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Résumé en Français

0.1 Introduction et Etat de l’Art

0.1.1 Présentation de la molécule Hq et de ses dérivés

Au cours de cette thèse, nous avons étudié trois molécules : la 8-hydroxyquinoléine (ap-

pelée Hq ici), et deux de ses dérivés, la 5,7-dibromo-8-hydroxyquinoléine (appelée HqBr

ici) et l’acide 8-hydroxyquinoléine-5-sulfonique (appelée HqSH ici). L’ensemble des trois

molécules est noté HqX. Les structures de ces molécules sont indiquées dans la Figure 1, et

les groupements X1 et X2 correspondants sont donnés dans le Tableau 1. Dans les molécules

HqBr et HqSH, les atomes H aux positions ortho et para du cycle phénol (X2 et X1) sont rem-

placés par des atomes Br dans le cas de la HqBr et par un groupement SO3H en X1 pour la

HqSH. En solution, les formes sous lesquelles ces molécules sont présentes dépendent des

pKa associés aux différents groupements de ces molécules. Pour la Hq, les pKa des groupe-

ments OH/O− et NH+/N sont respectivement de 9.89 et 5.13 [1, 2]. Dans la molécule HqSH,

le pKa associé au groupement SO3H/SO –
3 est très faible, ce qui indique que la forme SO3H

est prédominante seulement dans un environnement extrêmement acide.

Ces molécules ont des propriétés dites chélatantes, ce qui signifie qu’elles peuvent for-

mer des complexes avec des cations métalliques tels que Cu2+, Zn2+, Co3+ et Al3+ [3, 4].

Dans le cas de complexes formés entre des molécules HqX et un cation Al3+, deux isomères

peuvent exister. Ces isomères sont appelés méridional (mer) et facial (fac) [5], et sont présen-

tés dans la Figure 2. Les groupements X1 et X2 correspondants sont donnés dans le Tableau

2. Les molécules sont déprotonées, c’est à dire avec le groupement hydroxyle OH/O− sous

forme O−. Dans l’isomère mer, les trois atomes O forment un plan perpendiculaire au plan

formé par les trois atomes N. Dans l’isomère fac, ces mêmes plans sont presque parallèles, et

les atomes O forment une face tandis que les atomes N en forment une autre, orientée dans

le sens opposé.
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FIGURE 1: Molécules de HqX. X1 and X2 correspondent aux groupes présen-
tés dans le Tableau 1.

TABLE 1: Molécules de HqX : Notations.

Molécules Hq HqBr HqSH

X1 H Br SO3H
X2 H Br H

FIGURE 2: Complexes Al(qX)3. X1 and X2 correspondent aux groupes présen-
tés dans le Tableau 2. À gauche : l’isomère mer. À droite : l’isomère fac.

TABLE 2: Complexes Al(qX)3 : Notations.

Complexes Alq3 Al(qBr)3 Al(qSH)3

X1 H Br SO3H
X2 H Br H
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0.1.2 Applications de la molécule Hq et de ses dérivés

Les propriétés chélatantes de ces molécules sont utilisées pour diverses applications. Pre-

mièrement, la capture de cations métalliques par ces molécules est utilisée pour dépolluer

des solutions contaminées [6, 7]. Les propriétés électroluminescentes des molécules HqX

et de leurs complexes sont utilisées pour la détection d’ions métalliques en solution [8].

En effet, l’intensité et la longueur d’onde d’émission changent avec la complexation de la

molécule [8]. Ces propriétés électroluminescentes sont aussi utilisées dans les diodes élec-

troluminescentes organiques (OLED) [9, 10]. Elles peuvent être composées de complexes de

HqX présents sous forme de films, dont la longueur d’onde d’émission peut être ajustée par

l’utilisation de différentes molécules et différents cations [11].

L’application sur laquelle porte ce travail de thèse est l’inhibition de la corrosion de

l’aluminium. Les alliages d’aluminium sont largement utilisés dans l’industrie, notamment

aéronautique, en raison de leur bonne résistance naturelle à la corrosion, grâce à la forma-

tion d’une couche passive d’oxyde. Cependant, des processus de corrosion localisée, ap-

pelés corrosion par piqûre, peuvent causer d’importants dommages, ce qui rend nécessaire

le traitement de l’aluminium contre la corrosion. Les traitements à base de chrome hexava-

lent Cr2O 2–
7 sont appliqués pour l’utilisation industriel d’alliages d’aluminium. Cependant,

les réglementations REACH imposent aujourd’hui leur remplacement par des alternatives

moins toxiques [12]. Pour cela, une des pistes étudiées est l’utilisation de molécules or-

ganiques, qui s’adsorbent à la surface de l’aluminium pour modifier sa réactivité et stopper

la corrosion. Dans cette optique, la molécule Hq a été étudiée expérimentalement, et mon-

tre de bonnes propriétés inhibitrices [13]. Les molécules de HqBr et HqSH ont été étudiées

expérimentalement et ne montrent quand à elles pas d’efficacité en tant qu’inhibiteurs de

corrosion [14, 15].

Pour mieux comprendre les mécanismes responsables de l’inhibition de la corrosion de

l’aluminium par la Hq, une étude théorique par DFT à été menée par Fatah Citer [16]. Il a

montré que la Hq, sous forme déshydrogénée, peut se chimisorber sur une surface Al(111)

et former des couches compactes et stables, bloquant la réaction de réduction de l’O2, qui

est une des réactions de la corrosion [17, 18].

Dans notre travail, nous étudions les molécules de Hq, HqBr et HqSH à l’aide de la

Théorie de la Fonctionnelle de la Densité comprenant les forces de dispersion (DFT-D) [19,
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20], avec comme objectif de mieux comprendre pourquoi, bien que proches de la Hq dans

leurs structures, les molécules HqBr et HqSH ne sont pas de bons inhibiteurs de corrosion.

Dans ce résumé, nous présentons notre travail en trois parties. Tout d’abord, le travail

effectué sur les molécules de HqX et les complexes formés avec un cation d’aluminium,

sous formes isolées. Ensuite, la modélisation de l’adsorption des molécules de HqX sur

une surface d’aluminium. Enfin, les géométries d’adsorption de complexes de Hq sur une

surface d’aluminium.

0.2 Étude des molécules et des complexes isolés

Dans cette section, nous nous intéressons aux systèmes finis que sont les molécules isolées,

et les complexes isolés formés à partir de trois molécules et d’un ion aluminium. Parmi les

différentes formes des dérivés HqX présents dans l’eau, la forme déprotonée est celle pou-

vant se lier le plus fortement à un ion ou à une surface, comme montré par Chiter et. al.

dans sa thèse [16] dans le cas d’une surface Al(111). C’est donc cette forme que nous avons

étudiée pour toutes les HqX. La forme déprotonée se distingue de la forme native par la

forme O− du groupe hydroxyle au lieu de la forme OH. C’est donc une forme électronique-

ment chargée, notée qXn− (n = 1 ou 2). Dans le cas de la molécule HqSH, deux formes sont

étudiées, l’une avec le groupe sulfo dans sa forme SO –
3 , notée qS2−, et l’autre dans sa forme

SO3H, notée qSH−. Bien qu’en conditions expérimentales, la forme qS2− soit la plus proba-

ble, la présence d’un H sur le groupe sulfo permet de modéliser l’influence d’un contre-ion

sur le groupement.

0.2.1 Analyse ELF des molécules qXn− (n = 1 ou 2)

L’analyse ELF (Electron Localization Function) [21, 22], menée à bien avec l’aide de Christine

Lepetit du LCC à Toulouse, utilise la probabilité de paire, i.e. la probabilité de trouver deux

électrons de même spin dans une même zone, pour cartographier la molécule et répartir

la population électronique en basins pouvant être assimilés à des doublets de la théorie de

Lewis. Dans le cas de la molécule q−, les populations des basins sont indiquées en rouge

dans la Figure 4(b). Les populations des basins associés aux doublets non liants de O1,
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V(O1)a et V(O1)b, sont respectivement de 2.88 e− et 2.76 e−, pour un total de presque 6 e−,

ce qui correspond au mésomère présenté Figure 4(c).

FIGURE 3: Molécules déprotonées qXn− (n = 1 or 2) optimisées dans le vide.

FIGURE 4: Molécule déprotonée q−. (a) Indices des atomes. (b) Carte des at-
tracteurs ELF et de leurs populations électroniques (en e−) en rouge; Charges
atomiques QTAIM (en e) en bleu. (c) Formes mésomères phénolate et pyri-

dine.

Dans ce travail, nous nous intéressons aux populations proches des atomes mis en jeu

dans la formation de liaisons avec l’aluminium, c’est à dire les atomes O1, N1, et C7 [16].

Afin de déterminer d’éventuelles variations de réactivité entre les dérivés, les populations

de ces basins ont été calculées pour chacun des quatre dérivés et sont présentées dans le

Tableau 3. Les différences observées entre les espèces ne sont pas suffisantes pour indiquer

une modification de réactivité sur les atomes O1, N1 et C7 suite à la substitution des atomes

H des positions ortho et para du cycle phénol par les groupes Br, SO –
3 ou SO3H.
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TABLE 3: Comparaison des populations (en e−) de certains basins ELF des
anions q−, qBr−, qS2− et qSH−.

Molécules q− qBr− qS2− qSH−

V(C4,O1) 1.94 2.00 1.88 2.02
V(O1)a 2.88 2.83 2.92 2.82
V(O1)b 2.76 2.76 2.79 2.79
V(N1) 2.74 2.72 2.76 2.73
V(C5,N1) 2.29 2.30 2.31 2.27
V(C9,N1) 2.44 2.44 2.43 2.45
V(C7,C6) 2.59 2.60 2.57 2.63
V(C7,C8) 2.97 2.94 2.96 2.91

0.2.2 Analyses ELF et QTAIM des complexes Al(qX)n−
3 (n = 0 ou 3)

Les complexes Al(qX)n
3 (n = 0 ou 3) existent sous deux formes isomères. La première, appelée

meridional et notée mer, est caractérisée par une première face comprenant deux atomes O

et un atome N. Dans l’isomère facial, noté fac, une des faces comprend trois atomes O, et

l’autre trois atomes N. L’isomère mer étant celui observé expérimentalement en solution [23–

26], ainsi que le plus stable dans le vide selon des calculs DFT [25], il est le seul a être étudié

dans cette section. Les géométries des complexes Al(qX)mer
3 sont présentées dans la Figure 5.

Pour étudier les propriétés de chélation des différents dérivés, nous analysons la structure

électronique des liaisons formées dans les complexes entre l’ion aluminium et les molécules.

L’analyse ELF, présentée précédemment, montre toujours la présence de deux basins V(O1)a

et V(O1)b. Par rapport à la molécule seule, le basin V(O1)a perd des électrons, tandis que

V(O1)b en gagne. La comparaison des différents complexes ne montre pas de différence

significative dans les populations des basins proches des atomes O1 et N1 (Tableau 4), ce

qui indique que les quatre dérivés interagissent de manière similaire avec l’ion aluminium.

TABLE 4: Populations ELF (en e−) autour de l’ion Al3+ dans les complexes
Alqmer

3 , Al(qBr)mer
3 , Al(qS)3−mer

3 et Al(qSH)mer
3 . Les populations sont moyen-

nées sur les molécules A, B et C des complexes.

Complexe Alqmer
3 Al(qBr)mer

3 Al(qS)3−mer
3 Al(qSH)mer

3

V(O1)a 2.31 2.30 2.29 2.34
V(O1)b 3.70 3.69 3.75 3.62
V(N1) 2.78 2.80 2.80 2.80

L’analyse QTAIM (Quantum Theory of Atoms in Molecule) [27, 28], utilise la densité de

charge ρ pour i) calculer des charges atomiques ii) caractériser les liaisons à partir de valeurs

de la densité de charge au niveau des BCP (Bond Critical Points), qui sont les points selle
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FIGURE 5: Géométries des complexes Alqmer
3 , Al(qBr)mer

3 , Al(qS)3−mer
3 et

Al(qSH)mer
3 optimisées dans le vide. Les trois molécules composant un com-

plexe sont notées A, B et C.

de ρ entre les atomes du système. La charge atomique sur Al est de +2.49 ± 0.01 e pour

l’ensemble des complexes, ce qui indique un état d’oxydation AlI I I dans tous les cas. Dans

le Tableau 5, les indicateurs |Vbcp|
Gbcp

et Hbcp
ρbcp

, construits à partir des densités d’énergie potentielle

Vbcp et cinétique Gbcp aux BCPs permettent une analyse plus fine de la nature des liaisons

[29]. Dans tous les cas présentés, la faible valeur de ρ et le signe positif de ∆ρbcp montrent

que la densité de charge est répartie de part et d’autre du BCP, pouvant indiquer plusieurs

types de liaisons (ionique, dative, van der Waals...). Les charges sur Al et sur les atomes O et

N (-1.2 ± 0.1 e) vont dans le sens de liaisons ioniques. Les indicateurs |Vbcp|
Gbcp

et Hbcp
ρbcp

montrent

quant à eux un faible caractère covalent, ce qui nous permet de conclure que les liaisons

O-Al et N-Al sont dans tous les cas ioniques et à faible caractère covalent, ce qui correspond

à ce qui est indiqué dans la bibliographie pour des complexes formés entre la molécule q et

des ions Co, Fe, et Mn [30]. Les valeurs des descripteurs ρ, ∆ρbcp, |Vbcp|
Gbcp

et Hbcp
ρbcp

varient peu

entre les complexes, ce qui confirme que les molécules qXn− (n = 1 ou 2) étudiées dans ce

travail interagissent de la même manière avec l’ion Al3+.
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TABLE 5: Descripteurs QTAIM (en u.a.) associés aux liaisons O1-Al et N1-
Al dans les complexes Alqmer

3 . Les descripteurs sont moyennés sur les trois
liaisons O1-Al and N1-Al.

Complexes Alqmer
3 Al(qBr)mer

3 Al(qS)3−mer
3 Al(qSH)mer

3

BCP O1-Al
ρbcp 0.071 0.072 0.070 0.071
∆ρbcp 0.397 0.403 0.388 0.397
|Vbcp|
Gbcp

1.06 1.06 1.06 1.06
Hbcp
ρbcp

-0.09 -0.08 -0.09 -0.08

BCP N1-Al
ρbcp 0.053 0.053 0.053 0.054
∆ρbcp 0.223 0.223 0.219 0.227
|Vbcp|
Gbcp

1.09 1.09 1.09 1.09
Hbcp
ρbcp

-0.10 -0.11 -0.11 -0.11

0.3 Étude de l’adsorption de molécules sur une surface Al(111)

Des travaux théoriques ont montré que pour trouver des corrélations entre des valeurs cal-

culées par DFT et des données expérimentales d’efficacité de l’inhibition de la corrosion par

des molécules, il est nécessaire d’utiliser un modèle de surface sur lequel sont adsorbées

les molécules étudiées. Pour que les molécules soient susceptibles d’être de bons inhibi-

teurs de corrosion, un prérequis est qu’elles s’adsorbent fortement et puissent former une

couche organique compacte [17, 18, 31–39]. Dans cette section, nous adsorbons les dérivés

HqX sur une surface Al(111) afin de déterminer les éventuelles différences dans l’adsorption

de ces molécules pouvant être reliées à leur efficacité comme inhibiteurs de corrosion. La

forme déprotonée de la molécule a été dans un premier temps modélisée par une forme

dite déshydrogénée. Cette forme correspond à la forme native à laquelle est retiré un atome

H du groupe hydroxyle. La notation qX désigne les formes déshydrogénées de l’ensemble

des dérivées de Hq. Cette forme déshydrogénée est utilisée car les formes chargées sont

difficiles à étudier par des codes de calcul de sytèmes périodiques. Cette approximation

est largement utilisée dans ce type d’étude, et nous avons vérifié sa viabilité dans la section

0.3.3. Après la présentation des calculs réalisés dans le vide, nous utilisons un modèle de

solvant afin de nous rapprocher des conditions expérimentales.
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0.3.1 Adsorption des molécules qX sur une surface Al(111) dans le vide

La surface d’aluminium a été modélisée par un empilement de couches atomiques d’Al aussi

appelé un slab. La périodicité du système permet d’obtenir une surface infinie dans les di-

rections x et y, tandis que les images du slab dans la direction z sont isolées par suffisamment

de vide pour que les interactions soient négligeables. L’adsorption des molécules est faite à

trois taux de recouvrement, notés θ1 (4.72 · 10−3 molecule ·Å−2
), θ2 (1.57 · 10−2 molecule ·Å−2

)

et θ3 (2.36 · 10−2 molecule ·Å−2
), qui sont associés à des cellules élémentaires de tailles dif-

férentes, et donc à des périodicités du système différents. Le taux de recouvrement θ1 corre-

spond à l’adsorption de molécules isolées les unes des autres, θ2 à l’adsorption de molécules

en interaction les unes avec les autres, et θ3 l’adsorption de molécules formant une couche

de densité maximale. Le slab Al(111) est composé de 4 couches atomiques, dont deux sont

libres de se relaxer avec l’optimisation géométrique du système, et est séparé d’environ 22.5

Å de son image périodique dans la direction z. Une correction dipolaire [40, 41] corrige

l’interaction dipôle-dipôle entre les slabs images dans la direction de z.

L’adsorption des molécules peut s’effectuer selon plusieurs modes, appelés tiltbridge,

tilttop et paral. Les géométries correspondantes à ces modes sont présentées Figure 6 pour

θ1 et Figure 7 pour θ3. Pour les modes tiltbridge et tilttop, la molécule est orientée de manière

oblique par rapport à la surface, avec l’atome O1 adsorbé respectivement sur un site bridge

ou top de la surface Al(111), et l’atome N1 adsorbé sur un site top de la surface Al(111).

Pour les modes paral, la molécule est orientée de manière parallèle à la surface, avec les

atomes O1, N1 et C7 adsorbés sur des sites top de la surface. La molécule qSH forme aussi

une liaison par un atome O du groupe SO3H avec Al(111). Dans le cas de θ3, la périodicité

du système ne permet pas le mode d’adsorption paral. Les valeurs énergétiques calculées

sont l’énergie d’adsorption Emol/Al(111)
ads , qui correspond à la variation d’énergie globale du

système associée à l’adsorption de la molécule, l’énergie d’interaction entre la molécule et

la surface Emol/Al(111)
int , l’énergie d’interaction entre les molécules de la couche organique

Einter−mol
int , et l’énergie de déformation du système Emol/Al(111)

de f associée aux déformations de

la molécule et du slab induites par l’adsorption. Ces énergies sont données dans la Figure 7.

Seulement le plus stable des modes tiltbridge et tilttop est indiqué. Les énergies d’adsorption

montrent une forte adsorption dans tous les cas (au moins -3.48 eV), et le mode paral est le

plus stable pour toutes les molécules à θ1 et θ2 à l’exception du cas de la molécule q à θ1 où le

mode tilt est le plus stable. Les modes paral ont une énergie de déformation nettement plus

haute que les modes tilt, ce qui s’explique par la déformation du cycle pyridine induite par
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la liaison de l’atome C7 avec la surface. Cette liaison, ainsi que l’interaction van der Waals

entre la molécule et la surface, qui est plus forte lorsque la molécule est plus proche de la

surface, donne une énergie d’interaction entre la molécule et la surface plus forte en valeur

absolue pour les modes paral que pour les modes tilt. Enfin, sans surprise, l’interaction en-

tre les molécules au sein d’une couche augmente avec le taux de recouvrement, à l’exception

de la molécule qBr à θ3, pour des raisons expliquées dans le manuscrit. La molécule qS a

aussi été étudiée et montre la même tendance que la molécule qSH. Ces resultats montrent

que tous les dérivés étudiés peuvent former des couches compactes et fortement adsorbées.

La différence notable entre les différents dérivés est le mode d’adsorption le plus stable à θ1,

qui pourrait influencer le processus de formation de la couche.
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FIGURE 6: Molécules qX adsorbées sur une surface Al(111) dans le vide au
taux de recouvrement θ1 = 4.72 · 10−3 molecule ·Å−2

. En bleu : les atomes Al
de la couche supérieure. En gris : les atomes Al des couches inférieures.
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FIGURE 7: Molécules qX adsorbées sur une surface Al(111) dans le vide au
taux de recouvrement θ3 = 2.36 · 10−2 molecule ·Å−2

. En bleu : les atomes Al
de la couche supérieure. En gris : les atomes Al des couches inférieures.

FIGURE 8: Molécules qX adsorbées sur une surface Al(111) dans le vide.
Energie d’adsorption, énergie de déformation de la molécule et de la sur-
face, énergie d’interaction entre la couche de molécules et la surface, énergie

d’interaction entre les molécules de la couche.
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0.3.2 Adsorption des molécules qX sur une surface Al(111) dans l’eau

Afin de nous rapprocher des conditions expérimentales, nous avons utilisé un modèle de

solvant implicite simulant l’effet de l’eau sur le système [42–44]. Les mêmes tendances que

celles exposées précédemment sont constatées, avec globalement une adsorption diminuée

mais toujours forte. Les plus grandes différences sont observées pour la molécule qS, qui

comprend un groupe très hydrophile (SO3). Le mode d’adsorption tiltbridge à θ3 dans le

vide et dans l’eau sont comparées Figure 9. L’angle décrivant l’orientation de la molécule

par rapport à la surface est plus grand en présence de solvant que dans le vide. Cela peut

s’expliquer par la stabilisation du groupe SO3 dans l’eau par rapport à dans le vide. La

charge sur la molécule est aussi environ 0.2 e plus forte en présence de solvant. Ce résultat

montre qu’il est utile de prendre en compte le solvant dans les cas où la molécule étudiée

contient un groupe chimique fortement hydrophile ou hydrophobe.

0.3.3 Adsorption des anions qXn− (n = 1 ou 2) sur une surface Al(111) dans l’eau

Dans ce genre d’étude, où on simule l’adsorption d’une molécule déprotonée sur une sur-

face, la molécule est généralement modélisée par la forme déshydrogénée, qui est élec-

troniquement neutre. On suppose alors que le modèle de surface joue le rôle de réservoir

d’électrons et que l’état final du système est identique au cas de l’adsorption d’une molécule

déprotonée. Pour vérifier cette hypothèse, nous avons modélisé l’adsorption d’une forme

déprotonée grâce à l’ajout d’un contre-ion permettant de donner à la molécule la charge

voulue tout en gardant la cellule neutre, ce qui est nécessaire dans VASP. Cela permet aussi

d’évaluer la valeur de l’énergie d’adsorption d’une molécule déprotonée, qui est nécessaire-

ment différente de l’énergie d’adsorption d’une molécule déshydrogénée.

À bas taux de recouvrement θ1, on obtient des géométries et des charges similaires entre

le cas des molécules q− et qS2− (déprotonées) et celui des molécules déshydrogénées q et

qS, ce qui valide l’approximation présentée précédemment en ce qui concerne l’état final du

système. L’énergie d’adsorption d’une forme déprotonée est plus faible en valeur absolue

que celle d’une forme déprotonée, d’une différence d’environ 1 eV. Au taux de recouvrement

θ3, des problèmes d’interaction entre le système slab + molécule et le contre-ion ou entre les

images périodiques nous empêchent de conclure pour le moment.
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FIGURE 9: Molécule qS adsorbée sur une surface Al(111), dans le vide et dans
l’eau. Charge sur la molécule Qmol et angle d’inclinaison de la molécule.

0.4 Étude de la formation d’un complexe sur une surface Al(111)

Dans de nombreux travaux expérimentaux, le mécanisme de l’inhibition de la corrosion

proposé met en jeu des complexes insolubles formés à partir de Hq et d’ions d’Al, de Cu ou

de Mg, présents sur la surface d’aluminium et empêchant le passage d’espèces agressives.

Dans cette section, nous modélisons la formation de complexes sur une surface Al(111), à

partir de deux processus de formation. Dans le premier, le complexe est préformé dans le

vide puis adsorbé sur la surface. Dans le deuxième processus, trois molécules q sont adsor-

bées sur un adatome de la surface Al(111). Cette surface est notée Al-Al(111). La modèle de

surface utilisé contient trois couches atomiques, et la périodicité du système correspond à

un taux de recouvrement de θ = 6.64 · 10−3 molecule ·Å−2
.

0.4.1 Complexes Alq3 adsorbés sur une surface Al(111)

Afin de trouver la géométrie d’adsorption la plus stable d’un complexe Alq3, les deux

isomères Alqmer
3 et Alq f ac

3 sont adsorbés sur la surface Al(111). Les géométries des modes

de chimisorption sont présentées Figure 10. Les modes sont dénommés up et down selon

l’orientation des moments dipolaires des complexes. Dans le mode mer/up, la face com-

prenant deux atomes O et un atome N est orientée vers la surface, avec la formation de deux

liaisons O-Al. Dans le mode mer/down, la face comprenant un atome O et deux atomes N

est orientée vers la surface, et un atome O et un atome N sont liés à la surface. Enfin, dans

le mode fac/up, la face comprenant trois atomes O est orientée vers la surface, et les trois
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O forment des liaisons avec la surface. Les énergies totales relatives de ces géométries, les

charges sur l’atome Al du complexe et sur les molécules du complexes, ainsi que la posi-

tion de l’atome Al par rapport à la surface, sont indiquées dans le Tableau 6. La géométrie

fac/up est la plus stable. Dans les trois cas, la charge sur l’adatome reste proche de celle du

complexe libre.
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FIGURE 10: Isomères mer and fac du complexe Alq3 adsorbés sur une surface
Al(111). En bleu : l’atome Al du complexes et les atomes Al de la couche

supérieure. En gris : les atomes Al des couches inférieures.
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0.4.2 Adsorption de trois molécules q sur une surface d’Al-Al(111)

L’adsorption de trois molécules q sur un adatome d’une surface Al-Al(111) mène à un

système contenant un grand nombre de degrés de liberté. Pour pouvoir déterminer les

géométries les plus stables, il est nécessaire d’utiliser une méthode permettant d’explorer

l’espace des conformations du système. Pour cela nous avons utilisé la dynamique molécu-

laire ab initio, avec l’aide de Natalie Tarrat du CEMES à Toulouse. Cette méthode utilise la

DFT, mais plutôt que de rechercher une géométrie correspondant à un minimum d’énergie,

les atomes du système se déplacent en suivant une équation newtonienne, et simulent une

température donnée en entrée par l’utilisateur. En partant de deux géométries initiales dif-

férentes, deux simulations de l’agitation thermique correspondant à 500 K sont réalisées,

modélisant 10 ps chacune. Durant ces simulations, seules les molécules sont libres tandis

que les atomes d’Al sont fixés. Dans la première simulation, appelée DM1, les molécules

sont placées de sorte à être liées par O1 à l’adatome, en interagissant avec la surface Al(111).

Dans la deuxième simulation, appelée DM2, les molécules sont placées de sorte à max-

imiser les interactions des molécules avec l’adatome. Une fois ces simulations réalisées, 20

géométries sont extraites à intervalle régulier le long de la simulation, ceci pour DM1 et

DM2. L’énergie totale relative (la plus basse est la référence) et les liaisons existantes entre

les molécules et la surface Al-Al(111) sont indiquées pour toutes ces géométries dans les

Figures 11 (DM1) et 12 (DM2). Dans la simulation DM1, une grande diversité de géométries

sont explorées, avec une variation du nombre de liaisons tout au long de la simulation. Les

géométries les plus stables (1, 2, 9, 10, 11, 12, 13, 15 et 17) coïncident globalement avec des

géométries où un grand nombre de liaisons entre les molécules et la surface Al-Al(111) ex-

istent. Dans la simulation DM2, la géométrie varie très peu au cours de la simulation. Dans

tous les cas, deux O sont liés à la surface, deux N sont liés à l’adatome et un N est lié à la

surface. Les seules géométries se démarquant des autres sont la géométrie 2, où un atome

C9 est lié à la surface Al(111), ce qui correspond à un système moins stable, et les géométries

17 et 18, où un atome C7 est lié à la surface, ce qui correspond à un système plus stable.

Les géométries les plus stables issues des deux simulations sont présentées dans la Figure

13. Les énergies totales de ces deux géométries, comparées à celles obtenues par adsorption

d’un complexe préformé dans le vide, sont présentées dans le Tableau 6, avec la charge sur

l’adatome et sur les molécules q, ainsi que la position de l’adatome par rapport à la surface

Al(111).
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Ces résultats suggèrent qu’un grand nombre de géométries peuvent exister pour ce sys-

tème. Dans tous les cas, un pseudo-complexe est formé, avec l’atome Al du complexe (ou

l’adatome Al) en état d’oxidation AlI I I

TABLE 6: Propriétés des géométries 10 et 17 issues de l’exploration
géométrique par DM, et des géométries issues de l’adsorption des complexes
formés dans le vide. Énergies totales relatives (en eV, avec pour référence
l’énergie totale de la géométrie 17), charge sur l’atome Al du complexe, charge
sur l’adatome Al, charge sur les molécules A, B et C (en e); distance entre
l’atome Al du complexe et la surface Al(111) et distance entre l’adatome Al et

la surface Al(111) (en Å).

Géométrie Géométrie 17 Géométrie 10 f ac/up mer/up mer/down

∆E 0 +0.38 +0.25 +0.79 +0.94

qAl adatom +2.48 +2.56
qcx

Al +2.45 +2.44 +2.36
QmolA -0.97 -0.85 -1.08 -0.94 -1.26
QmolB -2.18 -1.25 -1.19 -1.26 -1.49
QmolC -1.25 -2.18 -1.14 -0.98 -1.25

zAl adatom 2.738 3.206
zcx

Al 3.509 3.862 3.897
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FIGURE 11: Trois molécules q adsorbées sur une surface Al-Al(111). 20
géométries issues de la trajectoire DM1; en noir : énergies totales relatives
∆E (en eV, avec comme référence l’énergie de la géométrie 10); en orange :
nombre de liaisons entre les atomes O et la surface Al(111); en bleu foncé :
nombre de liaisons entre les atomes N et l’adatome Al; en bleu clair : nom-
bre de liaisons entre les atomes N et la surface Al(111); en marron : nombre
de liaisons entre les atomes C7 et la surface Al(111). Deux atomes a et b sont

considérés comme liés si da−b < 2.3 Å.
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FIGURE 12: Trois molécules q adsorbées sur une surface Al-Al(111). 20
géométries issues de la trajectoire DM2; en noir : énergies totales relatives
∆E (en eV, avec comme référence l’énergie de la géométrie 17); en orange :
nombre de liaisons entre les atomes O et la surface Al(111); en bleu foncé :
nombre de liaisons entre les atomes N et l’adatome Al; en bleu clair : nombre
de liaisons entre les atomes N et la surface Al(111); en marron : nombre de li-
aisons entre les atomes C7 et la surface Al(111); en beige : nombre de liaisons
entre les atomes C9 et la surface Al(111). Deux atomes a et b sont considérés

comme liés si da−b < 2.3 Å.

FIGURE 13: Trois molécules q adsorbées sur une surface Al-Al(111); A gauche
: la géométrie 10 issue de la DM1; à droite : la géométrie 17 issue de la DM2 (la
plus stable). En bleu : l’atome Al du complexe et les atomes Al de la couche

supérieure. En gris : les atomes Al des couches inférieures.
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0.5 Conclusions et Perspectives

Dans ce résumé, nous avons montré que pour la Hq et tous ses dérivés, les complexes formés

avec l’aluminium ont une structure électronique similaire autour de Al. Cela a été montré

par des analyses topologiques ELF et QTAIM, qui concluent à l’existence de liaisons ion-

iques à faible degré covalent entre les molécules et l’Al, et un ion Al à l’état d’oxydation

AlI I I dans tous les cas. Cela montre que le remplacement des H aux positions ortho et para

ne modifient pas les propriétés de complexation de ces molécules. Ensuite, l’adsorption de

molécules déprotonées, approximées par des formes déshydrogénées qX, sur une surface

Al(111) dans le vide montre que toutes les molécules étudiées peuvent former des couches

stables et compactes sur Al(111) (recouvrement θ3). À faible taux de recouvrement θ1, les

géométries d’adsorption les plus stables sont différentes entre la molécule q et ses dérivés.

Des différences lors du début de la formation d’une couche (θ1) pourraient avoir une in-

fluence sur le processus de formation d’une couche complète, et donc sur l’efficacité de

l’inhibition de la corrosion. L’ajout d’un modèle de solvant simulant l’effet de l’eau n’a une

influence significative que sur les molécules qS et qSH, et ne remet pas en cause nos con-

clusions. Enfin, l’adsorption ou la formation d’un complexe sur une surface Al(111) mon-

tre qu’un complexe peut bien s’adsorber fortement sur la surface d’aluminium, mais que

la géométrie issue de la formation d’un complexe directement sur la surface à partir d’un

adatome d’Al est la plus stable.

Par la suite, afin de se rapprocher encore plus des conditions expérimentales, d’autres

systèmes pourraient être envisagés. Un agrandissement de la cellule de calcul permettrait

de chercher des géométries de couches plus complexes car moins périodiques. Une surface

d’oxyde d’aluminium pourrait nous donner des informations sur l’action des molécules sur

les surfaces oxydées où se produisent les réactions cathodiques de la corrosion. Enfin, des

défauts de surface plus réalistes que le cas d’un adatome isolé, tels que des marches et des

dimères d’adatomes, pourraient être modélisés.
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General Introduction

The 8-hydroxyquinoline (Hq) molecule is composed of a phenol ring and a pyridine ring.

Hq and its derivatives are first known for their chelating properties, i.e. their ability to

chelate metallic cations, forming metal-organic complexes. Thus, in solution, Hq deriva-

tives are used to detect metallic ions, by making use of the luminescent properties of the

complex. Using this latter property, light emitting devices such as organic light emitting

diodes (OLEDs) are obtained from films of complexes. Such devices are widely used in dig-

ital displays such as televisions and smartphone screens for their low energy consumption

and large potential light emission spectrum. In the literature, OLEDs of different character-

istics have been reported, obtained from complexes of various Hq derivatives and Al, B, Be,

Ga, In, Li, Mg, Sn and Zn metallic ions. Hq is also known as an efficient corrosion inhibitor

of aluminum and steel. In the case of aluminum, the corrosion process is slowed by the

formation of a layer of molecules or complexes protecting the aluminum surface against the

aggressive species present in the solution. This makes Hq and its derivatives good candi-

dates for the replacement of toxic chromate-based corrosion inhibition treatments currently

employed for aluminum.

In the present work, we study the 8-hydroxyquinoline (Hq) molecule and two of its

derivatives: the 5,7-dibromo-8-hydroxyquinoline (HqBr) and the 8-hydroxyquinoline-5-sulfonic

acid (HqSH). It was shown in the litterature that chemical modifications of the Hq molecule,

leading to Hq derivatives, modify its properties, such as the solubility of the complex, the

wavelengths of its light emission, and the corrosion inhibition efficiency of the molecule.

The HqBr and HqSH derivatives have been chosen because they differ in their efficiency

as corrosion inhibitors. These molecules have different chemical groups at the ortho and

para positions of the phenol ring, and are noted HqX (X = H, Br, SO3H). The aim of this

work is to carry out a theoretical study of the interactions of Hq and its derivatives with

aluminum, and to quantify how the X groups influence these interactions. This is done both

by the study of the complexes formed by deprotonated HqX species with Al3+ ions, and by
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the study of the adsorption of dehydrogenated and deprotonated HqX molecules on an alu-

minum surface. All calculations are performed in the framework of the dispersion corrected

Density Functional Theory (DFT).

This thesis manuscript is divided in six chapters.

In Chapter 1, we present the three molecules studied in this work, and provide a state

of the art of the properties and applications of the molecules, in the field of light emission,

depollution, medicine and corrosion inhibition. We then summarize the theoretical studies

already carried out on the studied molecules.

In Chapter 2, we detail the theoretical background of our calculations, in the framework

of the Density Functional Theory, and the different approximations and corrections used

is our calculations, for both molecular and periodic approaches. Finally, the topological

analyses used to characterise our systems are introduced.

The calculations performed on molecular systems presented in Chapter 3 concern the

study of the influence of the X groups (X = H, Br, SO3H/SO –
3 ) on the chelating properties of

the molecules, by characterizing the bonding of the deprotonated molecules with an Al3+

ion.

The Chapter 4 is dedicated to the presentation of the molecules, complexes, and surface

models in the framework of periodic calculations, which are then used in Chapter 5 and 6

for adsorption of molecules and complexes on an aluminum surface. The geometries of the

molecules and complexes are compared to those obtained by molecular calculations, and

the different slab models are discussed.

In Chapter 5, the dehydrogenated Hq molecule and its derivatives are adsorbed on a flat

Al(111) surface, at three surface coverage, from a single adsorbed molecule to a compact or-

ganic monolayer. We investigate how the X groups (X = H, Br, SO3H) influence this adsorp-

tion at the different surface coverage. All calculations are first done in vacuum. Then, for

some cases, a solvent model is added to simulate the interaction of the adsorbed molecules

with an aqueous environment. Finally, the charged deprotonated species are adsorbed on

Al(111) in presence of solvent in order to get closer to the experimental conditions and to

validate the study of the adsorption of dehydrogenated molecules on Al(111) as a model of

the adsorption of the deprotonated molecules on aluminum.
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In Chapter 6, the hypothesis of the formation of a Alq3-like complex on an Al(111) sur-

face is investigated. Two processes are considered: i) the adsorption of an Alq3 complex

pre-formed in vacuum on a flat Al(111) surface, ii) the adsorption of three q molecules on an

Al adatom of an Al(111) surface. In order to explore the conformation space of such systems,

we employ ab initio Molecular Dynamics. We identify stable geometries for both adsorbed

complexes and complexes formed on the Aluminum surface.
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Chapter 1

State of the art

In this Chapter, the molecules that are the subject of our studies are introduced, and the

notations used throughout this work are given. The experimental data of the molecules and

chelates, i.e. complexes formed from molecules and metallic ions, are exposed. A state of

the art of the works carried out on several applications of these molecules is presented. Such

applications include depollution, light emission, and corrosion inhibition, the last one being

our main focus in this thesis. Finally, a list of theoretical works done on the interaction of

8-hydroxyquinoline with metal surfaces is given.

1.1 The Hq molecule and its derivatives

The molecules studied in this work are the 8-hydroxyquinoline (C9H7NO, noted Hq here-

after), the 5,7-dibromo-8-hydroxyquinoline (C9H5Br2NO, noted HqBr hereafter) and the 8-

hydroxyquinoline-5-sulfonic acid (C9H7NO4S, noted HqSH hereafter). The structures of

these molecules are presented in Figure 1.1, with the X1 and X2 groups indicated in Ta-

ble 1.1 for each molecule. Hq is a bicyclic molecule composed of a pyridine ring fused with

a phenol ring, with H atoms at the para (X1) and ortho (X2) positions relatively to the phenol

ring. The HqBr and HqSH molecules are similar to Hq, with the H groups of the X1 and X2

positions replaced by Br atoms in the case of the HqBr, and the H atom of the X1 position re-

placed by a SO3H group in the case of the HqSH molecule. The HqBr and HqSH molecules

are chosen because of existing experimental data, detailled in Section 1.4.4, especially in

relation to their effectiveness or not as aluminum corrosion inhibitors.

The Hq molecule is soluble in water, with a solubility of 556 mg/L at 20°C[1] and is
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FIGURE 1.1: HqX molecules. X1 and X2 correspond to the groups presented
in Table 1.1

TABLE 1.1: Notation of the HqX molecules

Species Hq HqBr HqSH

X1 H Br SO3H
X2 H Br H

present simultaneously in several forms, in proportions depending on the pH of the solu-

tion. At 20 °C, the pKa of the OH/O− group is 9.89, while the pKa of the NH+/N group is

5.13[2, 3]. For the HqSH molecule, also soluble in water, the pKa value of the NH+/N group

is 4.09, while the pKa of the OH/O− group has not been determined experimentally. In na-

tive form, the Hq molecule and its derivatives are note HqX. In deprotonated form (N and

O−), the molecules are noted qX−. The molecule can also exist in hydrogenated (NH+ and

OH), and tautomeric (NH+ and O−) forms. The pKa associated to the SO3H/SO –
3 group of

the HqSH is very low, indicating that the SO3H form is only present in extremely acidic envi-

ronment[4], and the SO –
3 form is predominant in most solutions. Finally, the HqBr molecule

is less soluble in water than the Hq molecule, with a solubility of 19 mg/L [5], while pKa

values are not known. Solubilities of HqBr in various organic solvents have been studied

experimentaly, and high solubility was found for HqBr in 1-methyl-2-pyrrolidinone (NMP),

N,N-dimethylaniline (DMA), N,N-dimethylformamide DMF and 1,4-dioxane[6].

The Hq crystal is an orthorhombic system of lattice parameters of a = 29.18Å, b = 25.36Å

and c = 3.91Å[7], with 16 molecules in the unit cell. To our knowledge, the crystal structures

of HqBr and HqSH are not known.
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1.2 Complexes formed between Hq and its derivatives and metal-

lic ions

The Hq derivatives are known for their chelating properties, meaning they can form coordi-

nation complexes with metallic ions[8, 9], such as Cu2+, Zn2+, Co3+ and Al3+. In this work,

we focus on the interaction of HqX species with aluminum. First, the interaction between

deprotonated Hq molecules, noted qX−, with an Al cation is investigated. The structures of

the formed complexes are shown in Figure 1.2, with the notation of the species with respect

to the X1 and X2 groups given in Table 1.2. The complexes obtained from the q−, HqBr−

and HqSH− molecules are noted Alq3, Al(qBr)3 and Al(qSH)3. The complexes exist in two

isomers, called meridional (mer) and facial (fac)[10]. In the mer isomer, the plane formed by

the three O atoms is almost perpendicular to the plane formed by the N atoms. In the fac

isomer, the three O atoms and the three N atoms are directed at two opposite faces of the

complex.

FIGURE 1.2: Al(qX)3 complexes. X1 and X2 correspond to the groups pre-
sented in Table 1.2. On the left side: mer isomer. On the right side: fac isomer

TABLE 1.2: Notation of the Al(qX)3 complexes

Species Alq3 Al(qBr)3 Al(qSH)3

X1 H Br SO3H
X2 H Br H

While the Alq3 complex has been reported to precipitate easily in water, the Al(qSH)3,

due to the interaction of the SO3H/SO –
3 with water, is reported to be much more solu-

ble than Alq3[11]. The solubility of the Al(qBr)3 has not been reported. The pKa of the
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SO3H/SO –
3 group in the Al(qSH)3 complex has not been measured experimentally, but

should be very similar to the one in the HqSH molecule.

The complexes formed between q− and metallic ions can exist in amorphous state or as a

crystal. The most well known structures are those of species used in Organic Light Emitting

Diodes (OLEDs), mainly Alq3 and Gaq3, both in amorphous or crystalline states[12]. For

Alq3, five crystal phases have been recorded (α, β, γ, δ and ε)[13]. These phases differ

in the arrangement of the complexes as well as in the proportions of mer and fac isomers.

The different inter-molecular interactions and different isomers in the five phases lead to

different properties, further discussed in Section 1.3.

1.3 The Hq molecule and its derivatives as chelating compounds

The Hq molecule and its derivatives are widely used in the field of metallic ion capture,

detection, and removal, i.e. when they are present as contaminants in solutions[14, 15], and

the use of Hq and HqSH molecules, bonded to a substrate, usually a porous solid, is still

studied today in that perspective[16–18]. The HqBr molecule is also investigated for the

removal or separation of metal ions in the field of hydrometallurgy [19]. The photolumines-

cent properties of the Hq derivatives are used both in solution and in solid state. The main

application of these properties in solution is the detection of metal ions. In the case of Hq,

the single molecule has only weak fluorescence, but the complex formed with various metal

atoms is highly fluorescent[11]. In addition, the intensity and pH dependence of the fluores-

cence vary depending on the metallic element, which allows element specific detection[11].

The HqSH molecule, which have similar fluorescent properties (non fluorescent as a single

molecule, fluorescent in a complex), is also much more soluble in water, making it even

more convenient than Hq for detection[20]. Other derivatives of Hq are studied as com-

plexes formed with Al3+(5,7-dimethyl-8-hydroxyquinoline, 5-chloro-8-hydroxyquinoline),

with the tuning of the molecule structure leading to a shift in emission peak wavelength of

up to 56 nm and a decrease of the intensity of luminescence, compared to Alq3 [21].

For Alq3 crystalline thin films, light emission properties can be influenced by the packing

of the complexes, as well as by the isomers present in the crystal[13, 22]. For example, the

γ and δ phases are said to be composed solely of fac isomers, leading to a blue-shifted light

emission compared to other phases[23]. Complexes of a variety of Hq derivatives have been
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tested in view of the fabrication of light emitting devices, leading to OLEDs of different

characteristics [24].

The chelating properties of the Hq molecule and derivatives are also used for medicinal

applications[25, 26], acting as regulator of metal ion concentration in the human body by

making use of their chelating abilities, with the tuning of their molecular structure influ-

encing their interactions with the cells and therefore their biological effects. Various halo-

genated derivatives, including the HqBr molecule, are used to treat infections, and are can-

didates for the treatment of cancer and neurodegeneracy[25, 26].

1.4 The Hq molecule and its derivatives as aluminum corrosion

inhibitors

1.4.1 Corrosion of aluminum

Aluminum and its alloys are used in a broad range of applications. In particular, the 2024

aluminum alloy (Cu: 4 to 5 %, Mg: 1 to 2 %) is currently used in the aeronautic industry

for its low cost and good mechanical properties. The natural oxide layer of this metal, de-

veloped spontaneously in presence of oxygen, protects it to a certain degree from corrosion,

and it is shown to be stable in a pH range of about 5 to 8.5 [27]. When exposed to alkaline,

acidic, or chloride-containing solutions, it can be subject to corrosion, releasing Al3+ ions in

the solution in the following process. In acidic solutions, the combination of both anodic

and cathodic reactions gives the resulting reaction [28] :

Al + 3H+
 Al3+ + 3/2H2 (1.1)

In alkaline solutions, combination of both anodic and cathodic reactions gives the result-

ing reaction [29]:

Al + 3H2O + OH–
 3/2H2 + Al(OH) –
4 (1.2)
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In these two cases, the presence of OH– or H+ species lead to the degradation of the

aluminum matrix by releasing Al respectively as Al3+ and Al(OH) –
4 species.

In chloride solutions, pitting corrosion can occur. At some localized areas of the sur-

face, the adsorption of Cl– ions on the oxide layer and their subsequent migration to the

oxide/metal leads to a local dissolution of the oxide film, and to the formation of cavities,

or pits, in the surface. Anodic and cathodic reactions take place at different sites. Inside

the pits, the anodic reaction given by Eq. 1.3 occurs [30]. The Al3+ ions released then re-

act with water and Cl– ions (Eq. 1.4, 1.7 and 1.8), resulting in the acidification of the local

environment [31]:

Al
 Al3+ + 3e− (1.3)

Al3+ + 3H2O
 Al(OH)3 + 3H+ (1.4)

Al(OH)2+ + Cl–
 Al(OH)Cl+ (1.5)

Al(OH)Cl+ + H2O
 Al(OH)2Cl + H+ (1.6)

The following cathodic reactions take place outside the pits [27, 30]:

AlCl3 + 3H2O
 Al(OH)3 + 3HCl (1.7)

3H+ + 3e− 
 3/2H2 (1.8)

1/2O2 + H2O + 2e− 
 2OH– (1.9)

This type of corrosion can be very destructive, as the pit is progressively propagated in

the material. No stable oxide layer is formed inside the pit, due to the local acidity of the

environment, as seen in Eq. 1.4.

1.4.2 Aluminum corrosion inhibition by chromates

In industry, the traditionally used method to protect aluminum alloys against corrosion is

the use of Cr2O 2–
7 chromates. This limits the diffusion of aggressive species inside the mate-

rial, and repairs the weak parts of the passive layer. However, european directives, through
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the REACH regulations [32], are imposing the replacement of chromium based corrosion

inhibitors, due to their toxicity and carcinogenicity. Research is being carried out in order

to find environment friendly replacements. The possibility of using organic inhibitors is

investigated both experimentally[33] and by theoretical methods[34].

1.4.3 Aluminum corrosion inhibition by organic molecules

To be effective, an organic corrosion inhibitor has to contain an anchoring function, usually

including heteroatoms such as N, O, S, and P atoms[35] allowing chemical bonding with

the metal surface. The rest of the molecule separates the metal surface from the aggressive

species of the solution. Finally, the surface of the organic layer formed by the adsorbed

molecules can be functionalized in order to interact in a specific way with the environment,

depending on the chemical groups oriented towards the environment.

The carboxylic acids bond with the surface by their COO– group. In the case of linear

carboxylic acids, the CnH2n+1 chain can lead to the formation of a thick organic layer of hy-

drophobic nature. These types on molecules have been shown to be potentially effective

corrosion inhibitors of aluminum and other metals[36]. Molecules with heterocycle com-

pounds, i.e. carbon cycles of various size containing heteroatoms capable of bonding with

the surface, are widely studied for their corrosion inhibition properties. Species composed

of one cycle of 5 atoms (ATAT)[37], and cycles of six and five atoms (BTA, MBT, Hq...) [38–40]

are examples of such molecules. On aluminum, azole derivatives (BTA, MBT...) are mainly

cathodic corrosion inhibitors [41], acting on the copper inter-metallic particles, while the Hq

acts on the aluminum matrix, as has been shown by the joint use of BTA and Hq as corrosion

inhibitors of 2024 aluminum alloy [38].

Prediction of corrosion inhibition efficiency by theoretical methods

In order to establish predictive models capable of orienting the choice of molecules to be

used in experimental work, correlations have been searched between the known experimen-

tal corrosion inhibition efficiency of molecules and some calculated properties. The first and

simplest attempt at building such a model was the MEPTIC approach, which made use of

the properties of the molecules, calculated independently of the metal of interest, including
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frontier orbital energies and dipole moment, and correlated them to experimentally deter-

mined inhibition efficiency. Although very used in the literature, it has been shown to have

no predictive value as correlations are observed only on sets of a few very close molecules

or molecules specifically chosen to validate the model (cherry-picking) [42, 43]. Although

Machine Learning (ML) methods now find correlations on larger sets of molecules [44] lead-

ing to predictive models, it does not allow the identification of the underlying mechanisms

of corrosion inhibition.

Explicit modeling of the interaction between the molecule and the metal using first-

principles calculations is a method allowing a deeper insight in the mechanism behind cor-

rosion inhibition. The studies involving such modeling methods using metal surface models

allow to investigate how strongly the molecule is adsorbed, and if the formed organic layer

is compact enough to prevent the interaction between the metal surface and the species of

the solution. Once the layer formed, descriptors such as the work function and the dipole

moment of the organic layer are directly related to some known corrosion mechanisms, as

they influence on the possibility of the anodic and cathodic reactions to occur. Such studies

have been carried out for various metal surfaces and molecules such as carboxylic acids [45,

46], triazole derivatives [43, 47–49], and Hq [50, 51] The explicit calculation of the interac-

tion of O2 with the covered surface is used to determine the cathodic corrosion inhibition

efficiency of molecules[45, 51]. This explicit modeling of both molecule and metal surface is

used for our work on Hq derivatives.

1.4.4 Aluminum corrosion inhibition by Hq and its derivatives

In the case of Hq, studies by impedance spectroscopy showed that the surface of AA2024

aluminum alloy is much less subject to corrosion when immersed in a solution containing

0.5 M of NaCl and Hq than in a solution of only NaCl[40]. The presence of chelates on the

surface protecting the aluminum against aggressive species was suggested. However, it is

not known if Hq molecules are directly adsorbed on the Al surface or if Alq3 complexes,

pre-formed from Al3+ ions in the solution, are adsorbed on the surface. The corrosion inhi-

bition synergy between Hq and BTA has also been demonstrated, with Hq acting mainly on

the aluminum matrix and the BTA on the intermetallic particles[38]. In addition to its effi-

ciency against aluminum corrosion, the Hq molecule has also been shown to be an effective

corrosion inhibitor of X60 steel[34] and AZ91D magnesium allow[52, 53].
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The HqSH molecule has been compared to Hq in terms of AA2024 alloy corrosion inhi-

bition in a 3.5% NaCl solution, and it has been shown that HqSH does not protect aluminum

against corrosion, and could even accelerate the corrosion process[54]. This result was re-

cently confirmed by works in our laboratory on a solution of 0.05 M NaCl with presence

of HqSH. Considering the high solubility of the Al(qSH)3 complex, one possible explana-

tion of this corrosion acceleration is that the HqSH molecule bonds with Al atoms from the

substrate, leading to a highly soluble species, therefore decomposing even more the oxide

layer.

S.V. Lamaka compared the inhibition effectiveness on a series of molecules, including

HqBr[55]. The impedance spectroscopy measurements did not show any significant differ-

ence between the simple NaCl solution and the NaCl + HqBr solution, indicating no inhibi-

tion of the corrosion by HqBr. This could be due to the too low amount of HqBr in solution,

as the solubility of the molecule is very low.

A theoretical study of Hq as corrosion inhibitor of aluminum has been carried out in F.

Chiter’s thesis[56]. Four forms of Hq (native, dehydrogenated, hydrogenated and tautomer)

have been studied in regard to their adsorption on an Al(111) surface. It has been shown that

the dehydrogenated molecule is the form that is adsorbed the most strongly. At maximum

surface coverage, the dehydrogenated molecules form a compact chemisorbed organic layer,

which has been shown to inhibit the O2 reduction reaction[51], which is one of the cathodic

reaction in chloride solutions (see Eq. 1.9).

The theoretical study of the interaction of HqSH and HqBr with aluminum is necessary

to better understand their properties.

1.5 Conclusion

In this chapter, the molecules that are the focus of this work were presented. An overview

of the application of the Hq molecule, as well as its derivatives, was given, with a spe-

cial interest given on the different properties arising from the modification of the chemical

structure of the Hq molecule. First, the tuning of Hq can result in different solubility of the

molecules and Al(qX)3 complexes, making some derivatives efficient candidates for specific

applications. For instance, the luminescent properties of the complexes vary with the tuning

of the molecule, potentially leading to OLED emitting in various wavelengths. In the case
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of aluminum corrosion inhibition, while the solubility of the molecules and complexes are

measurable and can be correlated to the effectiveness of the molecules, it is not sufficient

to explain how the tuning of the molecule modifies the corrosion inhibition efficiency. First

principle calculations can provide valuable insights on the interaction of the molecules with

aluminum at atomic scale. In the following chapter, the theoretical tools employed for our

calculations, as well as the programs and parameters chosen, are introduced.
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Chapter 2

Theoretical Methods & Calculation

Parameters

In order to understand the interaction of Hq and its derivatives with aluminum, ab initio

methods need to be employed. In this chapter, the formalism of density functional theory

(DFT) is briefly presented, along with the different approximations and corrections used for

the calculations. Then, the electron localization function (ELF) and the quantum theory of

atoms in molecule (QTAIM) topological analyses are introduced. Finally, the codes used for

both the DFT calculations and topological analyses are presented, along with the parameters

that are kept constant in our calculations.

2.1 Theoretical Background

In this section, the basics of the first principles calculations within the frame of DFT are pre-

sented. Then, several approximations and corrections are detailed. Finally, the theoretical

background of two topological analysis methods used in this work are given.

2.1.1 Ab-initio calculations

The Schrödinger equation for many-body systems

First principles of quantum mechanics are employed. For this, the time independent Schrödinger

equation 2.1 must be solved.
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Hψ(r, R) = Eψ(r, R) (2.1)

Where H is the Hamiltonian of the system, detailed below, ψ(r, R) is the wave function,

depending on the spatial coordinates of the electrons (r) and nuclei (R) and E is the total

energy of the system.

The Hamiltonian of the system is defined by:

H = −
nn

∑
i

1
2
∇2

i −
ne

∑
i

1
2
∇2

i −
ne

∑
i

nn

∑
j

Zj

|xi −Rj|
+

1
2

ne

∑
i

ne

∑
j 6=i

1
|xi − xj|

+
1
2

nn

∑
i

nn

∑
j 6=i

ZiZj

|Ri −Rj|
(2.2)

The two first term of the Hamiltonian are the kinetic energy operators respectively of

the nuclei and electrons, the third term is the term corresponding to the coulomb interac-

tions between the nuclei and the electrons, and the fourth and fifth terms correspond to the

electron-electron and nucleus-nucleus coulomb interactions respectively. nn and ne are re-

spectively the number of nuclei and electrons of the system, and Zi is the atomic number of

the i atom.

Solving this equation means solving a many-body problem, which is not possible with-

out a set of approximations. First, the Born and Oppenheimer approximation is employed.

The movements of the nuclei are considered separated from the movements of the electrons,

as they are indeed much slower[57]. The problem can now be simplified to one where the

nuclei are fixed:

He = −
nn

∑
i

1
2
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i −
ne

∑
i

nn

∑
j

Zj

|ri −Rj|
+

1
2

ne

∑
i

ne

∑
j 6=i

1
|ri − rj|

(2.3)

With He the Hamiltonian associated to the energy of the electrons of the system. The

equation to be solved for the electrons of the system is therefore:

Heψe(r, R) = Eeψe(r, R) (2.4)



2.1. Theoretical Background 41

The two main methods used to solve this equations are the Hartee-Fock (HF) and Den-

sity Functional Theory (DFT). In this work, because it includes electron correlation interac-

tions, the DFT approach is the most convenient for large systems.

Density Functional Theory (DFT), Hohenberg and Kohn theorems

The DFT method relies on the Thomas-Fermi model[58, 59], which allowed a first approach

of the calculation of the energy of a system of electrons in interaction with fixed nuclei based

on the functional of the charge density. The Density Functional Theory goes further making

use of two theorems, known as Hohenberg Kohn theorems[60]:

i) For a system of electrons in a external potential Vext(r), the external potential is deter-

mined solely by the charge density of the ground state of the system ρ0(r).

ii) For a given external potential, the energy of the ground state of the system is a unique

functional of the charge density ρ(r), and the obtained energy of the ground state is at its

minimum only for the ground state charge density ρ0(r).

The energy of the ground state can therefore be calculated by minimizing the following

energy functional:

E[ρ] = T[ρ] + Eee[ρ] +
∫

Vext(r)ρ(r)dr (2.5)

Where T[ρ] is the kinetic energy of the electrons of the system and Eee[ρ] is the energy

associated to the electron-electron interactions.

Kohn-Sham equations

Kohn and Sham proposed to replace Equation 2.5 by an equation describing a system of non-

interacting electrons in a same potential[61]. The charge density associated to this system is

identical to the one presented above, and the system can be reduced to a set of one-electron

equations:

HKSψi = εiψi (2.6)
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Where εi is the energy of the Kohn-Sham orbital ψi and the one-electron Hamiltonian

HKS is defined as:

HKS = TKS + Vext + VH + Vxc (2.7)

Where TKS is the kinetic energy of the non interacting electrons, Vext is the external poten-

tial due to the ions, VH is the Hartree potential, i.e. the potential associated to the coulomb

interaction between pairs of electrons, and Vxc is the exchange correlation potential, detailed

further below.

Vext(r) =
δEext

δρ(r)
= −

nn

∑
i

Zi

|r−Ri|
(2.8)

VH(r) =
δEH

δρ(r)
= −

∫
ρ(r)
|r− r′|dr (2.9)

Vxc(r) =
δExc

δρ(r)
(2.10)

Finally, the charge density is determined by the orbitals ψi:

ρ(r) =
ne

∑
i
|ψi|2 (2.11)

This system can be solved iteratively, by choosing a arbitrary starting charge density ρ(r)

and solving the equations iteratively until convergence is reached.

Exchange-correlation energy

The reformulation proposed by Kohn and Sham features the exchange correlation term Exc.

This term contains the electron-electron interaction terms, other than the coulomb interac-

tion between pairs, as well as the correction to the kinetic energy, needed to describe the real

system with interacting electrons. The general form of this energy is not known, and ap-

proximations are therefore used for this energy in the frame of the density functional theory.
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The localized density approximation is the simplest approximation, and assumes that at

each point of the system, the exchange correlation energy density εxc is equal to the corre-

sponding value for a free electron gas of same charge density[62]. The resulting energy, with

spin polarization, is thus determined by:

ELDA
XC [ρ(r)] =

∫
εxc(ρ↑, ρ↓)ρ(r)d3r (2.12)

This approach is reliable for systems where the charge density ρ varies weakly in space.

For other systems, the generalised gradient approximation (GGA) is preferred. For the GGA

method, the exchange correlation energy density results not only from the charge density ρ,

but also from its gradient ∇ρ:

EGGA
XC [ρ(r)] =

∫
εxc(ρ↑, ρ↓,∇ρ↑,∇ρ↓)ρ(r)d3r (2.13)

In this case, the formulation of εxc can be defined by semi-empirical or theoretical meth-

ods. Such methods include wPW [63] B3LYP [64], and PBE [65, 66].

Basis sets

While we have the tools to find the ground charge density and associated electron wavefunc-

tion, we have the choice of the basis sets from which are built the wavefunctions injected in

the Kohn-Sham equations. In this work, we use two codes, one mostly used for the study

of free molecular systems (GAUSSIAN09[67]), and one for the study of periodic systems

(VASP[68–70]). The basis sets are adapted to the type of system studied.

Molecular systems

In molecular systems, electrons are strongly localized in molecular orbitals, which share

similarities with the atomic orbitals verifying the Schrödinger equations in hydrogen-like

systems. One of the approximate solutions used for the atomic orbitals is the Slater Type

Orbitals (STO), which is further approximated by a linear combination of Gaussian Type

Orbitals (GTO). The approximated STO is defined as:
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φijk =
L

∑
ν

cijkνgijk (2.14)

Where L is the number of GTO in the STO, cijkν is the coefficient of each GTO, and gijk is

the GTO of index i, j and k, which determine the spatial properties of the function in order

to reproduce the s, p, d etc. type orbital shape:

gijk = Kxiyjzke−αr2
(2.15)

Where K is the normalization constant and α is the parameter determining the gaussian

part of the function.

The use of a single STO to approximate each orbital is called a minimal basis set. Exemple

of these basis sets are the STO-3G and STO-6G [71, 72], which correspond to STOs composed

by respectively 3 and 6 GTOs. In order to describe the orbitals in complex molecules, this

type of basis set in not sufficient. The split valence (SV) basis sets consists in describing

differently the core and valence electrons, typically with the valence electrons described

with more than one STO, while the core electrons are described with a single STO. The

accuracy of these basis sets are mainly determined by the number of STOs used for the

valence electrons. Basis sets for which valence electrons are described by two, three and

four STOs are respectively called double, triple, and quadruple zeta function or DZ, TZ and

QZ. An exemple of DZ basis set is the 6-31G [73] where core electrons are described by

one STO of 6 GTO and valence electrons are described by two STOs of 3 and 1 GTOs. An

exemple of a TZ basis set is the def2-TZVP[74, 75], where the valence electrons are described

by three STO.

Periodic systems

Some DFT calculation programs, such as VASP, are specially designed for the study of crys-

talline systems. The system is always periodic, and the user provides the geometry of the

unit cell. This implies that the Kohn-Sham potential applied to the electrons is periodic:

VKS(r) = VKS(r + L) (2.16)
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Where L is the translation vector associated to the unit cell. Consequently, following the

Bloch theorem[76], the electron wavefunctions are of the form:

ψi(r, k) = Ui(r, k)eik·r (2.17)

k is a vector of the reciprocal space and Ui(r, k) is a function of same periodicity as ions

of the system:

Ui(r, k) = Ui(r + L, k) (2.18)

Therefore, electron wavefunctions can be developed as combinations of plane waves.

Pseudopotentials

Pseudopotentials are used to save computational resources by making use of fact that core

electrons are not involved in formation of bonds, and are very weakly affected by the en-

vironment. Therefore, only valence electrons are calculated explicitly by the Kohn-Sham

equations, and a pseudopotential describes both the interactions between electrons of the

core, and the interaction of the ions (nuclei and core electrons) with the valence electrons.

The pseudopotential method used for periodic systems in this work is the plane augmented-

wave (PAW) pseudopotential, which separates the space into two areas. The first is associ-

ated to the core electrons, which are described by the partial atomic wavefunctions, and the

second is associated to the valence electrons, which are described by plane waves.

2.1.2 Van der Waals interactions

Because the LDA and GGA exchange correlation functionals only rely on the local proper-

ties of the charge density and its gradient, interactions induced by long range correlations

between fluctuating electrons (dispersion interactions, commonly called van der Waals in-

teractions) are not well described by DFT. Methods were developed to correct the energy

calculated by DFT in order to better model the van der Waals interaction. In the case of the
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D2 method developped by Grimme [77, 78], used in this work for periodic calculations, the

term added to the exchange correlation energy is equal to:

Edisp = −S6

N

∑
i=1

N

∑
j=1

C6ij

R6
ij

fd(Rij) (2.19)

The scale factor S6 depends on the DFT functional used. The damping function fd is

defined by:

fd(Rij) =
1

1− e
−d(

Rij
R0ij−1 )

(2.20)

Where d determines the steepness of the function and Rij is the distance between the i

and j atoms. The C6ij and R0ij parameters are determined by pairs of C6i and R0i:

C6ij =
√

C6iC6j (2.21)

R0ij = R0i + R0j (2.22)

Where the C6i and R0i parameters are values having been obtained empirically.

The more recent D3 version of Grimme’s dispersion correction [78] also takes into ac-

count the coordination number of each atoms, deduced from the local geometry.

2.1.3 Molecular dynamics

The main use of the density functional theory, as detailed above, consists in determining

the ground state of a system, without considering any temperature effect. In order to sim-

ulate the dynamics of a system, specific methods are used, coupled to DFT calculations or

empirical data. In this work, we employ the ab-initio molecular dynamics, which uses DFT

calculations to find the electronic ground state for each geometry, and an equation derived

from Newton mechanics to treat the ion trajectories:
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mi
∂2ri

∂2t
= Fi − γi

∂ri

∂t
+

√
2γikBTR(t) (2.23)

Where i is the index of the atom i, mi is the mass of the atom, ri is position of the atom,

Fi is the force applied on the atoms by the system’s potential, γi is the friction coefficient

associated to the atom, T is the temperature of the system, R(t) is a Gaussian process of mean

value equal to 0 aiming to give random forces to the atoms. Together with the damping term

−γi
∂ri
∂t , it maintains the agitation of the atoms close to a constant temperature T.

The use of the ab initio Molecular Dynamics for conformation space exploration was

made possible thanks to the help of Nathalie Tarrat from CEMES, Toulouse.

2.1.4 Solvent model

In this work, we study systems that are generally in aqueous environment in experimental

conditions. In order to include in the calculations the influence of the surrounding sol-

vent, two methods can be used. The first is the use of an explicit solvent by the addition of

water molecules in the system, treated at ab-initio level. In addition to being computation-

ally costly, this method requires to carefully choose the number and positions of the water

molecules. The second method, used in this work, is more straightforward and less costly.

It consists in adding an implicit solvent, which is a continuum surrounding the system,

based on the Poisson-Boltzmann equation rather than quantum mechanics. In the VASP-

sol program[79–81], used in the frame of the program VASP, two terms are added to the

Kohn-Sham potential:

The electrostatic term:

Vel = −
∂ε(ρ(r))

∂ρ(r)
|∇φ|2

8π
(2.24)

φ is the net electrostatic potential of the system.

ε(ρ) is the dielectric function, equal to:

ε(ρ(r)) = 1 + (εb − 1)S(ρ(r)) (2.25)
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The cavitation term, which is associated to the energy needed for the solvent to form a

cavity around the main system:

Vcav = −τ
∂|∇S|
∂ρ(r)

(2.26)

At the interface between the main system (treated at ab-initio level) and the solvent, the

properties of the solvent are modulated by the shape function:

S(ρ(r)) =
1
2

er f c(
ln(ρ(r)/nc)

σ
√

2
) (2.27)

Where erfc() is the error function.

The dielectric constant εb, the width of the dielectric constant σ, the cutoff charge density

nc and the effective cavity surface tension τ are parameters given by the user depending on

the solvent.

2.1.5 Topological analysis

Electron Localization Functional (ELF)

The Electron Localization Function η (Eq. 2.28) gives a mapping of the spatial localization of

the electrons in a molecule. The first formulation introduced by Becke and Edgecombe [82]

made use of D(r) (Eq. 2.29), the Laplacian of the conditional probability, i.e. the probability

for r=r’, of finding in r’ one electron of same spin than the one already located in r. Savin et

al. [83, 84] developed an ELF formulation based on the contribution of the Pauli repulsion

to kinetic energy.

η(r) =
1

1 + (D(r)
D0

)2
(2.28)

D(r) =
1
2 ∑

i
|∇ψi|2 −

1
8
|∇ρ|2

ρ
(2.29)

These author remarked that D(r) is the excess local kinetic energy due to the Pauli prin-

ciple, corresponding to the total kinetic energy, from which is removed the von Weizsäcker
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kinetic energy density[85]. This last term can be understood as the kinetic energy density

for a system of bosonic particles (i.e. without Pauli repulsion) of density ρ. In the expression

of the ELF function, D(r) is divided by the same quantity, calculated for the homogeneous

electron gas reference (Eq. 2.30).

D0 = CF · ρ5/3 (2.30)

Where CF is the Fermi constant.

The ELF function is therefore constructed to be confined between 0 and 1. The two

extreme values of η = 0 and η = 1 are obtained respectively for maximum Pauli repulsion,

and minimum Pauli repulsion. In the latter case (η = 1), electrons are similar to those of

a hydrogen or helium atom (no same spin electrons, D(r) = 0). Thus, high values of η are

obtained for regions occupied by a single opposite spin pair such as cores or covalent bonds.

The latter may be related to the corresponding electronic pairs in the Lewis’s valence theory.

In our study, we use the topological analysis of the ELF function to partition the molec-

ular space into basins, used for the integration of the charge density yielding their average

population. These domains are obtained by the separation of the η isosurfaces as η increases.

An attractor is a specific point where the ELF function is a local maximum. Each attractor

is associated to an irreducible domain, or to a basin containing containing all the points that

are part of the∇η (gradient of η) trajectories converging towards the attractor. Basins associ-

ated to core electrons are noted C(X) with X an atom. Basins associated to valence electrons

can be either monosynaptic if they have a separating surface in common with one core basin

only or multisynaptic if they have separating surfaces in common with more than one core

basin. A n-synaptic basin is noted V(Xi, ..., Xn). As an example, three ELF isosurfaces of

different values of η are presented for benzene in Figure 2.1.
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FIGURE 2.1: Benzene molecule. ELF isosurfaces in benzene for (A) η = 0.5, (B)
η = 0.64, (C) η = 0.65 (from ref. [86]).

Quantum Theory of Atoms in Molecules (QTAIM)

The QTAIM (Quantum Theory of Atoms in Molecules) analysis is based on the charge den-

sity ρ. It makes use of the formalism developed by Richard Bader [87]. Atomic charges are

determined by integrating the populations over domains determined by the mapping of the

system with respect to the charge density ρ. The maximum of ρ are associated to the posi-

tion of the ions, and the domains associated to the atoms are defined by the points of the∇ρ

trajectories concluding at the ion position. In QTAIM theory, bonds between atoms corre-

spond to paths of maximum ρ, named bond paths (BP). It attains its minimum value of ρ at

the bond critical point (BCP). The BCP is also part of the interatomic surface (IAS) contain-

ing the trajectories of ∇ρ concluding at the BCP. The curvature of ρ, which determines the

bond nature, is therefore composed of a positive and a negative component, corresponding

respectively to the BP and the IAS directions. The sign of the Laplacian of ρ at the BCP ∆ρbcp

depends on which component is predominant. A negative Laplacian ∆ρbcp < 0 corresponds

to a local concentration of ρ, indicating an electron-sharing or open-shell bond, while a posi-

tive Laplacian ∆ρbcp > 0 corresponds to a local depletion of ρ, indicating a closed-shell bond.
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Figure 2.2 shows the isocontours of ρ, the IAS and critical points of the Hq molecule.

FIGURE 2.2: Hq molecule. ρ isocontours in Hq in grey, interatomic surfaces
(IAS) in black, bond critical point as �, ring critical point (minimum of ρ) as

N (from ref. [88]).

In addition, the |Vbcp|
Gbcp

indicator allows a more refined classification of the bonds by giv-

ing the relative contribution of potential energy V and kinetic energy G to the local energy

density at the BCP. It distinguishes closed shell ( |Vbcp|
Gbcp

< 1), intermediate (1 <
|Vbcp|
Gbcp

<

2) and open shell (2 <
|Vbcp|
Gbcp

) bonding interactions.[89] Finally, the Hbcp
ρbcp

indicator, where

Hbcp = Gbcp + Vbcp, gives information on the covalent contribution of the bond. If Hbcp
ρbcp

< 0

(|Vbcp| < Gbcp), the bond has a covalent contribution. If Hbcp
ρbcp

> 0 (|Vbcp| > Gbcp), the bond is

purely ionic. Around Hbcp
ρbcp

= 0, the bond is of intermediate nature. The exact form of V and

G which are used for the analysis of the molecular systems (Chapter 3), are obtained from

the values of the wavefunctions.

However, for the periodic systems, for practical reasons, we use the approximation pro-

posed by Abramov[90] which allows us to calculate them exclusively from the charge den-

sity ρ:

Gbcp =
3
10

(3π2)2/3ρ5/3
bcp +

1
6

∆ρbcp (2.31)
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1
4

∆ρbcp = 2Gbcp + Vbcp (2.32)

2.2 Computational details

In the following work, we use two codes. GAUSSIAN09[67] is needed in order to i) study

charged molecular species in vacuum, ii) obtain an output containing the electronic structure

that is compatible with the ELF analysis program TopMod[91]. VASP[68–70] is employed in

order to model the adsorption of molecules on the aluminum surface, by taking advantage

of the periodicity of the system. The calculations are performed using HPC resources from

the regional computing center CALMIP and from the national computing center CINES.

2.2.1 GAUSSIAN09 calculation parameters

Molecular calculations are performed with the GAUSSIAN09 package[67] (version G09RevD.01),

making use of the gradient corrected PBE functional[65, 66] with Grimme’s D3 dispersion

correction[77, 78]. The orbitals are described by the def2TZVP basis set[74, 75]. The ge-

ometries of the studied molecules and complexes are optimized without constraints. Stable

geometries are checked to be energy minima using vibrational analysis. Zero point correc-

tions are included to the total energies. Most of the investigations are done in vacuum, but

in order to approach the experimental conditions and to understand the effect of the solvent

on the various species, the Truhlar and coworkers SMD solvation model[92] is used in part

of the calculations.

2.2.2 VASP calculation parameters

Calculations are performed using the Vienna Ab-Initio Simulation Package (VASP) [68–70]

(version 5.4.4), with the PBE exchange correlation functional[65]. To model the dispersion

part of the van der Waals interactions in the system, which have a significant impact on

the molecule-surface and molecule-molecule interactions [50, 93], Grimmes’s D2 dispersion

correction is used [77, 78]. The newest D3 method is not compatible with the version of

VASP used at the beginning of the thesis. Therefore the D2 method is employed for all

our work for the sake of allowing the comparison of all our results. PAW pseudopotentials
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are used [94, 95] for the description of the interactions between electrons and ions. Spin

polarization is taken into account.

The Equation 2.17 in Section 2.1 shows that Kohn-Sham orbitals can be constructed in a

plane wave basis, and are thus defined as:

ψ(r, k) =
1√
Ω

∑
G

C(G, k)ei(G+k)·r (2.33)

Where Ω is the volume of the unit cell and G is a reciprocal lattice vector verifying :

anGm = 2πδnm (2.34)

The exact description of the orbitals would need an infinite number of G vectors and

plane waves. But as the value of the C coefficient decrease as |k+G| increases, plane waves

used for the wavefunction can be restricted to a finite number with the limit set by the cutoff

energy, defined as:

1
2
|k + G|2 < Ecut (2.35)

Where Ecut is the energy of the plane wave of highest energy.

Based on the optimization of calculation parameters carried out by F. Chiter [56], a cutoff

energy of 450 eV is chosen.

The smearing is a parameter controlling the partial occupation of the electronic states

around the Fermi energy. While the ground state of a system, obtained by DFT, is at T = 0 K,

the discontinuity of occupation between completely occupied and completely unoccupied

states causes convergence issues in the program. Therefore, it is necessary to "soften" the

occupation distribution around the Fermi energy. Several functions can be used to this aim.

In this work, the Methfessel-Paxton smearing [96] is employed, with a parameter of σ = 0.1.

The convergence criterion on the energy for the self-consistent calculation of the wave-

functions and charge density is set to EDIFF = 10−6 eV, and the PREC parameter, controlling

the precision of the FFT grid, is set to PREC = Accurate, unless specified otherwise in the
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chapters hereafter.

Geometry optimization is performed using a combination of conjugate gradient algo-

rithm [97] and RMM-DIIS algorithm [98]. Optimization stopped after the forces on free

atoms reached the value of 5.10−3 eV · Å−1
, unless specified otherwise in the chapters here-

after.

Most calculations are performed in vacuum. However, to model the interaction of water

with the system, we use an implicit solvent model, provided by the VASPsol package [79,

80]. The solvent is given the relative permitivity of 78.4 (LSOL = T, EB_k = 78.4 in VASP),

which is the relative permitivity of water. In addition to simulating the solvent environment

and its effect on the molecule properties, this is also useful to shield the possible interactions,

allowing unbiased calculations for the charged molecule on Al(111), in presence of a non-

interacting counter-ion to compensate the anionic charge and get a neutral simulation cell

(Chapter 4).

2.2.3 Topological analysis

The topological analysis by ELF and QTAIM was made possible thanks to the help of Chris-

tine Lepetit from LCC, Toulouse.

ELF analysis

The ELF analyses presented in this work are performed on electronic structure files obtained

from GAUSSIAN09 calculations using the TopMod program[91].

QTAIM analysis

For molecular calculations, the charge density and Laplacian of the charge density at Bond

Critical Points (BCP) ρbcp and ∆ρbcp, as well as the kinetic and potential energy densities at

Bond Critical Points Gbcp and Vbcp, are calculated from the GAUSSIAN09 output files using

the AIMAll program[99]. The QTAIM atomic charges are calculated using the the TopMod

program[91].
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For periodic calculations, ρbcp and ∆ρbcp are calculated from the VASP output files us-

ing the AIM-UC program[100]. From these values are calculated the energy densities Gbcp

and Vbcp, using the Abramov formulation (See Section 2.1). The QTAIM atomic charge are

calculated using the executable developed by the Henkelman group[101].

Geometry visualization

The geometries presented in this work are obtained from the Molekel[102] and VESTA[103]

visualization programs.

2.3 Conclusion

In this chapter, after presenting the basics of DFT, we detailed the different approximations

used for the calculations: exchange correlation functional and pseudopotentials. We showed

the two types of basis set used for our calculations, i.e. atomic orbitals for calculation of iso-

lated species, and plane waves, preferred for calculation of periodic systems, in our case

surfaces. While most of the calculations are done in vacuum, the use of an implicit solvant

model, based on the Poisson-Boltzmann equation, allows us to simulate the aqueous en-

vironment of the studied systems. Moreover, ab initio molecular dynamics, employing the

Langevin thermostat, was introduced to simulate thermal agitation, allowing us to explore

the configuration space of a system. The two topological analyses used in this work on

electronic structure determined by DFT calculations were presented and proved useful to

determine the nature of the bonds in the systems. The ELF topological analysis makes use

of the wavefunctions and charge density to map the electron pair localization, in correspon-

dence with the Lewis model. The QTAIM analysis is based on the charge density value

and curvature, and on energy density descriptors. For all these steps, the corresponding

programs were presented, and the general parameters chosen. Throughout next chapters,

parameters used only for given calculations will be specified. In the next chapter are pre-

sented the results of our work using molecular calculations.
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Chapter 3

Study of the chelation of an aluminum

cation by Hq derivatives

The solubility, light emission, and corrosion inhibition properties of the Hq and its deriva-

tives, noted HqX and introduced in Chapter 1, are shown to be different depending on the

groups located on the ortho and para sites of the phenol ring of the molecule (H, Br and

SO3H/SO –
3 ). In this chapter, we use dispersion corrected Density Functional Theory calcu-

lations to investigate the interactions of the Hq and its derivatives with aluminum cations.

To that aim, we first determine optimized geometries in vacuum and water of free Hq, HqBr

and HqSH molecules with various forms of the hydroxyl group (native and deprotonated)

and then perform ELF and QTAIM analysis of their electronic structures. In order to get a

direct insight on the chelating properties of the molecules, a similar investigation is carried

out for the complexes formed between three deprotonated molecules and an Al3+ ion.

3.1 Computational Details

3.1.1 Presentation of the molecules

The molecules studied in this work are the 8-hydroxyquinoline (Hq), the 5,7-dibromo-8-

hydroxyquinoline (HqBr) and the 8-hydroxyquinoline-5-sulfonic acid (HqSH) (See Figure

1.1 in Chapter 1. In solution, these molecules exist in several forms, depending on the pH

of the solution. At neutral pH (5.13 < pH < 9.89 for the Hq molecule[2, 3]), the molecules

are in their native form. In this case, the hydroxyl group on the phenol ring is in its OH

form (native Hq is shown Figure 3.1(a)). At basic pH (pH > 9.89 for the Hq molecule), the
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hydroxyle group on the phenol ring is in its phenolate O− form. The sulfonic acid group

(SO3H/SO –
3 ) of the HqSH molecule has a negative pKa [4, 104, 105], indicating that the SO3H

form is predominant only in extremely acidic solutions. While such a form of the HqSH only

exists at extreme conditions, this molecule is nevertheless studied in this work with sulfonic

acid groups in both SO3H and SO –
3 forms, for two reasons: i) The SO3H form can be seen as a

model of a SO –
3 group interacting with a counter ion of charge +1. ii) It is necessary in order

to obtain a molecule model of neutral charge, which is needed in later periodic calculations

(Chapter 4 and 5). The forms of the 8-hydroxyquinoline-5-sulfonic acid containing a SO3H

group are noted HqSH in the following work, while the forms containing a SO –
3 group are

noted HqS. To sum up, he native molecules are noted Hq, HqBr, HqS and HqSH, and the

deprotonated molecules are noted q−, qBr−, qS2− and qSH−. The notations HqX and qXn−

(n = 1 or 2) are used to designate all four molecules, respectively in native, dehydrogenated

and deprotonated forms (X = H, Br, SO –
3 , SO3H).

FIGURE 3.1: Hq molecule with atom labels. (a) Native Hq molecule. (b) De-
protonated q− anion.

3.1.2 DFT calculations

The results presented in this chapter are obtained using molecular DFT calculations, per-

formed with the GAUSSIAN09 package [67], using the PBE functional [65, 66] with Grimme’s

D3 dispersion correction [77, 78], and the def2TZVP basis set[74, 75]. In specific cases, the

SMD solvation model[92] is employed.

The complex formation energies are calculated in vacuum and in water from the total

energies of the Al(qX)n−
3 (n = 0 or 3) complexes, Al3+ ion and deprotonated (qX)n− (n = 1 or

2) molecules:
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Ecx
f orm = Ecx − 3Edeprot mol − EAl3+

(3.1)

Where Edeprot mol is the total energy of the free deprotonated molecule and EAl3+
is the

total energy of the free Al3+ cation.

3.2 Free molecules and anions

3.2.1 Geometries of the molecules

We first present the geometries of the native and deprotonated forms of Hq, to show the

influence of the deprotonation on the geometry of the molecule. The effect of solvent on

the geometry is discussed, and the geometries are compared to the one measured experi-

mentally. Then, the geometries of the Hq derivatives are presented and compared in their

deprotonated form in order to obtain a first insight on the influence of the X groups.

Comparison of the geometries of the Hq forms

The bond lengths in native (Hq) and deprotonated (q−) forms are presented in Table 3.1. The

geometries of the native Hq molecule in vacuum and in water are close to the experimentally

determined geometry of the Hq native form in crystal state[106], with a maximum difference

of ∆dC4−C5 = 0.038 Å. The comparison between the Hq species in vacuum versus in water

shows very close bond lengths, with highest differences obtained for the C4-O1 bond, which

is 0.017 Å longer in water than in vacuum. This shows a slight influence of the presence of

the solvent on the geometry of the molecule. In vacuum, we first notice that the C4-O1

bond is shorter for the deprotonated form, compared to the native form (∆dC4−O1 = 0.094

Å). The removal of H+ also affects the C-C bonds close to the O1 atom, with differences

of up to ∆dC4−C5 = 0.064 Å. The similarity between the Hq geometry obtained from our

calculations and the experimental geometry indicates that the calculation parameters are

sufficient to model the Hq. As the deprotonated form (q−) is the chelating species leading to

the formation of Alq3 complexes, this form will be used for the comparisons of HqX species

carried out below.
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TABLE 3.1: Bond lengths (in Å) in native Hq and deprotonated q− forms op-
timized in vacuum and in water.

Species Hq q−

Vacuum Water Exp.[106] Vacuum Water
dC1−C2 1.383 1.382 1.365 1.396 1.388
dC2−C3 1.418 1.414 1.427 1.394 1.404
dC3−C4 1.384 1.383 1.371 1.442 1.421
dC4−C5 1.431 1.428 1.393 1.495 1.473
dC5−C6 1.429 1.429 1.428 1.451 1.441
dC6−C7 1.418 1.418 1.402 1.420 1.420
dC7−C8 1.380 1.379 1.357 1.380 1.378
dC8−C9 1.415 1.414 1.389 1.412 1.411
dC1−C6 1.418 1.419 1.410 1.413 1.418
dC4−O1 1.351 1.368 1.367 1.257 1.295
dC5−N1 1.360 1.364 1.374 1.353 1.364
dC9−N1 1.324 1.327 1.331 1.327 1.328
dO1−H 0.991 0.988 1.00

Comparison of the geometries of the qXn− (n = 1 or 2) anions

The geometries of the q−, qBr−, qS2− and qSH− molecules are presented in Figure 3.2. Cor-

responding bond lengths are summarized in Table 3.2. By comparing the three fully depro-

tonated species (q−, qBr−, qS2−), we notice few differences in bond lengths. The highest

differences are obtained for the C4-O1 bond, with values of dC4−O1 of 1.257 Å, 1.246 Å and

1.267 Å respectively for q−, qBr− and qS2−. The qSH− species stands out from the other

species in term of geometry, with variations of geometry between qS2− and qSH− around

the O1 and N1 atoms (∆dC4−O1 = 0.019 Å, ∆dC5−N1 = 0.031 and ∆dC9−N1 = 0.023 Å). The

substitution of the ortho and para H atoms by Br and SO –
3 groups only slightly impact the

geometries of the molecules. The neutralization of the SO –
3 group of qS2− to give qSH−

modifies the geometry around the atoms implicated in chelation, possibly modifying the

chelating properties.
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FIGURE 3.2: Deprotonated qXn− (n = 1 or 2) species optimized in vacuum.

TABLE 3.2: Bond lengths (in Å) in the q−, qBr−, qS2− and qSH− anions.

Species q− qBr− qS2− qSH−

dC1−C2 1.396 1.389 1.393 1.409
dC2−C3 1.394 1.391 1.397 1.379
dC3−C4 1.442 1.444 1.433 1.443
dC4−C5 1.495 1.498 1.493 1.501
dC5−C6 1.451 1.452 1.454 1.444
dC6−C7 1.420 1.418 1.423 1.421
dC7−C8 1.380 1.380 1.380 1.382
dC8−C9 1.412 1.409 1.410 1.404
dC1−C6 1.413 1.411 1.424 1.434
dC4−O1 1.257 1.246 1.267 1.248
dC5−N1 1.353 1.349 1.358 1.327
dC9−N1 1.327 1.326 1.326 1.349
dC1−Br1 1.935
dC3−Br2 1.921
dC1−S1 1.810 1.731
dS1−O2 1.486 1.460
dS1−O3 1.483 1.451
dS1−O4 1.486 1.667
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3.2.2 Topological analyses of qXn− (n = 1 or 2) anions

ELF analysis

The ELF attractors of the q− species and the electron populations in their associated basins

are shown in Figure 3.3 (b). Population values in the V(C,C) basins of the aromatic cycles

are of about 2.5 e− to 3 e− for each basin related to a C-C bond, which is to be expected for

bonds in aromatic cycles. More globally, the populations are consistent to what has been

found with topological analysis on naphthalene derivatives[86, 107, 108]. As the qXn− (n = 1

or 2) molecules interact with the aluminum cation by the O1 and N1 atoms, special interest

is given to the ELF basins close to these atoms. As this work as well as previous work[50, 51]

shows that the q− molecule interacts with the Al(111) surface by the C7 atom, ELF basins

close to this atom is also investigated. The populations in the V(C7,C6) and V(C7,C8) basins

are respectively of 2.59 e− and 2.97 e−, expected values for aromatic rings. In addition to

the V(C4,O1) basin associated to the C4-O1 bond, two monosynaptic basins V(O1)a and

V(O1)b are found, corresponding to the lone pairs on O1. Population in the V(C4,O1) basin

is of 1.94 e−, while V(O1)a and V(O1)b have populations of 2.88 e− and 2.76 e− respectively.

The values on the two monosynaptic basins, summing to up to almost 6 e−, are consistent

with the mesomeric form of the q− species shown Figure 3.3 (c). The difference between the

two populations is the result of the asymmetry of the molecule. On the N1 atom, population

of the monosynaptic basin V(N1) is of 2.74 e−, which is higher than the expected population

of a lone pair (2 e−). This suggests a significant contribution of the pyridine mesomeric form

(Figure 3.3 (c)).

FIGURE 3.3: Deprotonated q− molecule. (a) Atom labels. (b) Map of ELF
attractors and their associated electron populations (in e−) in red; QTAIM

atomic charges (in e) in blue. (c) Phenolate and pyridine mesomeric forms.

Populations of interest in the q−, qBr−, qS2− and qSH− are summarized in Table 3.3.

Only very slight differences between species are found, indicating no significant change in
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electronic structure in the proximity of the O1, N1 and C7 atoms when the H atoms on C1

and C3 atoms are substituted by Br, SO –
3 and SO3H groups.

TABLE 3.3: Comparison of the population (in e−) of selected ELF basins of the
q−, qBr−, qS2− and qSH− species.

Species q− qBr− qS2− qSH−

V(C4,O1) 1.94 2.00 1.88 2.02
V(O1)a 2.88 2.83 2.92 2.82
V(O1)b 2.76 2.76 2.79 2.79
V(N1) 2.74 2.72 2.76 2.73
V(C5,N1) 2.29 2.30 2.31 2.27
V(C9,N1) 2.44 2.44 2.43 2.45
V(C7,C6) 2.59 2.60 2.57 2.63
V(C7,C8) 2.97 2.94 2.96 2.91

QTAIM analysis

The QTAIM atomic charges are also indicated in Figure 3.3 (a) for the q− species, and in

Table 3.4 for q−, qBr−, qS2− and qSH− for all C, O, N Br, and S atoms. We focus our analysis

on the known reactive atoms i.e. the O1 and N1 atoms. Strong negative net charges are

found on O1 and N1 atoms, with values of -1.10 e to -1.16 e for qO1 and -1.02 e to -1.04 e

for qN1. This is also consistent with the mesomeric form presented in Figure 3.3 (c), and

confirms that the electronic structure at the O1 and N1 atoms is not significantly impacted

by the substitution of the H atoms of the cycles by the Br, SO –
3 and SO3H groups.
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TABLE 3.4: QTAIM atomic (in e) charges on the deprotonated q−, qBr−, qS2−

and qSH− species.

Species q− qBr− qS2− qSH−

qC1 -0.14 -0.12 -0.16 -0.22
qC2 -0.09 -0.03 -0.09 -0.07
qC3 -0.17 -0.14 -0.17 -0.14
qC4 +0.84 +0.89 +0.81 +0.87
qC5 +0.39 +0.40 +0.37 +0.40
qC6 -0.02 +0.01 -0.02 +0.00
qC7 -0.10 -0.08 -0.08 -0.10
qC8 -0.12 -0.10 -0.12 -0.10
qC9 +0.42 +0.43 +0.40 +0.43
qO1 -1.13 -1.10 -1.16 -1.10
qN1 -1.03 -1.02 -1.04 -1.02
qBr1 -0.18
qBr2 -0.15
qS1 +3.02 +2.77
qO2 -1.31 -1.26
qO2 -1.31 -1.26
qO3 -1.31 -1.13

3.3 Al(qX)n−
3 (n = 0 or 3) complexes

The Hq, HqBr and HqSH molecules are known to have chelating properties, meaning they

can bind metal atoms, forming complexes. A maximum of 3 deprotonated molecules qXn−

(n = 1 or 2) can bind to the aluminum ion, leading in that case to a complex noted Al(qX)n−
3

(n = 0 or 3). As explained in Chapter 1, this species exists in two isomers, called meridional

and facial, noted mer and fac in this work. For Alq3 in vacuum, the mer isomer is found to be

138 meV more stable than the fac isomer (173 meV in literature [109]). In water at 0 K the fac

isomer is more stable than the mer isomer by 11 meV. Experimentally, the mer isomer is the

one mainly observed in solution at room temperature [110–113]. Therefore, the following

study is restricted to the mer isomer of each complex: The mer complexes studied in this

work are noted Alqmer
3 , Al(qBr)mer

3 , Al(qS)3−mer
3 and Al(qSH)mer

3 (see Figure 3.4), respectively

obtained by the bonding of three q−, qBr−, qS2− or qSH− molecules with an aluminum

cation.
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FIGURE 3.4: Geometries of the Alqmer
3 , Al(qBr)mer

3 , Al(qS)3−mer
3 and

Al(qSH)mer
3 complexes optimized in vacuum. The three molecules in a com-

plexes are noted from A to C.

3.3.1 Formation energies of Al(qX)n−
3 (n = 0 or 3) in vacuum and in water

The formation energies in vacuum of all complexes are compared in Table 3.5. The formation

energy is lower in magnitude for the Al(qBr)mer
3 and Al(qSH)mer

3 complexes (-58.19 eV and

-57.77 eV respectively) than for the Alqmer
3 complex (-59.71 eV), and the Al(qS)3−mer

3 has the

strongest formation energy in magnitude (-63.97 eV). These energies indicate in all cases

strong interactions of the molecules with the aluminum ion. The same calculations were

performed in the presence of solvent (SMD solvation model[92] proposed by Truhlar et al..),

leading to lower differences between formation energies of the complexes (-24.30± 0.29 eV),

which shows similar strength of interactions between all qXn− (n = 1 or 2) species with the

Al cation in aqueous environment.

TABLE 3.5: Complex formation energy Ecx
form (in eV) of the four complexes in

vacuum. For ∆Ecx
f orm, the reference is the energy of the Alqmer

3 complex.

Species Alqmer
3 Al(qBr)mer

3 Al(qS)3−mer
3 Al(qSH)mer

3

Ecx
f orm -59.71 -58.19 -63.97 -57.77

∆Ecx
f orm 0 1.52 -4.26 1.94
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3.3.2 Geometries of the Al(qX)n−
3 (n = 0 or 3) complexes

The O1-Al and N1-Al bond lengths in the complexes are summarized in Table 3.6. They are

of 1.875± 0.015 Å for O1-Al and 2.072± 0.030 Å for N1-Al, showing no significant difference

between complexes, meaning that the substitution of the H atoms on the phenol ring by the

Br atoms or by SO3H/SO –
3 groups does not influence the geometry of the complex around

the Al atom. The length of the O1-Al bond and N1-Al bond are respectively very close to

the sum of the ionic radii of the Al and O atoms (∼ 1.9 Å), and to the sum of the ionic radii

of the Al and N atoms (∼ 2.0 Å). This is a first indication of the ionic nature of the bonds.

TABLE 3.6: Bond lengths (in Å) in the Alqmer
3 , Al(qBr)mer

3 , Al(qS)3−mer
3 and

Al(qSH)mer
3 complexes, in molecules A, B and C of the complexes (see Figure

3.4).

Species Alqmer
3 Al(qBr)mer

3 Al(qS)3−mer
3 Al(qSH)mer

3

A
dO1−Al 1.894 1.888 1.899 1.892
dN1−Al 2.045 2.045 2.053 2.042

B
dO1−Al 1.863 1.860 1.871 1.867
dN1−Al 2.058 2.057 2.066 2.056

C
dO1−Al 1.891 1.886 1.896 1.890
dN1−Al 2.101 2.100 2.100 2.088

3.3.3 Topological analysis of Al(qX)n−
3 (n = 0 or 3) complexes

ELF analysis

In Table 3.7 are presented the average ELF populations of the valence basins associated to

the O1-Al and N1-Al bonds V(O1)a, V(O1)b and V(N1) for the four complexes. Values for

the C molecule of the complex and the Al3+ ion are shown in red in Figure 3.5. First, it is

worth noting that no disynaptic V(Al,O1) or V(Al,N1) basins is found, indicating that the

O1-Al and N1-Al bonds are not strongly covalent. In the Alqmer
3 complex, a reorganisation

of the ELF populations takes place on O1 and N1 atoms upon formation of the complex. The

dissymmetry between the monosynaptic V(O1)a and V(O1)b basins is stronger in the com-

plex (average values of V(O1)a = 2.31 e− and V(O1)b = 3.70 e−) than in the free q− molecule

(V(O1)a = 2.88 e− and V(O1)b = 2.76 e−), reflecting the strong reduction of symmetry of the
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TABLE 3.7: ELF populations (in e−) around the Al3+ ion in Alqmer
3 , Al(qBr)mer

3 ,
Al(qS)3−mer

3 and Al(qSH)mer
3 complexes. Populations are averaged over the A,

B and C molecules of the complexes.

Species Alqmer
3 Al(qBr)mer

3 Al(qS)3−mer
3 Al(qSH)mer

3

V(O1)a 2.31 2.30 2.29 2.34
V(O1)b 3.70 3.69 3.75 3.62
V(N1) 2.78 2.80 2.80 2.80

FIGURE 3.5: Part of the Alqmer
3 complex. ELF populations (in e−) in red,

QTAIM atomic charges (in e) in red.

geometry. The sum of the V(O1)a and V(O1)b is higher in the complex (6.01 e−) than in the

free molecule (5.64 e−), while the V(C4-O1) basin population is smaller in the complex (1.64

e−) than in the free q− molecule (1.94 e−). Only a small reorganisation takes place in the

V(N) basin (2.74 e− to 2.78 e−) upon formation of the complex. The comparison of the pop-

ulations in the four complexes suggests similar bonds formed between the qXn− (n = 1 or 2)

species, and the Al3+ ion.

QTAIM analysis

The nature of the bonding can be further characterized using descriptors obtained from the

QTAIM theory. These descriptors, based on the charge density ρ at the bond critical points

(BCP) of the bonds, are presented in Table 3.8 for the O1-Al and N1-Al bonds of the com-

plexes. For practical purposes, the values are given in atomic units. In the Alqmer
3 complex, a

very small value of the charge density at BCP ρbcp, as well as a positive Laplacian ∆ρbcp, are

found for both O1-Al and N1-Al bonds. This indicates a closed shell bonding, i. e. a bond
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TABLE 3.8: Relevant QTAIM descriptors (in a.u.) related to the O1-Al and N1-
Al bonds in Alqmer

3 complexes. Descriptors are averaged over the three O1-Al
and N1-Al bonds.

Species Alqmer
3 Al(qBr)mer

3 Al(qS)3−mer
3 Al(qSH)mer

3

BCP O1-Al
ρbcp 0.071 0.072 0.070 0.071
∆ρbcp 0.397 0.403 0.388 0.397
|Vbcp|
Gbcp

1.06 1.06 1.06 1.06
Hbcp
ρbcp

-0.09 -0.08 -0.09 -0.08

BCP N1-Al
ρbcp 0.053 0.053 0.053 0.054
∆ρbcp 0.223 0.223 0.219 0.227
|Vbcp|
Gbcp

1.09 1.09 1.09 1.09
Hbcp
ρbcp

-0.10 -0.11 -0.11 -0.11

where the charge density is concentrated near the atoms rather than in the neighbourhood

of the BCP. The |Vbcp|
Gbcp

indicator allows to locate the bond on a scale containing ionic, inter-

mediate and covalent bonds. For instance, the value of 1.06, obtained for the O1-Al bond,

indicates a bond of intermediate nature, almost purely ionic, as the limit between ionic and

intermediate region is 1. This is also true for the N1-Al bond ( |Vbcp|
Gbcp

= 1.09). The covalent

domain corresponds to values of |Vbcp|
Gbcp

higher than 2. For instance, the C1-C2 bond of the

phenol ring has a |Vbcp|
Gbcp

value of 3.98. Finally, the small negative value of Hbcp
ρbcp

for both O1-

Al and N1-Al shows a slight covalent contribution to the bond, which is consistent with

what suggested the |Vbcp|
Gbcp

indicator. In addition to this, the QTAIM atomic charge on the

aluminum atom has a value of +2.49 ± 0.01 e in all four complexes, indicating very similar

AlI I I oxidation state of the ion in all complexes.

QTAIM analysis performed by Murgich et al. on Feq3, Mnq3 and Coq3 [88] shows close

values for Feq3 ( |Vbcp|
Gbcp

= 1.07 for O-Fe and |Vbcp|
Gbcp

= 1.08 for N-Fe), while Mn3 and Co3 have a

higher covalence contribution to the bonds (up to |Vbcp|
Gbcp

= 1.19).

The comparison of these indicators for the four complexes shows once again very similar

values, meaning that O1-Al and N1-Al bonds are similar in all complexes.
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3.4 Conclusion

In this chapter, we investigated the influence of the X groups at para and ortho positions of

the phenol ring of the qXn− (n = 1 or 2) anions on the geometrical, electronic, and aluminum

chelating properties of these anions. For the free qXn− (n = 1 or 2) anions and Al(qX)n−
3 (n =

0 or 3) complexes, the X substituents (H, Br, SO –
3 , SO3H) influence only locally the geometry

and electronic structures of the species, and thus do not change the metal-ligands interac-

tion. In all complexes, ionic bonding of the qXn− (n = 1 or 2) anions with the aluminum

cation was shown to be very similar, with only a slight covalent contribution to the bond-

ing. The charge on the aluminum ion was determined to be the same for all complexes, i.e.

+2.49 e. The complex formation energies were found to be different between complexes,

when calculated in vacuum, but much closer when calculated in water, i.e. closer to ex-

perimental conditions (-24.30 ± 0.29 eV). These results show that the differences in experi-

mentally determined properties between these species do not originate in a modification of

the electronic structure of the qXn− anions or Al(qX)n−
3 complexes by the influence of the X

groups, but on other factors such as the interaction of the the X groups with the environment

(solvant, surface). In the following chapters, to get a better understanding of the interaction

of the X groups with the surfaces, focusing on the corrosion inhibition properties of the stud-

ies species, periodic calculations of the adsorption of the molecules on an aluminum surface

are presented.
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Chapter 4

Periodic calculations: Free molecules

and complexes, bare surfaces

Starting from this chapter, periodic calculations are employed (Chapter 4 to 6). This allows

an accurate description of metallic surfaces, which are used for the study of the adsorption

of the molecules on an Al(111) surface. In this chapter, the free molecules, complexes and

surface models employed in Chapters 5 and 6 are detailed. Their properties are studied

with respect to the calculation parameters, and are compared to experimental data in order

to evaluate the validity of the models. In the case of the complexes, a systematic study of

systems composed of n (n = 1, 2 or 3) dehydrogenated Hq molecules with an Al atom is

carried out in order to better understand the interactions responsible for the stability of the

complex.

4.1 Free molecules and complexes

4.1.1 Computational details

Periodic DFT calculation are performed using VASP[68–70], with the PBE-D2 functional[65,

77, 78] and the PAW pseudopotentials[94, 95].
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Molecules

For the modeling of the deprotonated species, two different models are used to : a neutral

dehydrogenated form and a charged deprotonated form. Dehydrogenated forms are neu-

tral radicals obtained from the homolytic dissociation of the OH group from the native form.

They are noted q, qBr, qS and qSH. The notation qX is used to designate all four of these de-

hydrogenated species. Deprotonated forms (q−, qBr−, qS2− and qSH−) are charged species

obtained from the removal of H+ protons from the hydroxyl group of the native form. Al-

though the deprotonated form is closer to the molecule found in experimental conditions

at basic pH, the dehydrogenated form is used in molecule adsorption studies, because it

is more convenient to work on neutral systems for periodic systems. The validity of this

approximation is discussed in Chapter 5.

Simulation cells are set to be of 20× 21× 22 Å
3

for neutral species, i.e. native and de-

hydrogenated forms, which is enough to make interactions between images insignificant.

Calculations are performed at gamma point of the reciprocal space.

In order to simulate the solvent environment and its effect on the molecule properties,

we use an implicit solvent model, provided by the VASPsol package [79, 80]. In the presence

of solvent, we also achieve to study deprotonated forms, therefore charged species qXn− (n

= 1 or 2).

In the case of isolated charged species, the VASP calculations can be challenging, as con-

vergence is difficult to reach when the total system in the cell is charged. To avoid this

problem, we keep the total charge of the cell neutral by adding a cation in the cell, with

the adequate charge to obtain the desired negative charge on the molecule. For example,

the addition of a Mg2+ cation in the cell allows us to obtain a molecule of charge -2 e. This

was checked by QTAIM analysis in all calculations. In that case, we use an implicit solvent

model which shields interactions between the molecule and the counter-ion, as well as in-

teractions between periodic images. In order to obtain a high enough distance between the

molecule and the ion, 25× 26× 27 Å
3

simulation cells are chosen for the charged species.

The molecule and ion were proved to be isolated as a larger cell and longer molecule-ion

distance led to similar total energy. An example of such a cell is shown in Figure 4.1.
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FIGURE 4.1: qS2− and Mg2+ simulation cell used for periodic calculations. In
orange : Mg2+ ion. Shortest distance between qS2− anion and Mg2+ is of 18

Å.

Complexes formed from n q molecules (n = 1, 2 or 3) and an Al atom

The complexes formed by an Al atom and one to three dehydrogenated q molecules, i.e.

the Alq, Alq2 and Alq3 are presented in Figure 4.2. For Alq3, both free isomers Alqmer
3 and

Alq f ac
3 are studied in this chapter.

All complexes are optimized in 32× 31× 30 Å
3

cells, except for Alq which is optimized in

a 22× 21× 20 Å
3

cell. The reciprocal space is sampled by a gamma point. All calculations are

performed in vacuum. Due to steric hindrance, it is not possible to add a fourth q molecule.

The n molecules are denoted from A to C (see Figure 4.2).

The complex formation energy is the energy associated to the formation of an Alqn (n = 1, 2

or 3) complex from one Al atom and n q molecules and is defined by:

Ecx
f orm = Ecx − nEmol − EAl atom (4.1)

Where Ecx is the total energy of the free optimized Alqn complex, n is the number of

q molecules in the complex, Emol is the total energy of the free optimized q molecule and

EAl atom is the energy of the free Al atom. Because we use a periodic approach, the refer-

ences are neutral species (q molecule and Al atom), unlike in Chapter 3 where the references

are charged species (q− anion and Al3+ cation), therefore the complex formation energies

calculated below and those calculated in Chapter 3 are not to be compared directly. In this
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FIGURE 4.2: Alqn (n = 1, 2 or 3) complex geometries.

work, the energy of the deprotonated molecule will be noted Edeprot mol while the energy of

the dehydrogenated molecule will be noted Emol .

Interaction energies allow to quantify the interaction between several parts of a system.

The interaction energy between the n q molecules and the Al atom in the Alqn complex is

defined by:

En mol/Al
int = Ecx − En mol

SP − EAl atom (4.2)

Where En mol
SP is the total energy of the n q molecules at the geometry of the Alqn complex,

without the Al atom.

The inter-molecular interaction energy is the interaction energy between the n q molecules

of the complex and is defined by:
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Einter−mol
int = En mol

SP − ∑
i=A,...

Emoli
SP (4.3)

Where ∑i=A,... Emoli
SP is the sum of the energies of the isolated n molecules calculated sep-

arately at the geometry of the Alqn complex.

For example, the inter-molecular energy in Alq3 is equal to:

Einter−mol
int = E3 mol

SP − EmolA
SP − EmolB

SP − EmolC
SP (4.4)

The deformation energy of the n molecules in the Alqn (n = 1, 2 or 3) complex is defined

as :

En mol
de f = ∑

i=A, ...
Emoli

SP − nEmol (4.5)

As an example, the deformation energy of the 3 q molecules in Alq3 is equal to:

E3 mol
de f = EmolA

SP + EmolB
SP + EmolC

SP − 3Emol (4.6)

4.1.2 Free Hq molecules, dehydrogenated and deprotonated species

Geometries of the free native Hq, dehydrogenated q and deprotonated q−molecules are pre-

sented in Table 4.1. The q− anion is only calculated in water so as to screen the interactions

between periodic images, as well as interactions between q− and Na+. Geometries are sim-

ilar to those calculated with the molecular approach (GAUSSIAN09, PBE-D3/def2TZVP) in

Chapter 3, also reported in Table 4.1 for the q molecule and q− anion. Variations between

species are consistent, with for example a longer C4-O1 bond in q− than in q. The solvent

model used for the molecular approach and for the periodic approach also lead to similar

molecule geometries in water. Geometries HqBr, HqS and HqSH in native, dehydrogenated

and deprotonated forms are given in Appendix A. The results validate our calculation pa-

rameters (PBE-D2/PAW, Ecut = 450 eV, σ = 0.1 MP smearing), and these molecule models

will be used in the work presented in Chapter 5 and 6.
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TABLE 4.1: Bond lengths (in Å) in native Hq, dehydrogenated q and deproto-
nated q− forms in vacuum and in water.

Species Hq q q−

Vacuum Exp.[106] Vacuum Vacuum† Water Water Water†

dC1−C2 1.384 1.365 1.400 1.398 1.401 1.391 1.388
dC2−C3 1.415 1.427 1.387 1.386 1.387 1.403 1.404
dC3−C4 1.385 1.371 1.457 1.454 1.451 1.428 1.421
dC4−C5 1.431 1.393 1.497 1.495 1.490 1.481 1.473
dC5−C6 1.431 1.428 1.430 1.429 1.427 1.445 1.441
dC6−C7 1.418 1.402 1.414 1.413 1.414 1.421 1.420
dC7−C8 1.381 1.357 1.384 1.382 1.384 1.380 1.378
dC8−C9 1.417 1.389 1.409 1.412 1.408 1.415 1.411
dC1−C6 1.419 1.410 1.426 1.424 1.426 1.417 1.418
dC4−O1 1.355 1.367 1.249 1.243 1.259 1.284 1.295
dC5−N1 1.361 1.374 1.344 1.342 1.347 1.363 1.364
dC9−N1 1.325 1.331 1.334 1.332 1.338 1.330 1.328
dO1−H 0.990 1.00

† Molecular calculation from Chapter 3.

4.1.3 Free Alqn (n = 1, 2 or 3) complexes

The formation, interaction and deformation energies as well as van der Waals contributions

are presented in Table 4.2. The lengths of the O1-Al and N1-Al bonds in the complexes are

presented in Table 4.3, and the charges on the Al, O1 and N1 atoms are summarized in Table

4.4. The dipole moments of the Alq3 complexes are given in Figure A.1 of Appendix A, and

discussed in Chapter 6.

The complex formation energy Ecx
f orm values show that the complex is highly stabilized

by each addition of a q molecule. Van der Waals interactions only weakly contribute to this

energy, with values ranging from -0.07 eV for Alq to -0.71 eV for Alq f ac
3 , on a total formation

energy ranging from -4.99 eV for Alq to -13.74 eV for Alqmer
3 . For n = 3, the mer isomer is

found to be 125 meV more stable than the fac isomer. The formation energy per molecule be-

comes smaller as n increases, with values ranging from -4.99 eV for Alq to -4.54 eV for Alq f ac
3 .

The interaction energy between the molecules and the Al atom En mol/Al
int shows a very strong

bonding, with values of interaction energy per molecule En mol/Al
int /n ranging from -5.02 eV

to -5.39 eV. The van der Waals contribution to En mol/Al
int is very low, with values ranging from

-0.07 eV for the Alq to -0.22 eV for the Alqmer
3 and Alq f ac

3 complexes. The interaction between

molecules, quantified by the Einter−mol
int energy, are repulsive as the energy values are positive

(0.24 eV to 0.61 eV). The stabilizing contributions of the van der Waals interactions to this

energy are especially strong for the Alq3 species (-0.45 eV and -0.52 eV).
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TABLE 4.2: Alqn (n = 1, 2 or 3) formation energies and their van der Waals con-
tributions, formation energy per molecule, interaction energies and their van
der Waals contributions, interaction energies per molecule and deformation

energies (in eV).

Species Alq Alq2 Alqmer
3 Alq f ac

3

Ecx
f orm -4.99 -9.51 -13.74 -13.61

Ecx
f orm(vdW) -0.07 -0.21 -0.64 -0.71

Ecx
f orm/n -4.99 -4.75 -4.58 -4.54

En mol/Al
int -5.35 -10.79 -15.20 -15.06

En mol/Al
int (vdW) -0.07 -0.14 -0.22 -0.22

En mol/Al
int /n -5.35 -5.39 -5.07 -5.02

Einter−mol
int +0.24 +0.56 +0.61

Einter−mol
int (vdW) -0.09 -0.45 -0.52

En mol
de f +1.04 +0.90 +0.83

TABLE 4.3: Bond lengths (in Å) in the A, B and C parts of the Alqn (n = 1, 2 or
3) complexes.

Species Alq Alq2 Alqmer
3 Alq f ac

3

A
dO1−Al 1.848 1.770 1.891 1.856
dN1−Al 2.187 1.897 2.039 2.097

B
dO1−Al 1.770 1.860 1.855
dN1−Al 1.897 2.052 2.099

C
dO1−Al 1.888 1.856
dN1−Al 2.092 2.103

The lengths of the O1-Al (1.844 ± 0.074 Å) and N1-Al (2.051 ± 0.154 Å) bonds indicate

chemical bonding between the molecules and the Al atom, which is in accordance with the

high energy values. In the geometrically symmetrical Alq2 complex are found the short-

est bonds, as well as the highest molecule deformation energy (+1.04 eV for two molecules

versus +0.90 eV and +0.83 eV for three molecules in the Alqmer
3 and Alq f ac

3 complexes respec-

tively). The bond lengths found for the Alqmer
3 and Alq f ac

3 complexes are in accordance with

experimental[23, 114] and theoretical[109, 115, 116] studies.

The charge on the Al atom is +0.86 e for Alq and ranges from +2.41 e to +2.45 e for Alq2,

Alqmer
3 and Alq f ac

3 . The Al atom is close to the AlI oxidation state in the case of Alq, and

close to the AlI I I oxidation state in the case of other complexes, which is consistent with the

electronic structure of the Al atom (3s23p1). It is clear that the addition of a molecule leading

to the transition of an AlI state to an AlI I I state (Alq to Alq2) is more stabilizing (∆En mol/Al
int
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TABLE 4.4: QTAIM atomic charges (in e) on the Al, O1 and N1 atoms of the
Alqn (n = 1, 2 or 3) complexes.

Species q Alq Alq2 Alqmer
3 Alq f ac

3

qAl +0.86 +2.41 +2.45 +2.45

A
qO1 -0.96 -1.31 -1.30 -1.35 -1.25
qN1 -1.15 -1.37 -1.42 -1.33 -1.34

B
qO1 -1.30 -1.35 -1.25
qN1 -1.42 -1.27 -1.36

C
qO1 -1.26 -1.26
qN1 -1.27 -1.36

= -5.44 eV) than the addition of a molecule that does not change the oxidation state (Alq2 to

Alq3, ∆En mol/Al
int = -4.27 for the mer isomer and ∆En mol/Al

int = -4.41 eV for the fac isomer). For

all complexes, the O1 and N1 atoms receive electrons upon complex formation.

Overall, our calculations show that all complexes display strong bonding between the

Al atom and the n molecules, associated with high charge transfers leading to AlI or AlI I I

oxidation states. Up to three q molecules can form bonds with the Al atom, and the most

stable complex formed with three q molecules is the Alqmer
3 isomer, which is in accordance

with experimental studies [110–113]. Distances and atomic charges obtained for the Alqmer
3

are consistent with the values calculated with Gaussian in Chapter 3. Having obtained a

better understanding of the interactions taking place in the complexes and having verified

the consistency of our complex model with experimental and theoretical data, we used it for

the calculations presented in Chapter 6.

4.2 Bare aluminum surface

Periodic DFT calculations allow us to model extended metal surfaces by using slabs, i.e.

stacks of atom layers. However, in order to accurately model the geometric, energetic and

electronic properties of the surface, the surface model employed and the calculation param-

eters need to allow a fine description of the electronic structure. The calculation parameters,

such as the k-point grid for the sampling of the reciprocal space and the cutoff energy (Chap-

ter 2), have a computational cost, making necessary the optimization of such parameters, in

order to obtain accurate modeling at the lowest computational cost possible. A first opti-

mization of the parameters was carried out in Fatah Chiter’s PhD Thesis, as well as in other
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works.[56, 117, 118] Calculations performed in this work use higher precision in the FFT

grid (PREC = Accurate), as well as a different version of VASP and a more recent version

of the dispersion correction to the exchange correlation functional (Grimme’s D2[77, 78]).

Thus, the number of layers in the slab, as well as the k-point grids had to be reoptimized.

An overview of the properties of the surface model used in this work, and their compari-

son with experimental data are therefore necessary. In the following, bulk aluminum is first

studied in order to obtain the lattice parameter corresponding to our calculation parameters,

as well as the cohesive energy Ecoh, which is needed for the calculations of surface properties

in this chapter.

4.2.1 Bulk aluminum

The Al atom has three electrons in its outer electronic shell (3s23p1), and core electrons are

described by the PAW pseudopotential[94, 95]. The solid state aluminum has a face centered

cubic crystal structure. It is therefore modeled by a rombohedral elementary cell containing

one Al atom at the origin. It is important for the modeling of bulk metal electronic structure

to use a high enough k-point grid. A 15x15x15 k-point grid is the best choice for the bulk

aluminum, as any increase above this k-point density induces variations smaller than the

numerical errors. Calculated and experimental values of the conventional lattice constant

a0 and cohesive energy Ecoh are presented in Table 4.5. The cohesive energy is the energy

associated to the interaction between Al atoms in bulk and is defined by :

Ecoh = EAl bulk − EAl atom
f ree (4.7)

With EAl bulk the energy of one Al atom in bulk and EAl atom
f ree the energy of a free Al atom.

TABLE 4.5: Lattice constant (in Å) and cohesive energy (in eV) of bulk alu-
minum.

Functional PBE PBE-D2 exp.[76]

a0 4.037 4.008 4.05
Ecoh -3.55 -3.81 -3.39

Results for both PBE and PBE-D2 functionals show underestimated lattice constant and

overestimated cohesive energy magnitude compared to the experimental values. Results

show that the standard PBE functional better models the properties of bulk aluminum,
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which is to be expected as the van der Waals forces have no role in bulk metals, and thus the

D2 correction introduces errors.

4.2.2 Aluminum surface model

In periodic calculation method, surfaces are modelled by constructing slabs, i.e. a stack of

atomic layers separated from its periodic image by vacuum in one dimension (z). In the

two other dimensions, the periodic conditions properly simulate the infinite character of the

surface. The accuracy with which the slab models the surface depends on the number of

atomic layers it is composed of. Finally, the vacuum height must be large enough to avoid

interactions between the top of a slab and the bottom of the image slab. In the specific case

of a polarized slab, a dipole correction can be employed to correct long-range interaction

between image slabs. The two main slab construction methods are detailed below.

Symmetric slab

The symmetric slab approach consists in fixing a number of central layers of the slab and

letting layers of both sides of the slab free to relax, leading to two relaxed surfaces (top and

bottom of the slab) in one simulation cell. This approach is useful to determine the number

of layers required so that the surface properties are no longer affected by the variation of

number of layers. A symmetric slab of 5 layers is shown in Figure 4.3 (a).

The surface energy is the excess energy at the surface of a material compared to the bulk.

It can be seen as the work associated to the breaking of the bonds between atoms to form

the surface and subsequent relaxation of the surface atoms. This value can be calculated for

symmetric slabs using the following expression:

σS =
1
2
(Eslab

rlx − nEbulk/atom) (4.8)

Where Eslab
rlx is the total energy of the relaxed slab, Ebulk atom is the total energy of an atom

in bulk and n is the number of atoms in the slab. The 1
2 factor is necessary to take into

account only one of the slab surface.
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Asymmetric slab

The asymmetric slab approach consists in fixing a given number of bottom layers and letting

the top layers free to relax. It is less costly in term of computational resources than the

symmetric slab approach, even if more layers are usually needed to get accurate values

of the surface energy, and is especially adapted to the case of molecule adsorption, where

species is adsorbed only on one side of the slab. An asymmetric slab of 6 layers is shown in

Figure 4.3 (b).

FIGURE 4.3: (a) Symmetric Al(111) 5 layer slab. (b) Asymmetric Al(111) 6
layer slab. Blue atoms are set free to relax. Dark grey atoms are fixed.

For an asymmetric slab, the two surfaces of the slab are not equivalent. To calculate the

surface energy, the following expressions are thus employed:

σAS = σAS
urlx − ∆Eslab

rlx (4.9)

Where σAS
urlx is surface energy of the unrelaxed slab obtained from:

σSA
urlx =

1
2
(Eslab

urlx − nEbulk/atom) (4.10)

And ∆Eslab
rlx is the energy associated to the relaxation of the asymmetric slab given by the

following equation:
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∆Eslab
rlx = Eslab

rlx − Eslab
urlx (4.11)

Where Eslab
rlx and Eslab

urlx are respectively the total energies of the relaxed and unrelaxed

slabs.

Interlayer distance variation

The interlayer distance is the distance between two atomic layers. In the case of the Al(111)

surface, the creation of surfaces induces a relaxation of the layers near the surface, i.e. a

local variation of the interlayer distances compared to the one of the bulk. This variation is

quantified by :

∆di,j = 100×
dslab

i,j − dbulk

dbulk (4.12)

Where dslab
i,j is the interlayer distance between the i and j atomic layers after relaxation

and dbulk is the bulk interlayer distance.

4.2.3 Flat Al(111) surface

The "flat" surface designates a perfect surface, i.e. without any adatom, vacancies or steps.

In Table 4.6 are summarized the different slabs calculated either for testing purposes or to be

used as surface model on which molecules or complexes are adsorbed in the following chap-

ters. Because an asymmetric slab is more suitable for the study of adsorption, we focus our

tests on asymmetric slabs. Slabs of various dimensions are needed for the work presented in

following chapters. Although we adapt the k-point grid in order to keep the k-point density

as constant as possible, this density varies slightly depending on the dimensions of the slabs.

This allows us to investigate the variations of the calculated properties associated with the

variations of the k-point density. All slabs are separated from their images by at least 22 Å

of vacuum.

When using the PBE functional, same surface energy is found for the 6 layer slab and

the 21 layer slab (0.35 eV/atom). The surface energy of the 4 layer slab is 9 % away from



4.2. Bare aluminum surface 83

the one calculated from a 6 layer slab. When using the PBE-D2 functional, a surface energy

of 0.48 eV/atom is found for the 3 layer slab, while a value of 0.51 eV/atom is found for

a 4 layer slab, even with slightly different k-point densities. The absence of σ variations

between them shows that convergence of surface energy with respect to the k-point densities

is reached. Globally, the use of dispersion correction better reproduces the experimental

value. However, this does not mean that van der Waals forces have any role in such a

system, but the dispersion correction could compensate some errors inherent to the model,

leading to values closer to the experimental values[117].

The interlayer distance variations are between -1% and 2% and vary highly depending

on the parameters, and the comparison of the interlayer distance variations of the different 4

layer slabs shows that small variations of k-point density can modify the interlayer distance

variation by up to 0.64 %.

In order to save computational resources and because it leads to surface properties close

enough to the experimental properties, slabs of a total of 4 layers including 2 free layers

are chosen for Chapter 5. In Chapter 6, where a large calculation cell and costly calculation

method (ab initio Molecular Dynamics) are employed, a smaller slab has to be used, with a

total of 3 layers including 2 free layers.

TABLE 4.6: Al(111) surface properties depending on the number of layers (be-
tween parenthesis : number of free layers), the slab size, the k-point grid and
the functional. σ the surface energy (in eV/atom and J/m2), ∆di,j the change
of the interlayer distance between the layers i and j induced by relaxation in
% . The top layer is noted 1. Unless indicated otherwise, all slabs are asym-

metric.

Functional PBE PBE-D2 Exp.

Total Al layers 4 6 21* 3 4 4 4
Free Al layers 2 3 20* 2 2 2 2
Slab size 1×1 1×1 1×1 8×8 2×3 3×3 5×6
k-points grid 15x15x1 15x15x1 12x12x1 2x2x1 7x5x1 5x5x1 3x3x1
Used in Chap. test test test 6 5 5 5

σ(eV/atom) 0.38 0.35 0.35 0.48 0.51 0.51 0.51 0.50 ± 0.01 [119]
σ(J/m2) 0.85 0.80 0.79 1.09 1.15 1.15 1.15 1.15 ± 0.01 [119]
∆d1,2 +0.70 +1.39 +1.40 +0.48 +1.99 +1.45 +1.35 +1.7 ± 0.3 [120]
∆d2,3 -0.47 +0.04 +0.56 +0.48 -0.48 -0.51 -0.93 +0.5 ± 0.7 [121]

*Symmetric slab
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4.2.4 Defective Al(111) surface: Al-Al(111)

In Chapter 6, we study the adsorption of molecules and complexes on a defective Al surface,

in our case an Al(111) surface with an Al adatom, noted Al-Al(111). The Al adatom on the

Al(111) surface is located at fcc or hcp threefold sites (Figure 4.4), as it is not stable on other

sites (top, bridge). When on an hcp site, the Al atom directly under the adatom is part of the

s-1 layer (s being the top surface layer), while on an fcc site, the Al atom directly under the

adatom in part of the s-2 layer. The distance between the adatom and the first layer of the

Al(111) surface is defined by :

∆zAl adatom = zAl adatom − z1st layer (4.13)

Where zAl adatom is the z coordinate of the Al adatom, and z1st layer is the average coordi-

nate of the first Al layer under the Al adatom.

The desorption energy of the adatom characterizes the strength of the bonding of the

adatom on the surface and is defined by :

EAl/Al(111)
desorp = EAl atom + EAl(111) − EAl−Al(111) (4.14)

Where EAl atom is the total energy of the free Al atom, EAl(111) is the total energy of the

optimized Al(111) slab (without adatom), and EAl−Al(111) is the total energy of the optimized

Al(111) slab with adatom.

The QTAIM atomic charge on the adatom qAl adatom is calculated from the VASP output

by the program developed by the Henkelman group[101].

FIGURE 4.4: Al(111) surface sites. Dark blue atoms are the atoms of the top
layer.
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TABLE 4.7: Desorption energy (in eV), QTAIM atomic charge (in e) on the Al
adatom, distance of the Al adatom from the Al(111) surface (in Å) depending

on the number of layers, the slab size, the k-point grid.

Functional PBE-D2

Total Al layers 6 6 3
Free Al layers 2 2 2
Al(111) site fcc hcp hcp
Slab size 5x5 5x5 8x8
k-points grid 3x3x1 3x3x1 2x2x1
Used in Chap. test test 6

Edesorp +2.71 +2.75 +2.99
qAl adatom +0.11 +0.14 +0.12
∆zAl adatom + 2.109 + 2.072 + 2.034

Al(111) slabs of 6 layers were used to determine the most stable adsorption site for the

Al adatom. This is used for the sole purpose of the subsequent adsorption of qX molecules

in Chapter 6, as the Al adatom is very mobile even at low temperature and should not be

observed experimentally without being in interaction with at least one other Al adatom (as a

dimer) [122, 123]. Desorption energy, atomic charge on the Al adatom and distance between

the adatom and the Al(111) surface of tested Al-Al(111) slabs are presented in Table 4.7.

The hcp site is determined to be 0.04 eV more stable than the fcc site. The same value was

calculated by Chang et al. in another DFT study [124]. No stable state with the Al adatom

on a top or bridge site is found. The 3 layer slab including two free layers and an adatom

at hcp site, later used in Chapter 6, also shows a very strong adsorption of the Al adatom

on the Al(111) surface. The QTAIM charge variation on the adatom between the different

slabs is not significant, showing a small positive charge in all cases. In all cases distance

from Al(111) to the Al adatom is less than the Al(111) bulk interlayer distance calculated

with PBE-D2 (2.314 Å).

4.3 Conclusion

In this Chapter, we presented the variations between the properties calculated by our mod-

els and the properties determined experimentally or by computationally more costly mod-

els. In the case of the complexes and surfaces, we quantified the electronic charges and

the interactions taking place in the systems, giving us a better understanding of the origin

of their stability. We validated the molecule and complexes models, and chose slabs of 3



86 Chapter 4. Periodic calculations: Free molecules and complexes, bare surfaces

to 4 layers to model the Al surface. In the next chapters, the adsorption of molecules and

complexes on the Al surface models presented in this chapter will be investigated.



87

Chapter 5

Adsorption of Hq derivatives on an

Al(111) surface

In previous theoretical works on organic corrosion inhibitors, studies of molecules adsorbed

on metallic surfaces have been carried out in order to obtain a better understanding of what

determines the inhibition corrosion efficiency of molecules, showing that strong chemisorp-

tion of the molecule on the surface and the possibility of forming a compact organic mono-

layer correlate with experimental data showing high inhibition efficiency [45–48, 50, 51, 125–

129]. In this chapter, properties of molecules adsorbed on an Al(111) surface, at different

surface coverage, are investigated and compared for Hq, HqBr, HqS and HqSH derivatives.

Previous works on the Hq molecule [50, 51] have shown that among the neutral forms of the

Hq (native, dehydrogenated, hydrogenated and tautomer), the dehydrogenated form leads

to the strongest adsorption on the Al(111) surface. Thus, we chose to compare the adsorption

of the dehydrogenated forms of all the HqX molecules, i.e. the q, qBr, qS and qSH species,

both in vacuum and water. These investigations are carried out in order to determine if

and how the X1 and X2 groups at the ortho and para positions relatively to the phenol ring,

influence the interaction of the molecules with the Al(111) surface, from low to high cover-

age (up to full coverage of the surface). The method, consisting in absorbing radical species

(dehydrogenated molecules) instead of charged species (deprotonated molecules), is based

on the assumption that a metallic surface model acts as a reservoir of electrons, and that

the addition or not of an electron does not impact the geometry and charge of the adsorbed

molecule. This method is widely used is other works on molecule adsorption on metallic

surfaces [45–48, 50, 51, 125–129]. To validate this assumption for our systems, adsorption is

also investigated in water using the charged species q−, qBr− and qS2−, such as they exist in



88 Chapter 5. Adsorption of Hq derivatives on an Al(111) surface

solution at basic pH. Geometrical, energetic and electronic properties of the molecules ad-

sorbed on Al(111) are presented and discussed. Special effort is dedicated in investigating

the nature of bonds formed between the molecules and the Al(111) surface, using QTAIM

topological analysis. This has rarely been applied to such systems, and provides a more

accurate description of the bonding of the molecules on the aluminum surface.

5.1 Computational Details

In all the calculations of this chapter, the periodic DFT calculation program VASP [68–70] is

employed, with the PBE-D2 functional[65, 66, 77, 78] and PAW pseudopotentials[94, 95].

5.1.1 Calculation parameters for qX species on Al(111) in vacuum

Adsorption modes of the dehydrogenated molecules q, qBr, qS and qSH are obtained at

three coverage. The coverage θ1 (4.72 · 10−3 molecule ·Å−2
) corresponds to the case of a sin-

gle molecule adsorbed on an Al(111) surface, with almost no interaction between the qX

molecule and its periodic images. The coverage θ2 (1.57 · 10−2 molecule ·Å−2
) corresponds

to the case of a layer of molecules adsorbed on a Al(111) surface, with interactions between

neighbouring qX molecules. Finally, the coverage θ3 (2.36 · 10−2 molecule ·Å−2
) is the high-

est possible coverage of an Al(111) surface by qX molecules (at periodic constraints leading

to one molecule per calculation cell). Asymmetric slabs of 4 layers are used, with the two top

layers free to relax, and the two bottom layers fixed at the geometry of the 2 middle layers of

an optimized 6 layer slab containing 3 free layers. The slabs are obtained from 5x6x1, 3x3x1

and 2x3x1 supercells obtained from the replication of the Al(111) slab unit cell, respectively

for θ1, θ2 and θ3. About 22.5 Å separate aluminium slabs from their periodic images, with a

minimum of 14.72 Å vacuum between the adsorbed molecule and the bottom of the above

Al(111) slab. The k-point grids are chosen as to keep the k-point density as similar as pos-

sible between systems, and close to the one used for bulk Al. To this aim, Monkhorst-Pack

grids [130] of 3× 3× 1 k-points, 5× 5× 1 k-points and 7× 5× 1 k-points are chosen for re-

spective coverage of θ1 = 4.72 · 10−3 molecule ·Å−2
, θ2 = 1.57 · 10−2 molecule ·Å−2

and θ3 =

2.36 · 10−2 molecule ·Å−2
. For each system, optimizations are performed starting from vari-

ous initial geometries, with molecules parallel and perpendicular to the surface, with the O1

and N1 atoms on different sites of the surface (top, bridge, threefold). A dipole correction
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on energy and forces in the direction perpendicular to the surface (IDIPOL = 3, LDIPOL = T)

is employed to avoid dipole-dipole interactions between slabs [131, 132]. The local potential

with respect to the direction normal to the surface is given for the q and qS molecules at θ3

coverage respectively in Figure B.1 and B.2 of Appendix B, showing a flat potential in the

vacuum region, with a step that is due to the dipole correction. This shows that there is no

interactions between the molecule and the bottom layer of the image slab.

5.1.2 Calculation parameters for qX species on Al(111) in water

Adsorption of q and qS molecules on Al(111) is studied for the θ1 and θ3 coverage, described

above. The implicit solvent model VASPsol[79, 80] is employed to simulate the effect of

water, as described in Chapter 2. The geometries optimized in vacuum are used as initial

geometries for calculation in solvent, as recommended in the VASPsol documentation [79].

The dipole correction is not included.

5.1.3 Calculation parameters for qXn− (n = 1 or 2) species on Al(111) in water

In the case of the calculations in presence of a solvent, in addition to the adsorption of the

radical qX species on Al(111), we study the adsorption of qXn− (n = 1 or 2) anions on Al(111).

To model the charged species, we use the method described in Section 4.1.1 of Chapter 4.

As the simulation cell has to be neutral, Na+ and Mg2+ ions are used to compensate the

negative charge of the anions. To avoid interactions between the ions and the rest of the

system, the ions are positioned at about equal distance between the molecule and the bottom

layer of the above slab. The distance between the top layer of a slab and the bottom layer of

the above slab is set to about 33 Å, as the ion has to be as isolated from the rest of the system

as possible. The geometries optimized in vacuum are used as initial geometries.



90 Chapter 5. Adsorption of Hq derivatives on an Al(111) surface

5.1.4 Adsorption, interaction, and deformation energies

For qX species

The energy associated to the adsorption of a molecule on a Al(111) slab is the adsorption

energy, defined as:

Emol/Al(111)
ads = Emol/Al(111) − Emol − EAl(111) (5.1)

Where Emol/Al(111) is the total energy of the optimized molecule and slab after adsorp-

tion, Emol is the total energy of the free molecule and EAl(111) is the total energy of the free

optimized Al(111) slab.

The energy associated to the interaction between a molecule and the Al(111) slab is the

interaction energy, defined as:

Emol/Al(111)
int = Emol/Al(111) − Emol

SP − EAl(111)
SP (5.2)

Where Emol
SP is the total energy of the molecule layer at the geometry after adsorption and

EAl(111)
SP is the total energy of the Al(111) slab at the geometry after adsorption.

The molecule deformation energy is defined as:

Emol
de f = Emol

SP isolated − Emol (5.3)

Where Emol
SP isolated is the total energy of the isolated molecule at the geometry after ad-

sorption.

The energy associated to the deformation of the molecule is the molecule deformation

energy, defined as:

EAl(111)
de f = EAl(111)

SP − EAl(111) (5.4)

The inter-molecular interaction energy is the interaction of the molecules inside a layer,

and is calculated as:
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Einter−mol
int = Emol

SP − Emol
SP isolated (5.5)

For qXn− (n = 1 or 2) species

The energy associated to the adsorption of a charged species on a Al(111) slab is the adsorp-

tion energy, defined as:

Edeprot mol/Al(111)
ads = Edeprot mol/Al(111) + ion − Edeprot mol + ion − EAl(111) (5.6)

Where Edeprot mol/Al(111) + ion is the total energy in solvent of the system containing the

optimized molecule and slab after adsorption, and the Na+ or Mg2+ ion; Edeprot mol + ion is

the total energy in solvent of the system composed of the optimized molecule and Na+ or

Mg2+ ion (without the slab); EAl(111) is the total energy in solvent of the free optimized

Al(111) slab.

5.2 qX molecules adsorbed on Al(111) in vacuum

Adsorption, interaction, and deformation energies of the adsorbed qX molecules are given

for the θ1, θ2 and θ3 coverage respectively in Table 5.1, 5.3 and 5.5. Adsorption geometries are

presented in Figure 5.2, 5.3 and 5.4 and are noted tiltbridge, tilttop, paral and down. A tiltbridge

mode corresponds to the adsorption of the qX molecule on the Al(111) surface by the O1

and N1 atoms, with the O1 atom located on a bridge site of the Al(111) surface, and the N1

atom on a top site, while for a tilttop mode, O1 and N1 atoms are both adsorbed on different

top sites of the Al(111) surface. In a paral mode, the qX molecule is close to parallel to the

Al(111) surface, and the molecule is bound to the Al(111) surface by the O1 and N1 atoms, as

well as by the C7 atom. In the case of the qS and qSH molecules, the SO3/SO3H groups are

also bound to the Al(111) surface in paral modes. Finally, a down mode is found for the qS

molecule (not shown in Figure 5.2), which is oriented perpendicularly to the Al(111) surface

and is adsorbed solely by the SO3 group, with each O atoms of the SO3 group (O2,O3,O4)

located on top of the Al atoms constituting a threefold site of Al(111). Corresponding bond

lengths of interest are summarized in Table 5.2, 5.4, 5.6, together with the angle formed by
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the molecule with the aluminum surface (defined in Figure 5.1). Electronic density prop-

erties at the BCPs are shown in Table 5.7 and 5.8 respectively for the extreme cases of the

single adsorbed molecule (θ1) and the compact monolayer (θ3). For θ2, only the tilt modes

determined to be the most stable for θ1 was tested. For θ3, only tiltbridge modes are obtained,

due to steric hindrance. Due to the impossibility of finding a stable geometry for the free qS

molecule, no adsorption or interaction energies is presented for this molecule.

5.2.1 qX molecules adsorbed on Al(111) at θ1 coverage in vacuum

For the q molecule, tiltbridge, tilttop and paral adsorption modes are found. The tiltbridge

mode is the most stable one, with tilttop and paral modes respectively 0.08 eV and 0.11 eV

less stable than the tiltbridge mode.

The tiltbridge mode adsorption energy (Emol/Al(111)
ads = -3.59 eV) and interaction energy

(Emol/Al(111)
int = -4.57 eV) show a strong bonding of the molecule with the Al(111) surface,

with short bond lengths (dO1−Al1 = 1.909 Å, dO1−Al2 = 2.034 Å, dN1−Al2 = 2.043 Å) and high

net charge on the molecule (Qmol = -1.14 e). This suggests chemisorption, i.e. formation of

chemical bonds between the molecule and the Al(111) surface. The van der Waals interac-

tions also contribute highly to the total interaction of the molecule with the Al(111) surface,

with a value of Emol/Al(111)
int (VdW) = -0.66 eV. Upon adsorption, the molecule is deformed

(Emol
de f = 0.54 eV), as well as the Al(111) surface (EAl(111)

de f = 0.43 eV) as an Al atom is slightly

pulled out (see Figure 5.2) of the surface.
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In tilttop mode, the bonding of both O1 an N1 atoms on top sites of the Al(111) sur-

face (dO1−Al1 = 1.807 Å, dN1−Al2 = 2.080 Å) leads to a weaker interaction energy between

the molecule and the Al(111) surface (Emol/Al(111)
int = -4.01 eV) than in the tiltbridge mode

(Emol/Al(111)
int = -4.57 eV). There is a lower net charge on the molecule in tilttop (Qmol = -1.01)

than in tiltbridge (Qmol = -1.14). Weaker deformation of the molecule and slab is found in the

tilttop mode than in the tiltbridge mode, with values of Emol
de f = 0.32 eV and EAl(111)

de f = 0.19 eV for

the tilttop mode. Overall, the molecule is closer to the Al(111) surface in tilttop mode than in

tiltbridge mode (see Figure 5.2), leading to stronger van der Waals interaction in tilttop mode

(Emol/Al(111)
int (VdW) = -0.78 eV) than in tiltbridge mode (Emol/Al(111)

int (VdW) = -0.66 eV).

The paral mode of the q molecule shows stronger interaction energy (Emol/Al(111)
int = -5.43

eV) and stronger deformation of the molecule (Emol
de f = 1.69 eV) than for the two tilt modes,

as the molecule is bound to the Al(111) surface by three atoms (dO1−Al1 = 1.800 Å, dN1−Al2

= 1.916 Å, dC7−Al4 = 2.192 Å), inducing a high deformation of the pyridine ring (See Figure

5.2). As the molecule is globally closer to the Al(111) surface in the paral mode than in the

tilt modes, the van der Waals contribution to the adsorption energy is higher in the paral

mode (Emol/Al(111)
int (VdW) = -1.26 eV) than in the tiltbridge and tilttop modes. The paral mode

is the mode where the higher net charge is found on the molecule (Qmol = -2.02 e).

In all three adsorption modes of the q at θ1 coverage, almost no interaction is found

between molecules, which are separated by at least 8 Å, with values of Einter−mol
int ranging

from -0.01 eV to +0.02 eV.

It is clear that for the three adsorption modes described above, the more bonds are

formed between the molecule and the Al(111) surface, the strongest is the interaction be-

tween the molecule and the Al(111) surface, and the highest is the charge on the molecule.

This could evidence an ionic nature of the Al-O and Al-N bonds. To get more insights,

topological analysis is presented in Section 5.2.4.
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For the qBr molecule, the paral mode is 0.16 eV more stable than the tilttop mode, and

0.19 eV more stable than the tiltbridge mode. The difference compared to the case of the q

molecule is due to the higher van der Waals interactions between the molecule and the slab

for the qBr molecule compared to the q molecule. The van der Waals interactions contribute

highly to the adsorption for modes where the molecule is close to the Al(111) surface, which

is the case for the paral mode (αmol = 11.4°) and to a lesser extent for the tilttop mode (αmol

= 41.3°). Therefore the van der Waals interactions between the Br atoms and the Al(111)

surface favorises the paral and tilttop compared to the tiltbridge mode, as is shown by the

values of the van der Waals contribution to the interaction energy. For the qBr molecule, the

van der Waals part of the interaction energy is -0.72 eV stronger in the paral mode than in the

tiltbridge mode. By comparison, for the q molecule, the van der Waals part of the interaction

energy is only -0.50 eV stronger in the paral mode than in the tiltbridge mode.

For the qS and qSH molecules, the paral adsorption modes are the most stable. In the

case of the qS, the bonding of the O2 and O3 atoms with the Al(111) surface in the paral

mode (dO2−Al5 = 1.930 Å, dO3−Al6 = 1.935 Å) leads to a very high energy difference between

the two modes, with a paral mode 1.82 eV more stable than the tiltbridge mode. As can be

seen in (Figure 5.2), the latter is found only with the molecule almost normal to the Al(111)

surface, as initial positions with the molecule further tilted converged to the paral mode.

In the case of the qSH molecule, the paral mode is found 0.21 more stable than the tiltbridge

mode, with the bonding of the O2 atom on the Al(111) surface (dO2−Al5 = 2.059 Å). The down

mode shows chemical bonds formed by the three O atoms of the SO3 group of the molecule

with the Al atoms of the surface, but the molecule is more weakly adsorbed than the other

two modes, and this mode is not investigated further.
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FIGURE 5.2: Adsorption geometries of the qX molecules on an Al(111) surface
in vacuum for a coverage of θ1 = 4.72 · 10−3 molecule ·Å−2

. Al atoms of the
top layer are in blue and Al atoms of the other layers are in grey.
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5.2.2 qX molecules adsorbed on Al(111) at θ2 coverage in vacuum

The θ2 coverage is chosen because it is the highest coverage where paral geometries can be

obtained. At θ2 coverage (Tables 5.3 and 5.4, Figure 5.3), the paral modes are the most stable

for all molecules, with energy differences between the paral and tilt modes of 0.08 eV, 0.09

eV, 1.73 eV and 0.11 eV respectively for the q, qBr, qS and qSH molecules. Unlike for the

low coverage θ1, the q has a more stable paral mode than tilt mode. This could be explained

by stabilizing inter-molecular interactions, present at θ2 but not at θ1: the Einter−mol
int value

quantifies this interaction, and is of -0.21 eV for the paral mode versus +0.03 eV for the

tiltbridge mode for the q molecule at θ2.

The paral mode of the qS molecule shows different bonding with the Al(111) surface

than for the θ1 coverage. While the C7-Al bond does not exist at θ2 (dAl3−C7 = 3.190 Å), a

C9-Al bond is formed (dAl5−C9 = 2.143Å). The O1 atom is adsorbed on a bridge site (dO1−Al1

= 1.918 Å, dO1−Al2 = 2.037 Å) rather than on a top site like other paral modes found.

Globally, compared to the θ1 coverage, while inter-molecular interactions are much higher,

with an avarage difference in Einter−mol
int of 0.14 eV, weaker interactions are found between the

molecules and the Al(111) surface, with a average difference in Emol/Al(111)
int of 0.06 eV.

TABLE 5.3: Total energy difference (the reference is the energy of the tiltbridge
mode), adsorption energy, deformation energies, interaction energies, Van de
Waals contribution to the interaction energy (in eV) and net charge on the
molecule (in e) at θ2 = 1.57 · 10−2 molecule ·Å−2

coverage. All modes are op-
timized in vacuum. For the qS and qSH molecules, only the most stable tilt

and paral modes are presented.

Species q qBr qS qSH
tiltbridge paral tilttop paral tiltbridge paral tiltbridge paral

∆E 0 -0.08 0 -0.09 0 -1.73 0 -0.11
Emol/Al(111)

ads -3.54 -3.62 -3.54 -3.63 -3.75 -3.86
Emol

de f +0.55 +1.69 +0.38 +2.07 +0.53 +2.26

EAl(111)
de f +0.42 +0.26 +0.20 +0.32 +0.41 +0.25

Emol/Al(111)
int -4.54 -5.37 -3.94 -5.66 -4.59 -6.31

Emol/Al(111)
int (VdW) -0.64 -1.24 -0.97 -1.46 -0.73 -1.36

Einter−mol
int +0.03 -0.21 -0.17 -0.36 -0.09 -0.06

Qmol -1.14 -2.02 -1.17 -2.18 -1.56 -3.21 -1.31 -2.26
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TABLE 5.4: Shortest bond lengths (in Å) between the qX molecules and the
Al(111) surface and angles (αmol in °) between the qX molecules and the
Al(111) surface at θ2 = 1.57 · 10−2 molecule ·Å−2

coverage. Bonds between
atoms At1 and At2 are listed in this table if dAt1−At2 < 2.5 Å. Atom numbers
are indicated in Figures 3.1 and 5.3. The angle αmol is formed between the

C5-C6 bond and its projection on the Al(111) surface (See Figure 5.1)

Species q qBr qS qSH
tiltbridge paral tilttop paral tiltbridge paral tiltbridge paral

dO1−Al1 1.911 1.807 1.821 1.824 1.902 1.918 1.914 1.822
dO1−Al2 2.017 1.942 2.037 2.045
dN1−Al2 2.025 1.919 2.076 1.928 1.996 1.889 2.026 1.923
dC9−Al3 2.143
dC7−Al4 2.186 2.137 2.180
dO2−Al5 1.964 2.023
dO3−Al6 1.924
αmol 73.6 11.8 43.3 8.84 80.4 19.7 56.5 14.9

FIGURE 5.3: Adsorption geometries of the qX molecules on an Al(111) surface
in vacuum for a coverage of θ2 = 1.57 · 10−2 molecule ·Å−2

. Al atoms of the
top layer are in blue and Al atoms of the other layers are in grey.
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5.2.3 qX molecules adsorbed on Al(111) at θ3 coverage in vacuum

The θ3 coverage is the maximum possible coverage, i.e. corresponds to the smallest sim-

ulation cell in which a qX molecule can fit. At coverage θ3 = 2.36 · 10−2 molecule ·Å−2
, all

four qX molecules show only tiltbridge modes. It is clear on Figure 5.4 that the geometrical

restrictions due to the high coverage do not allow paral modes. The coverage also affects the

tilt modes, as only a tiltbridge mode is found for the qBr molecule, even when using as initial

geometry the tilttop mode from θ1 coverage. All molecules show strong adsorption energies,

with values of Emol/Al(111)
ads ranging from -3.52 eV to -4.12 eV. The energetic and charge val-

ues are very close for all molecules, which is consistent with the similar geometries found

for all molecules (Table 5.6). The inter-molecular interactions for the qSH (Einter−mol
int = -0.40

eV) molecule are significantly stronger than those of the q (Einter−mol
int = -0.06 eV) and qBr

(Einter−mol
int = -0.01 eV) molecules. This can be explained by the interaction between the O2

atom of the SO3H group and the H atom of the SO3H group of the neighbouring molecule.

Negative (qO2 = -1.27 e) and positive (qH = +0.65 e) charges are found respectively on the

O and H atoms, and the corresponding O-H distance (dO2−H = 2.738 Å) is in the range of a

typical hydrogen bond. QTAIM analysis performed in Section 5.2.4 also suggests the exis-

tence of a hydrogen bond. This seems to be also true for the qS molecule at θ3, where a O-H

distance of 2.373 Å is found.

TABLE 5.5: Adsorption energy, deformation energies, interaction energies (in
eV) and net charge on the molecule (in e) at θ3 = 2.36 · 10−2 molecule ·Å−2

coverage. All modes are optimized in vacuum.

Species q qBr qS qSH
tiltbridge tiltbridge tiltbridge tiltbridge

Emol/Al(111)
ads -3.71 -3.52 -4.12

Emol
de f +0.56 +0.54 +0.58

EAl(111)
de f +0.42 +0.44 +0.43

Emol/Al(111)
int -4.63 -4.50 -4.72

Emol/Al(111)
int (VdW) -0.66 -0.78 -0.70

Einter−mol
int -0.06 -0.01 -0.40

Qmol -1.31 -1.33 -1.70 -1.31

Overall, the interactions between the molecules of the organic layer contribute very

weakly to the global stability of the compact monolayer for the q and qBr molecules, with

the Einter−mol
int term being at most equal to 1% of the total interaction energy Eint = Emol/Al(111)

int

+ Einter−mol
int . For the qSH molecule, the inter-molecular interactions correspond to 8% of the
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total interaction energy, due to the hydrogen bonds between molecules

TABLE 5.6: Length of bonds (in Å) between the qX molecules and the Al(111)
surface and angles (αmol in °) between the qX molecules and the Al(111) sur-
face at θ3 = 2.36 · 10−2 molecule ·Å−2

. Bonds between atoms At1 and At2 are
listed in this table if dAt1−At2 < 2.5 Å. Atom numbers are indicated in Fig-
ure 3.1 and 5.2. The angle αmol is formed between the C5-C6 bond and its

projection on the Al(111) surface (See Figure 5.1)

Species q qBr qS qSH
tiltbridge tiltbridge tiltbridge tiltbridge

dO1−Al1 1.902 1.933 1.909 1.908
dO1−Al2 2.028 2.056 1.962 2.033
dN1−Al2 2.018 2.021 1.984 2.021
αmol 66.3 79.2 44.7 61.3

FIGURE 5.4: Adsorption geometries of the qX molecules on an Al(111) surface
in vacuum for a coverage of θ3 = 2.36 · 10−2 molecule ·Å−2

. Al atoms of the
top layers are in blue and Al atoms of the other layers are in grey.

The study of the adsorption of the q, qBr, qS and qSH molecules in vacuum shows that all

four molecules adsorb strongly on Al(111) whatever the coverage and form stable compact

layers (θ3 coverage). The adsorption and interaction energies Emol/Al(111)
ads and Emol/Al(111)

int for

the q, qBr and qSH molecules for θ1, θ2 and θ3 coverage are summarized in Figure 5.5. In the

case of the adsorption energy, it is clear that the paral geometry is more stable than the tilt

geometry for all case, except for q at θ1 coverage, where the most stable mode corresponds

to a tilt geometry. It is also clear that at θ3 coverage, the inter-molecular interactions leads to

a much stronger adsorption of the qSH than the q and qBr molecules. These differences are

due to the X groups at ortho and para positions of the phenol ring influence the structure of

the organic layer, both by interacting with the surface and with neighbouring molecules.
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FIGURE 5.5: Adsorption of the qX molecules on Al(111). On the left: adsorp-
tion energies. On the right: interaction energies. Energies in eV.

5.2.4 QTAIM analysis of the bonding of qX molecules on Al(111) in vacuum

In the work of Wang et al. [133], QTAIM analysis on bonds formed between molecules and

an aluminum surface was employed to discuss the nature of the bonding. In this work,

QTAIM analysis is performed on the most stable tilted and parallel modes of the adsorbed

qX molecules at θ1 and θ3 coverage. A cross section of the charge density of the tiltbridge

mode of the q molecule at θ1 coverage is shown in Figure 5.6.

The adsorption of the molecule induces a reorganisation of the charge density around

the Al atoms, with saddle points of the charge density between Al atoms and O1 and N1

atoms corresponding to BCPs of the Al-O and Al-N bonds. At these points, the values of

charge density (0.066 e·a−3
0 for O1-Al1) are higher than the values at saddle points between

two adjacent Al atoms (ρ < 0.038 ·a−3
0 ), but much lower than values between two atoms of

the molecules i.e. covalent bonds. As an example, the charge density at BCP of the C1-C2

bond is equal to 0.321 e·a−3
0 .

Charge density properties at BCPs (Bond Critical Points) of the bonds of interest are

summarized in Table 5.7 for θ1 and in Table 5.8 for θ3. At BCP of O1-Al1, O1-Al2, N1-Al2

and C7-Al4 bonds, low values of the charge density ρbcp are found, ranging from 0.048 to

0.086 e ·a−3
0 , the Laplacian of the charge density is always positive, with values of ∆ρbcp

ranging from 0.100 to 0.550 e ·a−5
0 . These values indicate closed shell interactions, and are

close to those found for the free complexes (Chapter 3). High positive charges are calculated

on the Al atoms bound to the molecules (For example: qAl2 = +0.95 e for the tiltbridge mode

of the q at θ3), which is consistent with a strong ionic nature of the O-Al and N-Al bonds.
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FIGURE 5.6: Charge density (in e ·a−3
0 ) isocontours of a cross section of (a) the

top layer of the free Al(111) surface (b) the q molecule adsorbed on an Al(111)
surface (tiltbridge mode) for a coverage of θ1 = 4.72 · 10−3 molecule ·Å−2

. Max-
ima, saddle points and minima of the charge density are shown respectively
as black, grey and blue points. Isocontours correspond to charge density val-
ues of 0.0075 to 0.0750 e ·a−3

0 , with steps of 0.0075 e ·a−3
0 , from the vacuum to

the nuclei. a0 is the Bohr radius (a0 = 0.529 Å)

The nature of the bond can be further investigated using the |Vbcp|
Gbcp

and Hbcp
ρbcp

descriptors. For

the O-Al and N-Al bonds, the |Vbcp|
Gbcp

descriptor is very close to 1, and Hbcp
ρbcp

close to 0. This

indicates that these bonds are at the limit between purely ionic bonding and intermediate

bonding, which includes dative bonding.[89, 134] With the exception of some of the O1-Al2

bonds, the values of the descriptors show a slight covalent contribution to the bonding ( |Vbcp|
Gbcp

> 1, Hbcp
ρbcp

< 0). The C7-Al4 bonds show higher covalent contribution than the other bonds,

suggesting that the nature of these bonds is intermediate between ionic and covalent.
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TABLE 5.7: Charge density (in e·a−3
0 ), Laplacian of Charge Density (in e·a−5

0 ),
|V|
G and H

ρ (in hartee·a−3
0 ) QTAIM descriptors at BCPs of the O-Al, N-Al

and C-Al bonds in qX adsorption modes on the Al(111) surface at θ1 =
4.72 · 10−3 molecule ·Å−2

coverage

Species q qBr qS qSH
tiltbridge paral tilttop paral tiltbridge paral tiltbridge paral

BCP O1-Al1
ρbcp 0.066 0.089 0.082 0.086 0.070 0.086 0.065 0.085
∆ρbcp 0.336 0.526 0.530 0.550 0.353 0.537 0.327 0.533
|Vbcp|
Gbcp

1.032 1.050 1.001 1.019 1.050 1.022 1.034 1.020
Hbcp
ρbcp

-0.043 -0.078 -0.002 -0.031 -0.066 -0.035 -0.044 -0.033
BCP O1-Al2
ρbcp 0.051 0.058 0.049
∆ρbcp 0.253 0.295 0.213
|Vbcp|
Gbcp

0.985 1.007 1.016
Hbcp
ρbcp

0.018 -0.009 -0.017
BCP N1-Al2
ρbcp 0.060 0.079 0.055 0.078 0.067 0.080 0.061 0.078
∆ρbcp 0.256 0.377 0.205 0.373 0.270 0.391 0.248 0.381
|Vbcp|
Gbcp

1.073 1.097 1.097 1.094 1.118 1.092 1.093 1.088
Hbcp
ρbcp

-0.074 -0.128 -0.100 -0.124 -0.135 -0.125 -0.075 -0.117
BCP C7-Al4
ρbcp 0.057 0.058 0.055 0.056
∆ρbcp 0.111 0.129 0.100 0.116
|Vbcp|
Gbcp

1.345 1.309 1.370 1.318
Hbcp
ρbcp

-0.259 -0.248 -0.266 -0.243

In addition to the O-Al, N-Al and C-Al bonds presented in Table 5.7 and 5.8, bond paths

of lower ρbcp are found between the molecule and the Al(111) surface with a maximum ρbcp

of 0.021 e ·a−3
0 , involving the C, H and Br atoms. The very low net charges on these atoms

exclude the possibility of ionic bonding, suggesting van der Waals bonding. At θ3 coverage,

bond paths between neighbouring molecules are also found, with a ρbcp maximum of 0.017

e ·a−3
0 , involving C, O, H and Br atoms. In the case of qSH at θ3, a bond formed between the

SO3H groups of neighbouring molecules bond was discussed in Section 5.2.3 and associated

to a hydrogen bond. The energy associated to this hydrogen bond can be calculated [135]

(EHB = 1
2 Vbcp). The energy of the bond is found to be of EHB = -0.23 eV, which is close to the

upper limit associated to such hydrogen bonds (-0.21 eV) [136].
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TABLE 5.8: Charge density (in e·a−3
0 ), Laplacian of Charge Density (in e·a−5

0 ),
|V|
G and H

ρ (in hartee·a−3
0 ) QTAIM descriptors at BCPs of the O-Al, N-Al

and C-Al bonds in qX adsorption modes on the Al(111) surface at θ3 =
2.36 · 10−2 molecule ·Å−2

coverage

Species q qBr qS qSH
tiltbridge tiltbridge tiltbridge tiltbridge

BCP O1-Al1
ρbcp 0.066 0.060 0.069 0.051
∆ρbcp 0.348 0.318 0.338 0.335
|Vbcp|
Gbcp

1.026 1.000 1.055 1.033
Hbcp
ρbcp

-0.035 0.000 -0.071 -0.044
BCP O1-Al2
ρbcp 0.052 0.048 0.061 0.051
∆ρbcp 0.249 0.230 0.313 0.234
|Vbcp|
Gbcp

0.997 0.988 1.014 1.013
Hbcp
ρbcp

0.004 0.014 -0.019 -0.015
BCP N1-Al2
ρbcp 0.063 0.063 0.070 0.063
∆ρbcp 0.256 0.270 0.281 0.268
|Vbcp|
Gbcp

1.104 1.083 1.132 1.086
Hbcp
ρbcp

-0.118 -0.097 -0.153 -0.100

5.3 qX and qXn− (n = 1 or 2) species adsorbed on Al(111) in water

The adsorption modes of the q, qS, q−, qBr− and qS2− species on Al(111) are calculated

in water. Unlike the case of the qS molecule, the free qS2− molecule energy could be cal-

culated, allowing us to obtain adsorption, interaction, and deformation energies of the ad-

sorbed qS2− molecule. Adsorption, interaction, and deformation energies of the adsorption

modes, as well as the net charge on the molecule for the adsorbed q and qS molecules in

water are presented in Table 5.9, and corresponding bond lengths are given in Table 5.10.

Energy properties of the adsorption modes as well as the total charge on the molecule for

the adsorbed q−, qBr− and qS2− anions in water are presented in Table 5.11 and 5.13 respec-

tively for the θ1 and θ3 coverage. The length of the bonds formed between the molecules

and the Al(111) surface are given in Table 5.2 and 5.6 respectively for θ1 and θ3 coverage.

Corresponding geometries are presented in Figure 5.7 and 5.8 respectively.
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5.3.1 qX molecules adsorbed on Al(111) at θ1 and θ3 coverage in water

For the q molecule at θ1 coverage, the energy difference between the two modes is found

similar to the one in vacuum (0.12 eV in water and 0.11 eV in vacuum), with the tiltbridge

mode more stable in both cases (Table 5.9). The adsorption energy is found lower in mag-

nitude in water than in vacuum by 0.28 ± 0.01 eV for both tiltbridge and paral modes. This

is the consequence of the free q molecule being more stabilized by the presence of water

(by about -0.4 eV) than the total system (stabilized by about -0.1 eV). The charge on the

molecule is slightly lower in water (-1.00 e) than in vacuum (-1.14 e) for the tiltbridge mode

and is similar in both cases (-2.02 e and -2.06 e) for the paral mode. For the tiltbridge mode,

slightly shorter bond lengths are found in water compared to in vacuum, while in the paral

mode, slightly longer bond lengths are found in water compared to in vacuum. For the qS

molecule at θ1 coverage, the paral mode is found 0.47 eV more stable than the tiltbridge mode.

The difference is much smaller than in vacuum (∆E = -1.82 eV), due to the stabilization of

the tiltbridge mode by water (about 1.6 eV versus about 0.2 eV for the paral mode). For the

tilt mode, higher net charge is found on the qS molecule in water (-1.95 e) than in vacuum

(-1.69 e), while for the paral mode, similar charges are found (-3.11 e and -3.03 e). The qS

molecule is found globally further away from the surface when in water than in vacuum,

with a maximum difference in bond lengths of 0.028 Å for the tiltbridge mode and 0.034 Å for

the paral mode (Table 5.10). For the paral mode of this molecule, the bonds lengths show

that the SO3 group is less strongly adsorbed on the Al(111) surface in the presence of water

than in vacuum, which is consistent with the hydrophilicity of this group [137].

TABLE 5.9: Total energy difference (the reference is the energy of the tiltbridge
mode), adsorption energy (in eV) and net charge on the molecule (in e) at θ1

= 4.72 · 10−3 molecule ·Å−2
and θ3 = 2.36 · 10−2 molecule ·Å−2

coverage. All
modes are optimized in water.

Coverage θ1 θ3

Species q qS q qS
tiltbridge paral tiltbridge paral tiltbridge tiltbridge

∆E 0 +0.12 0 -0.47
Emol/Al(111)

ads -3.31 -3.19 -3.40
Qmol -1.00 -2.06 -1.95 -3.11 -1.16 -1.89

At θ3 coverage, the adsorption energy of the q molecule is 0.31 lower in magnitude in

water than in vacuum. Much like for θ1 the charge on the molecule in water is lower than
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in vacuum for q (respectively -1.16 e and -1.31 e) and higher than in vacuum for qS (respec-

tively -1.89 e and -1.70 e). The geometry of the q molecule is very similar between the vac-

uum and water cases (maximum variation of 0.011 Å). The qS molecule is oriented slightly

differently in water (αmol = 58.7°), compared to its orientation in vacuum (αmol = 44.7°), with

the SO3 group directed towards the water, whereas is the case of vacuum, the SO3 group is

closer to the image molecule. This again is due to the stabilizing effect of the solvent on the

SO3 group. These results show that the addition of a solvant model simulating the effect of

water has few effect on the q molecule, but higher effect on the qS, which includes a group

interacting strongly with water (SO3).

TABLE 5.10: Length of bonds (in Å) between the qX molecules and the
Al(111) surface and the Al(111) surface and angles (αmol in °) between the
qX molecules and the Al(111) surface at θ1 = 4.72 · 10−3 molecule ·Å−2

and θ3

= 2.36 · 10−2 molecule ·Å−2
. Geometries optimized in water. Bonds between

atoms At1 and At2 are listed in this table if dAt1−At2 < 2.5 Å. Atom num-
bers are indicated in Figure 3.1 and 5.2. The angle αmol is formed between the

C5-C6 bond and its projection on the Al(111) surface (See Figure 5.1)

Coverage θ1 θ3

Species q qS q qS
tiltbridge paral tiltbridge paral tiltbridge tiltbridge

dO1−Al1 1.901 1.813 1.903 1.831 1.900 1.890
dO1−Al2 2.020 2.005 2.029 1.991
dN1−Al2 2.036 1.923 2.027 1.918 2.029 2.011
dC7−Al4 2.188 2.203
dO2−Al5 1.954
dO3−Al6 1.969
αmol 68.8 10.8 69.6 9.7 59.2 58.7

5.3.2 qXn− (n = 1 or 2) species adsorbed on Al(111) at θ1 coverage in water

First the distance between the molecule, the ion, and the image slab is checked to be suffi-

cient as only small total energy variation (0.01 eV) is found when increasing these distances

(Appendix B, Table B.2). For the q− molecule in water, a strong adsorption is found for both

tiltbridge and paral modes, with respective adsorption energies of -2.45 eV and -2.43 eV (Table

5.11). In the tiltbridge mode, the value of the net charge on the molecules (-1.06 e) indicates

that almost no charge transfer takes place between the Al(111) surface and the deprotonated

molecule (∆Qmol = -0.06 e). The charge transfer corresponds to the charge variation on the

molecule upon adsorption, with the reference being the net charge on the free anion (-1 e or
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-2 e). In the paral mode, a high net charge is found on the molecule, with a value of Qmol =

-2.11 e (∆Qmol = -1.11 e).

TABLE 5.11: Total energy difference (the reference is the energy of the
tiltbridge mode), adsorption energy (in eV), net charge on the molecule and
charge transfer from the Al(111) surface to the molecule (in e) at θ1 =

4.72 · 10−3 molecule ·Å−2
coverage. All modes are optimized in water.

Species q− qBr− qS2−

tiltbridge paral paral tiltbridge paral

∆E 0 +0.02 0 -0.26
Edeprot mol/Al(111)

ads -2.45 -2.43 -2.50 -2.38 -2.64
Qmol -1.06 -2.11 -2.23 -2.07 -3.22
∆Qmol -0.06 -1.11 -1.23 -0.07 -1.22

TABLE 5.12: Length of bonds (in Å) between the qXn− (n = 1 or 2) molecules
and the Al(111) surface and angles (αmol in °) between the qX molecules and
the Al(111) surface at θ1 = 4.72 · 10−3 molecule ·Å−2

in water. Bonds between
atoms At1 and At2 are listed in this table if dAt1−At2 < 2.5 Å. Atom numbers
are indicated in Figure 3.1 and 5.7. The angle αmol is formed between the C5-

C6 bond and its projection on the Al(111) surface (See Figure 5.1)

Species q− qBr− qS2−

tiltbridge paral paral tiltbridge paral

dO1−Al1 1.903 1.818 1.828 1.908 1.838
dO1−Al2 2.024 2.020
dN1−Al2 2.041 1.927 1.933 2.039 1.926
dC7−Al4 2.187 2.174 2.208
dO2−Al5 1.977
dO3−Al6 2.000
αmol 72.2 10.5 10.5 69.6 9.7

For the qBr− molecule, an optimized geometry of a tilt mode could not be obtained. In

the paral mode, a high net charge on the molecule (-2.23 e) is found.

For the qS2− molecule, the paral mode is found -0.26 eV more stable than the tiltbridge

mode, with respective adsorption energy values of -2.64 eV and -2.38 eV. Similarly to the q−

molecule, a very weak charge transfer is found in the tiltbridge mode (-0.07 e), while a strong

charge transfer is found for the paral mode (-1.22 e).

Globally, the comparison of these results with the ones obtained for the q and qS radicals

(Table 5.1 and Table 5.9) shows less energy difference between the tilt and paral modes for

both the q− (∆E = +0.02 eV for q− versus ∆E = +0.11 eV for q) and qS2− (∆E = -0.26 eV

for qS2− versus ∆E = -0.47 eV for qS) molecules. The values of adsorption energies shows

weaker adsorption than for the qX molecules, but still shows overall strong adsorption. The
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net charge on the molecule is found to be similar from the case of qX to the case of qXn−

(n = 1 or 2), with the maximum variation being obtained for the tiltbridge mode of the qS2−

molecule, where the molecule is 0.12 e more charged for qS2− than for qS. Finally, similar

bond lengths are found for qXn− (n = 1 or 2) and qX, with the exception of the bonds formed

between the SO3 group and Al(111), which are slightly longer for qS2− than for qS(up to

0.031 Å).

Overall, the adsorption geometries and charges on the molecules shows very weak dif-

ferences with the case of the neutral qX species, indicating that the adsorption of neutral

species qX is a good approximation of the adsorption of charged qXn− (n = 1 or 2) species.

The adsorption energy, however, is different in both cases. The study of the adsorption of

the anion is thus useful to verify if the adsorption is a stabilizing process.
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FIGURE 5.7: Adsorption modes of the qXn− (n = 1 or 2) molecules on an
Al(111) surface in water for a coverage of θ1 = 4.72 · 10−3 molecule ·Å−2

. Al
atoms of the top layers are shown in blue and Al atoms of the other layers are

shown in grey.



5.3. qX and qXn− (n = 1 or 2) species adsorbed on Al(111) in water 111

5.3.3 qXn− (n = 1 or 2) species adsorbed on Al(111) at θ3 coverage in water

Before discussing the results, we check the validity of the model. The charges on Na+ and

Mg2+ ions were verified, allowing negative charges on the slab/molecule systems. More-

over, the number of layers in the slab was increased to six, and no significant difference

in net charge on the molecules were found, meaning that the four layer slab is still a good

reservoir of electron at θ3 coverage in case of the adsorption of a charged species. The local

potential in the direction normal to the surface for the adsorbed q− and qS2− is presented in

Figure B.3 of Appendix B. It shows slight curves between the ion and the molecule on one

side, as well as between the ion and the bottom of the image slab on the other side. This

is not present for q in water (Appendix B, Figure B.1). This suggests interactions between

the ion and the rest of the system, which could introduce errors in our results. To better

quantify this interaction, the distance between the top of the molecule and the image slab

was increased (See Table B.1 in Appendix B), leading to significant total energy variation

(up to 0.18 eV for 5 Å distance increase for qS2−), which was not the case at θ1 coverage (Ap-

pendix B, Table B.2). The results therefore contain errors, and at the time of the writing of the

manuscript, calculations with higher distance between the ion and the rest of the system are

in progress. However, we discuss qualitatively the adsorption energies and net charge on

TABLE 5.13: Adsorption energies (in eV), net charge on the molecule and
charge transfer from the Al(111) surface to the molecule (in e) at θ3 =

2.36 · 10−2 molecule ·Å−2
coverage. All modes are optimized in water.

Species q− qBr− qS2−

tiltbridge tiltbridge tiltbridge

Edeprot mol/Al(111)
ads -1.65 -1.38 -1.10

Qmol -1.66 -1.74 -2.48
∆Qmol -0.66 -0.74 -0.48

the molecules for qXn− (n = 1 or 2) in water that are presented in Table 5.13. At θ3 coverage,

adsorption energies are lower in magnitude than for the θ1 coverage, but still show strong

adsorption of the molecules on the Al(111) surface. The net charges on the adsorbed species

are found much higher than for the tilt modes at θ1 coverage, with a difference of 0.60 e for

q− and 0.67 e for qS2−. The charges are also higher than for the θ3 coverage for the neutral

qX molecules (-0.50 e more charge on q− than on q, and -0.59 e more charge on the qS2−

than on qS). However, for reasons pointed out previously, these results should not lead to

extensive interpretations before less biased calculations are done.
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TABLE 5.14: Length of bonds (in Å) between the qXn− (n = 1 or 2) molecules
and the Al(111) surface and angles (αmol in °) between the qX molecules and
the Al(111) surface at θ3 = 2.36 · 10−2 molecule ·Å−2

in water. Bonds between
atoms At1 and At2 are listed in this table if dAt1−At2 < 2.5 Å. Atom numbers
are indicated in Figure 3.1 and 5.7. The angle αmol is formed between the C5-

C6 bond and its projection on the Al(111) surface (See Figure 5.1)

Species q− qBr− qS2−

tiltbridge tiltbridge tiltbridge

dO1−Al1 1.898 1.930 1.914
dO1−Al2 2.032 2.054 2.088
dN1−Al2 1.997 1.996 2.028
αmol 61.5 75.6 58.2

FIGURE 5.8: Adsorption modes of the qXn− (n = 1 or 2) molecules on an
Al(111) surface for a coverage of θ3 = 2.36 · 10−2 molecule ·Å−2

. Al atoms of
the top layers are shown in blue and Al atoms of the other layers are shown

in grey.

5.3.4 Conclusion

In vacuum, the energy and charge of the adsorption modes of the qX molecules on the

Al(111) surface showed chemisorption for all derivatives and coverage, and the four qX

species could form stable compact monolayer on Al(111) (corresponding to a coverage of

θ3 = 2.36 · 10−2 molecule ·Å−2
). Globally, the stability of these compact monolayers are the

result of both the iono-covalent bonding of the molecules on the Al(111) surface and the

van der Waals interactions between the molecules and the Al(111) surface (14% to 17% van

der Waals contribution to the interaction energy Emol/Al(111)
int ). Appart from the existence of

higher interactions between the molecules in the organic layer for qSH (hydrogen bond dis-

cussed in Sections 5.2.3 and 5.2.4) than for q and qBr, no significant differences were found
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between the qX molecules at θ3. However, it is worth noting that the compact monolayers

presented in this work contain some bias as they were obtained at periodic constraint of one

molecule per cell. The strongest difference found in the adsorption of the qX species lies in

the relative stabilities of the different modes at low coverage (θ1 = 4.72 · 10−3 molecule ·Å−2
),

which can be associated to the case of a lone molecule adsorbed on a Al(111) surface. The

q most stable adsorption mode (tilt) was found to be different than those of the qBr, qS

and qSH molecules (paral), because of i) the strong van der Waals interactions of qBr with

Al(111) in paral mode; ii) the iono-covalent bonding of the SO3/SO3H group of qS and qSH

with Al(111) in paral mode. Considering that the formation process of an adsorbed mono-

layer begins by the adsorption of single molecules on the Al(111) surface, the adsorption ge-

ometry of the first adsorbed molecules could affect the geometry of the subsequently formed

compact monolayer, as energy barriers will need to be overcome to increase the coverage up

to one monolayer.

In aqueous environment, the calculations performed on qXn− (n = 1 or 2) charged molecules

showed geometries and most stable adsorption modes similar to those found in vacuum.

The interaction of the X groups with the solvent influenced slightly the adsorption geome-

try, with the SO3 and SO –
3 groups of the qS and qS2− further away from the Al(111) surface

both for tilt and paral modes. Adsorption energies were found weaker than in vacuum,

but still indicated a strong adsorption, and stable layers at θ3 coverage. At θ1 coverage, the

adsorption of deprotonated species validated the use of dehydrogenated species as model,

in terms of adsorption geometry and net charge on the molecule after adsorption. The most

notable differences were found for the case of the charged qXn− (n = 1 or 2) molecules at

θ3, where both adsorption energy and net charge on molecules were very different from the

case of the qX molecules both in vacuum and water. However, additional calculations with

non-interacting Na+ and Mg2+ ions need to be performed in order to further discuss these

results.

Overall, the modification of the X groups influences to a large extent the adsorption of

the molecules on the Al(111) surface at low coverage (θ1). For the compact monolayer model,

the variation of the X groups does not change the adsorption geometry, but the formation

process of a layer could be influenced by the single molecule (θ1) adsorption geometries,

possibly influencing the corrosion inhibition efficiency. The addition of a solvent model

was shown to be useful to obtain more accurate results in the case of calculations involv-

ing species with groups interacting strongly with the solvent (in our case SO3H/SO –
3 with
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water).

In this chapter, two biases were included in our work. First, the periodic conditions (one

molecule per simulation cell) constrained the degrees of freedom of the systems. Second,

a perfect Al(111) surface was used, which neglected the effects of the steps, vacancies and

adatoms that are present in experimental conditions. In the next chapter, we use a defective

Al(111) surface, containing an Al adatom and noted Al-Al(111), and simulate up to three

molecules adsorbed on the adatom.
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Chapter 6

Alq3 complexes on an aluminum

surface

A mechanism of aluminum corrosion inhibition by the Hq molecule has been proposed in

experimental studies, involving the presence on the aluminum surface of chelates (Alq3)

formed between deprotonated molecules and Al atoms or Cu and Mg atoms, which can be

present as impurities. [38–40, 55, 138]. Although experimental works evidence some chem-

ical bonding of the molecules with the Al surface, the exact structure of such complexes on

the Al surface is not known.[55, 138] Previous theoretical work[116] have already studied

the deposition of Alq3 on the Al(111) surface showing both physisorbed and chemisorbed

states of the complex on the surface, but without considering the possibility of having a

geometry highly different from the complex in vacuum. In addition, the presence of disper-

sive interactions was not taken into account during geometry optimization. Therefore, we

aim to obtain a broader picture of the possible structures of the Alq3 complex on the Al(111)

surface, and the results of these studies are presented in this chapter. We first perform cal-

culations on mer and fac Alq3 complexes, preformed in vacuum, and adsorbed on an Al(111)

surface in the framework of the dispersion corrected DFT. Different adsorption modes as-

sociated to the different isomers and orientations of the complex are investigated. Another

possible process is the formation of complexes on the Al(111) surface, formed by the inter-

action of three q molecules with an Al adatom present on the surface. To explore these new

geometries, we perform Molecular Dynamics simulations on the system, and extract a set

of geometries that are subsequently optimized. From these two formation process, we get

insights of the structures of Alq3 complexes present on an Al surface.
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6.1 Computational details

6.1.1 Adsorption of an Alq3 complex on an Al(111) surface.

The Al(111) surface is modelled by a 8×8 asymmetric slab of 3 layers (64 atoms per layer),

with the two top layers set free to relax. Periodic images of the complex across the surface

are separated by at least 12 Å. After adsorption, about 21 Å separate the top of the complex

from the bottom of the image slab in the direction normal to the surface. The local poten-

tial is checked for the geometry where the complex is the closest to the image slab (Figure

C.1, Appendix C), and is found constant with respect to the direction perpendicular to the

surface in the vacuum area, indicating that the adsorbed complex and the image slab do

not interact. The reciprocal space is sampled by a Monkhorst-Pack[130] 2 × 2 × 1 k-points

grid. The energy values associated to these calculations are the adsorption, interaction and

deformation energies:

The adsorption energy of the Alq3 complex on the Al(111) slab is defined as:

Ecx/Al(111)
ads = Ecx/Al(111) − Ecx − EAl(111) (6.1)

Where Ecx/Al(111) is the total energy of the optimized system containing the complex ad-

sorbed on the Al(111) slab, Ecx is the total energy of the optimized free complex, and EAl(111)

is the total energy of the optimized free Al(111) slab.

The interaction energy between the complex and the Al(111) slab is defined as:

Ecx/Al(111)
int = Ecx/Al(111) − Ecx

SP − EAl(111)
SP (6.2)

Where Ecx
SP is the total energy of the isolated complex at the geometry after adsorption,

and EAl(111)
SP is the total energy of the isolated slab at the geometry after adsorption.

The deformation energy of the adsorbed Alq3 complex and of the Al(111) slab are de-

fined as:

Ecx
de f = Ecx

SP − Ecx (6.3)
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EAl(111)
de f = EAl(111)

SP − EAl(111) (6.4)

6.1.2 Adsorption of n q molecules (n = 1 or 3) on an Al-Al(111) surface

The Al-Al(111) slab, detailed in more details in Chapter 4, contains 3 layers of 64 atoms

each (8×8 asymmetric slab), plus an Al adatom, with the two top layers plus the adatom

set free to relax and the bottom layer fixed. The adatom was placed on a hcp site as it was

found to be more stable than on a fcc site for a 6 layer slab (see Chapter 4). One or three q

molecules are adsorbed on the adatom. In both cases (n = 1 and n = 3 molecules), the periodic

images of the molecules or complexes on the surface are more than 10 Å away from each

other. On the direction normal to the surface, more than 21 Å of vacuum separate the top

of a molecule from the bottom of the image slab. A Molecular Dynamics exploration of the

conformations space is performed on the systems with three q molecules (n = 3) adsorbed

on the Al-Al(111) surface. The details and parameters of the MD simulations are listed in

section 6.1.3. Geometries selected from the MD exploration are then optimized.

The adsorption energy of n (n = 1 or 3) molecules on the Al-Al(111) slab is defined as:

En mol/Al−Al(111)
ads = En mol/Al−Al(111) − nEmol − EAl−Al(111) (6.5)

Where En mol/Al−Al(111) is the total energy of the system containing n q molecules ad-

sorbed on the Al-Al(111) surface, Emol is the total energy of the optimized free q molecule,

and EAl−Al(111) is the total energy of the free optimized Al-Al(111) slab.

The interaction energy between two subparts (part 1 and part 2) of the system to locally

quantify the interactions is calculated as:

Epart1/part2
int = Epart1+part2 − Epart1

SP − Epart2
SP (6.6)

For instance, the interaction energy between the n molecules and the Al-Al(111) slab is

defined as:

En mol/Al−Al(111)
int = En mol/Al−Al(111) − En mol

SP − EAl−Al(111)
SP (6.7)



118 Chapter 6. Alq3 complexes on an aluminum surface

Where En mol
SP is the total energy of the n q molecules at the geometry after adsorption,

isolated from the slab, and EAl−Al(111)
SP the total energy of the Al-Al(111) surface at the ge-

ometry after adsorption, isolated from the molecules. All energies introduced in this section

are calculated in vacuum.

6.1.3 Geometry exploration by ab initio molecular dynamics

The conformations space of three q adsorbed on an Al-Al(111) surface is explored by ab

initio molecular dynamics. The simulated temperature is maintained by a Langevin ther-

mostat[139–141] (T = 500K), with 1.5 ps between steps of the trajectory. At each step, the

electronic structure is calculated with the following parameters: a cutoff energy of 300 eV,

a convergence criterion of 10−4 eV and gamma k-point sampling. The Al atom (including

the adatom) positions are fixed, and the atoms of the molecules are set free to move. Runs

of 10 ps each are performed from two different initial geometries. The starting geometries

of these two runs vary. For the first run, noted MD1, the three q molecules are initially po-

sitioned close to parallel to the surface, with O1 atoms bonded to the Al adatom. For the

second run, noted MD2, two of the molecules are positioned parallel to the surface and a

third is positioned on top of the Al adatom.

From the trajectories of the MD runs, geometries are extracted every 320 steps and are

optimized using a cutoff energy of 300 eV, an electronic convergence criterion of 10−4 eV, a

convergence criterion on forces of 5·10−3 eV Å
−1

and a gamma k-point sampling. The most

stable geometries (geometries 10 for MD1 and geometry 17 for MD2), are then optimized

more accurately with an electronic convergence criterion of 10−6 eV, a convergence criterion

on forces of 5·10−3 eV Å
−1

and 2 × 2 × 1 k-points sampling of the reciprocal space.

6.2 Alq3 complexes adsorbed on an Al(111) surface.

The two isomers of the complexes are adsorbed on the Al(111) surface such as to orient the

O1 and N1 atoms towards the surface. The mer isomer has one face containing two O atoms

and one N atom, and one face containing one O atom and two N atoms. The fac isomer has

one face containing three O atoms and the other one containing three N atoms. In his work,

Yanagisawa [116] proposed a classification of the configurations of adsorbed complexes on
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Al(111) depending on the orientation of the permanent dipole of the adsorbed complex.

When the dipole moment is directed towards the vacuum, the configuration is denoted

"up". When it is directed towards the Al(111) surface, the configuration is denoted "down".

In terms of geometry, a up configuration is obtained when the face containing a majority

of O atoms is directed towards the surface, and a down configuration is obtained when the

face containing a majority of N atoms in directed towards the surface. The dipole on the

isolated mer and fac isomers were checked (See Figure A.1, Appendix A), leading to values

and orientations similar to those indicated by Yanagisawa et al. [116]. The mer/up, mer/down,

and the fac/up adsorption modes are shown in Figure 6.1. The fac/down mode has been shown

to be the less stable [116] and is not studied. Calculated energies, as well as the position of

the Al atom of the complex and the charge on the Al atom and on the complex, are presented

in Table 6.1.

TABLE 6.1: Adsorption of the mer and fac Alq3 complexes on Al(111). Relative
total energies, adsorption energies, interaction energies, complex and Al(111)
slab deformation energies (in eV), distance between the Al atom of the com-
plex and the Al(111) surface (in Å), net charge on the Al atom of the complex

and net charge on the complex (in e).

Geometry f ac/up mer/up mer/down

∆Ecx/Al(111) +0 +0.54 +0.69
Ecx/Al(111)

ads -2.21 -1.68 -1.52
Ecx/Al(111)

int -3.45 -3.12 -4.25
Ecx

de f +0.73 +0.88 +2.09

EAl(111)
de f +0.51 +0.56 +0.63

zcx
Al 3.509 3.862 3.897

qcx
Al +2.45 +2.44 +2.36

Qcx -0.97 -0.73 -1.57

The fac/up geometry, where three O atoms are bonded to the surface (dO−Al = 2.007 ±

0.002 Å), is found to be the most stable geometry, with the mer/up and mer/down geometries

being less stable by 0.54 eV and 0.69 eV respectively. Two O atoms form bonds with the

Al(111) surface in the mer/up geometry (dO−Al = 1.971 Å and 2.003 Å), while one O atom,

one N atom and one C atom form bonds with the Al(111) surface in the mer/down geometry

(dO−Al = 1.957 Å, dN−Al = 2.059 Å and dC−Al = 2.156 Å).

The values of the adsorption energy (-1.52 eV to -2.21 eV) and of the interaction energy (-

3.12 eV to -4.25 eV) show a strong interaction between the complexes and the Al(111) surface.

The strongest interaction energy is obtained for the mer/down geometry (-4.25 eV), due to

the bonding of O, N and C atoms with the Al(111) surface. However, it is the less stable
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FIGURE 6.1: Adsorbed mer and fac Alq3 on A(111). The top Al layer of the
Al(111) slab and the Al atom of the complex are in dark blue. The other Al

atoms of the slab are in grey.
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geometry, because of a very high deformation energy (2.09 eV), explained by the strong

deformation on the molecule forming N-Al and C-Al bonds (see in Figure 6.1). For the two

other geometries, deformations of the complexes are lower, with values of 0.88 eV and 0.73

eV respectfully for the mer/up and fac/up geometries. The slab is deformed upon adsorption

of the complexes, with values of the deformation energy of 0.57 ± 0.06 eV in all cases.

The Al atom of the complex is closer to the surface in the fac/up geometry (zcx
Al = 3.509

Å) than in the mer/up and mer/down geometries (3.862 Å and 3.897 Å respectively). The

charge on this atom is close to +2.45 e in all cases, with a slightly lower charge (+2.36 e)

for the case of the mer/down, which shows no or very small difference from the case of the

free complex. Charge transfer takes place between the surface and the complexes upon

adsorption, with the highest electron gain found for the mer/down geometry (gain of 1.57 e−),

which is consistent with the high interaction between the surface and the complex discussed

above. In the other two geometries, 0.73 to 0.97 electrons are transferred from the surface to

the complex.

In order to investigate the strength of the adsorption of the complex, molecular dynamics

runs of 3 ps were performed using the fac/up geometry as initial geometry. The temperature

is first set to 300K, then to 500K, and no O-Al bond is broken during the runs. This indicates

that once adsorbed, the complex is likely to stay adsorbed, even at high temperature.

In the work of Yanagisawa et al., using the GGA functional on mer and fac complexes

on 3 layer slabs of dimensions 8x8, the fac/up geometry was also found to be the most

stable. A very different mer/down geometry than ours was found, which was found more

stable than the mer/up geometry. This difference can be due to the different functional

and calculation parameters used, as well as the fact that no dispersion corrections were

employed in their calculations. Indeed, van der Waals interactions contribute to 50% to 59%

of the interaction energy Ecx/Al(111)
int in our calculations and are thus of capital importance to

determine accurate adsorption geometries.

In this section, we showed that both mer and fac isomers of the Alq3 complex can be

strongly adsorbed on the Al(111) surface, with the fac/up geometry being the most stable one.

We proceed to the exploration of geometries obtained by direct formation of the complex on

an Al-Al(111) surface, which could lead to even more stable geometries. We purposely chose

a system with the same amount and type of atoms than the one discussed above, in order to

allow the direct comparison of total energies.
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6.3 Formation of Alq3 complexes on an Al-Al(111) surface

In this section, we first investigate the interaction of one q molecule with an Al-Al(111)

surface, and then proceed to the MD exploration of the conformations space of the system

containing three q molecule and a Al-Al(111) surface.

6.3.1 One q molecule adsorbed on an Al-Al(111) surface.

FIGURE 6.2: One q molecule adsorbed on an Al-Al(111) surface. Left: tilt
mode. Right: paral mode. The top Al layer and Al adatom of the Al-Al(111)

slab are in dark blue. The other Al atoms of the slab are in grey.

The two adsorption modes of the q molecule on the Al-Al(111) surface are shown in

Figure 6.2. In the paral mode, the molecule is bonded to the adatom by the O1 and N1

atoms (dO−Al = 1.927 Å, dN−Al = 1.914 Å), and to the Al(111) surface by the O1 and C7 atom

(dO−Al = 2.051 Å, dC−Al = 2.209 Å), while in the tilt mode, the molecule is positioned above

the Al adatom and is only bonded to the adatom (dO−Al = 1.813 Å, dN−Al = 1.998 Å)

Energies, distances from the surface to the adatom and charges on the molecules are

summarized in Table 6.2. Both modes show a strong adsorption of the molecules, with ad-

sorption energies of at least -4 eV. These results show close adsorption energies between the

two modes, with the paral mode more stable by 0.13 eV. The interaction energy is stronger

for the paral mode than for the tilt mode, which is consistent with the higher number of

bonds formed between the molecule and Al-Al(111) surface, as well as with the overall
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TABLE 6.2: One q molecule adsorbed on an Al-Al(111) surface. Adsorption
energy, interaction energy, deformation energies (in eV), distance between the
Al adatom and the surface and its variation upon adsorption (in Å), net charge
on the Al adatom and its variation upon adsorption (in e), net charge on the q

molecule upon adsorption.

Geometry tilt paral

Emol/Al−Al(111)
ads -4.04 -4.17

Emol/Al−Al(111)
int -4.57 -6.14

Emol
de f +0.40 +1.42

EAl−Al(111)
de f +0.14 +0.55

zAl adatom(∆zAl adatom) 1.981 (+0.054) 2.407 (+0.373)

qAl adatom(∆qAl adatom) +1.03 (+0.93) +0.82 (+0.70)
Qmol -0.95 -2.11

smaller distances between the molecule and the surface (Figure 6.2). The molecule and sur-

face are both more deformed in the paral mode (Emol
de f = 1.42 eV and EAl−Al(111)

de f = 0.55 eV)

than in the tilt mode (Emol
de f = 0.42 eV and EAl−Al(111)

de f = 0.14 eV). As for the paral modes

found for the flat Al(111) surface (Chapter 5), the formation of the C7-Al bond induces a

high deformation of the pyridine ring of the molecule. The high deformation of the surface

in the paral mode is explained by the ∆zAl value showing important displacement of the Al

adatom upon adsorption (+0.373 Å).

The charge on the Al adatom is close to +1 e (AlI oxidation state) for both modes, with the

charge on the adatom (+1.03 e and +0.82 e) very close to the one obtained from the isolated

Alq complex (+0.86 e). In the case of the tilt mode, the charge on the molecule (-0.95 e) and

the deformation energy of the molecule (0.40 eV) are also very close to the values obtained

for the Alq species (-0.86 e and 0.36 eV). This shows that the adsorption one q molecule on

an ad-atom in tilt position leads to the formation of on Alq-like complex on Al(111), with the

most noticeable difference being the length of the N1-Al bond (1.998 Å for the adsorbed q

molecule, 2.187 in the free Alq complex. The charge transfer from the surface to the molecule

is of about one electron higher in the paral mode (-2.11 e) than in the tilt mode (-0.95 e). In

the tilt mode, the majority of the charge received by the molecule comes from the adatom

(-0.91 e), while in the paral mode, the molecule can receive electrons from the Al(111) part

of the surface (-1.41 e).

To form an Alq3-like species on the aluminum surface, three q molecules have to be

adsorbed on Al-Al(111). A broad exploration of the possible geometries for this system is
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presented below.

6.3.2 Three q molecules adsorbed on an Al-Al(111) surface.

The conformations space of the system containing three q molecules adsorbed on an Al-

Al(111) surface was explored by two molecular dynamics runs. From each MD trajectory,

twenty geometries were extracted and a first level of optimization was performed on them

(see section 6.1.3). Distances of interest in all these geometries are presented in Figure 6.3

for MD1 and in Figure 6.4 for MD2. Number of bonds between the molecules and the Al-

Al(111) surface, as well as the energy of each geometry, are shown in Figure 6.5 for MD1 and

in Figure 6.6 for MD2. In all geometries, three O1-Al adatom bonds are formed (see Figures

6.3(a) and 6.4(a)), therefore they are not shown in the histograms of Figures 6.5 and 6.6. For

the MD1 trajectory, the variations of distances between atoms of the A, B and C molecules

and the atoms of the Al-A(111) surface are shown in 6.3. In addition to O1 bonding to the Al

adatom, up to two O1-Al bonds are formed between the molecules and the Al(111) surface

(Figure 6.3(b)). The bonding of the N1 (Figure 6.3(d)) and C7 (Figure 6.3(e))) atoms on the

surface vary depending on the geometry. In some geometries, the N1 atom is also bonded

to the Al adatom (Figure 6.5(c)).

The relative total energy of the different geometries, taking the most stable geometry

(geometry 10) as the reference in energy, is shown in black in Figure 6.5 for MD1. Two

groups of geometry, separated by at least 0.2 eV, appear clearly. Lower energies are obtained

for the geometries 1-2, 9-13, 15 and 17, and higher energies are obtained for the geometries

3-8, 14, 16, and 18-20. For the lower energies, geometries 1 and 2 excluded, two O1-surface

Al atoms are found, and at least one N1-Al adatom bond is found, except for geometry 17.

This last geometry is the only one where a C7-Al bond exists, which stabilizes the system

and seems to compensate the absence of N1-Al adatom bond. In MD2, the geometry and

energy varies much less than for MD1. Both the distances of interest shown in Figure 6.4

and the number of bonds presented in Figure 6.6 show that only the bonding of the C7 and

C9 atoms vary between the geometries, while the number of O1-surface Al bonds (2), N1-Al

adatom bonds (1) and N1-surface Al bonds (2) are the same in all geometries extracted from

the MD2 trajectory. In Figure 6.6, the energy values make three geometries (2, 17 and 18)

stand out from all other geometries, which have similar energies (variations < 0.05 eV). In

the case of geometry 2, the bonding of the C9 atom with the Al(111) surface leads to the
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FIGURE 6.3: Three q molecules adsorbed on an Al-Al(111) surface. Geome-
tries from 20 snapshots of the MD1 trajectory, optimized at a first level of
accuracy; distances (in Å) (a) between the O atom and the Al adatom, (b) be-
tween the O atom and the surface Al atom (shortest distances), (c) between
the N atom and the Al adatom, (d) between the N atom and a surface Al atom
(shortest distances), (e) between the C7 atom and a surface Al atom (shortest

distances). Values for molecules A in blue, B in red and C in green.

deformation of the B molecule (EmolB
de f = 1.82 eV), which makes this geometry the less stable

of MD2. In geometry 17 and 18, the bonding of the C7 atom on the Al(111) surface stabilizes

the system and makes these geometries more stable than all others, with the geometry 17

being the most stable of all.
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FIGURE 6.4: Three q molecules adsorbed on an Al-Al(111) surface. Geome-
tries from 20 snapshots of the MD2 trajectory, optimized at a first level of
accuracy; distances (in Å) (a) between the O atom and the Al adatom, (b) be-
tween the O atom and the surface Al atom (shortest distances), (c) between
the N atom and the Al adatom, (d) between the N atom and a surface Al atom
(shortest distances), (e) between the C7 atom and a surface Al atom (shortest
distances), (f) between the C9 atom and a surface Al atom (shortest distances).

Values for molecules A in blue, B in red and C in green.
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FIGURE 6.5: Three q molecules adsorbed on Al-Al(111). Geometries from 20
snapshots of the MD1 trajectory; relative total energies ∆E (in eV) in black (the
reference is the energy of the geometry 10); number of bonds between O atoms
and Al(111) surface atoms in dark orange; number of bonds between N atoms
and the Al adatom in green-blue; number of bonds between N atoms and
Al(111) surface atoms in light blue; number of bonds between C7 atoms and
Al(111) surface atoms in brown. Atoms a and atom b are considered bonded

if da−b < 2.3 Å.
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FIGURE 6.6: Three q molecules adsorbed on Al-Al(111). Geometries opti-
mized from 20 snapshots of the MD2 trajectory; relative total energies ∆E (in
eV) in black (the reference is the energy of the geometry 17); number of bonds
between O atoms and Al(111) surface atoms in dark orange; number of bonds
between N atoms and the Al adatom in green-blue; number of bonds between
N atoms and Al(111) surface atoms in light blue; number of bonds between
C7 atoms and Al(111) surface atoms in brown; number of bonds between C9
atoms and surface Al(111) surface atoms in beige. Atoms a and atom b are

considered bonded if da−b < 2.3 Å.



6.3. Formation of Alq3 complexes on an Al-Al(111) surface 129

Most stable geometries for three q molecules adsorbed on an Al-Al(111) surface.

The most stable geometries from MD1 (geometry 10) and MD2 (geometry 17) were opti-

mized using more accurate parameters than the ones used above. The optimization of the

geometry 10 of MD1 leads to the formation of additional bonds. The corresponding geome-

tries are presented in Figure 6.7. Geometry 17 of MD2 is found to be the most stable of the

two by 0.38 eV. In both geometries, one molecule is positioned on top of the Al adatom,

while the other two molecules are parallel or slightly tilted to the surface, on opposite sides

of the Al adatom.

The A molecule is positioned on top of the Al adatom and is almost perpendicular to the

surface. Both O1 and N1 atoms are bonded to the adatom, and the O1 atom is bonded to the

surface in the case of the geometry 17. The B molecule is bonded to the adatom by the O1

FIGURE 6.7: Three q molecules adsorbed on an Al-Al(111) surface. Left: ge-
ometry 10 from MD1. Right: geometry 17 from MD2 (most stable form). The
top Al layer and Al adatom of the Al-Al(111) slab and the Al atom of the com-

plex are in dark blue. The other Al atoms of the slab are in grey.

atom, and to the surface by the O1 and N1 atoms in both geometries. In the geometry 17,

the C7 atom is also bonded to the Al(111) surface, which is associated with a more parallel

orientation of the molecule than for the geometry 10.

The C molecule is bonded to the Al adatom by the O1 and N1 atoms in both cases, and

bonded to the surface by the C7 atom in geometry 10. Overall, the bonds formed by the

molecules with the adatom are shorter than for the free complex, where bond distances are

equal to 1.873 ± 0.018 Å for O-Al and 2.071 ± 0.032 Å for N-Al (See Table 4.3 in Chapter 4).
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In Table 6.3 are presented the relative energies of the systems and the atomic charges

across the systems for geometries 10 and 17. The atomic charge on the Al adatom is of

+2.56 e and +2.48 e respectfully for geometries 10 and 17, which is similar to the case of the

isolated and adsorbed Alq3 complexes. A total of -4.28 e and -4.40 e are transferred from the

Al-Al(111) surface to the molecules for geometries 10 and 17 respectfully, with the charge on

each molecule depending on how the molecule is bonded to the surface.

TABLE 6.3: Properties of the geometry 10 and 17 obtained from the MD ex-
ploration and of the geometries obtained from the adsorbed complexes pre-
formed in vacuum. Relative total energies (in eV, the reference is the energy of
geometry 17), charge on the Al atom in the complex, charge on the Al adatom,
and charge on molecules A, B and C (in e); distance from the Al atom in the

complexto to Al(111) and distance from the Al adatom to Al(111) (in Å).

Geometry Geometry 17 Geometry 10 f ac/up mer/up mer/down

∆E 0 +0.38 +0.25 +0.79 +0.94

qAl adatom +2.48 +2.56
qcx

Al +2.45 +2.44 +2.36
QmolA -0.97 -0.85 -1.08 -0.94 -1.26
QmolB -2.18 -1.25 -1.19 -1.26 -1.49
QmolC -1.25 -2.18 -1.14 -0.98 -1.25

zAl adatom 2.738 3.206
zcx

Al 3.509 3.862 3.897

For instance, the charge on the molecule A is lower for the geometry 10 (-0.85 e) than for

the geometry 17 (-0.97 e), where an additional bond between the O1 atom and the Al(111)

surface is present. The molecules bonded to the surface by the C7 atom receive a high charge

(2.18 e). This is the case of the C molecule in geometry 10 and of the B molecule in geometry

17. The last molecule (B in geometry 10 and C in geometry 17) is less bonded to the surface

and receives 1.25 e.

In geometry 17, the adsorption geometry of the three q molecules is equal to -13.08 eV.

This corresponds to a stronger adsorption than three times the adsorption energy of a single

q molecule on a Al-Al(111) surface(-4.17× 3 = -12.51 eV), indicating a synergistic behavior of

the adsorption of the three molecule on the Al-Al(111) surface. To get a better understanding

of the various interactions taking place in the system, interaction energies between subparts

of the system are calculated and listed in Table 6.4. Deformation energies of the subparts are

also calculated. The very strong bonding of the three molecules with the Al-Al(111) surface

is quantified by the high interaction energy of the three q molecules with the Al-Al(111)
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surface (-17.20 eV).

The interaction energy of the A molecule with the rest of the system (-6.40 eV) corre-

sponds to a strong bonding, with a small but significant van der Waals contribution of up

to 14% of the interaction energy. The molecule is only slightly deformed (0.49 eV) upon ad-

sorption. The interaction of the B molecule with the rest of the system (-6.91 eV) contains a

higher van der Waals contribution (22%), because of the molecule’s proximity to the Al(111)

surface, and the B molecule is highly deformed (2.03 eV) due to the formation of the C7-Al

bond. The C molecule is also close to the surface, inducing high van der Waals interaction

(22% of a total of -5.87 eV), but is not chemically bonded to the Al(111) surface, and thus

only slightly deformed (0.43 eV).

TABLE 6.4: Most stable geometry for three q molecules adsorbed on Al-
Al(111). Interaction energies between subparts of the system, van der Waals

energy contribution and deformation energies (in eV)

Part 1 Part 2 Epart1/part2
int Epart1/part2

int (vdW) Epart1
de f

molA + molB + molC Al-Al(111) -17.20 -2.82 2.95

molA molB + molC + Al-Al(111) -6.40 -0.91 0.49
molB molA + molC + Al-Al(111) -6.91 -1.55 2.03
molC molA + molB + Al-Al(111) -5.87 -1.30 0.43

molA Al-Al(111) -4.56 -0.49 0.49
molB Al-Al(111) -6.15 -1.23 2.03
molC Al-Al(111) -4.78 -1.11 0.43

molA + molB + molC Al adatom -13.48 -0.20 2.95
molA + molB + molC + Al adatom Al(111) -6.23 -2.83

We can calculate the interaction energy between the three molecules and the Al adatom

and compare it to the values obtained for the isolated Alq3 complex, in order to see how close

is this system to the Alq3 complex. This value is of -13.48 eV, and is to be compared to the

E3 mol/Al
int = -15.13 ± 0.07 eV obtained for the isolated complexes, indicating that the bonding

is almost as stabilizing in the two cases. If we consider that the (molA + molB + molC + Al

adatom) subpart of the system is a Alq3-like complex, we can calculate an interaction energy

of this subpart with the Al(111) surface, and compare it to that of the adsorbed complexes

6.2. This interaction energy is of -6.23 eV for the case of geometry 17, and of -3.61 ± 0.49 eV

for the adsorbed complexes pre-formed in vacuum, which shows a much stronger bonding

in the case of geometry 17 than in the case of the adsorbed complexes.
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6.3.3 Overall Discussion

In Table 6.3 are presented the relative total energies of the systems obtained by direct adsorp-

tion of Alq3 on the Al(111) surface and by adsorption of the 3 q molecules on the Al-Al(111)

surface. The geometry 17 is found to be more stable than the geometry 10 as well as the

mer/up, mer/down and fac/up geometries, respectively by 0.38 eV, 0.79 eV, 0.94 eV and 0.25

eV. The charge on the Al adatom or Al of the complex is similar in all geometries, indicating

AlI I I oxidation state in all cases. The position of the Al adatom or Al atom of the complex

is very different between the geometry 10 and 17 on one hand and the mer/up, mer/down

and fac/up on the other hand, with the latter being further away from the Al(111) surface by

about 1 Å. This gives a clear picture of the significant difference in structure between the

two groups of geometries. The relatively small energy difference (0.25 eV) between the most

stable geometries of the two groups shows that the two could coexist, depending on factors

such as the proportion of single molecules versus complexes in the solution, the defects on

the surface, and the various energy barriers involved in the process.

6.4 Conclusion

In this chapter, the conformation of Alq3 complexes on an Al(111) surface has been inves-

tigated using two approaches, the adsorption of Alq3 complexes pre-formed in vacuum on

an Al(111) surface and the direct formation of an Alq3 complex by adsorption of three q

molecules on an Al adatom on the Al(111) surface. The results showed a high number of

stable geometries, associated to energies comprised in a range of about 1 eV (∆E = 0 to 0.93

eV). Regardless of the method used, the most stable structure of the complex on the surface

is close to the geometry of an Alq3 complex formed in vacuum, with at least five O1-Al

adatom or N1-Al adatom bonds (versus six in the complex formed in vacuum), and the Al

adatom in AlI I I oxidation state.

Comparison between systems of this chapter and those of Chapter 5 is not straightfor-

ward as slabs of different number of layers (3 or 4) and different surface coverage were used.

However, we can compare qualitatively the most stable configuration obtained in this chap-

ter (geometry 17 of MD2) to the one obtained in Chapter 5, choosing the coverage θ1, which

is the closest to the coverage of this chapter (θ = 6.64 · 10−3 molecule ·Å−2
in this chapter, θ1

= 4.72 · 10−3 molecule ·Å−2
in Chapter 5). The adsorption energy per molecule is equal to
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-4.36 eV for geometry 17 of MD2, and -3.59 eV for θ1 of Chapter 5 (neutral q molecule, in vac-

uum). This could already suggest that the formation of complex-like species is favored on

the aluminum surface at this low coverage. Further investigations are needed and prospects

are presented in the next chapter.
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General conclusion

In this work, we studied the 8-hydroxyquinoline (Hq) and two of its derivatives: the 5,7-

dibromo-8-hydroxyquinoline (HqBr) and the 8-hydroxyquinoline-5-sulfonic acid (HqSH),

in the framework of the dispersion corrected Density Functional Theory (DFT). We inves-

tigated the influence of the X groups (X = H, Br, SO3H) at ortho and para positions of the

phenol ring on the interactions of the HqX species with aluminum. This was carried out

both for the interaction of the deprotonated species with an Al3+ ion to form Al(qX)3 com-

plexes, and for the interaction of deprotonated and dehydrogenated species with an Al(111)

surface.

For the Al(qX)3 complexes, the QTAIM and ELF topological analyses performed on the

Al-O and Al-N bonds showed no significant differences in the bonding of the different de-

protonated species with the aluminum ion, which was found in AlI I I oxidation state. The

properties of the charge density in Al-O and Al-N bonds, described by QTAIM descriptors,

argued for ionic bonding with a weak covalent contribution. This showed that the differ-

ences in experimentally observed properties between the HqX molecules do not directly

originate from differences in metal chelation properties of the derivatives.

The Hq molecule, known for its efficiency as an aluminum corrosion inhibitor, has been

shown in previous work to form stable and compact layers on Al(111), when adsorbed in

dehydrogenated form. By adsorbing the dehydrogenated molecules on Al(111), we aimed

to see how the X groups influenced this adsorption. The q, qBr, qS and qSH species were ad-

sorbed on Al(111) in vacuum at three surface coverage, corresponding to i) a single adsorbed

molecule (θ1), ii) molecules adsorbed and in interaction with neighbouring molecules (θ2),

iii) a compact monolayer (θ3). At all coverage, chemisorption of the molecules on Al(111) is

demonstrated. Van de Waals interactions were shown to highly contribute to the adsorption,

with 14% to 26% van der waals contribution to the interaction energy between the molecules

and the aluminum surface. At the higher converage θ3, all species formed stable and com-

pact monolayers, with the only difference being the stronger inter-molecular interactions in
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the monolayer for qSH due to hydrogen bonds. It is important to note that these mono-

layer geometries were obtained without taking into account the energy barriers involved in

the monolayer formation process, and by imposing a periodic constraint of one molecule

per simulation cell. Overall, at θ1 and θ2, the parallel (paral) adsorption geometries were

favored, except for the case of the q molecule at θ1 coverage, where the tilted (tilt) geometry

was favored. This difference in adsorption of single molecules on Al(111) could impact the

monolayer formation process, leading to different monolayers for the different species.

The use of a solvent model to simulate the influence of water on the molecules and the

Al(111) surface lead to similar adsorption geometries for q and qBr, while some differences

were found for qS, resulting of the stabilization of the SO3 group in water. This did not differ

qualitatively from our results in vacuum, but showed the necessity of including a solvent

model to obtain more accurate results for species with highly hydrophobic or hydrophilic

groups.

In order to verify the reliability of the modeling of the adsorption of deprotonated species

by using dehydrogenated species, which is assumed in our work, we investigated the ad-

sorption of deprotonated molecules, in presence of counter ions and in water, on Al(111).

For the θ1 coverage, the geometry and net charges on the adsorbed deprotonated molecules

were found similar to the case of the dehydrogenated molecules. As expected, different ad-

sorption energies were found, but showing strong adsorption in both cases. At θ3, further

calculations need to be performed before reaching a conclusion.

All these results relied on three assumptions: i) The aluminum surface under the or-

ganic layer is a perfectly flat Al(111) surface, ii) The organic layer respects a periodicity of

one molecule per simulation cell, iii) single molecules, rather than pre-formed complexes,

are adsorbed on the aluminum surface. In order to go further than these assumptions, we

considered two new adsorption processes.

First, we adsorbed Alq3 complexes pre-formed in vacuum, on a flat Al(111) surface. Both

mer and fac isomers were considered, as well as up and down adsorption geometries, defined

by the orientation of the dipole moment of the complexes relatively to the aluminum surface.

The fac/up geometry, where the three O atoms of the complex were bonded to the surface,

was found to be the most stable.

Then, we considered the adsorption of three q molecules on an Al adatom of a defective
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Al(111) surface. The high number of degrees of freedom of this system made necessary a

broad exploration of the conformation space. This was carried out using ab initio molecular

dynamics. The most stable geometries corresponded to those with the highest number of

bonds between the molecules and the Al adatoms, leading to an Alq3-like geometry with

an AlI I I oxidation state of the adatom, close to that of the Al atom in the free or adsorbed

complex.

Although for these two processes, the most stable geometry was obtained by the adsorp-

tion of three q molecules on an Al adatom of Al(111), the different geometries explored could

coexist depending on the layer formation dynamics. The adsorption energy per molecule

showed stronger adsorption for the three q molecules on an Al adatom of Al(111) than for

the q molecule adsorbed on a flat Al(111). This result needs to be confirmed with systems of

same surface coverage and same number of layers for the Al(111) surface model.

Overall, this work showed that the modification of the H atoms of the Hq at para and

ortho positions of the phenol ring by Br or SO3H groups does only influence locally the

electronic structure of the molecule. It therefore does not modify the chelation of the alu-

minum ion by the molecules. Further studies are needed to evaluate the influence of chemi-

cal modifications on the properties of the metal-organic cx, i.e. solubility and light emission

properties. When adsorbed on an Al(111) surface, the direct interaction of the X groups

with Al(111) or the inter-molecular interactions in the organic layers leads to different most

stable adsorption modes for the different molecules at low coverage, but close adsorption

modes at high coverage. In this regard, it is worth noting that the only molecule which is

an effective corrosion inhibitor (Hq) is adsorbed favorably in a different geometry (tilt) than

the two other molecules (HqBr and HqSH) at low coverage, which could influence the first

steps of the formation of the layer. Following this work, several studies can be carried out.

First, other imperfect surfaces, such as adatom dimers or atomic steps, could be tested in

order to get closer to realistic surfaces. The presence of an oxide layer could allow us to

better model the aluminum surface at cathodic sites of the corrosion process. Finally, cells

containing more than one molecule, at maximum coverage, could allow the investigation of

monolayer geometries less biased by imposed periodicity.
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Appendix A

A.1 Free molecules and complexes

TABLE A.1: Bond lengths (in Å) in free dehydrogenated qBr and deprotonated
qBr− in vacuum and water.

Species qBr qBr−

Vacuum Water Vacuum† Water

dC1−C2 1.395 1.395 1.389 1.385
dC2−C3 1.390 1.387 1.391 1.400
dC3−C4 1.469 1.461 1.444 1.430
dC4−C5 1.499 1.491 1.498 1.484
dC5−C6 1.432 1.428 1.452 1.447
dC6−C7 1.413 1.411 1.418 1.419
dC7−C8 1.384 1.383 1.380 1.379
dC8−C9 1.407 1.405 1.409 1.411
dC1−C6 1.434 1.434 1.411 1.417
dC4−O1 1.239 1.249 1.246 1.272
dC5−N1 1.343 1.346 1.349 1.359
dC9−N1 1.332 1.335 1.326 1.329
dC1−Br1 1.897 1.887 1.935 1.924
dC3−Br2 1.878 1.881 1.921 1.920

† Molecular calculation from Chapter 3.
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TABLE A.2: Bond lengths (in Å) in free dehydrogenated qS and deprotonated
qS2− in vacuum and water.

Species qSH qSH− qS2−

Vacuum Vacuum† Vacuum† Water

dC1−C2 1.403 1.409 1.393 1.393
dC2−C3 1.308 1.379 1.397 1.397
dC3−C4 1.455 1.443 1.433 1.426
dC4−C5 1.499 1.501 1.493 1.484
dC5−C6 1.433 1.444 1.454 1.445
dC6−C7 1.417 1.421 1.423 1.422
dC7−C8 1.384 1.382 1.380 1.380
dC8−C9 1.406 1.404 1.410 1.410
dC1−C6 1.438 1.434 1.424 1.428
dC4−O1 1.246 1.248 1.267 1.280
dC5−N1 1.342 1.327 1.358 1.360
dC9−N1 1.334 1.349 1.326 1.329
dC1−S1 1.785 1.731 1.810 1.782
dS1−O2 1.434 1.460 1.486 1.480
dS1−O3 1.440 1.451 1.483 1.476
dS1−O4 1.627 1.667 1.486 1.480

† Molecular calculation from Chapter 3.

FIGURE A.1: Dipole moment (in Debye) for Alqmer
3 and Alq f ac

3 complexes.
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B.1 Molecule adsorbed on an Al(111) surface

TABLE B.1: Relative total energies (in eV) of q− and q2− molecules adsorbed
on an Al(111) surface at θ3 coverage for different distances (in Å) between the
top layer of the slab and the bottom layer of the image slab. The Na+ and
Mg2+ ions are always at about equidistance between the molecule and the

bottom layer of the image slab.

Property q− qS2−

tiltbridge tiltbridge
Distance 27 33 38 27 33 38

∆E 0.00 +0.04 +0.08 0.00 +0.18 +0.31

TABLE B.2: Relative total energies (in eV) of the q− molecule adsorbed on
an Al(111) surface at θ1 coverage for different distances (in Å) between the top
layer of the slab and the bottom layer of the image slab. The Na+ ion is always
at about equidistance between the molecule and the bottom layer of the image

slab.

Property q−

tiltbridge
Distance 27 33

∆E 0.00 +0.01
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FIGURE B.1: Local potential in the direction normal to the surface for the tilt
mode of the q molecule adsorbed on Al(111) in vacuum (top) and in water

(bottom). θ3 coverage.
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FIGURE B.2: Local potential in the direction normal to the surface for the tilt
mode of the qS molecule adsorbed on Al(111) in vacuum at θ3 coverage.
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FIGURE B.3: Local potential in the direction normal to the surface for the tilt
modes of the q−molecule adsorbed on Al(111) (top) and for the qS2−molecule

adsorbed on Al(111) (bottom) in water at θ3 coverage.
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Appendix C

C.1 Complex adsorbed on an Al(111) surface

FIGURE C.1: Local potential in the direction normal to the surface for the
mer/down geometry.
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RÉSUMÉ  
 

La 8-hydroxyquinoléine (Hq) et ses dérivés (Hq chimiquement modifiée) sont connus pour leur capacité à 

complexer des ions métalliques. Ils sont mis en œuvre dans la dépollution des effluents aqueux, la conception de 

composants électroluminescents, et l’inhibition de la corrosion de surfaces métalliques. Les propriétés de ces 

molécules et des complexes formés avec des ions métalliques dépendent des modifications chimiques réalisées sur 

la Hq. Nous effectuons des études théoriques sur la Hq et deux de ses dérivés, la 5,7-dibromo-8-hydroxyquinoléine 

(HqBr) et l’acide 8-hydroxyquinoléine-5-sulfonique (HqSH), dans le cadre de la Théorie de la Fonctionnelle de la 

Densité et en prenant en compte les forces de dispersion (DFT-D). 

Dans un premier temps, nous avons déterminé les formes stables des complexes issus de l’interaction entre un 

cation Al3+ et les molécules  Hq, HqBr et HqSH déprotonées, puis nous avons effectué des analyses topologiques 

(ELF et QTAIM) de la structure électronique de ces complexes. Des  liaisons iono-covalentes sont formées entre 

les molécules et l’ion Al³⁺. 

Puis, nous avons étudié l’adsorption des molécules Hq, HqBr et HqSH déshydrogénées sur une surface Al(111), 

dans le vide et en présence d’eau (modèle de solvant implicite). Les trois types de molécules peuvent former des 

couches stables compactes sur la surface Al(111). 

A contrario, les topologies d’adsorption d’une molécule isolée sont différentes pour la Hq, dont l’efficacité en tant 

qu’inhibiteur de la corrosion de l’aluminium a été démontré expérimentalement, et pour les HqBr et HqSH, qui ne 

démontrent aucune efficacité en tant qu’inhibiteurs de corrosion. Ces conformations différentes des molécules sur 

la surface Al(111) en début du processus de formation des couches organiques, pourraient jouer sur leur propriété 

de protection de l’aluminium contre la corrosion. 

Enfin, la formation de complexes directement sur la surface Al(111) a été étudiée par dynamique moléculaire ab 

initio afin d’explorer l’espace des conformations. De nombreuses géométries stables ont été déterminées et la 

formation d’un complexe sur la surface par adsorption de trois molécules déshydrogénées sur une surface Al(111) 

présentant un ad-atome est favorisée par rapport à la précipitation d’un complexe Alq3 préalablement formé dans 

le vide. 

 

Ainsi, nous présentons dans ce travail une description : i) de la nature précise des liaisons dans les complexes Alq3, 

ii) des géométries des dérivés de la Hq adsorbés sur une surface Al(111), iii) de la formation sur Al(111) de 

complexes de type Alq3 par adsorption de molécules Hq déshydrogénées sur une surface Al(111). 
 

ABSTRACT  
 

The 8-hydroxyquinoline (Hq) and its derivatives (chemically modified Hq) are known for their ability to chelate 

metallic cations. They are used in applications such as depollution, light emitting devices, medicine and inhibition 

of the corrosion of metallic surfaces. The properties of these molecules and of their metal-organic complexes 

depend on the chemical modifications made on Hq. In the present work, in addition to Hq, two derivatives are 

studied: the 5,7-dibromo-8-hydroxyquinoline (HqBr) and the 8-hydroxyquinoline-5-sulfonic acid (HqSH). Our 

investigation is carried out in the framework of the dispersion corrected Density Functional Theory (DFT-D), and 

focuses on the study of the interactions of Hq, HqBr and HqSH species with aluminum. 

First, we investigate the geometries of the complexes formed by deprotonated Hq, HqBr and HqSH with an 

aluminum cation, and characterize the bonds formed between the molecules and the cation from ELF and QTAIM 

topological analyses of the electronic structure of the complexes. The three molecules form similar iono-covalent 

bonds with the Al³⁺ ion. 

We then focus on the interaction of the dehydrogenated Hq, HqBr and HqSH species with an Al(111) surface, in 

vacuum and in water, to get insight on the adsorption properties of the three molecules. While all three molecule 

can form stable and compact layers on Al(111), the adsorption a single molecule is different for Hq, which has 

been shown experimentally to be an efficient corrosion inhibitor of aluminum, than for HqBr and HqSH, which 

have shown no inhibition efficiency against aluminum corrosion. These different geometries could influence the 

dynamics of the layer formation, and thus the protection of the aluminum surface against corrosion. 

Finally, the formation of Hq complexes, noted Alq3, on Al(111) is investigated, using ab initio molecular dynamics 

to explore the conformation space of the system. The work shows a large amount of possible stable geometries 

that could coexist. The formation of a complex on the surface by the adsorption of three dehydrogenated molecules 

on an Al adatom of the Al(111) surface is favored over the deposition of an Alq3 complex preformed in vacuum. 

 

This work gives: i) an accurate description of the nature of the bonding in aluminum complexes, in vacuum and 

solution, ii) an insight of the interactions of dehydrogenated Hq derivatives with the Al(111) surface, iii) new 

possible configurations of dehydrogenated Hq adsorbed on a defective Al(111) surface, forming Alq3-like 

complexes on the surface. 
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