersion corrected
DFT calculations and we limited our investigations to a low
surface coverage. A physisorbed state was only found for the o
8-HQ molecule and taking into account the vdW corrections to
the energy was necessary to get a negative adsorption energy
and thus no metastable state. Among the o 8-HQ and its
derivatives, the dehydrogenated 8-HQ molecule had the strongest
coupling with the Al(111) surface.

For all the molecule studied, chemisorbed configurations
imposed strong deformations of the adsorbate upon adsorp-
tion. We showed that the covalent metal/molecule bonding
clearly involved strongly deformed configurations of the pyridine
ring. Changes from sp” to sp> hybridization of carbon atoms were
the main reason of the high deformation energies (0.55 to
2.27 eV). The carbon atoms involved in the bonding were in ortho
or para positions of the N atom and they are known as the more
electrophile sites on the pyridine ring. During the chemisorption
process, electrons were thus transfered from the substrate to the
atoms in these positions in molecules. The plot of the pDOS onto
the molecule orbitals agreed with covalent bonding with creation
of hybrid state upon adsorption.
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