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Résumé

Le réchauffement climatique est 1'un des problémes qui menacent notre planéte. 11
est principalement attribué aux émissions excessives de gaz a effet de serre résultant
d’activités humaines aléatoires dans l'industrie, la technologie, ’agriculture .... L’exceés
de ces gaz induit le changement de la température de la terre et provoque donc des catas-
trophes naturelles. A cet égard, il est essentielle de trouver des dispositifs durables et
régénératifs comme les cellules solaires, les piles & combustible, les générateurs de vagues
et des appareils de stockage d’énergie...

Les supercondensateurs sont des appareils prometteurs de stockage d’énergie. Leur
principe de fonctionnement est basé sur le stockage des charges électrostatiques dans
une double couche électrique (EDL) de Helmholtz [1], & Iinterface entre ’électrode et
I’électrolyte. Figure 3 est une illustration d’'un supercondensateur.

- -
S 2
kS 8]
Q Q
° °
O O

Separator

Figure 1: Représentation schématique d’un supercondensateur.
Sa densité d’énergie est exprimée dans 'équation ci-dessous 2] :

1
E = 5(Jv2 (1)

Ot “V” est sa tension de fonctionnement. “C” est la capacitance spécifique de 'EDL du
supercondensateur et est estimée dans I’équation 4. Son expression est également utilisée
pour calculer celle d’'un condensateur.
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Ou “ey” est la permittivité du vide et “¢,” la permittivité relative de 1’électrolyte. “d”
est la distance séparant 1’électrode de 1’électrolyte. “S” est la surface d’interaction entre
I’électrode et 1'électrolyte. Les supercondensateurs se caractérisent donc par leur ca-
pacitance élevée : ils acceptent et livrent les charges beaucoup plus rapidement que les
condensateurs ou les batteries. Toutefois, en termes de stockage de la densité d’énergie,
ils sont intermédiaires. Leur performance est entravée par ’accés restreint des ions de
I’électrolyte a la surface de 1’électrode, donc par la faible surface d’interaction “S”. Cela
leur empéche de faire concurrence aux autres appareil de stockage d’énergie sur le marché.

Afin d’améliorer la densité d’énergie des supercondensateurs, les conditions physico-
chimiques contrélant ’accés des ions a 1'électrode doivent étre déterminées. Dans ce
contexte, il est essentiel d’étudier l'interface formée entre l'électrode et 1'électrolyte.
L’électrode doit avoir une conductivité électrique élevée et une large densité de surface,
tel que le graphéne. L’électrolyte doit avoir une conductivité ionique élevée, une faible
tension de vapeur et étre de préférence un produit vert, tel que le liquide ionique (IL),
d’ou les supercondensateurs a base de graphéne et liquide ionique. Il est donc
nécessaire d’élaborer et d’étudier U'interface formée entre le graphéne (1’électrode) et le
liquide ionique (I’électrolyte). De nombreuse recherches théorique et de simulation ont
été menées pour comprendre l'interaction entre le graphéne et le liquide ionique a leur
interface [2, 3, 4]. La littérature suggére que les molécules d'IL & l'interface des feuil-
lets de graphéne se trouvent dans un empilement de couches. La couche adsorbée sur
les feuillets est formée par des molécules d’IL couchées paralléelement sur les feuillets. La
couche la plus externe est formée par des molécules d’IL perpendiculaires ou inclinées. Les
couches intermédiaires sont formées par des molécules sans orientation préférentielle [2].
A notre connaissance, cette interface n’a pas encore fait 'objet d’une étude expérimentale.

La procédure des films de Langmuir est reconnue pour sa capacité a former des films
bidimensionnels et est détaillée dans le chapitre 1 de cette thése. Elle est donc adapté a
I’élaboration d’une telle interface. Les feuillets de graphéne sont hydrophobes et donc ne
peuvent pas étre étudier par les films de Langmuir. En revanche, les feuillets d’oxyde de
graphéne (GO) sont amphiphiles grace aux groupements fonctionnels qui décorent leurs
plans de base et leurs bords. Récemment, des études ont montré que les superconden-
sateurs a base d’oxyde de graphéne sont considérés comme efficaces [5]. L’électrode de
graphéne est sensible & I'oxydation a long terme pendant les cycles de charge/décharge.
En outre, il est possible d’obtenir le graphéne par la réduction de l'oxyde de graphéne. Il
est donc commode de choisir le GO comme alternative au graphéne a étudier a l'interface
avec le liquide ionique.

D’aprés la littérature, I'introduction des nanoparticules (NPs) métalliques dans les
supercondensateurs améliore leur performance [6, 7|. En particulier, la décoration des
feuillets de graphene par des NPs d’or augmente la capacitance des supercondensateurs
[8]. D’autre part, les IL se révélent comme stabilisant pour la synthése des NPs d’or [9).
La radiolyse de surface par rayons X est une procédure de formation des nanostructures
métalliques controlées par le film de Langmuir qui agit comme une moule [10]. Nous
avons donc tenté d’utiliser cette méthode pour former des nanostructures d’or controlées
par le film de Langmuir pur de I'IL par radiolyse de surface par rayons X.



Les objectifs de cette thése

L’un des objectifs de cette thése est d’élaborer une interface entre les molécules d’IL et
les feuillets GO a l'aide des films de Langmuir, puis de la sonder. L’autre objectif est
d’élaborer des films organométalliques d’IL et d’or par la procédure de radiolyse de sur-
face, puis de les étudier a l'interface avec le GO. En raison de contraintes de temps, cet
objectif n’a pas pu étre complétement réalisé. Nous avons pu étudier les films d’'IL de
Langmuir déposés sur des sous-phases d’ions d’or de différentes concentrations. Ils ont
ensuite été irradiés avec des rayons X sous incidence rasante afin de tenter de réduire les
ions d’or en atomes par radiolyse de surface. La coalescence de ces atomes est censée étre
controlée par le film d’IL servant de moule.

Les techniques expérimentales

Dans cette these, les films de Langmuir d’IL mélangés avec le GO ou déposés sur des sous-
phases ioniques, ont été sondés a I’échelle macroscopique et nanométrique. Les techniques
expérimentales employées incluent des mesures d’isotherme II-A, de microscope a angle
de Brewster (BAM), de microscope a force atomique (AFM)et des mesures de diffusion
des rayons X comme la réflectivité des rayons X (XRR), la diffraction des rayons X sous
incidence rasant (GIXD) et la fluorescence par rayons X (XRF). La mesure d’isotherme II-
A est I’étude du film a 1’échelle macroscopique a l'interface eau-air. Elle permet d’étudier
la variation de la pression superficielle du film en fonction de la surface moléculaire et ainsi
d’identifier ses différentes phases. Le BAM permet de visualiser les films sous forme de
domaines a 1’échelle mésoscopique a la surface des sou-phases aqueuses. L’AFM mesure
I’épaisseur des films déposés sur un substrat solide et estime si les domaines du film sont
de natures différentes. La mesure XRR sonde la densité électronique des films dans la
direction perpendiculaire & l'interface eau-air. Elle permet de mesurer avec précision
I’épaisseur des films et d’estimer la répartition de ses composants le long de ’axe vertical.
La mesure GIXD révéle 'ordre cristallin des films, sa phase et la structure des molécules
dans le cas ou elles sont organisées a la surface des sou-phases aqueuses. La mesure XRF
détermine la composition chimique des films a la surface des sou-phases aqueuses.Ces
techniques sont présentées en détails dans le chapitre 2.

Le choix du liquide ionique

Cette étude fait partie du chapitre 3. Nous avons choisi d’étudier le [Coomim|"[NTE| ™,
un liquide ionique & base d’Imidazolium de formule moléculaire : CogH47N3FgO4S,. Son
cation est le [Cyomim|™ et est asymétrique, composé d’une téte hydrophile Imidazolium et
d’une chaine alkyle hydrophobe, formée de 20 atomes de carbone. Son anion est le [NTf;|~
et est I'un des anions les moins hydrophiles. La coexistence des espéces hydrophiles et
hydrophobes au sein de ce liquide ionique lui confére un équilibre amphiphile nécessaire a
la formation de films de Langmuir stables a I'interface eau-air. Il est I'un des rares liquides
ioniques qui peuvent étre étudiés par la procédure de Langmuir. Nous avons montré que
le film de Langmuir de [Cyomim|"[NTf,]~ passe d’'une monocouche a une multicouche
a travers deux plateaux de collapse, le premier est observé a II = 17,5 mN.m™! et le
second & IT = 23 mN.m™! Tassler et al. [11] ont étudié sa structure par GIXD et ont



sondé sa densité électronique dans la direction perpendiculaire & l'interface eau-air par
XRR. Ils ont montré qu’avant le premier plateau, le film n’est pas organisé et est formé
en une monocouche ou les tétes d’Imidazolium sont dans 1’eau et les chaines d’alkyles
sont dirigées vers 'air. Pour des pressions de surface entre les deux plateaux de collapse,
le film est organisé dans une coexistence d’une couche en 2D et 3D ot les chaines alkyles
sont interdigitées.

Le film de Langmuir de [Cyymim|"[NTf,]” mélangé avec
le GO

Cette étude fait partie du chapitre 4. Avant de préparer le films mixte de [Coomim| " [NTf,|~
mélangé avec le GO, les films purs ont été étudiés. Nous avons utilisé le solvant N-
Méthyle-2-Pyrrolidone (NMP), un des solvant commun aux deux composants pour I’élaboration
des films. Il n’est pas volatil et est miscible dans I’eau. 30 heures sont nécessaire pour

la dissolution de 680 pL. de NMP dans une sous-phase d’eau pure de 120 mL. Les films
préparés avec ce solvant présentent donc des traces de NMP au cours de nos mesures.

Le film pur de ([Coomim]T[NTfy| ) yap est formé en déposant 680 pL. d’une solution de
0.037 mg.mL~! de [Coomim|T|[NTfy]~ avec NMP & la surface d’eau pure. Le film pur de
(GO)narp est élaboré en déposant 680 pL d’une solution de 0.01 mg.mL™! de GO avec
NMP, & la surface d’eau pure.

Pour la préparation du mélange mixte de (IL+GO), 5 mL d’une dispersion de 0.02
mg.mL~! de (GO) ysp sont ajoutés a 5 mL d’une solution de 0.074 mg.mL~! de (IL) xasp,
apres les avoir soniqué chacune séparément pour 40 min. La concentration finale de ce
mélange est de 0.047 mg.mL™! : 0.01 mg.mL™! de GO + 0.037 mg.mL~t d’IL . Il est
ensuite mis sous agitation mécanique pour 24h. Pour I'élaboration des films mixtes de
Langmuir & I'interface eau-air, 680 pL de cette solution sont déposés.

1

La vitesse de compression est fixée & 15 cm?.min~!, aprés avoir attendu 45 min. La

température de la sous-phase est maintenue a 20°C.

Etude macroscopique des films purs et mixte a la surface d’eau

Dans le chapitre 4, les films purs et mixte ont été étudiés a I’échelle macroscopique. Nous
avons tracé les isothermes II-A des films purs et du mélange en fonction de la surface
de la cuve et non en fonction de I'aire moléculaire. En fait, les feuillets de GO existent
en différentes tailles et n’ont donc pas tous la méme balance amphiphilique. Les petits
feuillets sont plus hydrophiles que les grands et donc ne peuvent pas étre adsorbé en un
film de Langmuir. Comme il est impossible de connaitre le nombre de feuillets GO restant
adsorbés, il est plus significatif de tracer les isothermes en fonction de la surface de la cuve.

Les mesures des isothermes II-A des films purs et du film mixte & 'interface eau-air
donne les informations suivantes :

— Laire de lift-off du film de (IL)xasp est Acuve = 225 cm?, celui du film de (GO)yarp
a Agupe = 60 cm? et celui du mélange & A e = 162 cm?.



— Le NMP ne modifie pas le comportement des composants purs. Il reste adsorbé en
une quantité modeste.

— L’isotherme est intermédiaire entre celle des purs purs et sa pression de collapse est
différente de celle des films purs. Ceci indique que les deux composants du films
mixtes interagissent ensemble.

— Le film mixte est formé spontanément par un empilement de deux couches a l'interface
eau-air.

Suite a cette étude, nous avons construit deux modéles qui proposent de décrire la con-
figuration des feuillets de GO et des molécules d’'IL dans la bicouche au lift-off:

1. Premiére configuration :
La couche en contact avec I'eau est formée dans une partie par toutes les feuillets
de GO déposées et dans une autre partie par la moitié des molécules d’IL déposées.
La couche en contact avec l'air est formée par 'autre moitié des molécules d’IL
déposées.

2. Deuxiéme configuration :
La couche en contact avec ’eau est formée par un total de 70% des molécules d’IL
déposées. La couche en contact avec 'air est formée dans une partie par 30%
des molécules d’IL déposées et dans une autre partie par toutes les feuillets GO
déposées.

Apreés le lift-off, la pression de surface de la bicouche augmente progressivement jusqu’a
12.5 mN.m ™! ot un plateau commence. A travers ce plateau, la surface de la cuve allouée
au film est réduite de 20%. Rappelons que le film d’IL pur, a travers un plateau, subit
une transition d’'une monocouche & une multicouche. Cela suggére 1’éventualité que 20
% des molécules d'IL aient pu migrer de la couche en contact avec I'eau vers la couche
en contact avec 'air. A IT = 30 mN.m~", le film mixte collapse

Caractérisation par diffusion des rayons X a l’interface eau-air
Les mesures de XRR

La densité électronique moyenne du film mixte a été sondée dans la direction de 'axe
perpendiculaire & I'interface par XRR, sous différentes pressions de surface. Ces mesures
montrent que le film mixte est formé par une bicouche a 'interface eau-air 4 II = 11 mN.~!
(avant le plateau). L; est la couche en contact avec I’eau et est formé en 77% des molécules
de IL et d’environ 23% des molécules de NMP qui se dissolvent dans la sous-phase lorsque
le film est comprimé. Ls est la couche en contact avec lair et est formée & partir des
feuillets de GO et des molécules d’IL. Dans cette couche, d’aprés les mesures de XRR, les
molécules d’IL t soit couchées parallélement au dessus des feuillets GO, soit inclinées, a
coté des feuillets, au dessus des molécules d’IL de L;. Se référer a ces Figures 4.16 et 4.17
au chapitre 4 pour trouver les modéles proposés pour décrire la bicouche avant le plateau.

A travers le plateau observé a II = 12.5 mN.™!, environ 25% des molécules de IL mi-
grent de L vers Ly et environ 70% des molécules du NMP plongent dans la sous-phase.
La compression ultérieur du film entraine la migration supplémentaire des molécules de



IL de Ly vers L. Les molécules d’IL qui migrent vers Ly peuvent se superposer soit aux
molécules d’IL couchées a la surface de GO, soit aux molécules d’IL de L;. Se référer a
ces Figures 4.19, 4.20 et 4.21 au chapitre 4 pour trouver les modéles proposés pour décrire
la bicouche apreés le plateau.

Les mesures de GIXD

La structure de la bicouche a ensuite été caractérisée par des mesures de GIXD a
I'interface eau-air. Avant le plateau, observé a II = 12.5 mN.m™!, nous n’avons pas
réussi & observer aucun pics de diffraction, ce qui suggére que le film n’est pas organisé.
ATl = 21 mN.m™! et puis a II = 27 mN.m~! nous avons observé 2 pics de diffraction
hors plan (voir Figure 4.26 et Figure 4.27). Ce signal de diffraction est relatif a une
méme structure. Il indique 'organisation des chaines des molécules d’IL dans un réseau
rectangulaire a deux molécules, de paramétres suivants : a = 5.21 A and b = 9.10 A et
d’aire A = 47 A2 molécule™!. L’aire moléculaire est alors A = 23 AZ.molécule™!. L’étude
des rodscans de ces deux pics montre que les chaines alkyles sont inclinées de 7° vers les
second proche voisin comme illustré dans le chapitre 4, Figure 4.30. L’épaisseur de cette
structure est d’environ 30 A.

Cette structure d’IL est supposé étre formée en Ly et non en L; pour deux raisons :

1. Ly étant enfoui sous Ly et ayant une épaisseur de 10 A ne peut pas comprendre une
structure de 30 A d’épaisseur.

2. L; contient des traces de solvant dont sa présence est connu pour empécher I'organisation
des molécules organiques.

Caractérisation par AFM sur un substrat solide

Le film mixte a ensuite été transféré sur des substrats solides par la procédure de Langmuir-
Blodgett a IT = 11 mN.m™! (avant le plateau) et a IT = 25 mN.m™! (apres le plateau).
Ces mesures ont permis de réduire nos options pour choisir de maniére adéquate les mod-
éles décrivant le film avant et aprés le plateau.

Avant le plateau, les mesures d’AFM montrent une premiére couche d’épaisseur 10 A
sur laquelle se trouve un deuxiéme couche d’épaisseur 14 A. La premiére couche est at-
tribuée a L1, la couche formée des molécules d’IL et de NMP selon les mesures de XRR. La
deuxiéme couche est attribué a Ly, la couche formée des feuillets de GO et des molécules
d’IL. L’épaisseur d’un feuillet étant de ordre de 10 A, soit environ 4 A de moins que
celle de Ly, les molécules d’IL dans L, doivent étre couchées paralléelement aux feuillets
de GO. A partir de ce résultat, nous avons pu éliminer le modéle présenté dans la Figure
4.20 et adopté le modele présenté dans la Figure 4.21 pour décrire la bicouche avant le
plateau (Chapitre 4). Dans ce modéle, on constate que l'orientation des molécules d’IL
a l'interface avec les feuillets de GO n’est pas la méme dans L; que dans L,. Elles sont
inclinées par rapport aux feuillets dans L; mais sont couchées parallélement & ceux-ci
dans Ly (voir Figure 4.21). Rappelons que dans Ly, les molécules d’IL sont & l'interface
avec I'eau d’une part et avec les feuillets d’autre part mais dans Ls, elles sont d’'une part
a l'interface avec 'air et d’autre part avec les feuillets. Ces résultats ouvrent la voie a



une nouvelle hypothése suggérant que le comportement des molécules a l'interface avec
les feuillets GO n’est pas unique mais dépend de ’autre interface limitant les molécules.

Aprés le plateau, on observe une troisiéme couche d’environ 30 A d’épaisseur recou-
vrant les feuillets formés de GO + les molécules d’IL couchées. Cette nouvelle couche est
attribuée aux molécules d’IL ayant migré de L; & Ly a travers le plateau. Son épaisseur de
cette couche suggére qu’elle est relative a la structure observée par les mesures du GIXD.
A partir de ce résultat, nous avons pu éliminer les modéles illustrés dans les Figures 4.19,
4.20 et adopté le modéle illustré dans la Figure 4.21 pour décrire la bicouche aprés le
plateau (Chapitre 4).

Les films de Langmuir d’IL déposés sur des sous-phases
ionique d’or

Nous avons ensuite étudier les films de Langmuir de [Cyomim|T[NTf,|~ déposés sur deux
sous-phase de concentrations différentes de sels d’Or(III) chlorure trihydraté H[AuCl,]-
3H,. Cette étude est détaillée dans le chapitre 5. La concentration d’ions d’or dans
la sous-phase est définie par le rapport entre le nombre d’ions d’or et le nombre de
molécules d’IL déposées a la surface. La premiére concentration étudiée correspond a 30
[AuCly]~ /IL et la deuxiéme a 600 [AuCly]~ /IL. Le nombre de molécules d’IL initialement
déposé correspond & une aire moléculaire d’environ 1.32 nm~2. Ces systémes ont été
caractérisé a 1’échelle macroscopique/nanométrique et ensuite irradiés pendant environ
8 heures sous incidence rasante. Ces systémes ont été caractérisés a 1’échelle macro-
scopique/nanométrique, puis irradiés pendant environ 8 heures sous incidence rasante.
L’objectif est de réduire les ions d’or par radiolyse et de leur permettre de fusionner
en nanostructures controlées par le film de Langmuir. Les sous-phases contiennent de
I’éthanol & une concentration d’environ 1072 mol.L.™! pour masquer (“scavenger”) les rad-
icaux libres produits par la radiolyse de I'eau.

30 [AuCl]/IL :
Etude macroscopique a la surface de la sous-phase ionique

Essentiellement, le comportement du film est presque similaire & celui déposé sur 1’eau
pure. Le film présente 2 régions de pression croissante et un plateau a IT = 18,5 mN.m ™.
L’étude comparative de son isotherme II-A avec celle du film déposé sur I’eau pure conduit
aux points suivants :

— L’interaction des ions d’or avec le film organique ne déplace 'aire de lift-off que de
6 % vers les aire les plus grandes.

— Les deux films ont la méme compressibilité. et sont supposés étre formés en mono-
couches en phase (LE).

— Les deux films sont formés en monocouche et ensuite collapse en multicouche. Le
collapse se fait a travers deux plateaux (un a IT = 17,5 mN.m™ ! et 'autre a IT =
23 mN.m ') dans le film déposé sur I'eau pure et a travers un plateau formé a Il =
18,5 mN.m™! dans le film déposé sur la sous-phase ionique.



— Le plateau est obtenue & une pression supérieure (IT = 18,5 mN.m™!) a celui formé
lorsque le film est déposé sur de I'eau pure II = 17,5 mN.m™!. Ceci suggére que

I'interaction des ions d’or avec le film stabilise la monocouche.

Caractérisation par GIXD a la surface de la sous-phase ionique

La structure de ce film a ensuite été sondée par des mesures de GIXD & la surface de
la sous-phase ionique. Avant le plateau formé a II = 18.5 mN.m ™!, nous n’avons réussi
a observer aucun signal de diffraction. A IT = 30 mN.m™! (aprés le plateau), un pic de
diffraction centré a Q,, = 15.17 nm™' a été observé. Ce pic est sous la forme d’une tige
de Bragg et est situé dans le plan du diffraction. Aprés avoir intégré son intensité dans la
direction de Q. et étudié son rodscan, nous avons montré qu’il est attribué aux chaines
alkyles d’'IL, organisées perpendiculairement & l'interface dans un réseau hexagonal en
2D. Le paramétre de ce réseau est a = 0.47 nm et 'aire moléculaire est A = 0.19 nm?.
D’apres Tassler et al.[11], le film de [Cyomim|T[NTfy|~ déposé sur I'eau pure est organisé
en une coexistence d’'une structure 2D et 3D. L’interaction des ions d’or avec le film
semble donc empécher I'organisation du film en une structure 3D.

Radiolyse de surface par les rayons X

Nous avons continué a l'irradier par les rayons X sous incidence rasante pour tenter de
réduire les ions d’or par radiolyse.L’application de cette procédure au niveau de la surface
permet la formation des nanostructures d’or cristallin orientées et controlées par le film
de Langmuir. Aprés environ 2 heures d’irradiation, deux anneaux de diffraction ont été
observés . Aprés avoir intégré leur intensités azimutalement (& () constante) nous avons
montré qu'ils sont attribués aux pics de diffraction (111) et (200) de l'or. Les structures
inorganiques sont, dans ce cas, désorientés. D’apreés la largeur a mi-hauteur de ces pics,
la taille des structures inorganiques est estimée de l'ordre de 15 nm.

Caractérisation par AFM sur un substrat solide

Apres 8 heurs d’irradiation sous incidence rasante, le film a été transféré sur un sub-
strat solide par la procédure de Langmuir Schaefer-Inversé et ensuite caractérisé par
AFM. Nous avons observé des Nanoparticules sphérique de tailles moyenne d’environ 15
nm. Il est donc conclu que la radiolyse de surface par les rayons X en utilisant le film
[Coomim]*[NTfy]~ comme moule conduit & la formation de nanoparticules d’or sphériques
d’une taille de 15 nm.

600 [AuCly]~/IL :
Etude macroscopique a la surface de la sous-phase ionique

Pour une concentration de 600 [AuCly]~/IL, le comportement du film varie considérable-
ment par rapport & celui du film déposé sur 'eau pure. L’isotherme comporte deux
régions de pressions croissante et un plateau & 26 mN.m~!. L’étude comparative de son
isotherme II-A avec celle du film déposé sur I’eau pure conduit aux points suivants :

— Laire de lift-off est décalé d’environ 35% vers les aire les plus petite par rapport a
celui du film déposé sur l'eau pur. Ce décalage pourrait étre di a la substitution



des anions a la surface. Les ILs ayant [NTfy]~ comme anion sont connus pour leur
capacité a extraire les anions d’or des solutions aqueuses par substitution d’anions.
Dans notre cas, nous supposons que le [[NTf;|~ a été remplacé par 1 ou 2 anions
de [[AuCly]~. L’interaction entre les complexes et les cations est manifestement
électrostatique. Comme I'aire de la section transversale de cet anion est plus petite
que celle de [[NTfy]~, le lift-off est déplacé vers les aire les plus petites.

— Le film est moins compressible lorsque la concentration de la sous-phase correspond
a 600 [AuCly]~/IL.

— Le film collapse d’une monocouche en une multicouche a travers le plateau. Sa
compressibilité étant différente de celle du film déposé sur I’eau pure, on suppose
que le collapse ne conduit pas & la méme structure que celle sur ’eau pure ou sur
la sous-phase de concentration 30 [AuCly]~/IL.

Sur la base de ces observations, il est conclu que le comportement du film varie en
fonction de la concentration en ions d’or.

Caractérisation par GIXD a la surface de la sous-phase ionique

Afin de détecter une possible organisation induite par le comportement du film suite a
la dissolution de 600 [AuCly]~/IL en sous-phase, il a été étudié par GIXD. A II = 20
mN.m ™! (avant le plateau), nous avons observé 10 pics de diffractions. Aprés avoir inté-
gré leurs intensités dans la direction de Q. et étudié leurs rodscans, nous avons montré
qu’ils sont relatifs & deux structures en coexistence. La premiére est organique formée des
chaines alkyl d’IL, organisées dans un réseau oblique en 2D . Les parameétres du réseau
de la structure organique sont les suivants: a; = 1.6 nm; by = 1.32 nm; v = (cfl,b:) =
140° and son aire est de A; = 1.35 nm?. Cette structure comporte 3 molécules d’IL par
maille. La deuxiéme est inorganique, formée de [AuCly|~ et probablement de [NTfy|™,
arrangés dans un empilement 3D des réseaux hexagonaux 2D . Les paramétres du réseau
de la structure inorganique sont les suivants: a; = by = 2.34 nm et son aire est de Ay =
4.74 nm?. Le rapport entre le paramétre de la structure organique (a; = 1.6 nm) et celui
de la structure inorganique (ap = by = 2.34 nm) ¢tant de 2, les deux structures forment
une surstructure selon la direction d'un seul axe.

Nous avons ensuite observé a IT = 35 mN.m™! (aprés le plateau), 7 pics de diffractions.
Apres avoir intégré leurs intensité dans la direction de Q, et étudié leurs rodscans, nous
nous avons montrer qu’ils sont relatifs & deux structures en coexistence. Ici encore, la
premiére structure est organique formée des chaines alkyl et la deuxiéme est inorganique
formée de [AuCly]~ et probablement de [NTfy|~. La structure inorganique conserve la
méme organisation que celle observée avant le plateau. Cependant la structure organique
change et les molécules a cette pression de surface deviennent organisées dans un réseau
rectangulaire en 2D. Les parameétres du réseau de la structure organique sont les suivants:
a; = 0.46 nm; by = 0.97 nm; v = (a3, b:) = 90° et son aire est de A; = 0.44 nm?. Cette
structure comporte deux molécules d’IL par maille. Le rapport entre le paramétre de la
structure organique (a; = 0.46 nm) et celui de la structure inorganique (ay = by = 2.34
n) étant de 5, les deux structures forment une surstructure selon la direction d’un seul axe.

Ces mesures nous ont permis de constater que la concentration d’ions d’or dépassait
un certain seuil de concentration pour 'apparition de la surstructure. Les raisons de



sa formation ne sont jusqu’a présent pas trés claires. On suppose que la substitution
d’anions entre le film de Langmuir et le complexe d’or pourrait jouer un réle dans sa
formation.

Radiolyse de surface par les rayons X

Nous avons ensuite tenté de réduire les ions d’or par la radiolyse de surface par les rayons
X, a1l =20 mN.m™! et également & IT = 26 mN.m ™! Les intensités de toutes les pics de la
surstructure diminuent progressivement a partir de 2.5 heurs d’irradiation pour s’annuler
aprés un total 8 heurs d’irradiation. Cette observation indique la dégradation de la
surstructure. Aucun signal provenant de la formation des nanostructures inorganique a
pu étre détecté. Les mesures de fluorescence ont confirmée ce résultat. Il semble que
I'interaction du complexe anionique de l'or avec les cations IL soit forte, de sorte qu’elle
empéche l'interaction des ions d’or avec I'électron solvaté produit par la radiolyse. Cela
suggére que la formation d’'une surstructure empéche les ions d’or d’étre réduits.

Conclusions et perspectives

Selon les isothermes II-A |, les mesures XRR et AFM, le film mixte est formé par un
empilement de deux couches. La couche en contact avec ’eau, L, est occupée par des
molécules d’IL inclinées et du NMP. La couche en contact avec 'air, Lo, est occupée par
des feuillets de GO et des molécules d’IL couchées paralléles sur ceux-ci. A travers un
plateau observé a II = 12,5 mN.m™!, 70% des molécules de NMP se dissout dans 'eau
et 25% des molécules d’'IL migrent de L; vers Ly. Ces molécules migrantes s’organisent
presque perpendiculairement dans un réseau rectangulaire sur le dessus des molécules
d’IL se couchant parallelement aux feuillets de GO. Les configurations des couches sont
décrites par les modeéle illustrés dans la Figure 2 : & gauche avant le plateau (pour
I < patean = 12,5 mN.m™!) et a droite apres le plateau (pour IT > Tyueqn = 12,5
mN.m™1).

M<12.5 mN.m? M>12.5mN.m*

OH

T O  ooH L S
L2 ST S A D ’
Subphase Subphase

Figure 2: Les modeéles décrivant la bicouche avant le plateau a IT < 12.5 mN.m™! (a
gauche) et apres le plateau a I > 12.5 mN.m™! (a droite).

Trois conclusions peuvent étre tirées :

1. Bien que les chaines alkyles aient tendance & se couchées parallélement aux plans de
carbone, leur orientation a la surface des feuillets GO suit celle des tétes d’Imidazolium.
Dans le cas ot les molécules d’IL se trouvent entre la surface de 'eau et la surface
des feuillets GO, I'interaction des tétes d’Imidazolium avec ’eau porte l'interaction
IT — IT avec les feuillets GO. Dans un tel cas, les tétes d’Imidazolium préférent étre
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dans 'eau plutdt que d’étre couchées paralléles aux feuillets GO. Par conséquent,
les chaines alkyles préférent étre inclinées par rapport aux feuillets plutot que d’étre
couchés paralléles a celles-ci. Cependant, dans le cas ou les molécules d’IL se trou-
vent entre les feuillets GO et 'air, l'interaction des tétes d’Imidazolium avec les
feuillets porte l'interaction avec ’air. Dans un tel cas, les tétes d’Imidazolium ainsi
que les chaines alkyles préférent étre paralléles a la surface des feuillets de GO.

2. Cette étude contribue a notre compréhension de l'interaction des molécules d’'IL,
situées a une certaine interface (air, eau....), avec les feuillets de GO. Les résultats
indiquent que le comportement des molécules d’'IL a I'interface avec les feuillets GO
est déterminé par leur interaction avec la seconde interface (air, eau....). Il n’est
donc pas possible de généraliser le type d’interaction pour décrire I'orientation des
molécules d’IL a la surface des feuillets GO.

3. Les feuillets GO qui restent adsorbées a la surface de I'eau, méme si elles sont
amphiphiles, ont tendance & étre hydrophobes car elles préférent interagir avec les
chaines alkyles de I'IL plutdt qu’avec I'eau.

Dans le chapitre 5, les films de Langmuir de [Cyomim|T[NTf;|~ déposés sur deux sous-
phases aqueuses contenant des ions d’or en différentes concentrations ont été étudiés .

Pour une concentration de 30 AuCl, /IL , le film de Langmuir d’IL se comporte de
maniére comparable & celui déposé sur I’eau pure. L’interaction des ions d’or avec le film
organique montre qu’elle empéche l'organisation du film en 3D. La radiolyse de surface
par les rayons X, en utilisant le film d’IL comme moule, a aboutit a la formation des
nanoparticules d’or de taille de 15 nm.

Pour une concentration de 600 AuCl; /IL , le systéme semble avoir dépassé une con-
centration seuil en ions d’ors. Le film se comporte d’une fagon considérablement différente
de celui déposé a la surface de 'eau pure. Par conséquent, une surstructure apparait.
Elle consiste en une structure 3D inorganique formée sous une structure 2D organique.
Les conditions de dépassement de la concentration seuil et donc de 'apparition du super-
réseau ne sont pas claires. Il est suggéré que la présence du [NTf]~ a la surface pourrait
avoir réduit la solubilité des ions d’or dans 'or prés de la surface. En conséquence, les
ions d’or ont été capturé dans la structure 3D, probablement avec le [NTfy] . Il est égale-
ment suggéré que les interactions électrostatiques entre [AuCly]~ and [Cyomim|™ suite &
I’échange d’anion, pourrait avoir capturer les ions d’or dans le film de Langmuir d’IL. Par
conséquent, les électrons solvatés ne pouvaient pas interagir avec les ions d’or preés de la
surface. Dans cette situation, la radiolyse de la surface par les rayons X ne pouvait pas
conduire a la réduction et a la formation des nanostructures d’or dirigées par le film de
Langmuir de I'IL.
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Abstract

Supercapacitors based on graphene oxide (GO) and ionic liquid (IL) are emerging as
promising devices for energy storage. However, due to the limited access of electrolyte
ions (IL) to the electrode (GO), they still lack the desired energy density. In this context,
we aimed to determine the physico-chemical conditions for the formation of the IL/GO
(electrolyte/electrode) interface. We used Langmuir procedure to form such an interface
and study it by II-A isotherms, atomic force microscopy and surface X-ray scattering. We
show that the film get spontaneously formed of the stacking of two layers L; /Ly on the
air-water interface. L is in contact with water and is formed of tilted IL molecules. L, is
in contact with air and is formed of GO sheets covered with lying IL. molecules. Through
the film’s compression, some IL molecules migrate from L; to Ly and get organized in a
2D lattice. The results show that the configuration of the IL/GO interface in L; differs
from that in Ls. This finding indicates that the IL/GO interaction is not unique but
depends on the interaction of IL with the interface on which it is located (air, water...).
The introduction of gold nanoparticles (NPs) to supercapacitors proved to improve their
performance. We therefore studied the IL film deposited on aqueous subphases containing
gold ions and attempted to form gold nanostructures by surface X-ray radiolysis using
the film as a template. We show that there is a threshold concentration of gold ions for
the appearance of a superstructure that prevents the reduction of ions. The conditions
for its appearance remain unclear. Below the threshold concentration, 15 nm gold NPs
are formed.

Les supercondensateurs & base d’oxyde de graphéne (GO) et du liquide ionique (IL)
émergent comme dispositifs de stockage d’énergie prometteurs. Toutefois, en raison de
'accés restreint des ions de l'électrolyte (IL) a l'électrode (GO), leur densité d’énergie
est limitée. Dans ce contexte, nous avons cherché a déterminer les conditions physico-
chimiques a l'origine de la formation de l'interface IL/GO. Nous avons utilisé la procédure
de Langmuir pour former une telle interface et 'avons étudiée via des mesures de II-A
isothermes, microscope a force atomique et diffusion des rayons X de surface. Nous
montrons que le film se forme spontanément en une pile de 2 couches L /Ly & 'interface
eau-air. L est en contact avec 'eau et est formée par des molécules d’IL tiltées et du
solvant. L, est en contact avec l'air et est formée par des feuillets de GO recouvertes
de molécules d’IL couchées. Avec la compression, des molécules d’IL migrent vers Lo et
s’organisent en 2D. Ces résultats montre que l'interaction IL/GO n’est pas unique mais
dépend de l'interaction d’IL avec U'interface sur laquelle il est situé (eau, air...). L’ajout
des nanoparticules (NPs) d’or aux supercondensateurs ont prouvé qu’elles améliorent leur
performance. Nous avons donc étudié le film d’IL déposé sur des sousphases aqueuses
contenant des ions d’or et avons tenté de former des nanostructures d’or par radiolyse
de surface aux rayons X en utilisant le film comme moule. Nous montrons qu’il y a un
seuil de concentration pour 'apparition d’une surstructure qui empéche la réduction des
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ions d’or. Les conditions de sa formation restent incertaines. En dessous du seuil de
concentration, des NPs d’or de taille de 15 nm se forment.
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Introduction

Global warming is one of the problems threatening our planet. It is mainly attributed
to the excessive emission of greenhouse gases resulting from random human activity in
industry, technology, agriculture... We are therefore facing climate change and natural
disaster. In order to curb the random emission of greenhouse gases, there is an urgent
need for sustainable and regenerative devices such as fuel cells, solar cells, wave genera-
tors conversion devices and energy storage systems.

Supercapacitors, also known by ultra-capacitors or high-capacity devices are promis-
ing devices for energy storage. Their operating concept is based on the principle of storing
electrostatic charges at the level of the electrode/electrolyte interface. The charges accu-
mulate in the form of the electric double layer (EDL) model proposed by Helmholtz in
1879 [1]. Figure 3 is a schematic representation of a supercapacitor.

| - | -
o S8
] @]
o o
© ©
@] @]

Separator

Figure 3: Schematic representation of a supercapacitor.
The energy density of a supercapacitor is expressed as follows [2] :
|

Where “V” is its operating voltage. “C” is the specific capacitance of the EDL of the
supercapacitor, which is estimated by Equation 4. Its expression is the same used to
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compute the capacitance of conventional capacitors.
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¢

Where “¢y” is the vacuum permittivity , “e,” the relative permittivity of the electrolyte.
“d” is the distance between the electrode et the electrolyte. “S” is the interaction surface
between the electrode and the electrolyte. In conventional capacitors, the distance be-
tween the electrode and the electrolyte is of the order of a few micrometers [12|, which
implies a capacitance of the order of a few microfarads or nanofarads. In supercapacitors,
it is estimated from the radius of the solvated ions of the electrolyte to be about a few
angstroms [13], which implies a capacity of the order of a few kilofarads [14]. Therefore,
supercapacitors exhibit high capacitance so can accept and deliver charges much faster
than capacitors and batteries. However, in terms of voltage delivery, they are interme-
diaries between capacitors and batteries, making them unable to compete commercially
with them. The performance of supercapacitors is somewhat limited due to the restricted
access of electrolyte ions to the electrode. Understanding the mechanism that controls
the interaction of electrolyte ions with the electrode is key to optimizing the access of ions
to the electrode. In this context, it is necessary to study the physico-chemical conditions
to form the electrode/electrolyte interface.

The electrode must have a high electrical conductivity and a large specific surface area
such as graphene. The electrolyte must have a high ionic conductivity, a low vapor pres-
sure, be insulating and preferably green, such as ionic liquid (IL). Hence the “Graphene
- Tonic Liquid based supercapacitors”. In order to understand the mechanism of the elec-
trode/electrolyte interaction, it is necessary to conduct a structural characterization on a
graphene/IL interface. Numerous theoretical research and simulation studies have been
devoted to understanding the behavior of graphene (electrode) and IL (electrolyte) at
their interface (2, 3, 4]. To our knowledge, the graphene/IL interface has not yet been
studied experimentally, the need for this current research.

Langmuir is a known procedure for controlling the formation of two-dimensional films.
It is therefore adapted to form such an interface. Graphene films are however hydropho-
bic and cannot therefore be studied by the Langmuir procedure. On the other hand, GO
sheets, thanks to the oxygenated functional groups that decorate them, are amphiphilic.
They are also characterized by a high surface area like graphene. They do not have an
electrical conductivity as high as graphene, but recent studies have shown that GO-based
supercapacitors can be efficient devices [5]. Graphene electrodes are also sensitive to
long-term oxidation during charge/discharge cycles. In addition, it is also possible to
obtain graphene from the GO by reduction. It is therefore convenient to choose GO as
an alternative to graphene to investigate it at the interface with IL. One of the objectives
of this thesis is therefore to elaborate the GO/IL interface using Langmuir films and then
to study it by X-ray scattering and AFM.

According to the literature, the introduction of metallic nanoparticles (NPs) between
the electrode and the electrolyte of supercapacitors enhances their performance. In par-
ticular, decorating graphene sheets with gold NPs improves the capacitance of super-
capacitors[8]. On the other hand, ILs prove to be stabilizers for the synthesis of gold
nanoparticles [9]. Surface X-ray radiolysis is a procedure for the formation of metallic
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crystalline nanostructures controlled by a Langmuir film that acts as a [10] template. The
other objective of this thesis is therefore to elaborate organometallic films of IL and gold
by surface X-ray radiolysis, then to study them at the interface with GO. Due to time
constraints, this last step could not be carried out. We will simply present the results
on the systems of Langmuir films spread over gold ionic subphases of different concen-
trations. Those systems will be irradiated by X-ray in a grazing incidence geometry to
perform surface radiolysis and form gold nanocrystals directed by the IL Langmuir film.
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1.1 Notions for monolayers at the air-water interface

1.1.1 Amphiphilic molecules

"Amphiphile" is a word that derives from the Greek term "amphis-philia" which means
"both love". It indicates the affinity of a chemical compound for two types of envi-
ronments [15]. For example, a molecule composed of a hydrophilic polar part and a
hydrophobic apolar part has an affinity for air and water. Figure 1.1 is a sketch showing
a general amphiphilic molecule composed of a polar head and an apolar chain. For this
reason, it is possible to be spontaneously adsorbed at the air-water interface [16].

Apolar Hydrophobic Chain

Polar
Hydrophilic

Head

Figure 1.1: Sketch of an amphiphilic molecule.

1.1.2 Surface tension

In a dense phase, each molecule undergoes in all directions the
cohesive forces of neighboring molecules, giving a total force of Air-water interface

([ [ ) [ )
zero. However, at the surface of this phase, the molecules are ] | |
surrounded by fewer neighboring molecules relative to the vol- L

.. . e .
ume, giving a non-zero total force. The free surface energy is el 3

I

therefore positive. Figure 1.2 is a sketch showing the forces that
the molecules undergo on the surface and in the volume of water.

= Non-zero resultant force directed inward
Cohesive forces to neighboring molecules

The surface then behaves as if it were covered with a stretchable Figure 1.2:

elastic film and creates a surface tension “+”. The latter, cor- Nlustration of the

responds to the work “w” required to increase the area A of a  forces that undergo

surface by one unit: water molecules.
Ow = v0A (1.1)

1.1.3 Thermodynamic of an interface

Gibbs thermodynamically described the interface between two fluids as a plane situated
at z = 0 separating “Fluid 1”7 and “Fluid 2”. Each fluid is composed of a certain number

of molecules equal to [17]:
Nio=pi12Vip (1.2)

Where p; 5 is the density of each fluid far from the interface.

The total volume of the two systems is:
V=WV+1 (1.3)

Where V' and V5 are the volumes of each fluid.
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The extensive quantities of the interface are its entropy S*, its internal energy U?®, its
volume V*® and the number of molecules N®. They are defined as follows:

ST=5-5-25
Ur=U-U; —U,
Vi=V -V —-V5=0
N*=N—N; — N,

(1.4)

The intensive quantities of the interface are its pressure P, its temperature T and its
chemical potential pu. As the system is in equilibrium, the intensive quantities are the
same for both fluids.

The free energy or Helmholtz energy of the surface is then defined as follows:
F°P=U°-T85°=—-PV*+ uN°+~A (1.5)

However, in the case of an ideal interface which is defined as an infinitely sharp
surface separating two media, N® = 0. The free energy of the surface thus becomes as
follows :

FP=~A (1.6)

This equation therefore indicates that the surface tension is the free energy density of a
defined surface.

1.1.4 Films of amphiphilic molecules at the air-water interface

Depending on the relationship between the hydrophobic and hydrophilic parts of am-
phiphilic molecules, several types of films adsorbed at the water-air interface can be
considered:

— Three-dimensional film once compressed : when the hydrophobic part is dominant
over the hydrophilic part. If the film is compressed, 3D aggregates are formed |[18|.

— Gibbs monolayer : when the amphiphilic molecules tend to be more hydrophilic.
In order to maintain a thermodynamic equilibrium between the surface and the
subphase, some of them dissolve in water [18]|. The film is generally in a condensed
state at low temperature and in a gaseous state at high temperature. However, it
is incapable of phase transition at constant temperature, making it unsuitable for
our studies [19].

— Langmuir monolayer: when amphiphilic molecules have the right balance between
hydrophilic and hydrophobic parts. A two-dimensional stable film can thus be
formed at the air-water interface. Unlike the situation with Gibbs films, the phase
transition of a Langmuir monolayer is possible at constant temperature. The study
of these films allows the two-dimensional thermodynamic understanding of the
monolayers adsorbed at the interfaces.

The three possible types of films that can be adsorbed at air-water interface are illustrated
in Figure 1.3.
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Figure 1.3: a. 3D film of amphiphilic molecules with hydrophobic tendency, b. Gibbs
film and c. Langmuir film.

1.2 Langmuir films at the air-water interface

1.2.1 Historical overview

In the time of Hammurabi (1800 B.C.), sailors used to pour
oil into the turbulent waters of the ocean to calm it [20]. This
method was passed down from generation to generation, but
no one attempted to understand the theory behind it until
1774. This year dates back to the time when the Amer-
ican statesman and philosopher Benjamin Franklin sought
to interpret it. He discovered that a drop of oil on a small
pond in Clapham Common spread to form a monomolecular
layer. He explained this by the fact that oil particles can
move freely on the surface of the water to reduce its sur-
face tension [21|. The thickness of the monomolecular layer
of oil was later estimated, by Lord Rayleigh in 1890, to be ' )
about 16,3 A. At about the same time, Agnes Pockels, a self- Flgurg 1.4: Irving
taught scientist, succeeded, thanks to her experiments in her Langmuir (1881-1957).
kitchen, to estimate the minimum surface area occupied by

a molecule at about 20 A2 [22]. These studies were crowned by Irving Langmuir in
1910 who improved Pockels’ experimental techniques for measuring the thermodynamic
properties of a lipid film. This procedure provided scientists with a tool to monitor and
understand the two-dimensional phase transition of the monolayer [23]. In collaboration
with his colleagues: Katherine B. Blodgett and Vincent J. Schaefer, they developed two
transfer techniques on solid wafer.

1.2.2 Procedure for the elaboration of a Langmuir film

To form Langmuir films, using a syringe, amphiphilic molecules, dissolved in a solvent,
are deposited on the water surface of a Langmuir trough [19]. Langmuir troughs are in
general entirely coated with Teflon, a material that is chemically almost inert to avoid any
type of interaction with the molecules. The Teflon lets the water to have a level higher
than the level of the edges of the trough and thus to form a meniscus. The molecules are
then compressed using two mobile barriers to progressively reduce the surface area of the
trough allocated to the film [19]. The thermodynamic properties of the film which are
the surface of the trough allocated to the film “Ay,,,.," and the surface pressure of the
film “II”, at constant temperature “I” thus vary. “A4que," and “II” are the equivalent of
volume V and pressure P in the state equations of 3D systems. This variation results in
two-dimensional phase transitions of the Langmuir monolayer. The surface pressure of
the film is measured by the Wilhelmy Plate Tensiometer which will be later explained.
During compression, the variation of “II” relative to the variation of the molecular area
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“A” is recorded. The resulting curve is called the II-A isotherm. Figure 1.5 is an anno-
tated picture of our laboratory Langmuir trough.

Force sensor
Wihelmy plate

Trough temperature regulator

,

Two moing barriers Teflon coating

Figure 1.5: Photo of a Langmuir trough.

It is preferable to use a volatile and water-immiscible solvent such as chloroform.
However, for some of our experiments, we had to use a non volatile and water-miscible
solvent after unsuccessful attempts to dissolve our molecules in a volatile solvent. The
main drawback of miscible solvents is their affinity for both media: the surface of water
where the molecules are adsorbed and the volume of water. The Langmuir monolayer
will therefore coexist with some residual solvent molecules.

1.2.3 Thermodynamic properties

The different phases that a Langmuir monolayer can undergo depend on the thermody-
namic properties “A” “II” and “T” of the film. The following paragraphs deal with these
properties and the tools to measure them.

Area

Molecular area “A”is the average area occupied by an amphiphilic molecule adsorbed
at an interface and expressed usually in nm? Molecule™!. It is determined by the ratio
between the surface area of the trough and the number of molecules deposited on the

surface. It is thus calculated by the following relation :

o Atrough
A_NAXCXV (1.7)

Where Ay, o4 is the surface of the Langmuir trough, expressed in cm?. Ny is the Avogadro
number. C is the concentration of the solution and V is the volume of the deposited
solution.

Surface pressure

The surface pressure “II” is defined as the decrease in the surface tension of water due to
the presence of amphiphilic molecules adsorbed on the surface. It is expressed in mN.m™*
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and is calculated by the following relation :

II=~v—7 (1'8)

where 7, is the surface tension of the air-water interface without molecules adsorbed on
water. It is constant and, for example, 79 = 72.8 mN.m™! at 18°C. While ~ is the sur-
face tension of the interface in the presence of adsorbed amphiphilic molecules. ~ varies
according to the decrease of the area “A” occupied by the molecules.

The Wilhelmy Plate Tensiometer provides us with the pressure values. It consists of
putting one side of a vertical plate of LxHxd dimensions in the water and connecting
the other side to a balance. The latter measures the forces that pull the plate down, such
as the force of gravity, Archimedes’ buoyancy and the action of the surface tension of the
interface. The total vertical force F is expressed as:

F =mg+ peg(h.d.L)+ 2(d + L)~ cos(6) (1.9)

Where m, d, H and L are respectively the mass, thickness, height and width of the plate.
“h” is the length of the section of the plate immersed in water.“6” is the contact angle
formed by the intersection between water-plate interface. The plate material is chosen to
ensure total wettability, so that the contact angle can be considered to be approximately
equal to zero. Taking into account the invariance of the force of gravity and buoyancy
experienced by the plate (whether or not there are molecules adsorbed on the surface of
the water) the commercial surface pressure balance is calibrated to provide II directly

based on this relation :
II=AF xvyy—7 (1.10)

Figure 1.6: Scheme of Wilhelmy plate;

Temperature

The experiments must be carried out at constant temperature. Therefore, the trough is
equipped with a thermostatic bath that provides a constant and uniform temperature to
the subphase. Since the Langmuir film and the subphase are in quasi-static equilibrium,
the temperature of the film is then imposed by that of the subphase.
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1.2.4 Compressibility

By analogy with volume compressibility, it is possible to define the surface compressibility
“x” of a Langmuir monolayer. It is expressed in m.N~!. It indicates the compression
capacity of the film and thus informs us of its physical state over a well-defined range of

surface pressure. It is calculated by the following relation:
1 [0A
XY= 74 \om
Where N is the number of the molecules adsorbed at the interface and T is the temper-
ature of the monolayer.

(1.11)

T,N

1.2.5 Interactions between molecules in a Langmuir monolayer

To maintain a Langmuir film stable at the air-water interface, one should consider the
interactions between the amphiphilic molecules. They are subject to three kind of inter-
actions : head-head, head-chain and chain-chain.

e Chain-chain Interactions: is of the Van der waals type, described by Leonard-
Jones’ potential which shows that long-distance interactions are attractive and
short-distance interactions are repulsive. This is the most important type of in-
teraction that helps maintain the stability of a Langmuir film. It has been shown
that at equilibrium, the typical distance between alkyl chains is about 4.8 A

e Head-head Interactions : is of repulsive type; at long distance is of dipolar type
and at short distance is of the steric repulsive type. The presence of ions in the
subphase (as we will discuss later), may induce an attractive interaction.

e Chain-head Interactions : In fact, the head-chain distances are much more
important than the head-to-head and chain-chain distances. Since interactions de-
crease as the distance increases, chain-head interactions are negligible.

1.2.6 II-A Isotherm
Definition

The II-A isotherm describes the evolution of the surface pressure as a function of the
surface area occupied by each molecule at constant temperature. This macroscopic mea-
surement allows the study of the thermodynamic of the Langmuir film. A generic I1-A
isotherm showing the possible phase transitions that a short-chain Langmuir film can
undergo is represented in Figure 1.7. Note that depending on the temperature and the
nature of the amphiphilic molecules, it is possible not to observe all the phase transitions
of the Langmuir film. From a II-A isotherm one can extract the following thermodynamic
characteristics of a Langmuir film [24]:

1. The pressure, therefore the surface tension of amphiphilic molecules, at a given
surface and temperature, thanks to the relation 4.3.

2. The pressure of the collapse corresponding, in some cases, to the transition from a
2D to a 3D system.

3. The compressibility using the relation 1.11. It is therefore possible estimate the
different phases of the film.
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Phase transitions

In 1933, Ehrenfest introduced two classes of phase transitions [25]:

The first order transition occurs when the first derivative of free energy with respect
to one of its thermodynamic parameters is discontinuous. For example, entropy
changes discontinuously during the phase transition from ice to water.

The second order transition occurs when the first derivative of free energy is con-
tinuous while its second derivative is not. This is the case with ferro-paramagnetic
or conductor-superconductor transitions. This second classification has been prob-
lematic to date because its conditions are not systematically verified during the
transition.

The phase transitions that can be detected in a Langmuir film are for most of them of
first order. They are evidenced by the observation of a plateau, between two successive
phases, indicating a coexistence of the two phases. However, second order transition
phases can also occur. They are identified by a modest change in the slope of the II-A
isotherm. The phases that one can evidence on the isotherm are:

Gas phase (G): At a very large molecular area - 100 times larger than the cross-
section of the molecule - the Langmuir film is in the gas phase. The molecules do
not interact with each other so the surface pressure is at almost 0 mN.m~!. This
phase is very difficult to be detected experimentally.

Liquid expanded (LE) phase: This phase occurs after compressing the molecules and
observing a change of the slope of the isotherm. It evidences the first interactions
between the molecules. The surface pressure is then not null and the compressibility
is of the order of some tens m.N71.

Liquid condensed (LC) phase: In this phase, the molecules are arranged in a state
close to their maximum compactness. The area occupied by each one is close to the
cross-section of the molecule so the film is not very compressible ( around or less
then 10 m.N—1).

Solid phase (S): At high surface pressures, the film becomes rigid and the molecules
form a compact two-dimensional network. The transition of the film into the solid
phase is evidenced by a break in the slope of the isotherm.

When the area available for each molecule becomes smaller than it cross-section, the film
pressure reaches the critical collapse pressure. The molecules rise up on top of each other
to form a three-dimensional film or plunge into the subphase. The film is said to have
collapsed.
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Figure 1.7: A generic II-A isotherm of a Langmuir film deposited at the air-water
interface.

1.2.7 Generic phase diagram

Thanks to the X-ray studies of 2D systems of fatty acid, Kagner and al. were able to
develop a generic phase diagram common to all amphiphilic molecules of long alkyl chains
[26, 27, 28]. It is equivalent to the Clayperon phase diagram for three-dimensional studies.
It differentiates each mesophase by a set of parameters that describe the molecules, such
as their tilt, rotation angle, orientation, elementary lattice... The diagram illustrated in
Figure 1.8 shows the great diversity of phases that a Langmuir monolayer of amphiphilic
molecules of long alkyl chains can have [27]. The condensed phases are grouped into:
straight phases and tilted phases.

— Tilted phases :
At low surface pressure, the molecular lattice is formed by tilted molecules organized
according to four phases; Lg, Lo subdivided into Loy and Loy, L'2 and Overbeck Ov
phases.

— The L; phase is obtained at low temperature where the molecules are organized
in a centered rectangular lattice. The tilted molecules are oriented towards
their nearest neighbor (NN) and their rotation around their axis is not possible.

— The Ly phase, according to Kagner et al [29] who were inspired by Landau’s
theory, is subdivided into two phases; Ly, phase at low temperature and Lo,
phase at high temperature. In both phases, the molecules are tilted towards
their nearest neighbor (NN). The main difference between them lies in the
rotation configuration of the molecules: in the Loy phase, the molecules are
free to rotate around their axis, but in the Ly, phase, they are not.

— The L, phase where the molecules are tilted towards their second nearest neigh-
bor (NNN) and organized in a distorted hexagonal lattice which is equivalent
to a centered rectangular lattice.
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— The Ov phase is obtained at high temperature and was first evidenced by
Brewster angle microscopy and then structured by Grazing incidence X-ray
diffraction [30].

— Straight phases :
At high surface pressure, straight phases that include CS, LS and S phases are
observed. They are characteristic of a Langmuir film composed of molecules per-
pendicular to the interface.

— The CS phase conforms with a compact, centered rectangular lattice where
the molecules cannot rotate around their axis (the delta is fixed).

— The LS phase is represented by a perfectly hexagonal lattice where the molecules
are free to rotate around their axis.

— The S phase occurs when the lattice becomes rectangular centered and we have
again the molecules unable to rotate.

Surface pressure (I1)

Temperature

Figure 1.8: Generic phase diagram of molecules of long alkyl chains. The solid lines
represent the first order phase transition and the dotted line represent the second order
phase transition [28].

1.3 Langmuir films on solid substrates

Langmuir films are as well studied on solid substrates (wafers) by transferring them from
water surface. Two main transfer procedures can be considered : Langmuir-Blodgett
(LB) and Inverse Langmuir-Schaefer (ILS).

1.3.1 Preparation of the wafer

The wafers most used in Langmuir’s experiments are of silicon type. The wafer must be
cleaned beforehand with the Piranha solution to remove all organic residues and to make
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its surface hydrophilic. Piranha solution is composed by a volume of 1/3 hydrogen per-
oxide (Hy05) and 2/3 sulfuric acid(H2SO,). The cleaning protocol consists in immersing
the wafer for 10 minutes in the Piranha solution. Then, it must be rinsed several times
with distilled water. A layer of silica SiO, is thus formed on its surface making it hy-
drophilic. It becomes therefore a favorable medium for the adsorption of the hydrophilic
polar head of the Langmuir films while the alkyl chains remain in contact with the air.

1.3.2 Langmuir-Blodgett (LB) transfer

Using a stand holder, the wafer is suspended vertically and immersed in water perpen-
dicular to its surface. After depositing the molecules, they are compressed to the desired
surface pressure, which must be kept constant during transfer. The substrate is then
removed from the water surface using the stand holder. The latter allows delicate control
of the movement of the insert at speeds of a few mm/min. It also prevents the system
from being exposed to lateral vibrations. Thanks to capillary phenomena, the film is
correctly deposited on the hydrophilic substrate with adhesion.

Pull up

ok
e d e

Figure 1.9: Illustration of the Langmuir-Blodgett (LB) transfer procedure.

1.3.3 Inverse Langmuir-Schaefer (ILS) transfer

Similarly to the Langmuir-Blodgett technique, the transfer is realized at a constant surface
pressure. However, in this case, the wafer is held horizontally underneath the Langmuir
film (at the bottom of the trough). The transfer is carried out by evacuating the water
behind the barriers until the layer is deposited on the wafer: the polar heads in contact
with the wafer and the chains in the air. This type of transfer is mainly used for low
surface pressure measurements where the layer is not dense.

Drain out water

TR S

Figure 1.10: Ilustration of the Inverse Langmuir-Schaefer transfer (ILS) transfer
procedure.
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Despite the importance of Langmuir films, they were not widely studied initially due to
the lack of their characterization techniques at the molecular level. The growing interest
in Langmuir films only emerged with the advent of synchrotron facilities. The intense and
well-collimated radiation generated by X-ray synchrotrons made it possible to study the
structural composition and organization of Langmuir films. Specifically, the development,
beginning in the 1980s, of the theories and setups for performing grazing incidence X-ray
diffraction (GIXD) and X-ray reflectivity (XRR) and X-ray fluorescence (XRF) adapted
to surface and interface measurements [31, 32, 33, 34|. The study of Langmuir films has
become essential to understand interactions between biological molecules (drugs, proteins,
peptides, ions ...) and organic-inorganic systems |35, 36]. XRR technique allows a
precise measurement of the thickness and the electon density profile of a Langmuir film.
GIXD measurements demonstrated the existence of a crystalline order in two-dimensional
systems. By GIXD, it is possible to estimate the geometry, structure and the phase of
the monolayer adsorbed on the water surface. XRF is used to determine the chemical
composition of the film. In addition to the X-ray characterization techniques, Langmuir
films can be studied at the microscopic scale by Atomic Force Microscopy (AFM) and at
the mesoscopic scale by Brewster Angle Microscopy (BAM). AFM measures the thickness
of Langmuir films deposited on wafers. BAM allows to visualize films deposited on the
surface of water at the mesoscopic scale.

2.1 Notions for X-ray characterization

2.1.1 Historical overview of X-rays

The discovery of X-rays was a scientific bombshell and triggered a wide range of studies of
matter. In 1889, Wilhelm Conrad Rontgen (Figure 2.1) was examining the light emitted
from a cathode ray tube in a dark room. He accidentally observed a faint yellow green light
from the fluorescence of cardboard coated with barium platinocyanide, originally used
to protect (cover) his experiment from light [34]. To his astonishment, this phenomenon
was reproduced even when he covered the tube with aluminum, glass, wood... But he
discovered that a thin sheet of plumb or platinum was able to stop this invisible radiation
[37]. In order to test the ability and limits of this invisible ray to penetrate objects, he
exposed his wife’s hand to this radiation. The image to the right of Figure 2.1 shows a
photo of the bone in the hand of Roentgen’s wife wearing a wedding ring, after it was
exposed to this radiation. It was the very first image showing any part of the inside of
the human body. An amateur photographer, Rontgen, announced the discovery of X-rays
by publishing an article that referred to this photo as scientific documentation, instead
of the fluorescent cardboard photo. Not having found an appropriate name, he named
it “X-ray” after the usual algebraic name for the unknown. For his discovery of these
revolutionary radiations, he was honoured with the Nobel Prize in Physics in 1901.

2.1.2 Interaction X-rays/matter

X-rays are electromagnetic waves composed of an electric field and a magnetic field. They
propagate in the direction of the wave vector (K = 27”), where A is the wavelength of the
radiation and is of the order of the interatomic distance. They also have a very high energy
E, comparable to the binding energy of the electrons to the nucleus. These properties
make them the principal investigator of matter. Moreover, they are characterized by a
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Figure 2.1: Left: Wilhelm Conrad Rontgen (1845-1923). Right : The very first X-ray
photo showing a part of the inside of the human body, Mrs. Réntgen’s left hand,
including her wedding ring [38|.

corpuscular nature that describes them by photons of quantified energy :

E = h(—; = hr where h is Planck’s constant and v is their frequency. Thanks to their
dualistic wave/particle nature, two types of interaction of X-rays with matter can be
highlighted :

1. Inelastic scattering : When a photon of E = hv impinges an atom, it will scatter
with a lower energy than the incident one. For instance:

— Compton scattering : The energy of the photon is partially absorbed by a free
or quasi-free electron. Consequently, the electron scatters in one direction and
the incident photon in another but with h’< hy. This interaction makes it
possible to understand the electronic waves functions.

— Photoelectric effect : The energy of the photon is absorbed by an electron
from an inner layer of the atom. It will therefore be torn off and the atom will
be excited. To return to its fundamental state, the atom undergoes another
electronic transition accompanied by the emission of a photon. The energy of
this photon is different from that of the incident one and corresponds to the
energy difference between the exited and the fundamental level of the atom.
This phenomenon is at the origin of fluorescence, which is used to determine
the chemical composition of a material.

2. Elastic scattering : When an electromagnetic wave is incident on an atom, the
latter begins to oscillate and becomes an electric dipole that re-emits the beam at
the same energy as the incident one. By replicating this phenomenon on a group
of atoms, the elastically scattered waves may interfere with each other, leading to
X-ray reflectivity or diffraction phenomena.

The analysis of the perturbation of X-rays following their interaction with atoms
allows a thorough understanding of the chemical composition, electronic states and atomic
structure of matter.
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2.1.3 Ciritical angle

For X rays, optical index n of a medium is calculated by the equation below :

5 = 2mpro
K2
n=1-—9—if where (2.1)
f=
2K

0 characterises the scattering and  the absorption of a medium.

e p is the electron density of the medium.
o K — 27” is the wave number of the X-ray.

o 1) — 2,82.107 ' the radius of the electron.

1 is the coefficient of the linear absorbance of the medium.
e 0 = pry is scattering length density SLD.

For X-rays,  and /3 are positive and in the order of 107% and 10~® respectively. Given
that n,;, is a unit, the refractive index of any studied system is then less than ng;, [37].

Consider X-rays propagating from a medium of optical index n; to another of ny with
n; > ny. If they impinge on the interface at an angle of incidence (the angle separating the
incident beam and the interface) less than a critical angle a. — specific to this interface
and calculated by the Snell-Descartes law of classical optics in equation 2.2 — total

external reflection occurs. n

2
cosSQ, = — 2.2
0= 22)
For X-ray, ny=ng;,= 1 and no=nyqser= 1 - dpater Where duper << 1 and By ater 1S negligible.

Equation 2.2 becomes :

cosa, =1— 6water
. 92 .
V1 —=sin®a, =1 — dyater

Since a, << 1 — sina,. ~ o, and Jygrer << 1 — 62

water
the critical angle of the air-water interface as follows:

Qe =/ 25water (23)

Therefore, equation 2.3 is the expression of the critical angle of the air-water interface,
under which the incident X-rays are totally reflected in the air.

~ (. Therefore, we can express

2.1.4 Evanescent wave and depth of penetration

Although under grazing incidence X-rays are totally reflected, some of them penetrate
the second medium in a small region close to the interface. The penetrated radiation is
intended to interact with the second medium in order to evaluate whether or not it is a
total reflection situation. The wave propagating through the second medium is called an
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evanescent wave whose intensity decreases exponentially with the distance of the vertical
penetration. The penetration depth & of this wave, generated in the direction of Z and
propagating parallel to the surface, is calculated as follows:

A2

g:
4m/ /(0 = 2052 + 452 — (a? — 26)?

(2.4)

For example, suppose X-rays are propagating at 8 kev from medium 1 which is air of
n;=1 through the medium 2 which is water of ny < n; (d, &~ 2,8.107¢ >> 3, ~ 11,1.1079).
The critical angle for this system is therefore a.= 2,3 mrad and the depth of penetration
of the evanescent wave is £ = 5 nm for a; < 0.5 . [39]. Figure 2.2 compares the evolution
of the depth penetration of the evanescent wave in relation to the angle of incidence of
an incident wave of 8 kev and another of 22 Kev.

m— 22 keV
— 8 keV

103 4

102 4

101 4

Depth penetration (nm)

0.5 1.0 1.5 2.0 2.5 3.0

Incidence angle (mrad)

Figure 2.2: The evolution of the depth penetration of the evanescent wave in relation to
the angle of incidence, for two energies.

2.1.5 X-ray scattering by a free particle (Thomson scattering by
a free electron)

Let us consider a charged particle “q”, placed at the origin “O” of a cartesian system and
in the path of a high-energy plane electromagnetic wave [40], [41]. The electric field “E”
and the magnetic field “B” will then exert a Lorentz force on the particle that will set it
in motion:

F=qE+qVAB (2.5)

Where V is the velocity of the particle. The resolution of Maxwell’s equations in th
vacuum leads to the following relation between the amplitudes of electrical and magnetic

field: E
By, — 9
' ¢

V is supposed to remain sub-relativistic = % << 1, inducing neglect of the contribution
of the magnetic field. The displacement of the particle will therefore be mainly due to
the electrical component of the given Lorentz force.
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According to the fundamental principle of dynamics, the equation of motion is written:

7

B o iwt-KR) YT
qF = qcEe =my BT

(2.6)

This equation describes the harmonic oscillation of the particle, where € is the vector
polarization of the incident wave, w its angular frequency and E\ the amplitude of the
electric field. We suppose that the electric field which generates the oscillations is that
of the equilibrium position of the particle (r = 0) because it oscillates at low speed and
short period. The equation of motion (2.6) becomes:
0?r (wt)

——|——Eez

o —0 (2.7)

The oscillating particle is then assimilated to an electric dipole of moment D = qr
and considered as a new source of X-rays which re-emits electromagnetic waves, in all
directions and having the same frequency as the incident beam. This is the case when
a wave is elastically scattered by a free particle. FEg4, the scattered electric field by a
charged particle q, intercepted in M (OM >> 2r; where ry is the oscillation amplitude of
the particle), is then expressed as follows:

1 ,8*D ..
Edq = C2R(_8t2 X TL) xXn
E ) (2.8)

. —
Eu = —— Egsin(0). l(wt=Ka.OM)

de2 OM

Where C is the velocity of light. D is the electric dipole of moment. 7 is the unit vector of

R
the propagation of the scattered radiation in the direction of OM. 6 is the angle between
the vertical axis and the direction of the scattered beam and K, is the scattered wave
vector(K g =K;=2F).

I4, is the intensity of the scattered wave by a charge free particle, located at the origin
“O”. Tt is equal to the modulus squared of the electric field and expressed as follows :

]dq = Equ;q :| Edq | 2 (2-9)

From the equation 2.8 which describes the wave scattered by a charged particle, we
establish in the following paragraph the expression of the wave scattered by a charged
density (an atom). Note that the intensity of the scattered beam, developed in the
equation 2.9, is proportional to the square modulus of the electric field, thus inversely
proportional to the square modulus of the mass of the particle. Since protons and neutrons
are heavier than electrons, the scattered wave from an atom is mainly due to electrons.

2.1.6 X-ray scattering by a charged density (atom)

Now consider an atom of volume “V” of density “p”’, composed of “Z” electrons, each

acting as a free particle repalred by O_}>7 , its position with respect to the origin O. When
electromagnetic waves (E — Ej.eilwt=Ki 7)) are incident on the atom, They will be scattered
elastically in all directions by each electron as illustrated in Figure 2.3 [40, 41|. Assuming
that the scattered waves by the electrons of the atom are intercepted at a distant point
M, where PM OM - O? and O—]\>4 >> O?, we can consider the approximations of
Fraunhofer:
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1. When the fronts of the incident wave are spherical, the scattered waves, intercepted
in M, are approximate to plane waves.

2. The lines connecting the position of the electrons of the atom to M are considered
parallel, so that all scattered waves intercepted by M have the same wave vector
K4 and OM ~ PM.

Based on these approximations, the elementary electric field scattered by a charge density

p(OP) is expressed as follows:
e

1
02 OM
2 1 Lo =
dE; = p( ﬁ dV. 02 i —— Eysin(0). el(”t_Kd'OM).el(Q'ﬁ) (2.10)
dE, = p(ﬁ)dwEdq.e“QW’)
where Ey, is the electric field scattered by a an electron located at the origin (expressed
according to Thomson’ s equation 2.8. @ is _the angle formed between the vertical and

the scattered wave as shown in Figure 2.3. Q K4 — K, is the scattering vector whose
magnitude is equal to:

dE,; = p O? dV. Eosm(G) —i(K; O? zwt Ka.( OM O?

47 sin 6

Q = A
Therefore, the electric field re-emitted by an atom of p(O‘}%)iS‘

E, = Eq, / p(OP).£1@GOP) gy
14

Ey = E4, TF(p(OP))

It is expressed by the product of the electric field re-emitted by an electron located at
the origin : E4, and the Fourier transform of the charged density : TF(p(O—}>’))

(2.11)

The intensity of the electric field is calculated by the square modulus of E, as follows:
Iy = EqE; =| Eag | % | TE(p(OP)) | * = L. | TE(p(OP)) |* (212)

Where 14, is the intensity of the wave scattered by an isolated electron located at O.

2.2 X-ray Reflectivity (XRR)

XRR measurement is a powerful non-destructive technique for surfaces and interfaces
structural analysis. It has proven invaluable for the accurate determination of film thick-
ness at the angstrom scale. Technically, XRR technique only measures the variation of
the intensity of the scattered wave from a sample. A thorough knowledge of the theory
behind this measurement is therefore necessary to extract the informations carried by
our sample : its thickness, electron density and roughness. It is obviously more com-
plicated than the other nanoscopic characterization techniques, i.e. scanning tunneling
microscopy (STM) or transmission electron microscopy (TEM), which directly show the
image of the surface but it exceeds them in its accuracy [42]. The first XRR measure-
ments date back to 1954, when Parratt explored the surface of copper-clad glass [43].
This technique can be applied using synchrotron radiation as well as X-rays provided by
university laboratories. It is suitable for the study of solid and liquid interfaces.
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Figure 2.3: Illustration of X-ray scattering by an atom of charge density p(r).

2.2.1 Fresnel’s Equations for Reflection and Transmission

Based on Maxwell’s relations, the equations of propagation of the electric field E and the
magnetic field B of a plane electromagnetic wave are expressed as follows :

AFE — K*E =
AB - KB
The solutions to the propagation equations for E and B are :

E = E%exp (i(wt - }?ﬂ)ﬁe

o]l

= B%exp (i(wt - fff)) A,

Where E° and B? are the amplitude of E and B respectively. w is the angular frequency,
K the wave vector, . and 0, the unit vectors and 7" the position vector of any point M
in space for which we solve these calculations.

Consider the “Fresnel’s interface”, an infinitely sharp and flat interface located at z =
0, separating two homogeneous media of different refractive index n; and n,. When an
electromagnetic wave of transverse polarization - E propagates L to the incidence plane
(yOz) - is emitted on the “Fresnel’s interface” at an angle of incidence greater than the
critical angle of the system ( «; > a.), two phenomena can be considered :

1. The wave is transmitted in the second medium of n;, forming an angle “«a;” with
the interface.

2. The wave is reflected in a specular direction; the incident wave and the outgoing
reflected wave make the same value of angle with the interface which coincides with
(xOy) plane (a; = ).
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The geometry of the reflectivity experience in the case of Fresnel interface is repre-
sented by a sketch in Figure 2.4.

— N

nj
imnemme el Sy

Figure 2.4: Scheme of an electromagnetic wave reflected and transmitted at the Fresnel
interface

The process being elastic, the wave numbers corresponding to the incident (index i),
reflected (index r) and transmitted (index t) waves, are written as :

K
oK =K, =K, (2.13)
g

Having a; = «,., the wave vectors are calculated as follows:

=

i = Ko cos ()i, — Kosin (o),

K, = Ky cos (o), + Kosin (o), (2.14)

K, = Kqn, cos (o), — Kongsin (oy)i,
“Q).” denotes the scattering vector which is none other than :

According to Maxwell’s equations, E is related to to B by:

7’_01>5(E_') = —88—? = iw.B
Where,
rol(B) = (%%).ay _ (3;;).@
Hence,
B, = % (%) Ay (2.16)

Considering the equations 2.14, the continuity of the tangential component of the electric
field it passes through the interface is expressed as follows:

(E; + E,).i, = Ey.i,
— (EZO + ES) exp ( — iy Ky cos (ai)) = EYexp ( — 1y Kon; cos (ozt))
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Which results in the Snell-Descartes law :
Ky cos (o) = Kony cos (o) (2.17)

and
E)+ EY = E} (2.18)

Considering the equations 2.14 and 2.16, the continuity of the transverse component of
the magnetic field as it passes through the interface is expressed as follows:

(B? + BY).i, = BY.1,

2.19
—  Ko(E} — EY) sin (a;) = Kony (E) sin (o) .

In order to process the calculation of the intensity of the reflected beam “R”, we must first
express the reflection coefficient “r” , the coefficient of transmission “t” and the relation
between them. “r” is the ratio of the amplitude of the reflected wave to that of the
incident wave and “t” is the ratio of the amplitude of the transmitted wave to that of the
incident wave : 0 0
— and t=—L
£ £
By integrating the equation 2.20 into the equation 2.19, we can express the Fresnel
coefficients; “r” and “t”; in s-polarization (F L to the incidence plane) as follows:

14+r=t where r= (2.20)

sin oy; — ng sin o 2sin o
= P and ot = (2.21)

ry = — p : p
SIn v + Ny SIN Qg SIn o + Ny SIN Qi

For analog reasoning, the Fresnel coefficients in p-polarization (E // to the incidence
plane) are expressed as follows :

N sin o; — sin oy 2 sin o
and t// =

7”// = (2.22)

N sin o + sin oy N sin o + sin oy

However, since a; << 1 and «o; << 1, the Fresnel coefficients are equivalents in s-
polarization and p-polarization <= r; ~r,,~r and t ~t,/~t as.

Considering the Snell-Descartes relation (equation 2.17), the expression of the coeffi-
cient of reflection becomes:.

_ sinoy— v/ o’ (o)

sinq; + \/(n? — cos? («;))

(2.23)

From the Fresnel coefficients that we have developed, we will, in the following para-
graph, establish the expression of the intensity “Rg” of the beam reflected by the Fresnel
interface.

2.2.2 Intensity of X-ray reflected by the Fresnel interface

The intensity of the beam reflected by the Fresnel interface is expressed by means of the
square modulus of the reflection coefficient as follows :

sin o; — \/(n% — cos? (%‘))

sina; + +/(n? — cos? (o))

2

Ry — rr— (2.24)

Taking into accounts :
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e Equation 2.3 which modulates the expression of the critical angle of the air-water
interface for x-ray studies : a.=+v/20uater

2 2 _ _ 2
® 1y = Dygter — L- 2510&1567’ =1- Qg

e sinq; — «; when o <<1.

Rr can be simplified to :

2
@i — /(af — a?)

a; ++/(af — af)

Rp =

For convenience, the reflected intensity is expressed as a function of the magnitude of
the scattering vector “Q” :

Cj = I?r - [?1
From the equation2.14, we obtain :

@ = 2K0 sin (az>ﬁz = Qz

Which results in:

= Amsin (o) dm(oy) = o Amsin(a.)  dm(ac)

Therefore, the intensity of the reflected beam expressed as function of the scattering

vector becomes :
Qz Y (Qg - ch)
Q. +/(Q% — Q%)

This relation describes the reflected signal by the Fresnel interface, a perfectly sharp and
smooth interface.

2

P =

(2.25)

The reflectivity signal presents three different regimes:
1. Q. < Q. : we observe a plateau of total reflection.

2. Q. = Q. : we observe a kink at the critical angle indicating the initiation of the
decrease in intensity due to the beginning of X-ray absorption.

3. Q. > 3Q. : the intensity will be driven by an exponential decrease and become
proportional to Q_*.

2.2.3 Intensity of X-ray reflected by a stratified interface

We are interested in the study of Langmuir films deposited at the air-water interface.
We will therefore relax the Fresnel interface assumption and consider an electron density
profile across the interface in the z-direction. Our interface is thus considered as lami-
nated, consisting of a succession of interfaces separating media with different refractive
indices. Henceforth, the study of Langmuir films by XRR requires to modulated them to
stratified interfaces.
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In the following paragraphs, two expressions of the intensity of specular reflectivity
from a stratified interface based on two theories: kinematic theory and dynamic the-
ory are established.

The kinematic theory [31, 41, 42| is based on Born’s first approximation, which ne-
glects the multiple reflections by the subjacent layers. Figure 2.5 is a sketch of the re-
flection of the beam by a stratified interface. It shows that the reflection comes from two
"sources": the first reflection of the incident beam by each interface (black) and their mul-
tiple reflection (grey). However, since multiple reflections are also detected in the specular
direction, neglecting them can lead to misinterpretation of XRR signals.Therefore, this
theory cannot be adopted to interpret our systems. Nevertheless, as it allows a simple
design of the reflected intensity as a function of the gradient of the density profile, it will
be discussed. The expression of the reflectivity according to the kinematical approxima-
tion is the so-called the “Master-Formula”.

Figure 2.5: Sketch showing the first (black) and multiple reflections (grey) of an
electromagnetic wave through a stratified interface in the specular direction

To process our XRR experimental results, we opted for the dynamic theory from
which Parratt’s formalism [39, 42, 43| derives. The advantage of this theory is its ability
to describe the intensity of the reflected beam recursively, taking into account the first
and multiple reflections.

kinematical scattering theory

To proceed with the calculation of the reflectivity, it is necessary to recall Equation 2.12.
It expresses the intensity I; of an electromagnetic wave scattered by a charged density
p(r), |31, 41]:

Id = qu. / p(r)e’((jf)dv
\%
(2.26)

= T4 o I. /p('/’).ei(éﬂdv
v

Since detection is in the specular direction, the only component of the scattering
vector is the z-axis component @),. It is assumed that the density is homogeneous along
the (x,y) interface plane but varies continuously along the z-axis :

p(xuyv’Z) =< /):vy > (Z)
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The volume V' corresponds to the thickness of the interface multiplied by the illumi-
nated surface A where : g g

A — N
O(aiO(Qz

S is the section of the incident beam.

Therefore, the expression of the intensity of the beam scattered by the interface in
the specular direction is :

2
1

Id( )O(]OQ2

/ < pay > (2). @Az

The intensity can as well be expressed by the derivative of the average density along
the z-axis by integration per part. The reflectivity of a stratified interface is therefore
obtained by the following formula :

2
Id(Z) 1

R: IO 0(62—3

L / d( < Pay > (Z)) £iQ=2)

Poo dz

Where:
® p., denotes the electron density of the substrate.

d © . . . . . .
° M is the derivative with respect to the z-direction of the mean electron

density of the surface in the (x,y) plane.
. é x Rp for Q, > 3Q..

For a; >> a., the reflectivity signal is described by the so-called Master-Formula [44]
as follows :

2
d( < Pay > (Z)> Q=) g
dz ' (2.27)

R = RF.TF2 (d<<sz><Z)))

R = Rp

1

The incorporation of the electron density derivative in the expression of the reflectivity
emphasizes that the beam is reflected by the electron density gradient across the interface.

In conclusion, the reflectivity signal by a stratified interface is equal to the Fresnel
reflectivity signal R; modified by the absolute square of the Fourier transform of the
electron density gradient.

As mentioned above, the kinematic approximation neglects the multiple reflections.
Many formalisms have therefore been developed to deal with multiple reflections. We
are particularly interested in Parratt’s algorithm. Based on a dynamic approximation, it
describes each reflection in an iterative way.
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Dynamical scattering theory, Parratt formalism

Parratt’s formalism [43|, inspired by that of Abelés [45], is a dynamic description of the
reflection of the waves, first and multiple, by a stratified interface. It consists in mod-
elling the system in slices: the sample (i. e. Langmuir film) to be scanned is considered
as an interface divided into N slices, located between the vacuum and a substrate (liquid
or solid). Each layer j of the sample is characterized by its thickness d; , its electron
density j and its roughness o;. In our convention, j = 0 for vacuum and j = N+1 for
the substrate. Figure 2.6 is a representative sketch of the reflection and transmission of
waves by a sliced modulated system as described by Parratt.

Parratt’s formalism describes the reflectivity in a recursive way. It links the amplitude
of the reflected wave R; to that transmitted T, at the interface between layer j and layer
j + 1 with the following recursion formula :

741 + X1 exp(iQ. j417;)

Y. R
L+ 701 X401 exp(iQ2j1175)

L]
T

= exp(—iQ-,;%;) (2.28)

Here :

® 1; ;1 is the Fresnel reflection coefficient calculated in 2.20 which takes into account
only the first reflections from the interface separating layers j and j+1.

e Q. ; denotes the vertical component of the scattering vector within layer j and is
expressed as:

Qz,j = ka,j

k. j = koy /n?» — cos q;

In order to calculate the signal reflected by the interface between layers j-1 and j, it
is imperative to first calculate the signal reflected by the interface between layers j and
j+1. The computation is therefore done in a recursive way starting with the last layer
and by considering :

Where

1. Rys1 = Xpyy1= 0, since there is no reflection by the substrate assumed to be
infinitely thick.

2. Tg =1 — Xy = Ry since the incident wave is normalized to unity.

After N+1 iterations, according to Parratt’s formalism, the expression of the intensity of
the specular reflectivity, “r”, is obtained by :

r=|Xo|* = |Ro|?

The reflectivity spectrum is formed by the constructive interference between waves
reflected by the different layers of a stratified interface, i.e. a Langmuir film deposited
at the air-water interface. The reflectivity curve will exhibit periodic oscillations and
deep minima, known as Kiessig fringes as it is illustrated in Figure 2.7. In an attempt
to construct a hypothesis that suggests a first description of the film, it is interesting
to analyze the shape of the reflectivity spectrum. For example, the amplitude of the
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Figure 2.6: Schematic of a system sliced in N layers of N-+1 net interfaces positioned at
z;. The multilayers are at the interface between the vacuum and a substrate of infinite
thickness. The thickness of each layer is d; = z; - z;_; . The scheme shows the
transmission T; and the reflection R; of the beam from the layers with Ty = 1 and
Ry = 0.

oscillations is the result of the difference in electron density of the layers. The thickness
“d” of the film can be calculated according to the periodicity of the oscillations (the
inter-fringes distance) as follows :

2T

d —_=
AQ:
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Figure 2.7: A sketch of a reflectivity spectrum that exhibits the Kiessig fringes.

2.2.4 Intensity of X-ray reflected by a rough stratified interface

At the surface of a liquid, capillary waves, produced by surface tension effects, cause
fluctuations in height z(x,y) relative to an average interface position <z(x7 y)>$y These
fluctuations will induce parasitic X-ray scattering in non-specular directions. The inten-
sity detected in non-specular directions is obtained at a non-zero Q,, and/or at a Q, not
perpendicular to the interface plane. As a result, the reflected signal measured in the
specular direction at Q,, = 0 will be less than that would be detected in an ideal case
(a perfectly flat, smooth surface) [42, 41|. Equation 2.29 expresses‘c”, the roughness of

a surface, as a function of these height fluctuations.

o= <(z<x,y> - <z<x,y>>xy)2> (2:29)

nj+1

Figure 2.8: Sketch showing the z-height fluctuations in the horizontal plane (x,y) of a
surface as a representation of a rough surface. P;(z) is a z distribution function, and
shows the probability of finding a sharp interface at z;+z.
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Similarly, the electron density profile across an interface will be affected by the pres-
ence of roughness. It will therefore follow a progressive rather than abrupt evolution
when the interface is rough. Figure 2.9 shows a comparison of the evolution of electron
density across a helium-water interface in an ideal case (dotted lines) and in a real case;
a rough surface (solid lines).

0,35
pwater
0,28

0,21

0,14 |

0,07 1

Electron density ( e".A-)

0,00 L, \ . )

Depth (A)

Figure 2.9: Electron density profile across an ideal interface (dotted lines) and a real
interface (solid lines)

The roughness effect is emphasized by a further exponential decrease in the measured
reflectivity signal as a function of the scattering vector ().. The reflectivity expressions
are therefore modified by an exponential function term of o as follows:

Reflectivity, o, = Reflectivity,g.q . exp (—3Q20?)

The kinematical theory expressed in equation 2.27 becomes:

2

i / d( < Py > (Z)) Q=D gzl exp (_%Q302) (2.30)

R = Rl -

Likewise, the dynamic theory in the form of Parratt formalism expressed in equation 2.28
becomes:

X2 B (i) Lz 5000215
T - 2,§%j

. (2.31)
T T 1+ 7";',jJerj-i-l exp(iQ j+125)

/ _ 1 2
Where i1 Tjj+1 €Xp (—ng,jQz,jﬂUj)'
In the case of a; >> a., we can approximate Q. ; = Q. ;11 = Q..

Figure 2.10 shows the effect of the roughness on the reflectivity spectrum a silica sur-

face. It is obvious that the increase in roughness is accompanied by a further exponential
decrease in the reflectivity signal [44].
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Figure 2.10: The effect of the roughness on the shape of specular Fresnel reflectivity
spectra from a silica surface.

2.3 X-ray diffraction (XRD)

Historical overview of crystals

Since antiquity, crystals have fascinated mankind. The origin of the word “crystal” derives
from “crystallos”, which means ice cube, attributed by the ancient Greek to quartz to
believe that the gods composed it from frozen water. The Sumerians, Egyptians, Greeks,
Romans...integrated them into their lives for aesthetic and cosmetic reasons and to be-
lieve in their power to spell the talisman [46]... Admiration for crystals was limited by
a superficial framework until the 18" century, when Romé de Lisle and Haiiy realized
that the geometric shape of crystals is related to a certain arrangement of atoms within
entities. However, crystallography, the science of the properties and structure of crystals
at the atomic scale, was only established in the 20" century with the first X-ray diffrac-
tion experiment by Friedrich, Knipping and Laue. Crystallography paved the way for
revolutionary discoveries concerning the physical, biological and chemical properties of
matter [47].

2.3.1 X-ray diffraction by a 3D crystal

A three-dimensional crystal is a network constructed by the translation of a pattern of
atoms by three basic vectors aj, @3, a3 [41]. It is thus described by a periodic volume

distribution of the atoms, each repaired by its position R,,.=p.a;+q.a3-+1.a3 where p,q,
and r € Z*. When X-rays are incident on a crystal, they are elastically scattered by each
atom. The diffraction pattern is the result of the constructive interference between these

scattered waves. po(OP) is the electron density of an atom centered at the origin of the

network. The total electron density of the crystal p(O?) is the sum of the contributions
of the atoms in the network and is expressed as follows :

p(OP) =3 po(OF = H ) (2.32)

p,q,r

According to Equation 2.12, the intensity of the wave scattered by a charged density
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varies as a function of the square modulus of the Fourier transform of the charged density
. It is therefore necessary to establish a detailed expression of the Fourier transform of a
charged density for the analysis of the diffracted intensity as follows :

TF(p(OP)) = / p(OP).c1@OP) gy
F(p(OP)) = / S 00(OF = B )G9 gy

TF(p(OP)) = / / / S (0P — Fpar) 40P iy (2.33)
TF(p(0P)) = 3 @) /// po(OP — K )./ @OP=T) g3,

One can notice that the Fourier transform of po((ﬁ) is expressed by means of the
product of two terms :

- 8(Q) = > ar ei(é'ﬁ), the lattice sum which describes the geometric organization
of the atoms in the network.

~F(Q) = [[f pO(O—}>3 - ﬁpqr).ei@'(ﬁ*ﬁ))d:gr, the structure factor which informs
us of the atomic composition and the topology of the atoms in the network.

The Fourier transform of the electronic density of the crystal is expressed as :
TF(p(OP)) = S(Q)F(G)

The lattice sum for a infinite crystal can be written as follows ;

S(G) = Z oP(@-di) Z (in(G.d3) Z (ir(@.d3) (2.34)
p=1 n=1 r=1

The scattered intensity oc [S(Q)|? is non zero if a discrete set of scattering vectors Q

belongs to the reciprocal network. In other words if the set of @ satisfies the Laue
conditions, represented in the below equation:

Q.R=2mn neZ" (2.35)

We define then 6%; = h.a\* + k.ay* + l.as*, a vector of the reciprocal network whose
basic vectors are d;*, d»* and ds* and h, k, 1 € Z*, called Miller index. Moreover, @ is
perpendicular to a set family of discrete reticular planes separated by constant distance
d. According to Bragg’s law : {2dsin 0= n)\}7 where 6 is the angle between the scattered
wave and the reticular plane and n € Z*, d is expressed as follows:

2
d= ) (2.36)
Laue’s conditions are then written in the following form:
Q.@ = 2rh at.a, =2
Q.@y = 21k @ty = 27
Q.5 = 2 Gy' iy = 21
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By satisfying Equation 2.35, at the “nodes” of the perfect infinite reciprocal lattice,
the shape of the intensity of the diffraction peaks or Bragg peaks is a Dirac peak of
zero width. However, the reality imposes to consider crystals of finite extension, so that
the thickness of the Bragg peaks is not equal to 0 but inversely proportional to the size
of the crystal . The periodicity of the crystal is then limited to Ny, Ny, N3 to which
tend respectively p,q,r instead of co. Therefore, the intensity of the diffracted beam is
expressed by:

sin( M99
sin( %5

In conclusion, the study of x-ray diffraction by a crystal allows to determine the
reciprocal lattice of the crystal and hence to identify its structure.

3

1Q) = Tolag | F(@Q) I’ T]

J=1

(2.37)

2.3.2 X-ray diffraction by a 2D crystal, Langmuir film

To describe the diffraction of X-rays by a two-dimensional crystal, the same reasoning as
for a three-dimensional crystal will be followed [31, 41|. However, in this case, one must
consider only the in-plane translation of a periodically repeated pattern within a crystal
lattice. The lattice sum which describes the translation of the pattern thus becomes :

S(@) — Z oip(@.di) Z oin(@.a2) (2.38)
p=1 n=1

The vectors of the direct lattice ﬁpw and of the reciprocal lattice ahkl are expressed
as follows:

By = p.di + 4.05
G = har" + ho" + Q.7 = QUM 1 G
Laue’s conditions results then in:
Q.d, = 2rh @i, =2

Q.C_];Q = 2k 62*.62 =27

(2.39)

It is noticeable that only the component of the scattering vector Qxy which is parallel
to the lattice is taken into account in the diffraction of two-dimensional crystals. The re-
sulting diffraction pattern is therefore not composed of “nodes” as in a three-dimensional
crystal, but of vertical rods, called Bragg rodes. In our work, the two-dimensional films
are Langmuir films, where the amphiphilic molecules form the lattice pattern.

The analysis of X-ray diffraction pattern allows to understand the symmetry and the
geometry of its unit cell as well as the orientation of the molecules and the phase of the

film.

Theoretical intensity of the scattered beam by a Langmuir film

Similarly to the 3D crystals, the theoretical intensity of the diffracted signal by a 2D
system is expressed as follows [41, 31]:

NjQ‘.a_J'- )
2
Q-;j)

1(Q) = ToLuy | F@) | 2] |2

Jj=1

(2.40)

sin(
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The position, the full-width half-maximum FWHM and the intensity of the diffrac-
tion pic are obtained by the adjustment of the diffracted signal by Gaussian or Lorentz
functions. By incorporating them into appropriate equations, we manage to reveal the
structure and parameters of the pattern of an organized Langmuir film.

Structure factor of Langmuir films

The structure factor describes the intern structure of the molecules assimilated to cylin-
ders of homogeneous electron density pe(r)= & [31]. Where Z is the number of electrons,
S is the cross section of the cylinder and h its height. Using a suitable cylindrical coor-
dinate system (r, z, @), F(C}) is expressed as follows:

. h 27 R 27  ~
F(Q) = /0 dz /0 dd /0 me’@ﬂr.dr (2.41)
2

- 27\°
7@ = (o) [Tad
sa) | (%)
The structure factor is a function of the cardinal sine function, which is the Fourier

transform of a step function, and of J;,which is the cylindrical Bessel function. J; varies
slightly at large angles so it can be neglected. The structure factor becomes as follows :

Hence: )

sin (th)

|J{(QR)|? (2.42)

sin (Qgh) ?

Q:h
(%5%)
From this equation, it is deduced that the intensity of the out-of-plane Bragg’s peak

(Q.) must be adjusted by a cardinal sine squared function as illustrated in Figure 2.11.
The width of the peak is inversely proportional to the length of the molecules.

| F(Q) = 4p? (2.43)

Q,

Figure 2.11: Representation of the structure factor squared of a molecule, assimilated to
a cylinder of homogeneous density, perpendicular to the water surface.
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Geometry of molecules within a 2D crystalline lattice

The range of the order of a crystal is defined as the distance over which the organization
can be predicted from the network translations. For a temperature strictly above 0 K,
thermal fluctuations of the molecules prevent the establishment of a long-range positional
order of a two-dimensional crystalline film [41]. Peierls and Landau predicted the impos-
sibility of forming an infinite two-dimensional crystal [48, 37]. In 1973, Kosterlitz, and
Thouless [49], proposed a new order for the two-dimensional system called topological
order in which no long-term order of a conventional type exists. Using the concepts of
topology, a branch of mathematics, they described phase transitions in two-dimensional
films at low temperature. Their theoretical discovery earned them the Nobel Prize in
2016. A quasi long-range orientational order is thus possible to occur in a two-dimensional
crystal at temperature different than zero K. For 2D systems, it was then appropriate
to define a new type of phase characterized by a quasi long-range positional order and a
quasi long-range orientational order, intermediate between the liquid phase and the solid
phase in 3D systems. It is known as “mesophase”. All the elongated molecules, assimi-
lated to cylinders, of a diffraction plane at the interface are oriented in one direction and
each has four degrees of freedom. Therefore, the position of a molecule at the interface
(illustrated in Figure 2.12) is described by four variables: two related to the translation
(x, y) of the molecule parallel to the interface and two angles which are t, the azimuth ¥
respectively the tilt and rotation of the molecule with respect to an axis perpendicular
to the interface. The axis of the molecules has a unitary vector 7:

cos.sint
n= sin. sint (2.44)
cost

X

Figure 2.12: Representation of the tilt t, azimuth ¥ and the rotation angle § of the
molecules with regards to its axis n.

Elementary cell geometry

Consider a two dimensional direct network described by:

@ = afcos (7)i —sin (7)j] and @ = bi where v = (a1, d2) (2.45)
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Where i and j are the unit vectors of the cartesian coordinate system.

Respecting the Laue’s conditions, the basic vectors of the reciprocal network are
calculated as follows:

(2.46)

zzi\&l _ 2r (sin(”y)>

61. as N\ 2) bSiIl’)/ COS(’Y)

Two-dimensional films can be organized in three possible networks: an oblique, rect-
angular or hexagonal network as illustrated in Figure 2.13. The unit cell of the oblique
and rectangular lattices is composed of two molecules and that of the hexagonal lattice is
composed of one molecule. However, as we consider that the rectangular and the hexag-
onal lattice are basically the same but differ in their symmetry (a rectangular lattice is
asymmetric whereas the hexagonal lattice is symmetric) we have chosen a cell composed
of two atoms to describe the hexagonal lattice. On the basis of the number and position
of observed first-order peaks, it is possible to estimate the geometry of the lattice and to
calculate its parameters as follows [17]:

— Oblique lattice: The number of observed first-order peaks is three : QL}@}}, L;lyl]
and Q[OQ]. In this case, by convention, v > 7 and the parameters of the unit cell
are calculated as follows [17]:

Q) /QN)? — Q& /QEy?

V2L QB2 + (@2 -
- 4/ sin(iy) (2.47)
V2AQ2 + 2(QLy2 — ()2

b 47/ sin ()
o
zy

cos(y) =

— Rectangular lattice: The number of observed first-order peaks is two. One is

doubly degenerate ( ;[,;1; - [11]) and the second one is Q[O ! The parameters of the

unit cell are calculated according to the equations below:

_7T
T3
A

\/4 Q[n] Q[02]) (2.48)

[02]
zy
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— Hexagonal lattice : A first-order peak triply degenerate is observed

»[vlyl ]:Q[xlyi - L?; !, The parameters of the cell composed of two atoms are calculated

as follows:
oo
o 2 (2.49)
47 .
b=aV3= 02]
zy

y
T_) Oblique Rectangular Hexagonal
X

Figure 2.13: The two atoms of the unit cell of an oblique, rectangular and hexagonal
network are represented respectively by blue disks, their nearest neighbors by hollow
circles. @i, do (light blue) are the basic vectors of the direct lattice and aj, a3 (purple
lines) those of the reciprocal lattice. @L};}, ﬁ;[l,lyl I and Q’L?j} (purple dashes) are the
scattering vectors corresponding to the three first-order peaks of non-zero intensity.

To adjust the diffraction peaks, either a Gaussian or a Lorentz function is used. We
can estimate the correlation length ¢ of the crystal from the full-width half-maximum A

of the peak [37]:
2

ALorentz
b (2.50)

AGauss

SDN

SDN

Note that since two-dimensional crystals can only be ordered in a quasi-long positional
order, we refer to the correlation length to designate the length at which the crystal
retains its organization.

Thickness of the Langmuir film

The structure factor, which describes the inner geometry of the molecule, is at its maxi-
mum when .77 = 0. Therefore, for a given value of the component in the plane Q,, the
value of Q. for which the structure factor thus the intensity are maximum is equal to :

Q. = Quy-tan (t). | cos (V) | (2.51)
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Determining the position of the maximum of the intensity of the out-of-plane Bragg
rod is an effective way to estimate the tilt of the molecule’s chain and the thickness of
Langmuir film.

The thickness of Langmuir film can be estimated from the full-width half-maximum
FWHM of the peak function that fits Q.. We can adjust the out of plane peaks by a sine
cardinal square peak function of the following form :

Sln <7T(Qz;gz,maz)> ] 2

(W(Qz _Qz,maac) >
Aq.

Where y, and A are the baseline and area of the peak function respectively. Q. 4, denotes
the Q. at which the peak is at its maximum intensity, i.e. Q.4 = 0 if the maximum of
the diffraction peak is in the plane. Ag, is the FWHM of the peak, according to , the
film thickness h can be estimated by :

Yy =yo+ (2.52)

27
h=—— 2.
AQz ( 53)

Tilt and azimuth of the molecules

It is possible to estimate the tilt and azimuth of the molecules from the out-of-plane
scattering vector @Z. The molecules will be perpendicular to the plane of the Langmuir
film when Q. = 0. However, when Q. # 0, the molecules expect to be tilted and oriented
towards a nearest neighbor or a second nearest neighbor or an intermediary direction. The
application of the condition (Cj . = 0), in which the structure factor is maximal (Equation
2.51) to first-order peaks leads to the expression of the azimuth and inclination ¥ of the
molecules. The detailed calculations of t and ¥ for an oblique and hexagonal lattice
can be found in [17] . The tilt t € [0, 7] and the azimuth ¥ € [0, 7]. In the following
paragraph, the possible orientations of the molecules forming an ordered rectangular
network are presented :

e Intermediary orientation : The doubly degenerated peak (ngl] = ngﬂ) have

different out of plane peaks where Q[Zm > Q[ZH]. As for Q?; ], it is also out of plane,

D20,
The azimuth is then expressed by :

as [02]
cot (V) = — o 0 (2.54)
o ('~ )
And the tilt by:
s Q[OQ]
tan (t) = ————— 2.55
an (1) 47 cos (V) (2:55)
e Orientation towards the nearest neighbor (NN) : The doubly degenerated peak
( Llyl] = [zlyl]) is out of plane where QLH] = QQ” =# 0. However, Ql,?j] is in plane so
21— 0. In such situation ¥ — 5 and the expression of molecule’s tilt is :
[11]
tan (t) = a12Qz (2.56)
T
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e Orientation towards the next nearest neighbor (NNN) : The doubly degener-
ated peak (QL}J} = Lly”) and Qﬁ?j] are both out of plane. Q[zll] = Qg” # 0 and

2 # 0. In such situation , ¥ = 0 and the expression of the molecule’s tilt is :
(02]
ax @z
tan (t) = 2.57
an (1) = 22 (2.57)

2.3.3 Geometry of Grazing Incidence X-ray Diffraction (GIXD)

When X-rays are incident on a two-dimensional film deposited on a substrate (solid or
liquid), two scattered signals can be collected: one from the film and one from the sub-
strate. However, the measured intensity of a diffracted X-ray beam is proportional to the
volume of the irradiated object and thus to the penetration length of the beam. Conse-
quently, the signal coming from the substrate will be dominant compared to that coming
from the film. The isolation of the wave diffracted by the film from that diffracted by the
substrate will not be possible. In order to increase the ratio of the signal scattered by the
film to that scattered by the substrate, it is essential to limit the depth of penetration of
the X-rays in the volume of the substrate.

As previously discussed, the penetration depth of the evanescent wave can be less
than 10 nm. This corresponds approximately to the thickness of a Langmuir mono-
layer deposited on an aqueous subphase. The total reflection geometry, which generates
an evanescent wave, therefore meets the criteria necessary to probe only the Langmuir
monolayer and reduce the intensity of the wave diffused by the subphase. This geometry
is therefore the one adopted in GIXD measurements to determine the two-dimensional
periodicity of a Langmuir monolayer.

2.4 X-ray fluorescence (XRF)

X-ray fluorescence (XRF) is a non-destructive characterization technique that permits to
identify the elemental composition of the sample. It results from an inelastic scattering
following the impinge of an x-ray beam a sample.

2.4.1 Principle

When an atom is irradiated with X-rays, the electrons are torn from the inner shell of
the atoms, the excitation of the atom. Since, the excited state of the atom is unstable,
so that to return to its fundamental state, an electron from a higher-energy shell will fill
the vacuum and release energy, notably in the form of X-rays. The emitted radiation
quanta then correspond to the difference in energy between the excited state and the
ground state of the atom. As they are a characteristic of each atom, their analysis makes
it possible to recognize the chemical composition of the sample. Hence the principle of
fluorescence spectroscopy permits the identification of the elements according to the en-
ergy they release following their excitation by X-rays.

The electronic transitions are labeled based on the energy of the different outer shells.
One can consider mainly three transitions : K corresponds to the lowest electronic level
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followed by L and M.

The number of atoms composing a Langmuir monolayer is much smaller than that
of three-dimensional systems. The intensity of the signal coming from XRR, GIXD and
XRF coming from a Langmuir monolayer is then much lower than that coming from
three-dimensional systems. It is therefore primordial to opt for synchrotron facilities to
benefit from intense and well collimated (without divergence) X-rays.

2.5 Synchrotrons

Synchrotron radiations were first detected in the 1940s in General Electric particle ac-
celerator, but were considered parasitic that caused loss of energy of the particles. In
the 1960s, Synchrotron x-rays began to emerge as an exceptional source of radiation that
overcame the deficiencies of x-ray tubes. Synchrotron radiations have proved essential
for a thorough understanding of the condensed matter [50].

2.5.1 Utility of Synchrotron radiation

Synchrotron radiation is of interest due to its exceptional characteristics listed below :
1. High intensity, 10 higher than that provided by ordinary laboratories.
2. Wide spectral range; from infrared to hard X-ray.
3. Tunable energy
4. Well collimated cone of light.

5. High brightness/brilliance which indicates the number of photons per second in
considering the size of the source and the angle of divergence.

We used the synchrotron facilities: SOLEIL in France and PETRA III in Germany.

2.5.2 Principle of synchrotron radiations

Synchrotron radiation are electromagnetic waves, produced by a relativistic charged par-
ticle (electron or positron) when it is accelerated in a curvilinear path under applied
magnetic fields. A synchrotron is mainly composed of five principle elements: electron
source, linear accelerator, booster ring, storage ring and beamlines. The electron source
or electron gun is generated by the thermionic emission of electrons from a hot filament.
Under the effect of an electric field, the bunch of electrons will be accelerated in the linear
accelerator to an energy of thousands of Mev. Then, the electrons will be transferred to
the booster ring composed of two curved sections linked by two straight section. In the
booster ring, the electrons are accelerated to an energy of few Gev (2.75 Gev for SOLEIL).
After that, the electrons will be transferred to the storage ring, the main component of
a synchrotron. The storage ring consists in a periodic set of quasi circular sections, each
composed of straight section plus curved section formed of bending magnets (BM). In
this section of the synchrotron, electrons travel at a relativistic speed ~(0.999C). The
straight sections of the storage ring contain “insertion devices” that are used to produce a
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high intensity of synchrotron radiation. The radiation will then be transferred to beam-
lines where we conduct our measurements. Figure 2.14 shows the main parts, mentioned
above, to operate a synchrotron.
1 Linear accelerator

2 Booster ring

3 Storage ring

4 Bending magnet (BM)

5 Synchrotron radiation

6 Beamline

Figure 2.14: Schematic representation of the main operating parts of a synchrotron

Enhancement of characteristics (flux, brilliance, energy) of synchrotron radi-
ation

In order to enhance and control the characteristics of the flux of emitted photons, “in-
sertion devices” are inserted in the straight section of the storage ring. They serve to
drive the electron beam with periodic magnetic fields, forcing them to oscillate around
its natural path. The resulting cone of synchrotron radiation is therefore well-collimated.
There is two type of the “insertion devices” : the wigglers and the undulators. Theses
devices consist in a set of N periodic multipole small magnets of inverse polarization. For
the wigglers, each one acts as a magnet bending, the waves do not interfere together but
add up incoherently. The superposition of waves wiggling from each wiggle enhances the
flux and brilliance of the energy of the polychromatic radiation. For the undulator, the
waves interfere with each other coherently leading to the emission of a monochromatic
radiation but of high brilliancy (10* higher than that of Bending magnets) for certain
wavelength (see Figure 2.15). One can deduce that the bending magnets and wiggler
deliver an almost continuous energy spectrum known as a white beam, while undulator
radiates pseudo-monochromatic energy bands.

Synchrotrons deliver radiation of many features, based on which we have catego-
rized synchrotrons. To date, four generations of synchrotrons exists and deliver different
characteristics of radiations. For example, the 3"¢ generation is brighter than the 2"
generation. Figure 2.16 shows the evolution of the brightness of the four generations
of synchrotrons over the years as a function of the additional devices specific to each.
SOLEIL and PETRA III are synchrotrons of 3" generation.
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Figure 2.15: On the left, a diagram showing the movement of an electron beam through

the wigglers inserted at the straight section of the storage ring. On the right, a

spectrum comparing the brightness as a function of the energy of the synchrotron

radiation emitted through the bending magnets, undulators and wigglers [50].

2.5.3 Beamline

For each experiment, it is essential to condition the beam to the type of sample: tuning
of the energy, choice of the angle of incidence, beam size, etc. Therefore, each beamline
consists of main elements that allow us to optimize, emit and detect the beam. Here are
these elements :

1.
2.

The primary slits serve to define the size of the beam.

The monochromator consists of a double crystal presented at the Bragg condi-
tion. It is used to select the corresponding monochromatic beam from the beam
source.

The mirrors control the angle of incidence. They also help to reduce background
noise by eliminating the harmonics generated by the monochromator. This results
in sharper and more accurate spectra.

The attenuators, which are made of aluminium, are used to protect the detector
from very strong signal intensity.

The sample is deposited on an adjustable support. In our case, it consists of a
Langmuir film.

The Soller’s slit are for GIXD measurements. They optimize the angular reso-
lution of the diffracted beam in the plane of the interface.

The detector
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Figure 2.16: Evolution of brightness of synchrotron radiations from the different over
time. The image is taken from [50].
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Figure 2.17: Schematic illustration of the double crystal monochromator in the
beamline. This image is taken from [50].

2.5.4 Synchrotron Langmuir trough

The Langmuir trough must be suitable for X-ray measurements. The measurement of
the surface pressure isotherm is carried out in a manner similar to that done in ordinary
laboratories. The trough is isolated from the outside atmosphere by a hermetic cover.
In order to avoid the arbitrary scattering of X-rays by the air molecules surrounding
the trough, we circulate a continuous flow of helium. The trough is also equipped with
Kepton windows that allow beam penetration and scattering with minimal interaction
with the window. The water meniscus of the trough must be significant (higher than the
lateral edges of the trough) to ensure successful measurements in the grazing incidence
geometry. The position of the trough relative to the incident beam is controlled by a
movable plate that holds it from below. Finally, it is mounted on an anti-vibration de-
vice to eliminate mechanical vibrations.
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In the next part of this chapter, we will discuss the characterization techniques pro-
vided by our laboratory for the mesoscopic and microscopic analysis of Langmuir films.
These include: atomic force microscopy (AFM) and Brewster angle microscopy (BAM).

2.6 Brewster angle microscopy (BAM)

Brewster’s angle microscopy (BAM) was developed by Henon and Meunier in 1991 based
on the principle of ellipsometry [51]. It is a technique for visualizing the inhomogeneities of
a film of molecular thickness on the surface of water (or liquid subphase) on a mesoscopic
scale. BAM technique obviously relies on Brewster’s angle theory, named after Sir David
Brewster who discovered it in 1812.

2.6.1 Principle

According to the Snell-Descartes law 2.17 and the Fresnel coefficient elaborated in 2.22
and 2.21, the reflectivity coeflicient of a p-polarization (r,/) and s-polarization (r,) are
expressed as:

ng cosf; —n;cosfy,  tan (6; — 6;)

T = =
/! nscosb; + n;cost,  tan (02- + Qt)
n; sin a;; — ny sin oy sin (02- — Ht)
r. = = —
+ n; sin oy + Ny sin oy sin (6’1- + Qt)

As we work now within the framework of classical optics and not anymore in X-rays
“world”, we have replaced o with 6, the angle formed by the normal to the interface and

the light beam (6 =7 - «). Here n; = ng;, = 1

Consider the particular case of a light beam sent in p-polarization on the Fresnel
interface under Brewster’s angle 6, i.e. :

(0;+0,) = g and 6; = 6, = arctan (E)

n;

In the case of Fresnel interface, the refractive index varies abruptly from n; to n; across

Figure 2.18: Reflection at Brewster angle

interface situated at z = 0. For an incidence at the Brewster angle, reflection of p-polarized
light is not possible. This can be interpreted in two versions:
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1. From a physical point of view: The light is reflected in medium “i” due to its

scattering by the dipoles (atoms) oscillating perpendicularly to the direction of
propagation of the refracted wave in medium “t”. Since the wave cannot be scattered
in the same direction as the oscillations of the dipoles, which in our case is that of
the supposedly reflected light, reflection cannot take place.

2. From a mathematical point of view: the reflection coefficient r,, is null because its
denominator tends towards infinity leading to the suppression of the reflectivity.

Figure 2.19 shows that r/, is set at zero at Brewster angle for air-water interface but r
can never worth zero.
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Figure 2.19: Fresnel reflection coefficients in p and s polarization (r ;, and r,) as a
function of the angle of incidence (6;).

Consider now the same situation as before, but taking into account the roughness,
thickness, electron density and optical anisotropy of a real interface or of a Langmuir film
situated at z € [0; L]. Recall that in this case, the refractive index change continuously -
and not abruptly - from n; to n; through the electronic density profile that characterizes
the real interfaces (see Figure 2.20) [52]. In this case, the reflection coefficient is not zero
but at its minimum, so the reflectivity does not vanish completely. This underlines the
fact that the reflected intensity depends strongly on the physical and chemical properties
of the film.

In this perspective, BAM was designed to visualize, on a macroscopic scale, the
monomolecular films deposited on the water surface. Its principle consists in sending
a p-polarized laser beam at the Brewster angle, which is 53.1° for the air-water interface,
and then measuring the variation in intensity of the beam reflected by the inhomogeneous
surface. The first light contrasts are observed between a Langmuir film and the water
surface. It is also possible to follow the first-order phase transition where two phases of
anisotropy, different density and thickness coexist. Thus, the film will be formed of multi-
ple inhomogeneous domains that reflect light at different intensities. BAM can therefore
be used to detect, as a spatial function, the light intensity contrast of the reflectivity
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Figure 2.20: Diagram of the refractive index variation across an interface located at z &
[0; L] and separating two media of different refractive indices.

coming from the inhomogeneous thickness, density and anisotropy of the film. Finally, it
is possible to construct the image of the film using a lens.

Figure 2.21: Principle of the Brewster angle microscope

2.6.2 Experimental set-up

The wavelength of the laser beam is equal to A = 523 nm. The domains observed by BAM
are of the order of tens of micrometers. We have an objective lens (x10) that allows the
formation of the image of the surface of the water and a CCD (Charged-Coupled Device)
camera that records the information. However, the objective lens is not perpendicular to
the surface of the water and therefore not perpendicular to its optical axis. This leads
to the recording of partially clear images, only the lines of the image of the area on the
water belonging to the optical axis of the lens will be sharp.

2.7 Atomic force microscopy (AFM)

The invention of the scanning tunneling microscopy (STM), which earned Rohrer and
Binning the Nobel Prize in 1986, was the driving force behind the development of atomic
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force microscopy (AFM) by IBM researchers Binning, Quate and Gerber [53]. AFM is a
local probe microscopy which belongs to the family of scanning probe microscopy (SPM).
It allows the imaging of a surface in air or liquid media, at different temperatures and
for different types of samples (conductive, non-conductive, biological, organic, etc.). The
image obtained is three-dimensional with a vertical resolution ranging from a few tens of
microns to one nanometre and a horizontal resolution ranging from a few tens of microns
to a few hundred nanometres. It is a technique which, in terms of resolution, is at the
interface between optical microscopy and x-ray scattering techniques.

2.7.1 Principle

AFM measurement allows the study of
Langmuir films transferred on solid sub-
strates by Langmuir-Blodgett or Inverse-
Langmuir-Schaefer procedures. The prin-
ciple of AFM consists of scanning the sam-
ple by an extremely sharp probe tip - ide-
ally a cone ending in a single atom - at-
tached to the end of a cantilever as shown
in Figure 2.22. It is assumed that tip-
sample interactions are limited to atomic
repulsion forces at short-range and Van der Waals’ attractive forces at long-range. In
fact, the interaction is approximated by the model of the Lennard-Jones potential, illus-
trated in Figure 2.24. “V(r)” represents the potential for interaction between a pair of
uncharged atoms (or molecules) separated by a distance “r”. This model highlights the
competition between the long-range and short-range interactions and is expressed by the

following equation:
V(r) = 4e l(%)u . (%)6] (2.58)

¢ is homologous to a potential and it sets the depth of the potential well (minimum
energy). o is homologous to a length and is the distance at which the potential is
zero. The first term describes the repulsion potential: the short-range interactions and
the second one describes Van der Walls’ attraction potential: the long-range interactions.
One can obviously trace the force of interaction from the potential energy by the following
formula :

Cantilever

Figure 2.22: Tip and cantilever observed by
electronic microscopy [54].

F = —gradv(r) (2.59)

The cantilever, acting as a force sensor, deflects when the tip and the sample interact
with each other. Therefore, if we record at any point the cantilever deflection, we will be
able to accede to the topography of the sample and to construct its image. Its operating
principle is illustrated in the figure 2.23 and its measuring principle is detailed below :

e The sample is scanned horizontally, using a piezoelectric ceramic system that allows
the tip to be moved relative to the sample or vice versa.

e When the tip interacts with the sample, a laser beam is reflected by the deflected
cantilever and redirected by a mirror to be detected by a set of photodiodes.

e The intensity received by each diode which is a function of the height and the twist
of the tip is used in a feedback loop to maintain the deflection of the cantilever.
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Figure 2.23: Representative scheme of the operating principle of an AFM.

This process is necessary to keep the system scanning the sample with a constant
force.

e The signal will be processed by a measurement acquisition system and will eventu-
ally lead to the reconstruction of a three-dimensional image of the sample.

2.7.2 Imaging modes

Atomic force microscopy operates in three main modes as illustrated in Figure 2.24:
— Contact mode
— Non contact mode

— Intermittent mode or tapping mode which we used in our measurements

Contact mode

The contact mode implies that the tip is at an infinitely small distance from the atoms
of the sample, so the forces involved are of the repulsive type. As mentioned above, it is
necessary to maintain a constant measuring force, which in our case means maintaining
a constant interaction between the tip and the sample. Therefore, the deflection of the
cantilever must be enslaved by moving the sample in the vertical direction to keep the
interaction between them constant. This mode offers the best image resolution, but it is
not recommended and is not suitable for probing soft samples such as Langmuir organic
films. This is because the adhesion and friction forces generated during the interaction
between the tip and the soft sample may destroy the tip and/or the sample.
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Figure 2.24: The Lennard-Jones potential shown as a function of the tip-sample
distance. It also shows the different AFM imaging modes.

Non contact mode

In this mode, we assimilate the tip to a forced harmonic oscillator that is excited by a
piezoelectric system at or near its resonant frequency. It oscillates at low amplitude and
away from the surface of the sample. Here, the type of the interaction is Van der Waals.
When the tip interacts with the sample the resonance frequency of the cantilever shifts.
In order to maintain a constant gradient of the interaction forces, there is a need to move
vertically the cantilever to keep the resonance frequency constant. This mode is rarely
used in topographic measurements. Indeed, due to the fact that the tip oscillates away
from the sample surface, the interaction forces are low, of the order of 10 nN, and thus
the topographic image is of low resolution in z direction.

Intermittent mode or tapping mode

As in the non-contact mode, the tip is excited at or near its resonant frequency. However,
in this mode, the amplitude of the oscillation is large enough to allow the tip to oscillate
in the region close to the potential well of the Lennard-Jones curve. Indeed, the tip
oscillates vertically under a known frequency. When the tip oscillates in the repulsive
region, the amplitude is damped and the phase of the oscillations is modified. As a result,
the piezoelectric wedge moves vertically to bring the resonant frequency back to the set
point. The photodiode thus detects the amplitude variation and phase shift and leads to
the construction of the topography and a phase image of the sample. Indeed, the tip is
sensitive to the chemical nature of the sample: viscosity, density... which causes a phase
shift of the oscillations each time it comes into contact with zones of different chemical
nature. The tapping mode is very interesting because it provides simultaneously two
images carrying topographic and phase information on the sample. Another advantage
of this mode is that it is, in terms of force intensity, intermediate between the contact
and non-contact mode. The sample is therefore not destroyed by the tip and the images
are of good resolution.
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Chapter 3

Pure |Coymim|*T[NTf,|~ Langmuir film
and bibliographical study
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This chapter presents the study of [Coomim|"[NTfy]” pure Langmuir film deposited
on the air-water interface. It also discusses some studies in the literature on the behavior
of IL molecules at the interface with graphene. The radiolysis procedure of surface X-rays
is also addressed in the framework of our study.

3.1 Ionic liquids (ILs)

3.1.1 Historical overview

In 1807, shortly after Volta claimed that a “pile” of alternating copper and zinc plates,
immersed in an acid solution, could produce electric current, Humphrey Davy made a
surprising discovery [55]. He used molten alkali metal salts to pass electricity through
a voltaic pile under the influence of an electric field. He thus marked for the first time
the pioneering behavior of ionic liquids (IL) in the field of energy storage. However, the
discovery and synthesis of the first IL, liquid at room temperature, dates from 1914.
In that year, Walden reported the properties and synthesis of ethylammonium nitrate
with a melting point of 12°C, by neutralization of ethylamine with nitric acid [56, 57,
58|. Since then, numerous researches have been devoted to understanding the behavior
of IL in energy storage devices such as supercapacitors and in many other fields.

3.1.2 Definition

The literature provides a set of synonyms suitable to describe ILs such as “low temperature
molten salt”, “room temperature molten salt”, “liquid organic salt”, “salts with a melting
point lower than 100°C”... Today, the definition adequate enough to define ILs is as
follows : salts composed of an organic cation and an inorganic anion, having
a melting point below the boiling point of water. Given the number of ions that
exist, the combinations to compose ILs are numerous. However, and despite the feasibility
and ease of synthesizing ILs, the number of ILs discussed in the literature remains modest
compared to their possible number. In fact, although all ILs have common properties
such as low vapor pressure, high viscosity when they are fluids..., almost every IL has at
least one characteristic different from the others that requires a fundamental study for
each one [59, 60, 61]. The growing interest in ILs is attributed to their versatility, green
chemistry and unique properties.

3.1.3 Families of ILs

ILs can be grouped into families that are based on the same cation. The main ones are:
Imidazolium, Pyridinium, Pyrrolidinium, Pyrazoliums... whose molecular structures are
illustrated in Figure 3.1(A). The combination of each of them with another anion gives
them specific and different properties. Most anions are inorganic. Figure 3.1(B) shows
the molecular structure of some of them.
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Figure 3.1: Molecular structure of (A) cations families of : (a) Imidazolium, (b)
Pyrazolium, (c¢) Pyridinium, (d) Pyrrolidinium and (e) Sulfonium. Molecular structure
of (B) anions families : (a) Chlorure, (b) Iodure, (c) Tétrafluoroborate, (d)
Hexafluorophosphate.

3.1.4 Properties of ILs

ILs appear as promising electrolytes for energy storage devices [62, 63]. They are char-
acterized by a wide stable potential window, ionic nature and low vapor pressure that
allow them to overcome the problems of conventional aqueous electrolytes . They are also
recyclable, non flammable and non-toxic, which makes them green solvents [64]. Green
chemistry is a discipline that unifies the principles of efficient, low-cost and environmen-
tally friendly chemical synthesis with good waste management. Its main concern is to
curb the production and mishandling of hazardous chemicals...

3.1.5 Organization of ILs Langmuir films at the air-water inter-
face

The general structural composition of an IL is an amphiphilic cation consisting of a polar
head group, an apolar alkyl chains and a polar anion. The polar-apolar and polar-polar
interactions are always in competition which leads to a segregation between the charged
and uncharged parts of the IL. Triolo et al. [65] showed that this segregation is the
reason for their structural organization at room temperature. Thanks to this competition
between charged and uncharged domains, ILs possess an amphiphilic character. Some
of them are able to form stable Langmuir films at the air-water interface. For example,
Bonatout et al. studied [Cigmim]*[NTf,]~, an Imidazolium-based IL, by Langmuir films
at the air-water surface [39]. Its cation consists of an Imidazolium ring and an alkyl chain
of 18 carbon atoms. Its anion is one of the least hydrophilic anions. The coexistence of
the polar and apolar domains within the same entity allow [Ci;smim|T[NTfy]~ to form a
stable Langmuir film. It is formed in an unorganized monolayer at low surface pressures
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but in an organized trilayer at a collapse plateau.

Among the ILs that are capable of forming stable Langmuir films on water surface, we
are particularly interested in the 1-eicosyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[Coomim]T[NTf,] .

3.2 [Cgomim]+[NTf2]_

It is an Imidazolium-based IL of molecular formula : CosH47N3FgO4Ss. Its molecular
structure is illustrated in Figure 3.2. It is in the form of a white powder at room temper-
ature. Its cation [Coomim]|* is asymmetric and is composed of a hydrophilic Imidazolium
ring and a hydrophobic alkyl chain composed of 20 carbon atoms and is anion is [NTf,| .

=

C20H41—N F;C (H) N
\g/ AN

CF3

W
S

b

Figure 3.2: Molecular structure of the ionic liquid [Coomim|"[NTf,] .

To our knowledge, [Coomim|*|[NTfy]~ is barely studied in the literature. However,
many fundamental studies have been devoted to the global understanding of the Imidazolium-
based ILs. Montalban et al. studied the effect of temperature, anion nature and alkyl
chain length on the density of Imidazolium-based ILs [66]. They observed that the density
of ILs increases with decreasing alkyl chain length. They expressed the volume of alkyl
Imidazolium cations in the Equation 3.1 as a function of temperature and the number of
carbons in the alkyl chain. They also expressed the volume of a list of anions, including
[NTf;]~, as a function of temperature in the Equation 3.2. All our measurements were
performed at constant temperature T = 293.15 K.

Vil—imia = (0.08159 4 0.01697 x N)(1328 + 1.120 x T) (3.1)

Where V_imia is the volume of alkyl Imidazolium cations and is expressed in nm®. Ng
is the number of carbons in the alkyl chain. T is the temperature and is expressed in
Kelvin. We thus obtain Ve, mim = 697 A3,

Vnry, = 188.24+16.17 x 1072 x T (3.2)

Where V 1y, is the volume of [NTfy|~ and is expressed in nm®.T is the temperature and
is expressed in Kelvin. We thus obtain Vyrg, = 235 A3,

The theoretical length of an elongated Cyy alkyl chain is calculated by :
Lyar = 1.26xNg + 1.46 = 27 A. The diameter of an Imidazolium ring is approximately
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5 A [4] leading to a total length of an elongated cation [Cyomim|t to be about 32 A.
Based on Holbrey et al. [67|the estimated dimension of an elongated crystalline structure
of the anion, [NTfy|~, is ~9.38A x ~3A x ~3A.

3.2.1 Macroscopic description at the air-water interface

In order to describe the behaviour of the [Coomim]*t[NTfy]~ film on water surface, we
measured the TI-A isotherm. Figure 3.3 (a) and Figure 3.3 (b) show respectively the
II-A isotherm and the inverse of the compressibility of [Cyomim|*[NTf,]~ Langmuir film

deposited at the air-water interface. Recall that the inverse of the compressibility corre-
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sponds to y ! = —A—A. We have chosen to plot x 7 instead of x to avoid scale problems

because perfectly flat plateaux are infinitely compressible. The deposited amount of 1L
molecules corresponds to A = 1.32 nm?.molecule™!. Three increasing regions can be
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Figure 3.3: TI-A isotherm of [Coomim|"[NTf,]~ Langmuir film deposited at the air-water
interface.

For molecular areas greater than A = 1.17 nm?.molecule™!, the surface pressure of
the IL film is II = 0 mN.m™! and ™' = 0 N.m~!. This indicates that the film un-
dergoes a plateau of a phase coexistence, which one of the phases is a diluted phase.
The plateau is then followed by region (i) which is limited between A = 1.17
nm?.molecule™! and A = 0.56 nm?.molecule™!. In this region, the surface pressure
increases gradually from IT = 0 mN.m~! to II = 17.5 mN.m~!. The inverse of the com-
pressibility increases to x™! = 0.04 N.m™" (xy = 25 m.N™!). The film in region (i) is in a
(LE) phase. At the end of region (i), the slope of the inverse of the compressibility drops,
indicating the beginning of the formation of a plateau. It extends to (IT = 19 mN.m™;
A = 0.43 nm%molecule™). The plateau is then followed by region (ii) which
is limited between A = 0.43 nm?.molecule™! and A = 0.30 nm?.molecule!.
In this region, the surface pressure of the film increases from II = 19 mN.m™! to II =
23 mN.m~!. The inverse of the compressibility decreases with respect to region (i) and
reaches x ™1 = 0.012 Nnm™! (y = 83 m.N71). At A = 0.30 nm®.molecule™!, the slope
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of the inverse of the compressibility drops indicating the beginning of the formation of
a second plateau. It extends to (I = 27 mN.m™!; A = 0.17 nm? molecule™!). The
plateau is then followed by region (iii) which is limited between A = 0.17
nm?. molecule™! and = 0.10 nm?. molecule™!. In this region, the surface pressure
increases to II = 37.5 mN.m~! and then drops, indicating film collapse. The inverse of

the compressibility is x~! = 0.018 N.m~! (xy = 55 m.N~1).

Discussion

As mentioned in section 3.1.5, the balance between the hydrophilic and hydrophobic parts
of an IL is the condition to form a stable Langmuir film at the air-water interface. As the
Imidazolium rings are hydrophilic and the alkyl chains hydrophobic, the rings must be
in contact with water while the chains must be oriented towards the air. As for [NTfy| ™,
its hydrophobicity and electrostatic interactions with the ring suggest a position close
to the ring but in contact with the air. An elongated aklyl chain has a cross-section of
about 0.18 nm? [37]. A flat Imidazolium ring has a cross section close to 0.5 nm? while
a vertically ordered Imidazolium ring has a cross section close to 0.3 nm? [68, 69]. Thus,
the surface of [Coomim|* formed of elongated alkyl chains is defined by the cross section
of the Imidazolium ring. The cross section of the [NTf,|™ is 0.09 nm? when vertical to
the water surface and 0.28 nm? when horizontal to the water surface. When the [NTfy]~
is in the same horizontal plane as the ring, an elongate IL must have a molecular area
between 0.77 nm? and 0.40 nm?.

The lift-off area of [Coomim|"[NTfy]~ Langmuir film is A = 1.17 nm?. It is therefore
determined by the area occupied by the alkyl chains. [NTf;]|~, in this case, can be con-
sidered as occupying a position in the same horizontal plane of the rings, but in contact
with the air. The compressibility of the film in region (i) is x = 25 m.N~!, which corre-
sponds to a (LE) phase. The film in this region is formed as a monolayer. At the end
of region (i), a first plateau is observed at A = 0.56 nm?.molecule™* and extends to A =
0.43 nm?.molecule™*. The molecular area of the film, at the end of the plateau, is close
to the minimum area ( A = 0.40 nm?.molecule™) that can be occupied by an elongated
IL whose [NTfy]~ is the same horizontal plane as the ring. Across this plateau, the film
considers one of the three following situations. (1) A reorganization of the compounds
on the surface of the water while the film remains as a monolayer. (2) The collapse of
the anions. (3) The collapse of the IL in a multilayer film. In the first two situations,
the film thickness should remain the same as it was just before the plateau or increase
by a maximum of 0.9 nm, if the anions collapse vertically with the cations. In the third
situation, the film thickness should at least double after the plateau.

The compressibility of the film in region (ii) increases compared to to region (i). In
principle, the higher the surface pressure, the less compressible the film is. However, if
the monolayer collapses to a multilayer across this plateau, one should consider a 3D
compressibility. It is related to 2D compressibility by the relation y3p= ex2p, where e is
the layer thickness.

At the end of region (ii), a second plateau is observed at A = 0.30 nm?.molecule™
and extends to A = 0.17 nm?.molecule™®, which is smaller than that of an elongated
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[Coomim|t[NTfy|~. Across the two plateaux, the molecular area of the film thus de-
creases by a factor of 3.2. They can be considered a two collapse plateaux.

After the plateau, region (iii) starts. It is of compressibility of about y = 55 m.N~1.
The film in this region is 3D and degrades at II = 37.5 mN.™!

BAM measurements

Tassler et al. [11] studied the film by BAM measurements and recorded the images
obtained at different surface pressures ( see Figure 3.3). At IT = 15 mN.m™!, a surface
pressure lower than that of the first plateau, a dark phase of a homogeneous surface can
be observed (Figure 3.4-a). It indicates that the film is formed of a monolayer, which is
in agreement with the II-A isotherm. At the end of the first increasing region, at I1 =
16.9 mN.m~! (Figure 3.4-b), a coexistence of phases appears. One can observe the dark
phase attributed to the monolayer, highlighted before the plateau, in a coexistence with
a light grey phase in the form of circular plate domains. After further compression on the
plateau, the circular plates increase in number and begin to coalesce gradually (Figure
3.4-c). At surface pressures higher than that of the plateau, the number of circular plates
increases further, the dark phase disappears but a third, lighter phase appears (Figure
3.4-d).

compression 15 mN/m [l compression 16.9 mN/m

Figure 3.4: BAM images obtained on [Coomim|"[NTfy]~ Langmuir film deposited at the
air-water interface at different surface pressures (reproduced from [11]).
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3.2.2 Transfer on solid substrates

We transferred the films on silicon substrates
by Langmuir-Blodgett in order to study them
by AFM. The wafers were cleaned by Piranha
so they were hydrophilic. =~ We performed two
transfers, one at II = 15 mN.m~! (before the
first plateau) and a second one at Il = 22
mN.m~! (between the two plateaux) (see Figure

3.5).

Figure 3.6 shows the AFM topographic image
of the film transferred at IT = 15 mN.m~*. A ho-
mogeneous surface is observed. It could correspond
to an IL monolayer covering the entire wafer. How-
ever, the film, at this surface pressure, is in a (LE)
phase (x = 25 m.N7'), so not very dense. The
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Figure 3.5: II-A isotherm of
[Coomim|T[NTfy]~ Langmuir film
deposited at the air-water
interface.

transfer considers a possible failure. In such a case, the observed homogeneous surface

could correspond to silicon wafer.

Figure 3.7 (a) and Figure 3.7 (b) are re-

spectively the topographic and phase images of
the film transferred at II = 25 mN.m~!. Do-
mains of d ~ 8 nm thick, formed on a homo-
geneous surface, are observed. The domains
and the homogeneous surface are 10° phase
shifted which indicates that they are of a differ-
ent nature. The thickness of [Coomim|T[NTfs]~
formed of elongated alkyl chain can vary be-
tween 3.2 nm and 4.1 nm, depending on the
position of the anion (whether its in the same
vertical or horizontal plane of the cation).
The thickness of the domains therefore sug-
gests that they may be formed of bi or mul-
tilayers of [Coomim|"[NTfy]~. The homoge-
neous surface is assumed to be the silicon sur-
face.

56.6 nm

0

Figure 3.6: AFM topographic image
measured on [Coomim]|*[NTf,]~
Langmuir-Blodgett film deposited on

Si/SiOy at IT = 15 mN.m ™.

On the basis of the macroscopic study and AFM images, it can be concluded the

following :

At surface pressures lower than Il,gteq, — 17.5 mN.m~!, the IL film is formed as a
monolayer. It then collapses into a multilayer through a first plateau. The thickness of
the multilayer domains suggests that the collapse occurred by the superposition of the IL,
vertically. After further compression, the collapse of the film continues through a second

plateau. At IT = 37.5 mN.m™!, the film degrades.

72



92.3 deg
o 80.0
’ 60.0
.\ / J//'v\\
bd 40.0
B |
8 0.0
— o 10°
g E 10°
g 8.2 nm g)o 60 E
> 10 S
> 50;
5 40 = N— RARRRRRER RARRRRRRR I RARRRARER IRARRRRRR LARRRRRARRR
0 1 2 3 4 5 6 0 1 2 3 4 5 6
X(Km) X(pm)

Figure 3.7: AFM topographic (a) and phase (b) images measured on [Coomim]|™[NTfy]~
Langmuir-Blodgett film deposited on Si/SiO, at IT = 25 mN.m™!.

3.2.3 Characterization by X-ray scattering at the air-water in-
terface

XRR measurements

Tassler et al. performed XRR measurements at PETRA III synchrotron, on [Coomim]|*|NTfy|~
Langmuir film deposited at the air-water interface. Figure 3.8-A and Figure 3.8-B are re-
spectively the XRR measurements and the electron density profiles of the film at different
surface pressures. They observed that the film is formed, in the first growing region of
the isotherm, by a monolayer where the alkyl chains are directed towards the air. Then,

at surface pressures higher than that of the first plateau, the molecules are vertically
superposed and form a multilayer.

GIXD measurements

They also studied the film’s structure by GIXD measurements at the SIRIUS beamline
at SOLEIL. At surface pressures lower than that of the first plateau, they didn’t succeed
in observing any diffraction peaks. The film at these pressures is in (LE) phase so it
is not dense. At IT = 24.5 mN.m™!, nine diffraction peaks were observed. Figure 3.9
(a) and Figure 3.9 (b) show respectively the diffraction map and the integrated peak
intensity on Q. of a selection of the observed diffracted peaks. They adjusted the peaks
by Lorentzian functions, and collected their parameters in Table 3.1. On the basis of
these measurements, they suggested that [Coomim|T[NTfy]~ Langmuir is organized in a
coexistence of a 2D rectangular network of interdigitated chains and a 3D network.
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Figure 3.8: The evolution of : (A) XRR measurements and (B) the electron density
profile of the [Cyomim|"[NTf,|~ Langmuir film deposited at the air-water interface
(reproduced from [11]).
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Figure 3.9: The X-ray diffraction (a) map, (b) intensity integrated over @, in the
horizontal plane of [Coomim|*|[NTfy|~ Langmuir film spread over pure water, at II = 25
mN.m ™! (reproduced from [11]).

[Coomim|t[NTfy|~ Langmuir film spread over pure water is formed of an unorganized
monolayer until its surface pressure reaches that of a collapse plateau at II = 17.5 mN.m ™.
Through this plateau, the film collapses into a multilayer organized in a coexistence of
2D rectangular networks of interdigitated alkyl chains and 3D networks. The additional
compression of the film causes the molecules to collapse further.
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Qay FWHM | Intensity
(nm™1) AQyy (a.u.)
(o)
a 13.033 0.195 2041
b 13.565 0.062 1005
c 14.322 0.557 5608
d 15.02 0.2276 23791
76

e 16.243 0.037 550
f 7.381 0.035 11545
g 7.612 0.042 4116
h 7.527 0.033 5190
i 7.729 0.051 9941

Table 3.1: Adjustment parameters of the integrated intensity of the diffraction peaks
over Q, of [Cyomim|T[NTf,|~ Langmuir film spread over pure water, at I = 24.5
mN.m—1 (reproduced from [11]).

3.3 IL and graphene oxide Langmuir mixed films

The need to understand the behavior of IL at the interface with the graphene electrode
of supercapacitors has motivated this research. Langmuir is a known procedure for con-
trolling the formation of two-dimensional films, so we adopt it form such an interface.
However, graphene films are hydrophobic and are therefore not suitable candidates to
be studied by the Langmuir procedure. On the other hand, GO sheets, thanks to the
oxygenated functional groups that decorate them, are amphiphilic. Recent studies have
shown that GO-based supercapacitors can be efficient devices [5|. Graphene electrodes
are also sensitive to long-term oxidation during charge/discharge cycles. In addition, it is
also possible to obtain graphene from the GO by reduction. It was therefore convenient
to choose GO as an alternative to graphene to investigate it at the interface with IL. Our
goal is to first elaborate the GO /IL interface by the Langmuir film procedure, then study
it by X-ray scattering and AFM.

In the following section, theoretical and simulation studies are discussed on graphene,
graphene oxide and their interaction with IL molecules.

3.3.1 Graphene

Historical overview

Graphite consists of a 3D stack of graphene sheets, formed of covalently bonded carbon
atoms arranged in a 2D honeycomb network as illustrated in Figure 3.10. Scientists have
always agreed on the exceptional properties of a single sheet of graphene, but before
2004, their studies were purely theoretical. That year, Gein and Novoselov succeeded
for the first time in isolating a graphene sheet from graphite powder using scotch tape
[70]. For their achievement, they were awarded the Nobel Prize in 2010 [71]. Note that
there is many other methods to obtain a single graphene sheet. However, they are either
more sophisticated or have a less pure yield than the “scotch-tape” method. They include
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chemical vapor deposition (CVD), mechanical exfoliation, epitaxial growth and a chemical
process by reduction of graphene oxide sheets produced by the Hummers method [72, 73,
74, 75].
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Figure 3.10: Illustration of the structures of graphite and graphene.

Structure and properties of graphene

Since experiments have shown the feasibility of isolating a single sheet of graphene from
graphite, it was revealed the most popular and sought-after material. Figure 3.11 shows
the evolution of the number of reports containing the search term “graphene” (in the
SciFinder Scholar database) which increased considerably after 2004. Graphene combines
a set of properties including the ability of its electrons to move smoothly over the surface
of the sheet and at a very fast constant speed (one thousand kilometers per second).
In fact, the fourth of the 4 valence electrons shared between the 2 carbon atoms of the
elementary graphene lattice is alone in an orbit that gives it a native sp? hybridization
state [76]. This particular structure of graphene makes it highly electrically conductive
at room temperature. It has practically the structure of a zero-gap semiconductor. It
also has a large specific surface area ( 2600 m?/g) since all the atoms constituting the
graphene sheet are on its surface [77|. It has an optical transparency of nearly 98%. In
addition, graphene is characterized by its mechanical strength while being elastic and
flexible, thanks to the covalent bonds between carbon atoms [39, 71] .

For these reasons, graphene is harnessed in various fields such as solar cells|79], trans-
parent touch screens|80], light panels[81], energy storage systems [82] etc...

3.3.2 Graphene oxide (GO)

Graphene oxide is the oxidized form of graphene where oxygenated functional groups
are distributed along the edges and the basal plane of graphene sheets. The Hummers
method [75], introduced in 1957, is the best known method for mass production of GO
sheets. It consists in oxidizing graphite powder by adding an oxidizing agent. The re-
sult is a graphite oxide powder consisting of layers of graphene oxide sheets whose base
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Figure 3.11: Number of reports containing the search term “graphene” by year [78§].

planes are weakly bonded together. The powder can hence be easily exfoliated in water
or many other solvents through sonication, resulting in a dispersion of GO single sheets.
Depending on the quantity and nature of the oxidizing agents, added to the conditions of
the experiment and the quality of the graphite powder, the structural models to describe
GO sheets may differ [39]. In the following paragraph, the models proposed, over time,
to describe the structure of GO sheets are presented.

3.3.3 Structural models of GO

There are mainly 5 models that describe the structure of a GO sheet :

1.

In 1939, Hoffman and Holst proposed that the GO sheet is formed by a graphene
sheet with epoxy groups attached to its basal plane with a C/O ratio equal to 2
[83].

. In 1947, Ruess suggested to add hydroxyl groups to Hoffman model [84].

In 1969, Scholz and Boehm presented a new model showing wavy GO sheets with
ketones instead of epoxy and hydroxyl groups attached on it [85].

In the 1990s, Lerf and Klinowski introduced a model based on that of Hoffman
and Holst and Ruess but with the addition of carboxyl groups on the edges of the
sheets. Today, this model is widely adopted to describe the structure of GO [86],
[87].

In 2006, Dékany et al. added another model to describe the structure. They based
their model on Scholz and Boehm’s model, but added groups of 1,3-ether [88].
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Figure 3.12: Different models to describe the structure of GO sheet(reproduced from
[89]).

3.3.4 Lerf-Klinowski model

The Lerf-Klinowski model shown in Figure 3.13 is the model that has proven to be the
most suitable to describe GO sheets. It mainly describes the structure of GO by two
distinct regions: a sp?-hybridized unoxidized region of carbon atoms (graphene pristine
region) and a sp®-hybridize functionalized region of carbon atoms [89]. GO sheet therefore
consists of an arrangement of carbon atoms in a 2D honeycomb network, identical to that
of graphene, decorated with oxygenated functional groups on its basal plane and its edges.
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Figure 3.13: The structural model of GO as proposed by Lerf et al.(reproduced from
[90]).

3.3.5 Properties of GO

The presence of oxygenated functional groups on the GO sheets disturbs the hybridization
sp? and generates the hybridization state sp®. GO is characterized by a finite electronic
band gap and is therefore a less electrically conductive than graphene. Depending on
the percentage of these functional groups, GO sheets can be amphiphilic unlike graphene
sheets, which are hydrophobic. As described in Lerf-Klinowski’s model, the oxygenated
functional groups decorating GO sheets, which are epoxy (-O-), hydroxyl (-OH) and car-
boxylic group (-COOH), are hydrophilic. Their coexistence with an area of carbon atoms
that are hydrophobic gives the GO sheet an amphiphilic character. Depending on the
size of the GO sheets and the amounts of oxidizing agents, the percentage of functional
groups may vary in relation to the number of carbon atoms. The smaller the size of
the sheet, the higher the ratio of these groups to carbon atoms. Thus, unlike graphene,
GO sheets can be dispersed in a wide range of organic solvents and water and can form
Langmuir films at the air-water interface. Moreover, GO has been shown to be effective
for cleaning polluted water due to its ability to adsorb a variety of organic and inor-
ganic pollutants [91, 92|. In addition, it has been proven to enhance the mechanical and
electrical properties of different polymers or matrices when combined to them [93]. Tt
is a promising precursor of graphene by reduction [77, 94]. In fact, to date the produc-
tion of graphene in commercial or university research laboratories is hindered by high
production costs, low yield, complicated production methods, etc... This has a major
impact on the limitation of industrial applications of graphene [95]. The main challenge
in producing graphene from graphite is to break the Van der Waals interactions between
the sheets, which are strong due to their large specific area. However, the introduction of
oxygenated functional groups between the sheets will reduce their specif area and weaken
the interaction between sheets. Hence, graphite oxide can be easily exfoliated into GO
sheets with low cost mass production. By reducing the GO sheets, it is therefore possible
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to mass-produce graphene sheets in a simple and inexpensive process.

3.3.6 GO in water

The interaction between the IL and GO sheets is studied by Langmuir films on the water
surface. In addition, GO sheets are initially dispersed in an aqueous solution. How-
ever, water can interact with oxygenated functional groups and modify their properties.
Therefore, it is necessary to study the consequences of water on the chemical properties
of the GO sheets before proceeding with the IL and GO study.

Moubhat et al. performed molecular dynamics simulations (MDS) to study the behav-
ior of GO sheets in water [96]. They modeled the GO sheet as a graphene sheet whose
basal plane is in interaction with epoxy (-O-) and hydroxyl (-OH) groups. They sug-
gested neglecting the presence of (-COOH) on the GO sheet by considering their number
relative to that of (-O-) (-OH) as insignificant. The results showed that the sheets present
in water can carry either a modest negative charge due to deprotonation of (-OH) groups
or a net neutral charge due to the formation of water molecules. Their conclusion was
mainly based on the following observations which are also represented in Figure 3.14:

1. For epoxy groups: the (-O-) bonds break after opening of an epoxide function,
leading to a zwitterionic form of the graphene oxide. Subsequently, a negative
charge appears, but is accompanied by a positive charge from an adjacent carbon
atom, resulting in a net neutral charge of the GO sheet.

2. For hydroxyl groups, two phenomena were observed:

i ) Deprotonation of hydroxyl groups resulting in negative charges compensated
by an excess of positive charges in water (hydronium cation). This process
results in a modest negative charge of the sheets.

ii ) Spontaneous dehydration of GO sheets. As the hydroxyl groups are close
together, -OH group jumps to the next and forms water molecules and alco-
holate. This process results in a net neutral charge.

At the end of their study, they indicated that the GO replica, given these results,
looked more like a reduced GO than a GO. This confirms the need to add carboxyl
groups to the structural model of GO. To conclude: the contribution of (-O-) and (-OH)
groups to the negative charges carried by GO sheets is modest or negligible and the pres-
ence of (-COOH) groups at the edges of GO sheets cannot be neglected.

Kim et al, another group of researchers experimentally studied the dispersion of GO in
water [97]. They modeled GO sheet this time with the presence of epoxy (-O-), hydroxyl
(-OH) and carboxyl (-COOH) groups. They considered the GO sheets as surfactants with
hydrophilic edges and hydrophobic basal planes when in aqueous solution. They reported
that the sheets are negatively charged and that due to the electrostatic repulsion, the
dispersion is kept stable. In fact, carboxylate anions (-COO™) which are formed follow-
ing deprotonation of (-COOH) groups in water are mainly at the origin of the negative
charges present on the sheets. They did not take into account the contribution of (-O-)
and (-OH) groups to the appearance of negative charges. Figure 3.15 shows the struc-
ture of GO sheets following it interaction with water. They have demonstrated that the
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Figure 3.14: Snapshots taken from MDS. In 1) an opening of an epoxide function. No
net charge is created on the sheet. In 2-i) deprotonation of hydroxyl group, leading to a
surface alcoholate (blue shaded circles) and an excess proton (orange) in the liquid
water. This results in GO negatively charged sheet. In 2-ii) spontaneous dehydration of
GO sheet following protons transfer due to the presence of a strong hydrogen bond
network. In green color is the water molecule (reproduced from [96]).
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hydrophilicity of GO sheets, and thus their dispersion stability, increase with increasing
the pH of the aqueous solution. In fact, it is recognized that base solutions promote the
deprotonation process of compounds, so in this case they promote the formation of neg-
ative charges on GO sheets. But this does not mean that deprotonation is impossible to
achieve in pure water (without any basic agent). According to our experiments, the pH
of the GO dispersion solution in pure water was close to 5, which suggests the presence
of acid groups that cannot be other than (-COO™).

Based on these results, GO sheets dispersed in pure water are negatively charged be-
cause of (-COO™) groups that “decorate” their edges as illustrated in Figure 3.15.

Carboxylate
anion

i }_ S

Figure 3.15: The structure of GO sheet dispersed in water. It shows the formation of
carboxylate anions at its edges as a result of deprotonation of carboxyl groups in water.

It is also interesting to note that Dimriev et al. observed that the exposure of GO
sheets to water for more than 2 months is able to degrade them into smaller, more hy-
drophilic sheets [98]. They suggested that, over the long term, water molecules attack
the sp® hybrid carbon atoms, break the C-C bonds and induce the cleavage of the sheets.
They showed images obtained by scanning electron microscope (SEM) measurements on
GO sheets deposited on Si/SiOy wafers, coming from two different aqueous dispersions:
a fresh dispersion and an 2 months old dispersion. They observed that GO are formed in
large sheets when freshly dispersed in water (Figure 3.16(a,b)) and small broken sheets
when exposed to water for 2 months (Figure 3.16(c,d)).

Our experiences are in agreement with their study. We noticed that one year after
purchasing our GO aqueous dispersion solution, we were no longer able to form GO
Langmuir films. The adsorption of GO sheets on water surface in Langmuir films was
therefore no longer possible. This confirms that the GO sheets had to break into smaller
and therefore more hydrophilic sheets with time.
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Figure 3.16: SEM images of GO sheets deposited on Si/SiOy wafers: (a,b) from a freshly
prepared solution, (c¢,d) from a solution prepared 2 months ago (reproduced from [98])

3.3.7 Organization of GO Langmuir films at the air-water inter-
face

Bonatout et al. have studied GO by Langmuir films on water surface and by Langmuir-
Blodgett films on solid substrates. They demonstrated by XRR and GIXD that the film
self-assembles to form a double layer of GO sheets linked by water molecules on water sur-
face. They estimated the thickness of the bilayer to be about 20 A. Figure 3.17 shows the
evolution of XRR spectra and their electron density profile GO film at different surface
pressures. Figure 3.18 shows the diffraction peaks, attributed to the organized bilayer of
GO sheets. They suggested a model, shown in Figure 3.19, to describe the GO Langmuir
film deposited at the air-water interface.
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Figure 3.17: The evolution of the : (left) XRR and (right) the electron density profile of
the GO Langmuir film deposited at the air-water interface during its compression
(reproduced from [39], [99)]).
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Figure 3.18: (a) GIXD spectre of the GO Langmuir film deposited at the air-water

interface at II=0 mN.m~! and 15 mN.m™! and (b) diffraction map of these peaks
(reproduced from [39], [99)]).

Figure 3.19: Schematic representation of the bilayer model of GO Langmuir film
deposited on water surface as proposed by Bonatout et al.(reproduced from [39, 99]).

3.3.8 Transfer on solid substrates

They also studied by AFM Langmuir-Blodgett films of GO sheets deposited on Si/SiO,
substrates. They observed that the film is formed in single sheets of GO of 10 A at low
surface pressures as shown in Figure 3.20(a). However, at high surface pressures, the film
is formed of sheets interleaved at their edges as shown in Figure 3.20(b).

Results collected by AFM, XRR and GIXD showed that the structure of the GO film
depends on the substrate, whether aqueous or solid. They proposed to interpret this
discrepancy in results as follows : the film is formed by a bilayer on the water surface,
however, during its transfer to a solid substrate, water drainage may have induced the
loss of the upper GO layer.

The following section presents Molecular Dynamics (MDS) simulation studies, drawn
from the literature, to understand the graphene/IL interface.
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Figure 3.20: AFM images of GO Langmuir films transferred onto Si/SiOy wafers by
Langmuir-Blodgett technique at (a) low and (b) high surface pressures (reproduced
from [39, 99]).

3.3.9 Molecular dynamic simulation of ILs at Graphene inter-
faces

Uysal et al. studied the electric double layer (EDL) of 1-methyl-3-nonyllmidazolium
bis-(trifluoromethanesulfonyl)imide [Comim|*|NTfy|~ ionic liquid at room temperature
at the interface of an uncharged graphene electrode [3|. They studied the innermost layer
of the EDL : the adsorbed layer in direct contact with the surface of the graphene. They
obtained by molecular dynamics simulation (MDS) that the adsorbed layer consists of a
layer of cations in direct contact with the graphene, and on top of it a layer of anions.
The cation layer is 3.5 A thick and appears to overscreen the surface of the graphene.
This suggests that the Imidazolium rings as well as the alkyl chains lie parallel to the
graphene surface. The Imidazolium ring must be adsorbed to the graphene sheet by II-IT
interactions and alkyl chains must be commensurate with the 2D graphene lattice. The
second layer, which forms above the cation layer, is formed by the anions and no infor-
mation is available on their orientation.

Moghadam et al. also studied by (MDS) the EDL of IL at the interface with an
uncharged graphene surface [2]. They studied the innermost and outermost layer of the
EDL. The innermost layer is called the adsorbed layer and is in direct contact with
the graphene surface. The outermost layer is called the vacuum layer and is in contact
with the vacuum. They chose to study three different types of ILs : [EMIM|T[ALA|,
[EMIM]|[ILE]", and [EMIM|*[PF¢]~. They studied the orientation (the tilt) of the
Imidazolium rings, alkyl chains and the anions. The orientation is defined by the angle
formed between the normal vector of the graphene and the normal vector of the ring or
the alkyl chain or the anion as shown in Figure 3.21. They obtained that the orientation
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of the alkyl chain mainly follows that of the Imidazolium ring. On the other hand,
the anions are randomly distributed. Figure 3.22 shows the probable orientation of the
Imidazolium ring and the alkyl chain with respect to the graphene surface, in both layers..

(a) (b)

~< tilt =(9

-

Q)

’
4
.
U _____l__l
1
1

Graphene

Graphene

Figure 3.21: The orientation of a compound is defined by the angle formed between the
normal vectors of graphene and the normal vector of the compound.

The orientation of the cations shows to be dependent on the nature of the anion.
In fact, [EMIM|T[ALA|~, [EMIM]*[ILE|~ are amino acid Imidazolium-based ILs whose
anions, respectively alaninate (ALA) and isoleucinate (ILE), have alkyl side chains of
amino acid (AA). It has been observed that depending on the length of the alkyl chain,
the orientation of IL at the interface varies. However, [EMIM]|*|PFg|~, also known as
[Comim]|*T[PFg|~ has [PFg]~ as an anion without alkyl chains. This anion resembles to
the most classical anions used in the study of the graphene/IL interface. Its properties
are also similar to those of [NTfy]~. We are therefore going to discuss in more detail
the orientation of [EMIM|*|[PFg|~ when it is in vicinity of the graphene surface. The
obtained orientations of the Imidazolium ring and the alkyl chain of [EMIM|"[PFg4|~, in
the adsorbed layer, are 10° or 30° the. They estimated the thickness of this layer to be
about 3.6 A. In the vacuum layer, the Imidazolium ring has an equal probability of being
oriented in 80° (Figure 3.21(a)) and 100° (Figure 3.21(b)) with respect to the graphene
surface. However, the alkyl chains can have three possible orientation: 40°, 60° and 90°.
These results suggest that Imidazolium rings as well as alkyl chains prefer to lie parallel
to the graphene surface in the adsorbed layer. The thickness of the adsorbed layer sug-
gests that the anions are also parallel to the graphene surface, which is in agreement with
Uysal et al.. However, in the vacuum layer, the orientation of the IL is no longer parallel
to the surface of the graphene and be either be perpendicular or tilted by 40° or 60° with
respect to the graphene surface. As for the anions, they are randomly distributed, most
probably next to the Imidazolium rings.

Figure 3.23 is schematic representation of the model proposed to describe the inner-

most and outermost layers of the EDL of [EMIM]"[PFg]~ in the vicinity of the graphene
surface.
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Figure 3.22: Angle distribution of (a) the ring of the cation at the first adsorbed layer,
(b) the ring of cation at the vacuum layer, and (c) the tail of the cation at the vacuum
layer (reproduced from |[2]).
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Figure 3.23: Schematic structure of the adsorbed layer and the vacuum layer of the
EDL of [EMIM]*[PFg|~ in the vicinity of the graphene surface where the red spheres
represent the anion and the blue ovals represent the cations (reproduced from [2]).

Kislenko et al. another group of researcher [4], also studied by MDS the structure of
the EDL of IL at the interface with an uncharged graphene surface. They chose to work
with [EMIM|*[PFg|~ also an imidazoliom-based IL known as [Cymim|"[PFg|~. They in-
vestigated the EDL of IL extending from the innermost layer, inclusive, to a distance of
20 A form the graphene surface. They did not study the vacuum layer. The adsorbed
layer is 5 A thick and formed by cations and anions lying parallel to the graphene sur-
face, which is in agreement with the previous studies [2, 3]. The position of the anions
is slightly higher than that of the cations. Figure 3.24 (A) is a snapshot from the MDS
that shows the orientation as well the position of ions in the adsorbed layer. They also
obtained by MDS that the ions of the adsorbed layer are arranged in a 2D hexagonal net-
work with a lattice parameter approximately four times larger than that of the graphene
substrate. This means that IL and graphene form a commensurate superlattice. Figure
3.24 (B) shows the map of the distribution of the ions in the hexagonal lattice on top of
a graphene surface. They also obtained that this IL is well-ordered in a region extending
to 20A from the graphene surface. In the region > 20 A the EDL is obtained to be bulky
of arbitrary orientations of the IL molecules.

To conclude, the EDL of ILs were studied at the interface with an uncharged graphene
surface by MDS. The behavior of the ions of the ILs depends on their position relative
to the graphene surface, whether in the adsorbed layer or in the vacuum layer or in an
intermediate position. Basically, all studies agreed that the Imidazolium rings as well as
the alkyl chains in the adsorbed layer prefer to lie parallel to the uncharged graphene
surface due the II —II interactions. However, they disagreed on the position of the anions
in the adsorbed layer. Uysal et al. showed that the anions occupy a layer completely
above that of the cations. On the other hand, Moghadam et al. showed that the anions
are in the horizontal plane of the Imidazolium rings. However, Kislenko et al. obtained
that the anions in the adsorbed layer are positioned slightly higher than the cations. This
group has also obtained that IL ions and graphene form a commensurate superlattice in
the adsorbed layer and that this organization is extended to a region within 20 A of
the graphene surface. From this distance, the IL is in bulk with no specific orientation
or organization. Finally, according to Moghadam et al. the layer in contact with the
vacuum is formed of molecules tilted and/or perpendicular to the graphene.

MDS studies of the graphene/ILs interface do not provide a unique and general de-

scription of the structure of the interface. It is therefore necessary to study it experimen-
tally.
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Figure 3.24: (A) snapshot taken from the MDS showing the orientation and positions of
cations as well the anion in the adsorbed layer to an uncharged graphene surface
(cations are represented in blue and anions in green). (B) The density contour map for
the adsorbed ions formed in a 2D hexagonal lattice in the adsorbed layer. Grey circles
indicate surface carbon atoms. The color map corresponds to [PFg|™ anions; the
black-and-white contour map corresponds to Imidazolium rings.

3.4 Langmuir films deposited on gold ionic subphases

Decorating GO sheets with gold nanoparticles has proven to be an effective way to im-
prove the energy storage capacity of supercapacitors [8]. On the other hand, ILs have
recently emerged as stabilizers for the synthesis of a monodispersion of gold nanoparticles
[9]. The main problem with supercapacitors remains in the interaction at the interface
between the electrode and the electrolyte. From this perspective, it is interesting to first
try to form organometallic films of gold and IL and then to study them at the interface
with graphene oxide. Surface X-ray radiolysis is a procedure for forming metallic crys-
talline nanostructures controlled and directed by a monolayer of Langmuir which acts
as a template [10]. This process can therefore be suitable for the elaboration of gold
nanoparticles in interaction with a monomolecular layer of IL.

The principle of water radiolysis is exploited in various research fields such as hydrogen
production, radiotherapy, corrosion prevention in nuclear power plants, ion reduction
[100, 101, 102, 103]... The reduction of metal ions by radiolysis of aqueous solutions is
excessively incorporated in the field of nanosciences. It has proven to be accurate and
efficient in the synthesis of a monodispersion of polyvalent metal nanoparticles [104].
Combining the properties of organic and inorganic species is interesting to enhance their
functionalities and properties (optical, electronic, catalytic ...). One of the strengths of
this synthesis technique lies in its ability to precisely control the size and composition
of the final products. It does not involve any chemical reducing agents that could be
harmful and have undesirable effects on the final product. We are particularly interested
in this principle for the metallic ions reductions using Langmuir films as templates. The
metallic clusters formed are thus controlled and directed by the Langmuir film.
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3.4.1 Historical overview of water radiolysis

The radiolysis of water was naturally demonstrated following the discovery of radioactiv-
ity (in 1896) [105]. In 1901, P. Curie and Debierne observed for the first time the emission
of molecular hydrogen and molecular oxygen from radium bromide solutions [106, 107].
In 1902 and 1903, Giesel [102, 108, 109] repeated and confirmed the experiment. This
prompted Debierne to study in depth the effect of radiation on water. He suggested
that the ionisation of water produces free radicals H" and HO® which interact with each
other to form water, hydrogen peroxide and molecular hydrogen. Radiation chemistry
flourished during and after the Second World War, when the understanding of the effects
of radiation on water emerged as an urgent need to test and develop an atomic bomb
[110]. In the 1960s, the development of pulsed radiation [111] led to the discovery of the
solvated electron (e;,) as one of the products formed during the radiolysis of water [112].
This discovery was the key to the success of Belloni et al. [113] in the synthesis of metallic
nanoclusters through the reduction of ions by the solvated electron. Water radiolysis has
then emerged as a process for the reduction of metal ions into atoms and through their
nucleation , the growth of nanometric-sized particles.

3.4.2 Principle of water radiolysis

Radiolysis of water is the dissociation of water molecules induced by ionizing radia-
tion such as gamma rays or X-rays. When high-energy rays penetrate the medium, the
molecules will be excited and ionized resulting in the production of radicals and molecular
species and free electrons. These electrons will in turn excite and ionize other molecules
in the solvent, costing them their kinetic energy. In this way, the electrons become
thermalized, reach their stable equilibrium state and solvate in the water into e, [114].
The mechanism of radiolysis is fully elucidated in the following equation that shows the
primary products of water radiolysis:

H,0 + radiation — e, H ,HO", HO,, HO™, HsO", Hy, Hy0, (3.3)

aq’
We evaluate each radiolysis experiment in terms of the following physical quantities:
— The dose : It corresponds the amount of energy absorbed by lkg of the system.

It is expressed in Gray (Gy) which is equivalent to J.Kg™' and depends on three
factors :

1. The flux of photon per time unit @pnoton
2. The energy of the radiations E,pot0n

3. The ration of the photon absorbed by the solution. For X-rays of E,pot0n, = 18
Kev, it is worth 8.7 % for 1mm of the solution [35].

— The dose rate R : It expresses the dose as a function of time Gy.s™'. It is the
intensity of the absorbed radiation per unit of time and calculated by the following
equation:

D — O; 9-esample-¢photon-Ephot0n (34)
Msample
Where egumpie and Mggmpie are respectively the thickness and the mass of the irradi-
ated zone of the medium through which the radiation passes. Multiplying the dose
rate by the irradiation time gives the dose expression in Gy.
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— Linear energy transfer LET : It represents the amount of energy loss of a charged
particle per unit length of travel when passing through a medium. It depends on
the nature and energy of the radiation as well as the nature of the medium through
which it passes.

— The radiolytic yield G : It is defined as the ratio of the concentration of radiolytic
products for 1 Joule of deposited energy , and expressed in mol.J~!. It highly
depends on LET, pH of the solution, temperature. For further details see [115] and
[114].

3.4.3 Principle of synthesis of gold nanoparticles by X-ray radi-
olysis

The primary products of the radiolysis of a low-concentration aqueous solution will react

with the molecules of the solute to form new products. The solutions must also contain

alcohol to scavenge the free radicals resulting from the water radiolysis mechanism. The

alcohol plays a key role in the success of the ion reduction process. Consider the case

of gold ions solution Au™Cl}, commonly noted AuCl,, of concentration of 107* to 1073

mol.L=!. The principle reducing agents (eq, and H’) generated by the water radiolysis

will reduce the gold ions into atoms Au’ by a process of three steps :
1. Au™Cly is reduce to Au''Cly by €,y and H’ as show equations 3.5 and 3.6 :
Al + Cog — AuCz (3.5)
ACl + H — AMClE™ + HT (3.6)

2. However, Au'' is not as stable as the I and III oxidation numbers, causing it to
dimerize and then decompose into Au! and Au'!! as shown in equation 3.7.

Au + Au" — [AuM]; — A’ + Au™ (3.7)

3. Finally, the Au! will be reduced by the reducing agent to form the Au® according
to equations 3.8 and 3.9:

Au'Cly + ey, — Au’CI3~ (3.8)
Au'Cly + H — AW°ClE~ + HT (3.9)

Au® and Au! will dimerize together to form clusters of atoms surrounded by Cl~ according
to the following equations :

AWCE™ + Au'Cly — (Aud)or-

(Aug)er + (Aud)or — (Auf)eor- (3.10)

We also added ethanol in the subphase at a concentration of about 1072 mol.L !
as we planned to further try to reduce the gold ions by surface X-ray radiolysis at the
synchrotron.
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3.4.4 X-ray surface radiolysis using Langmuir films as templates

In 2004, Goldmann et al. [10] applied the principle of radiolysis of water by synchrotron
grazing incidence X-rays to a Langmuir film spread on an aqueous subphase contain-
ing silver ions. They succeeded in forming organometallic films of controlled shape and
thickness. The grazing incidence and thus the total reflection geometry ensure that the
reduction of metal ions occurs only a few nanometers from the surface, as shown in figure
3.25. This distance corresponds to the penetration length of the evanescent wave. The
reduction is therefore limited to the surface ions only and is naturally directed by the
Langmuir film. The film serves in fact as a template for the nucleation and growth of
morphologically specific metal crystals. Simultaneously, they followed and determined
the evolution of inorganic/organic structures by GIXD. Their results demonstrated the
strength of limiting the principle of water radiolysis to Langmuir films deposited on the
surface of the metal ion subphase to form crystalline metal nanostructures controlled and
directed by the films. The study of this phenomenon contributes to the understanding,
with new perspectives, of the interaction between organic and metallic structures.
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Figure 3.25: Schematic illustration of geometry of the X-ray surface radiolysis
experiments applied to a Langmuir film spread over an ionic subphase.

Since then, X-ray surface radiolysis has been exploited to synthesize organometallic
films of various Langmuir films and metal structures. For instance, Dutta et al. [116]
succeeded in forming (111)-oriented gold nanoparticles using octadecanethiol monolayers
as templates.

3.4.5 Superstructure of inorganic-organic Langmuir films

The adsorption of ions on the surface allows the stabilization and organization of Lang-
muir films. However, it was observed that when the concentration of ions exceeds a
concentration threshold, an inorganic/organic superstructure forms [117|. A superstruc-
ture is the superimposition of an additional commensurate structure on a given crystalline
structure. This phenomena has been observed and reported for the first time in 1991 for
a Langmuir Films film of Cadmium Arachidate [118]. Numerous researches [117, 36,
119, 120, 121], since then, have been devoted to the study of superstructures of different
Langmuir films and inorganic species. For instance Cantin et al. [117] studied behenic
acid Langmuir monolayer deposited on a subphase containing cadmium chloride salt. De-
pending on the concentration of ions, they were able to demonstrate the transition of the
film from an tilted Ly phase to a superstructure via an intermediate phase. A concentra-
tion threshold was then defined to mark the limit of the formation of a superstructure.
Dupres et al. [119] studied fatty acid monolayers deposited on subphases containing pure
Cd*T, Pb?*, Mg?*t, or Mn?*. They have demonstrated the formation of inorganic/organic
superstructures when the concentration of cations in the subphase exceeds a threshold
concentration. They have shown that the threshold, in addition to the concentration of

92



the subphase, depends on the pH of the subphase. They were also able to demonstrate
that the shape of the isotherms can predict the formation of the superstructure. Re-
cently, El Haitami et al. [121] studied a fatty acid monolayer deposited on Mg?* /Mn?*
mixed subphases of various ratios. They followed the evolution of the Mn?*-fatty acid
monolayer superstructure as the mole fraction of Mg?* increases in the subphase. They
demonstrated the formation of a coexistence of two oblique phases at a certain ratio of
Mg?T /Mn?*. They suggested that the ionic strength could play a key role, in addition
to ion concentration, in the appearance of this phase coexistence.

Concentration unit

The adsorption of ions on the surface of a volume is governed by the thermodynamic
equilibrium of the system. It therefore depends on the ratio between surface and volume
of the system. Langmuir’s troughs are of different dimensions all over the world. The
concentration of a subphase, if expressed in mol.L™!, would therefore be insignificant in
terms of determining the number of inorganic ions adsorbed on the surface. Hence, to
ensure the reproducibility of the experiments, regardless the dimension of the Langmuir
trough, one must adopt another unit than mol.L~!. By convention, the concentration is
defined as the ratio of the number of inorganic ions to the number of organic molecules
Tions/molecules |122]. It is calculated by the following equation:

Cions . V;ons

Omolecules . Vmolecules

(3.11)

Tions/molecules =
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In this chapter, mixed films of [Cyomim|T[NTf;]~ and GO sheets are studied at the
air-water interface. The objective here is to understand the physico-chemical conditions
for the formation of the interface between GO sheets and IL molecules. This could be
a way to understand the mechanism of access of IL molecules to the graphene electrode
interface in supercapacitors. We show that the mixed film consists of a double layer stack
of GO sheets and IL molecules at the air-water interface. The IL molecules are in contact
with water and the GO sheets, decorated with parallel IL molecules, are in contact with
air. We also show that through a transition plateau, some IL molecules migrate from the
water contact layer to the air contact layer. We have been able to demonstrate that the
orientation of IL molecules at the interface with the GO sheets depends on the second
interface that limits them. They are parallel to the GO sheets when they are in contact
with air, but they are perpendicular or tiled to the GO sheets when they are in contact
with water.

4.1 Preparation of the mixture

4.1.1 Solvent’s choice

One of the special features of GO sheets is their large specific surface area. It is indeed
one of the properties that made graphene or GO the compounds sought after to be the
electrode of supercapacitors. However, GO sheets tend to aggregate into several sheets by
IT — IT stacking over time, which modifies their properties such as reducing their specific
surface area. This problem can be avoided by choosing a suitable solvent to disperse the
GO sheets into individual sheets. However, as we aim to study the GO/IL interface by
Langmuir films, the solvent must, on the one hand, stabilize the GO dispersion in the
long term and, on the other hand, dissolve the [Coomim|"[NTfy| .

For the dissolution of IL, many solvents appear to be good candidates such as chlo-
roform, NMP, DMF, ethylene glycol, DMSO [39, 123, 124] . On the other hand, solvents
suitable for long-term dispersion stability of GO monosheets are limited. According to
Dimitrios et al. [125], they should be characterized by a low vapor pressure and a surface
tension similar to that of the graphene family. Depending on the oxidation degree of GO
sheets, thus on the number of functional groups, GO surface tension is estimated to be
between ~ 62 mN.m™! and ~ 46 mN.m~*. NMP, DMF and ethylene glycol have shown
to be the three best solvents that ensure long-term dispersion stability of GO [125, 126].
They are also among the solvents that can dissolve [Coomim|"[NTfy]~. Table 4.1 shows
the values of the vapor pressure, the surface tension of the three best organic solvent for
GO monosheets dispersion and the solubility of the sheets.

Solvent Vapor pressure | Surface tension | GO solubility | References
(mmHg) (mN.m™) (ng/mL)

DMF 2.85 37.1 1.96 [127], [125]

Ethylene glycol || 0.06 47.7 5.5 [128], [125]

NMP 0.27 0.1 8.7 [129], [125]

Table 4.1: Properties of the three best solvent for long-term stability of GO monosheets

dispersion.
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We therefore limit our selection to three solvents suitable for the preparation of a
good dispersion of GO monosheets and IL. molecules in a mixed solution. On the other
hand, for the formation of Langmuir films, the solvent must meet certain specific criteria.
In fact, all three solvents are water-miscible and non-volatile, unlike the usual solvent,
chloroform, which is used to form Langmuir films. The appropriate solvent to form Lang-
muir films must spread well over the surface. The very high toxicity of DMF [130] and
its lowest solubility for GO sheets make it the least desirable solvent for our study. Large
et al. [131], who studied the ability of certain water-miscible solvents (ethanol, acetone,
isopropanol and NMP) to form Langmuir films, demonstrated that NMP was the best.
In addition, NMP offers the highest solubility for GO sheets and is also a good solvent
for IL. For these reasons, we choose NMP as the solvent to prepare our mixed solution
of (GO + [Cgomlm]+[NTfQ]7)

N-Methyl-2-Pyrrolidone, known as NMP, is a polar, organic and aprotic solvent. It is
used in petrochemicals as an extraction solvent [132]. It is also characterized by being a
paint remover solvent and is used in many fields because of its ability to dissolve a large
number of organic and inorganic products [133]... Its chemical formula is : CsHgNO and
its molecular structure is illustrated in Figure 4.1. Its density is pxap = 1.03 g.cm? [134].

N O

CH,
Figure 4.1: Molecular structure of NMP.

However, NMP is a water-miscible solvent and its dissolution kinetics in water are
not known. Then, before proceeding to the study of Langmuir mixed films, the temporal
evolution of the surface tension of water after the deposition of pure NMP on its surface
must be measured.

We thus deposited 680 nL. of NMP - a volume equivalent to the one we will spread on
water surface to form GO/IL Langmuir film - on a water surface of a trough (A 4pugn=
180 cm?; Virough = 120 mL) at 20°C . We then recorded the evolution of the surface
tension for 24 hours. We eliminated the variation in surface tension resulting from the
evaporation of water. It is done by subtracting the evolution of the surface tension of
pure water from that measured in the presence of NMP. The evolution over time of the
surface tension 7y, ’(t) of the water in the presence of NMP on its surface is represented
in Figure 4.2. We notice that the surface tension varies from v, ’(0) = 70.5 mN.m™! to
7 '(350) = 72.5 mN.m~!. Since the surface tension of pure water at 20°C is vy =72.8
mN.m~!, NMP is therefore assumed to be present on the water surface at t = 0 min. The
surface pressure (II) of the film must therefore be calculated taking into account -y, '(t),
the surface tension of water with NMP according to Figure 4.2. It must therefore be
calculated as follows :

M=9"-"> (4.1)
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Figure 4.2: The evolution of the surface tension of water when 680 pL. of NMP are
deposited on its surface.

Where 7 is the surface tension of water with presence of molecules which varies as a
function of the film’s compression.

It is possible to adjust the evolution over time of the surface tension vy’(t) by a linear
or exponential function. We have chosen an exponential function of the following form :

—t
Y '(t) = 7. — Aexp (?) (4.2)
Where 7, is the constant to which tend the surface tension and is expressed in mN.m™*. 7
is the time constant of the function and is expressed in minutes (min). A is the amplitude
of the function and is expressed in mN.m~!. The adjustment has converged to :

Yo'(t) = 73.04 — 2.54 exp ( (4.3)

50/

Hence, 7, tends to 73.04 mN.m™! at t ~ 57 = 1750 min ~ 30 h. As ~, is close to the
surface tension of pure water (7, = 72.8 mN.m™!), one can assume that the NMP needs
about 30 hours to be completely dissolved in the subphase. This time range far exceeds
that of our measurement.

We applied a waiting time of about 45 min after having deposited the solution and
before starting to compress the film. According to Figure 4.3, 7o’ (45) = 70.8 mN.m™'.
The II-A isotherm was thus measured according to II = 70.8 - 4. The films were also
studied by XRR and GIXD measurements at three surface pressures, taking a total of
45 min. The complete measurement of the film therefore takes 90 min. According to
Figure 4.3, 70’ (90) = 71.0 m~! which is 0.2 mN.m ™! lower than vy’ (45) = 70.8 mN.m*.
However, the resolution of the surface pressure is 0.2 mN.m™!. It is therefore acceptable
to consider that the conditions under which our measurements were carried out were
invariant.
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4.1.2 Preparation of the ([Cyymim]|T[NTf]~ + GO) mixed solu-
tion in NMP

To prepare a mixture of GO and IL solution, we purchased an aqueous graphene oxide
dispersion of 2 mg.ml™! from Sigma Aldrich and [Coomim|T|[NTf,|~ powder from Iolitec.
We first prepared two solutions : one of GO dispersed in NMP (0.020 mg.mL~!; 5 mL)
and another one of [Coomim|"[NTfy]|~ dissolved in NMP (0.074 mg.mL~'; 5 mL). We
sonicated each for 40 min and then mixed and let them under mechanical stirring for
24h. The obtained final mixed solution (GO + [Coomim|T[NTfy|™)yap was of concen-
tration C = 0.047 mg.mL™! and composed of 0.01 mg.mL~! of GO and 0.037 mg.mL™*
of [Coomim|T[NTf,] ™.

For the elaboration of Langmuir mixed films, we used to spread 680 uL of this mixed
solution after having sonicated it for 5 min. The thermodynamic equilibrium between the
surface and the subphase is controlled by the dissolution of the NMP in the subphase.
In order to keep it constant regardless of the trough dimension, the ratio between the
trough’s area Ay ugn and the subphase’s volume Vpprese has been kept constant : r —
Atrough/Vsubphase ~ 1.5 cm™. The compression velocity was set to 15 cm?.min™! and the
temperature of the trough was maintained at 20°C.

4.2 Macroscopic characterization at the air-water in-
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Figure 4.3: TI-A isotherms of ([Coomim|T[NTf] ™ )vamp, (GO)vpp and (GO +
[Coomim|"[NTfy| ") yasp Langmuir films deposited at the air-water interface at 20°C.

Figure 4.3 (a) and Figure 4.3 (b) show respectively the II-A isotherms and the in-
verse of compressibilities of pure compounds and their mixture. Recall that the inverse

oIl

of the compressibility corresponds to y ' = —A——. We have chosen to plot x~! instead

of x to avoid scale problems because perfectly flat plateaux are infinitely compressible.
The amount of each compound forming pure Langmuir films is equivalent to that form-
ing mixed Langmuir films. The surface pressure of the mixed Langmuir film is roughly
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intermediate between that of pure films. As the pressure is an intensive quantity, the
surface pressure of the film must be obtained by averaging the surface pressure of the
pure Langmuir film. It can therefore be confirmed that both compounds are present at
the air-water interface. In order to study in more details the behavior of Langmuir mixed
film, it is necessary to understand the behavior of pure films beforehand.

Usually, Langmuir films are prepared using a volatile solvent, so that they would be
solvent-free after 15 min of deposition. The behavior of the films on the water surface
would only be relative to that of the molecules. In this study, Langmuir films are pre-
pared with NMP, thus cannot be solvent-free within the time range of our measurements
as shown in section 4.1.1. One must consider a possible effect of NMP on the macroscopic
behavior of pure films on the water surface. It is therefore necessary to study and com-
pare the II-A isotherms of pure Langmuir films prepared with NMP with those prepared
using volatile solvents.

4.2.1 TI-A isotherm : [Coomim|"[NTf]~

Figure 4.4 (a) and Figure 4.4 (b) show respectively the II-A isotherms and the in-
verse of compressibilities of [Coomim|T[NTfy]” Langmuir films prepared in chloroform
(IL) chioroform and in NMP (IL)yarp. Since chloroform is a volatile solvent, (IL)chioroform
Langmuir film can be considered solvent-free film after 15 min of deposition. To form the
(IL) yarp Langmuir film, 680 pL of 0.057 mMol.L ™! of a solution of [Coomim|T|[NTf,|~
dissolved in NMP were deposited on the water surface. This amount is equivalent to the
amount that IL molecules occupy in Langmuir mixed film. To form the (IL)chioroform
Langmuir film, 12 uL of 2 mMol.L ™! of a solution of [Cyymim]"[NTf,]~ dissolved in chlo-
roform were deposited on the water surface. The II-A isotherm of the free-solvent IL
((IL) chioro form) Langmuir film is described in chapter 3, in section 3.2.1.
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Figure 4.4: (a) II-A isotherms of each of (IL)xyp Langmuir film and (IL)cnioro form
Langmuir film deposited at the air-water interface and (b) their corresponding inverse
compressibilities.
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The deposited amount of (IL)xap corresponds to Ayyp = 0.8 nm%molecule™! and
yyp = 7.83 mN.m~!. Three increasing regions can be identified : region (i), re-
gion(ii) and region (iii).

Region (i) extends to (Il = 26.5 mN.m™'; A = 0.48 nm?.molecule™!). The
inverse of the compressibility increases to x ™! = 0.05 N.m™! (y = 20 m.N~!). The film in
this region is in a (LE) phase. At A = 0.48 nm?.molecule™!, the slope of the inverse of the
compressibility drops indicating the beginning of the formation of a plateau. It extends
to (IT = 26.8 mN.m~'; A= 0.40 nm?. molecule™). The plateau is then followed by
region (ii) which is limited between A = 0.40 nm®.molecule™' and A = 0.34
nm?.molecule™!. The surface pressure increases from II = 26.8 mN.m~! to II = 31
mN.m~!. The inverse of the compressibility in region (ii) decreases with respect to region
(i). It reaches x~!' = 0.015 N.m™! (y = 66 m.N~'). At A = 0.34 nm?. molecule™!, the
slope of the inverse of the compressibility drops indicating the beginning of the formation
of a plateau. It extends to (IT =31 mN.m™!; A = 0.31 nm?. molecule™!). The plateau is
the followed by region (iii) which is limited between A = 0.31 nm?.molecule*
and A — 0.21 nm®.molecule™!. The surface pressure increases to II = 35 mN.m™!.
In this region, the inverse of the compressibility is x ™' = 0.025 N.m™! (x = 40 m.N71).
At the end of this region, water overflows from the trough due to the densification of the
IL film.

Discussion

The two films behave broadly similar on a macroscopic scale, in both three increasing
region are identified. At A = 0.8 nm?.molecule™, the surface pressure of (IL)yp Lang-
muir film is 2 mN.m~! higher than that of the free-solvent Langmuir IL film. However,
during the compression of the films, up to A = 0.56 nm?.molecule™!, the isotherm of
(IL)yap film converges to that of the free-solvent film. Based on these observations,
one suggests that NMP is present on the water surface but in modest quantities. In this
case, the lift-off of the (IL)yasp Langmuir film should be considered close to that of the
free-solvent Langmuir IL film and corresponds to Ay pugn — 225 cm?.

In region (i), (IL)nasp is slightly less compressible (y = 20 m.N~!) than the free-solvent
film (x = 25 m.N~!) but both are considered monolayers in a (LE) phase. The presence of
NMP molecules on the surface could be the reason for decreasing the film compressibility.

In region (ii), obtained after a first plateau, the compressibilities of the films increase
with respect to region (i) after passing through a plateau. The free-solvent IL monolayer
collapses into a multilayer, across this plateau. The system therefore becomes 3D and
2D compressibility can no longer be an adequate description of the film state. 3D com-
pressibility must be considered and is related to 2D compressibility by the relation y3p=
exap, where e is the layer thickness. (IL)xysp is therefore assumed to as well collapse into
a multilayer across this plateau. The plateau is obtained at a higher surface pressure and
at a molecular area 14% less when the film is (IL)yyp. Since NMP is a suitable solvent
for IL molecules and is miscible with water, its presence on the water surface may have
induced a longer interaction between IL molecules and water. One may therefore suggest
that the presence of NMP better stabilizes the IL film on the water surface.
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In region (iii), obtained after a second plateau, the films compressibilities are as well
higher than that of region (i). The free-solvent IL multilayer is assumed to collapse fur-
ther , across this plateau. Since the compressibilities of both films are close, it is assumed
that the (IL)ypp film as well collapses further through this plateau.

At the end of region (iii), the films collapse while this is achieved earlier for (IL)np
Langmuir film. This would imply an effect of the presence of NMP with IL molecules.

To conclude, IL films undergo a transition from a monolayer (region (i)) to a multilayer
(region (ii)) through a first collapse plateau. Then, the multilayer continues to collapse
through a second collapse plateau until it degrades at the end of region (iii). The presence
of NMP on the water surface delays the surface pressure and molecular surface area of the
first collapse plateau, suggesting that NMP tends to better stabilize the IL. monolayer.
Its presence contributed to the early degradation of the multilayer. Despite the presence
of NMP, the thermodynamic properties of the IL Langmuir film remain the same as those
of the free-solvent IL Langmuir film.

4.2.2 1I-A isotherm : GO

Figure 4.5 (a) and Figure 4.5 (b) show respectively the II-A isotherm and the compress-
ibility of GO Langmuir prepared in methanol (GO)ethanat @s studied by Bonatout et
al.. Since methanol is a volatile solvent, (GO)ethanor Langmuir film can be considered
solvent free after 15 min from the deposition. As mentioned in section 3.3.5 of chapter
3, the amphiphilicity of GO sheets is strongly dependent on the size of the sheets. GO
colloidal solutions consist of a polydispersion of sheets, some of which do not have the
proper amphiphilic balance to form a Langmuir film. These sheets will therefore not
be able to remain adsorbed on the water surface and will drown in the subphase. It is
impossible to know the exact number of sheets remaining on the surface. The variation
in surface pressure (mN.m™!) is therefore plotted versus the variation in trough surface
area per the volume of the deposited solution (cm?.mL™!).
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Figure 4.5: TI-A isotherm of (GO),ethanor Langmuir film deposited at the air-water
interface at 20°C (reproduced from [39], [99]).
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According to Bonatout et al. [39, 99|, the II-A isotherm exhibits two increasing re-
gions: region (i) and region (ii).

For surface arecas greater than Ag.ougn ~ 40 cm?.mL™!, the surface pressure of the
film is IT = 0 mN.m™! and the compressibility tends towards infinity. The film is in a
coexistence of phases, in which one of the phases is a diluted phase. The plateau is
followed by region (i) which is limited between the isotherm lift-off and II
= 15 mN.m!. It includes a pseudo-plateau observed at ~ II = 10 mN.m~'. The
compressibility of this region is x = 33.4 m.N~! which indicates a (LE) phase. It is
followed by a region (ii) of compressibility that extends from IT = 15 mN.m™!
to II = 45 mN.m™!. The compressibility at the end of this region is y= 15 m.N~!
which corresponds to a (LC) phase. At the end of this region, the film collapses.

Figure 4.6 (a) and Figure 4.6 (b) show respectively the II-A isotherm and the inverse
of compressibility of GO Langmuir prepared in NMP, (GO)xpp. To form the film, 680
nL of a dispersion of GO in NMP of a concentration 0.057 mMol.L™! (0.01 mg.mL™)
were deposited on the water surface. This amount is equivalent to the amount that GO
sheets occupy in Langmuir mixed film. The variation in surface pressure (mN.m™!) is
plotted versus the variation in trough surface area (cm?).
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Figure 4.6: TI-A isotherm of (GO)yap Langmuir film deposited at the air-water
interface at 20°C.

The TI-A isotherm exhibit one increasing region : region (i).

For surface areas greater than Ay.,u4, ~ 60 cm?, the surface pressure of the film is
II = 0 mN.m™! and the inverse of the compressibility is ! = 0 N.m~!. The film is in
a coexistence of phases, in which one of the phases is a diluted phase. The plateau is
then followed by region (i) which extends from A, ~ 60 cm? to Aoy, =
27 cm?. The surface pressure increases from II = 0 mN.m™! to IT = 26 mN.m~! and
Aprougn = 27 cm?. The film did not reach higher surface pressure, as the compression has
reached its limit in our trough. The compressibility of region (i) decreases gradually un-
til it reaches y= 18 m.N~! at IT = 26 mN.m™. It indicates that the film is in a (LE) phase.
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The TI-A isotherm of the free-solvent GO Langmuir film presents two increasing re-
gions : the first one corresponds to a (LE) phase and the second one to a (LC) phase.
That of the (GO)yap Langmuir film presents only one increasing region which corre-
sponds to a (LE) phase. The presence of the NMP in the film appears to increase its
compressibility.

4.2.3 TI-A isotherm : [Coymim|"[NTf]~ + GO

Figure 4.7 (a) and Figure 4.7 (b) show respectively the II-A isotherms and the inverse
of compressibility of (GO + [Coomim]|"[NTfs]™)nyasp Langmuir film. To form the film,
680 nL of the mixture solution with a concentration of 0.047 mg.mL~! were deposited on
the water surface. Since the mixture contains GO sheets, the II-A isotherm represents
the variation of II(A¢ ouen). The quantities of each of GO and IL in the mixed film are
equivalent to those of each of the pure films studied previously.
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Figure 4.7: (a) II-A isotherm of (IL+GO)ynpp Langmuir film deposited at the air-water
interface and (b) its inverse compressibility.

The II-A isotherms of (GO + [Coomim|T[NTfy]”)nap Langmuir mixed film exhibits
two increasing regions : region (i) and region (ii).

For surface areas greater than A¢.ougn — 162 cm?, the surface pressure and the inverse
of the compressibility of the film are respectively II = 0 mN.m~* and ' = 0 N.m™!.
The film undergoes a plateau of coexistence of phases, one of which is the diluted phase.
The plateau is then followed by region (i) which is limited between Ay, =
162 cm? and Atrougn = 103 cm?. The surface pressure increases from I = 0 mN.m™!
to II = 12.5 mN.m~!. In this region, the inverse of the compressibility increases to xy*
= 0.035 Nom™ ( x = 28 m.N™1). At Aypugn = 103 cm?; the slope of the inverse of the
compressibility drops indicating the beginning of the formation of a plateau. It extends
to (IT = 16.5 mN.m™'; A 4,,,0n= 82 cm?). The plateau is then followed by region
(ii) which is limited between A ,.,,,,= 82 cm? and A ,,,,,= 42 cm?. The surface
pressure increases from II = 16.5 mN.m~! to IT = 30 mN.m™!. In this region, the film
is more compressible that it was in region (i). The inverse of the compressibility reaches
x ' =0.025 Nm™! ( x =40 m.N!). At IT = 30 mN.m~! another plateau started to
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Figure 4.8: Schematic illustration of the cation, anion, NMP and GO sheets on the
basis of which our XRR models were built.

form and is assumed to correspond to film collapse.

Discussion

The schematic illustration of cations, anions, NMP and GO sheets is shown in Figure
4.8. On their basis, we have built models to describe the possible configuration of the
mixed film’s components. The lift-off area of pure IL film is at A = 1.17 nm?.molecule™?,
which corresponds in our case to Aypugn = 225 cm?. The lift-off area of pure GO film is
at Ayrougn = 60 cm?. In the mixed film, GO sheets could thus occupy a maximum of 23%
of the surface occupied by the IL molecules. The lift-of of the mixed film is at Ay pugn =
162 cm?. Two possible configurations can be considered to describe the two compounds
of the mixed film at the lift-off :

1. First configuration :
Suppose a monolayer of GO sheets and a monolayer of IL molecules are horizontally
segregated at the water surface, as illustrated in Figure 4.9.
At the lift off (Ayougn = 162 cm?), GO sheets must occupy Ayrougn = 60 cm? and

' Ty

Figure 4.9: Schematic representation of the possible first configuration of the layer
in contact with water.

o % Q "

T X =g

the IL molecules A4 gugn = 102 cm?. In such as case, the surface occupied by the
IL molecules would be half (~ 0.45%) of the surface that must be occupied by all
IL molecules (Arougn = 225 cm?). One must therefore consider a second monolayer
of IL that must be stacked on top of the layer in contact with water, as illustrated
in Figure 4.10. The layer in contact with air would be formed by the 55% of the
deposited IL molecules which are supposed to occupy 76% of the trough surface, as
illustrated in Figure 4.10. The orientation of IL as illustrated in this model does
not necessarily reflect the true one, and further study is required to determine it.

2. Second configuration :
Suppose a monolayer of GO sheets and a monolayer of IL molecules are vertically
segregated at the water surface. The segregation would consist of a stack of one
layer in contact with water and one layer in contact with air. GO sheets can
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Figure 4.10: Schematic representation of the possible first configuration of the layer
in contact with air.

occupy a maximum surface Aguq, = 60 cm? which represents only 37 % of the
surface occupied by the mixed film. The layer in contact with water cannot then
be formed of pure GO sheets. The stack should consist of a layer in contact with
water formed of IL molecules and a layer in contact with air formed of GO sheets.
The IL molecules, in the layer in contact with water, would occupy Asrougn = 162
cm?, as illustrated in Figure 4.11 , which represents only 72% of the deposited IL.
Therefore, 28% of the deposited IL must be either embedded in the subphase or

R Ty

Figure 4.11: Schematic representation of the possible second configuration of the
layer in contact with water.

occupying the layer in contact with air. Since this IL tends to be hydrophobic, it
cannot sink into the aqueous subphase. Thus, 28% of the IL consider to be in the
layer in contact with air with GO sheets. GO sheets do not fully cover the surface,
the 28% IL could therefore either stack on next to GO sheets on top of the layer in
contact with water ((Figure 4.12 (a)) or stack on top of the GO sheets (Figure 4.12
(b) ). The orientation of IL as illustrated in this model does not necessarily reflect
the true one, and further study is required to determine it.

(a)

Ly Y s § s N
(

R

Figure 4.12: Schematic representations of the possible second configuration of the
layer in contact with air.

At the lift-off, the film must be composed of two layers stacked vertically. Two configura-
tions can be considered to describe the stacking. The first one consists in having the layer
in contact with water formed of a monolayer GO sheets and a monolayer of IL molecules
and the layer in contact with air of IL molecules. The second configuration consists in
having the water contact layer formed of IL molecules solely and the air contact layer
formed of GO sheets and IL molecules.
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After the lift off, the mixed film is in the region (i) which is of compressibility y =
28 m.N~! which corresponds to (LE) phase. Then, at IT = 12.5 mN.~!, a plateau begins
to form, through which, the surface of the trough allocated to the film is reduced by 20
%. The plateau is then followed by region(ii) of compressibility y = 40 m.N~!. The film
in region (ii) becomes more compressible than it was in region(i). In principle, as the
surface pressure increases, the compressibility of the film should decrease. As shown in
Chapter 3, section 3.2.1, the collapse of the IL Langmuir monolayer into a multilayer,
across a plateau, is evidenced by an increase in the compressibility of region (ii) relative to
that of region (i). The plateau observed in the isotherm of the mixed film may therefore
correspond to the collapse of 20 % of IL molecules collapse.

In order to determine the configuration and a possible organization of the bilayer,
structural studies such as XRR, GIXD and AFM measurements are required.

4.3 Characterization by X-ray scattering at the air-
water interface

4.3.1 XRR measurements

The density profile of the (GO + [Coomim]*[NTfy] )y p mixed Langmuir film, deposited
at the air-water interface, was probed by XRR along the axis perpendicular to the in-
terface. The measurements were performed at PETRA III, beamline PO8. The photon
energy of the monochromatic X-ray photons was 18 KeV. The evolution of the reflectivity
spectra of the Langmuir mixed film was followed along its compression. The XRR data
were adjusted using GenX, a software to adjust the X-ray specular reflectivity spectra
and /or neutron reflectivity spectra [135]. The adjustment proceeds by creating a model
composed of layers at the interface between the subphase and the atmosphere. GenX
then calculates the electron density profile, expressed in electron.A =3, of the model using
a differential evolution algorithm based on Parratt’s recursion formula. Depending on
the fitting parameters, the model initially defined is validated or invalidated. We have
chosen to convert the electron density “dens” obtained for each layer of our model into
mass density “p” . To make the conversion, we used the following formula:

p=dens x 10* x M x u (4.4)
“p”, the mass density, is expressed in g.cm™3. “dens”, the electron density, is expressed
in electron.A=3. “M” is the molar mass of the components that compose the layers and
“u” is the relative atomic mass and is equal to : 1u = 1.66054x107* g.

The IL molecule is composed of an anion and a cation. The theoretical density of
[Coomim]T[NTfy| ™, is supposed to be equal to the average of the densities of the [Cogmim]|*
and [NTfy|~. It thus corresponds to :

o Pcation + Panion
PIL—Theo = 5

(4.5)

The densities of the cation and the anion are calculated using the following equation :
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M

VX Ny
Where M is the molar mass, N4 is the Avogadro number and V is the volume of the

entity. The volume of the [Coomim]|* is V upion = 697 A3 and that of the [NTf2]™ is Vanion

=235 A3 = prasion = 0.86 g.cm™ and papion = 1.97 g.cm™3. The estimated theoretical
density of IL is therefore pr_rpeo — 1.42 g.cm™3.

p (4.6)

For GO, the estimated molecular formula of its elementary cell [136] is CoO1Hg5 =
M = 40.5 g.mol™!. The area of its elementary cell is assumed to be equal to that of a
graphene sheet (A = 5.1 A?) [137]. Its thickness is estimated to be equal to d = 10 A
[138]. The theoretical density of GO, according to Equation 4.6, is therefore pgo_rneo =
1.32 g.cm™3.

The first XRR measurement was performed at (II
=11 mN.m™%; Aypugn = 108 cm?), just before the ob-

served plateau at Iytean = 12.5 mN.m™! (see Figure g % 27 mN.m”
4.13). Figure 4.14 (a) and Figure 4.14 (b) show re- £ *] S
spectively the XRR spectrum adjusted using a model ~§ 20
describing the film with a monolayer and its corre- g 15 T
sponding electron density profile. The fitting param- % 10 <
eters are as follows : S
(%]
- A monolaygr that is very dense (p = 1.73 O T T e B 1o 1o ta0
g.cm™3), thick (d = 18.2 ﬁ\) and very rough (o Trough Area (cm?)

—12.34 A)
Figure 4.13: TI-A isotherm of
However, the fit does not correctly describe the re- (IL+GO)yap Langmuir film

flectivity spectrum for Q, > 0.2 nm~!. The enormous deposited at the air-water
roughness of this layer relative to its thickness and its interface.

high density suggest that the film could be formed by

a bilayer instead of a monolayer. We have therefore

abandoned the model of a monolayer and defined a

model of a bilayer.

Figure 4.15 (a) and Figure 4.15 (b) show respectively the XRR spectrum adjusted
using a model describing the film with a bilayer and its corresponding electron density
profile. The fit has converged to the following parameters :

1. First layer L;, in contact with water, of density (p = 1.33 g.cm™3) , thickness (d =
11 A) and roughness (o0 = 1.78 A).

2. Second layer Ly, in contact with air, of density (p = 0.94 g.cm™?), thickness (d =
12 A) and roughness (o = 5.92 A).

According to the macroscopic study of (GO + IL)yap Langmuir film (Figure 4.7),
two possible configurations proved to be able to describe the stacking of the bilayer. The
first suggests that the layer in contact with water L; is formed by (GO + IL) and the
layer in contact with air Ly by IL. The second suggests that the layer in contact with
water is formed of IL and the layer in contact with air by (GO + IL). According to XRR
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Figure 4.14: (a) XRR spectrum obtained at IT = 11 mN.m™* adjusted by a model of a
monolayer and (b) its corresponding electron density profiles.
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Figure 4.15: (a) XRR spectrum obtained at IT = 11 mN.m~! adjusted by a model of a
bilayer and (b) its corresponding electron density profiles.

adjustment parameters, the density of L (p = 1.33 g.cm™3) is close to that of IL and
GO. However, the density of Ly (p = 0.94 g.cm™3) is 46% lower than that of IL (p =
1.42 g.cm™?) and 28% lower than that of GO (p = 1.32 g.cm™®). Ly cannot therefore be
formed by pure IL molecules, which requires adopting the second configuration (Figure
4.11 and Figure 4.12 (a) or (b)).

The density of L; is 6% lower than the theoretical density of IL. In such a case, it is
quite acceptable to consider that L; is formed by pure IL molecules. However, according
to the macroscopic study of the (IL)yap film, NMP proved to remain, in modest quan-
tity, adsorbed on the water surface. The density of NMP is pyap = 1.03 g.em™. Ly
could therefore be formed of 23% of NMP against 77% of IL. At II = 11 mN.m™!, L,
occupy Ayrougn — 108 cm?. Imidazolium rings and NMP have an affinity for water and
each other. Therefore, they can be considered, on the water surface, interacting with
each other. The surface occupied by L; could thus consist of NMP molecules occupying
Atrougn = 25 em? (23% of Atyougn = 108 cm?) and IL molecules occupying Agougn = 83
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cm? (77% of Ayougn = 108 cm?). Regarding the thickness of Ly (d = 11 A), the alkyl
chains should to be tilted in the air. As for anions, this XRR measurement could not
provide rigorous information about them. However, because of their hydrophobicity and
electrostatic interaction with the Imidazolium rings, it is suggested that they should be
in contact with air but close to the rings.

According to the macroscopic study (Figure 4.7), in region (i), 28% of the total 1L
molecules must be in Ly. If the 72% of the total IL occupy Asougn = 83 ¢cm? in L; =
the remaining 28% of the total IL should occupy Ayougn = 32 cm? in L. On the other
hand GO sheets could occupy a surface up to a Ayougn = 60 cm? in Ly. One of two
possible models can describe the configuration of IL and GO in L,. The first model M;
is illustrated in Figure 4.16. It suggests that IL molecules prefer to stack on top of each
other and be separated horizontally from GO sheets. In such a case, the area occupied by
Ly must correspond to Ay pugn = 32 + 60 = 92 cm?. Since the thickness of Ly, according
to XRR, is d = 12 A, the alkyl chains of the IL molecules of Ly should be interdigitated
with those of L;. The anions are supposed to be close to the rings.

M,

i == a1t

Subphase

Figure 4.16: Schematic representations of the model M; describing the IL and GO stack
configurations at IT = 11 mN.m™!.

The second model M is illustrated in Figure 4.17. It suggests that the IL molecules
prefer to stack on top of GO sheets. In such a case, the area occupied by L, must
correspond to that occupied by GO sheets which is Ayugn = 60 cm?. Regarding the
thickness of Ly the IL molecules should be lying horizontally and in contact with GO
sheets. The anions are as well supposed to be close to the rings.

s i

Subphase

Figure 4.17: Schematic representations of the model My describing the IL and GO stack
configurations at IT = 11 mN.m™!.

We notice that in the model My, the IL molecules at the interface with the GO sheets
are perpendicular in L; but lying horizontally in Ly (Figure 4.17). The main difference
between the two layers lies in the environment surrounding the IL molecules. In Ly,
they are limited between two interfaces which are the water surface and the GO
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sheets. In Ly, they are limited between two interfaces which are the GO sheets
and the air. The behavior of IL molecules at the interface with the GO sheets appears
to be determined by the nature of the second interface limiting the molecules.

On the basis of the two proposed models, we deduce that L, can occupy a maximum
surface of Asougn = 92 cm? (in My) or Agougn = 60 cm? (in My). This indicates that
about 15% (in M;) or 45% (in M) of the surface of Ly at this surface pressure is free =
Ly is not very dense. As XRR measurements provide the average density of a layer, the
low density of Ly compared to that of the GO sheets and the IL molecules can therefore
be justified.

We then performed XRR at (IT = 21 mN.m™!; A= 67 cm?), after the observed plateau
at IT = 12.5mN.m™! (see Figure 4.13). Figure 4.18 (a) and Figure 4.18 (b) show respec-
tively the adjusted XRR spectrum and the corresponding electron density profile. We
also used the bilayer model to describe (GO + IL)yyp Langmuir mixed film. The fit
well converged to a bilayer characterized by the following parameters :

1. First layer Ly, in contact with water, of density (p = 1.39 g.cm™3) , thickness (d =
10 A) and roughness (o = 2.62 A).

2. Second layer Ly, in contact with air, of density (p = 1.15 g.cm™2), thickness (d =
18 A) and roughness (o = 5.56 A).
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Figure 4.18: (a) XRR spectrum obtained at IT = 21 mN.m~! adjusted and (b) its
corresponding electron density profiles.

The evolution of adjustment parameters from IT = 21 mN.m™~! to II = 27 mN.m™! is
as follows :

— L; becomes 4% denser, keeps almost the same thickness and becomes 32% rougher.

— Ly becomes 18% denser, 33% thicker and 6% less rough.

By compressing the film from (II = 11 mN.m™; A 4= 108 cm?) to (I = 21
mN.m~!; A= 67 cm?), the surface of the trough is reduced by 40%. If L; keeps the same
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thickness, it should become 40% denser but in practice it only becomes 4% denser. Hence
about 36% of the components of L; must have left it either to Ly; or to the subphase.
On the other hand, L, has gained 18% in density, which could be due to the transition of
molecules from L; to Ly. This transition is not enough to explain the loss of 36% of Ly
and it must be considered that some molecules should have drowned in the subphase. 1L
molecules, thanks to their alkyl chains and the nature of their anions, are less hydrophilic
than NMP. It is therefore plausible to consider that IL molecules are the ones that must
have left L; for Ly and NMP molecules are the ones that must have plunged into the
water. The transition of IL from L; to Ly through the plateau at IT = 12.5 mN.m™! is in
agreement with the macroscopic study. The final composition of L; corresponds roughly
to 8% of NMP versus 92% of IL (0.08pxap + 0.92p11 = pr, = 1.39 g.em™3). As L; has
almost the same thickness at IT = 21 mN.m~! as at IT = 11 mN.m !, its configuration can
be considered to remain the same. As L, has increased in thickness, so the IL molecules
must be oriented towards the air. In this regard, three possible configurations can be
considered :

1. If one assumes that at IT = 11 mN.m™!, the stack was described by M; (Figure
4.16) : the IL molecules in Ly should stack on top of each other and thus remain
horizontally segregated with GO as illustrated by the model M3 in Figure 4.19.

Subphase

Figure 4.19: Schematic representation of the model M3 describing the IL and GO stack
configurations at IT = 21 mN.m™!.

2. If one assumes that at II = 11 mN.m™!, the stack was described by M, (Figure
4.17), the molecules of IL in Ly should behave according to one of two possible
configurations :

i They stack vertically on top of the IL of L;, thus segregate horizontally with
GO as illustrated by the model M, in Figure 4.20.

ii They stack vertically on top of the IL molecules, those lying parallel to GO
sheets, thus segregate vertically with GO as illustrated by the model Mj; in
Figure 4.21. Since the alkyl chains are hydrophobic, they are expected to be
oriented towards the air and the imidazolim rings to be in contact with the
lying parallel IL molecules . The interaction between the vertical IL and the
lying parallel ones could occur between chain-(rings+anion) or (rings+anion)-
(rings+anion) or (rings-+anion)-carbon basal plane. Based solely on XRR
measurement, no rigorous information on the nature of their interaction can
be deduced. It is therefore suggested to be in contact with air and close to the
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Imidazolium rings.

Subphase

Figure 4.20: Schematic representation of the model M, describing the IL and GO stack
configurations at IT = 21 mN.m™!.

Subphase

Figure 4.21: Schematic representation of the model My describing the IL and GO stack
configurations at IT = 21 mN.m™!.

In order to follow the evolution of the density profile of the bilayer, we performed
XRR at IT = 27 mN.m™* (see Figure 4.13). Figure 4.22 (a) and Figure 4.22 (b) show
respectively the adjusted XRR spectrum and its corresponding electron density profile.
We also used the model of a bilayer. The fit well converged to a bilayer characterized by
the following parameters :

1. First layer Ly, in contact with water, of density; p = 1.3 g.cm™2 |, thickness; d = 12
A and roughness; o = 3.31 A.

2. Second layer Ly, in contact with air, of density; p = 1.23 g.cm ™3, thickness; d = 19
A and roughness; o = 6.04 A.

The evolution of adjustment parameters from IT = 21 mN.m™! to IT = 27 mN.m™! is
as follows :

— L; becomes 6% less dense, 16% thicker and 20% rougher.
— Ly becomes 6% denser, 5%thicker and 8% rougher.

By compressing the film from (IT = 21 mN.m™'; A= 67 cm?) to (Il = 27 mN.m™!; A=
52 cm?), the surface of the trough is reduced by 22%. The thickness of L; has increased
by 16% at II = 27 mN.m~! and its density decreases by 6% while that of Ly increases by
6%. It is therefore plausible to consider that 6% of IL molecules must have left L; for
Ls. One could consider that the decrease of 22% in the surface area has resulted in the
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Figure 4.22: (a) XRR spectrum obtained at IT = 27 mN.m™! adjusted and (b) its
corresponding electron density profile.

increase of 16% the thickness of L; and in the transition of 6% IL from L; to L,. This
result is in agreement with the macroscopic study of the film (Figure 4.7). The thickness
of the two layers suggests that the bilayer must have kept the same configuration as at
II =21 mN.m™'.

Figure 4.23 (a) and Figure 4.23 (b) present respectively the XRR spectra and their
electron density profiles along the compression of the film. Table 4.2 shows the XRR
adjustment parameters of the bilayer at different surface pressure. Figure 4.24 shows the
evolution of these parameters along the compression of the bilayer.
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Figure 4.23: (a) The evolution of XRR spectra and (b) their corresponding electron
density profiles obtained at different surface pressure.
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Layers p (g.em™) d (A) o (A)

M- 11 mN.m-! Ly 1.33 11 1.78
Lo 0.94 12.10 5.92

T — 91 N ! L 1.39 10 2.62
Lo 1.15 18 5.56

M — 27 mN.m-! Ly 1.30 12 3.31
Lo 1.23 19 6.04

Table 4.2: Adjustment parameters of the bilayer model proposed to describe XRR
spectra of (GO + IL)yyp Langmuir mixed film at different surface pressures.
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Figure 4.24: The evolution of (from left to right): the mass density, thickness and
roughness of the layers along the different surface pressures.

The possible combinations of the models that could describe the bilayer along its
compression are presented in the Table 4.3. The first includes M; and M3, the second
includes My and M, and the third includes My and Ms.

Models
11 mN.m™! M, - Figure 4.16 | M, - Figure 4.17 | M, - Figure 4.17
21 and 27 mN.m™! || M; - Figure 4.19 | My - Figure 4.20 | M - Figure 4.21

Table 4.3: The possible combinations of the models describing the bilayer along its
compression.

XRR measurements are in agreement with the macroscopic study. The mixed film is
formed by a stack of a bilayer : a layer in contact with water (L;) and a layer in contact
with air (Lg). L; consists of IL and NMP molecules while Ly consists of IL molecules
and GO sheets. Through a plateau observed at IT = 12.5 mN.m™!, some IL molecules
from L; migrate to Ly and some NMP molecules drown in the subphase. On the basis of
XRR, five models have been proposed to describe the stack along its compression. From
three model (My, My and Mj), it was suggested that the interaction at the interface
between IL and GO could be influenced by the nature of the second interface limiting
the IL molecules. In order to reduce the choice to the appropriate combination of models
and to highlight a possible organization of the compounds, we performed GIXD on water
surface.
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4.3.2 GIXD measurements

We performed GIXD measurements on (GO -+
IL)yyp Langmuir mixed film deposited at the
air-water interface. These measurements were
also carried out at PETRA III, beamline P08 at
an energy of 18 Kev, using the LISA diffrac-
tometer. We investigated the organization of
the mixed film at three different surface pres-
sures ( 11, 21 and 27 mN.m™') (see Figure
4.25).

30 ;
27 mN.m”
254

21 mN.m"’
<tmhm
20

15

11 mN.m™*
Mmoo
10

Surface Pressure (mN.m )

o
!
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At IT = 11 mN.m™ !, we did not succeed in ob- Trough Area (cm?)

serving any diffraction peaks, which indicates that Figure 4.25: TI-A isotherm of
the film is not. organized. T'his. is in agreement with (IL+GO) narp Langmuir film
th.e macroscopic study 'that indicates that the film at deposited at the air-water
this surface pressure is in a (LE) phase, thus not very interface.
dense. At IT = 21 mN.m™!, we observed an out-of
plane diffraction signal. Figure 4.26 (a) and Figure
4.26 (b) show respectively the diffraction map and the integrated intensity of the signal
over Q.. Then at IT = 27 mN.m ™!, we observed an out-of plane diffraction signal. Figure
4.27 (a) and Figure 4.27 (b) show respectively the diffraction map and the integrated
intensity of the signal over Q, at IT = 27 mN.m™!.

(b) 1,25

—e—TI1=21mN.m*
1,00
5 f’@:
0,751 \
z I
2 0,50 .[ .\
£ I 1
— 0,254 4 .R
[ 4 oy ©
O'OO_M’.’} '.oﬁ Q'*: ;o MJB

T35 140 145 150 1,35 1,36 1,37 1,38 1,39 1,40 1,41 1,42 1,43
0.1 A-1

Figure 4.26: (a) The GIXD diffraction map and (b) the integrated intensity over Q. of
the GIXD signal from (GO + IL)yap Langmuir mixed film at IT = 21 mN.m~*.

We first assumed that the signal observed at II = 21 mN.m~! and then at II = 27
mN.m !, consists of one peak. We adjusted it integrated intensity by a Lorentzian func-
tion, after removing the background noise. The adjustment converged to a peak centered
at Quy — 1.391 Aat I = 21 mN.m! and at Qzy — 1.388 A at IT = 27 mN.m~!. The
lattice parameters at II = 21 mN.m ! are therefore smaller than that at IT = 27 mN.m ™.
In principle, the increase in the surface pressure of the film should allow a better orga-
nization of the structure in a more compact network. The network parameters should
therefore decrease or at least remain the same as the film is compressed, from II = 21
mN.m~! to IT = 27 mN.m™!. In this respect, we have suggested that the signal, at both
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Figure 4.27: (a) The GIXD diffraction map and (b) the integrated intensity over Q. of
the GIXD signal from (GO + IL)yyp Langmuir mixed film at IT = 27 mN.m™!.

surface pressures, may be formed of two peaks instead of one peak.

We adjusted the integrated intensities of the peaks by Lorentzian functions, as shown
in Figure 4.28 (a) and Figure 4.28 (b). The first peak is centered at Q,, — 1.391 A~!
and the second one at Q, — 1.388 A~1. The rodscans of the two peaks are indiscernible
as their Q,, are so close. We have therefore shown in Figure 4.29 (a) the rodscan at Qg
— 1.391 A~', obtained at IT = 21 mN.m~! and in Figure 4.29 (b) the rodscan at Q,, =
1.388 A~1, obtained at II = 27 mN.m~'. They were adjusted by a square sinus cardinal
function. The maximum of the rodscans is obtained around Q, = 0.2 A~!, which indi-
cates that the structure is tilted. The adjustment parameters of the integrated intensities
and the rodscans are gathered in Table 4.4.

(a) (b)

1,25 1,25
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Figure 4.28: The integrated intensity of the signal observed (a) at IT = 21 mN.m™! then
(b) at IT = 27 mN.m™ !, adjusted by two Lorentzian functions.

The peaks are indexed according to a rectangular lattice composed of two molecules
at IT = 21 mN.m™! and at II = 27 mN.m~'. The first peak, centered at Q,, = 1.391
A1, corresponds to the peak (02) and the second one, centered at Q;, = 1.388 At
corresponds to the peak degenerate (11) and (11). The lattice parameters correspond
toa =521 A and b = 9.05 A and to an area A = 47 A2, The area of the unit cell is
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Figure 4.29: The profiles of the rodscans of the diffraction peak a) centered at Q,, =
1.391 A=1, observed at IT = 21 mN.m~" and b) centered at Q,, — 1.388 A~', observed
at IT = 27 mN.m~*.

II Index Q. AQ,, (A1) Peak Area Q, AQ,(A1)  Peak Area
y y
(mN.m™1) (A1) (a.u.) (A1) (a.u.)
91 (02) 1.388 0.0056 0.007 - - -
(11) 1.391  0.0051 0.006  0.19 0.22 7
o7 (02) 1.388 0.0083 0.013 0.18 0.24 8.48
(11)  1.391 0.0083 0.008 - - -

Table 4.4: Adjustment parameters of diffraction peak of (GO + IL)yyp Langmuir
mixed film deposited at the air-water interface at II = 21 mN.m~! and II = 27 mN.m~!.

therefore A = 23.5 A2.molecule™! which is in the range of the cross section of an alkyl
chain. The distance between Bragg planes, corresponding to Q,, — 1.388 Al isd =
4.53 A=! and the one corresponding to Qzy = 1.391 Alisd = 452 A~'. They are
comparable to the typical distance between Bragg planes formed of alkyl chains (d =
4.15 A‘l). The FWHM of the adjusted rodscans averages about AQ, = 0.23 A~! which
indicates that the thickness of the structure is about 27 A. It is in agreement with the
length of an alkyl chain composed of 20 carbon atoms. On the basis of these results, one
can presume that the diffracted peaks are relative to the organization of the IL molecules,
slightly tilted, in a rectangular network. The maximum of the intensity of the rodscans is
approximately Q, = 0.2 A~! indicating that the IL molecules are 7° tilted with respect to
the vertical to the interface. Both peaks are out-of-plane, the azimuth of the IL molecules
is therefore 1 = 0° indicating that the molecules are oriented towards the next nearest
neighbor (NNN). As a reminder, the tilt is the inclination of the molecule’s axis with
respect to the z-axis. The azimuth is the direction of the tilt, so when ¢ = 0° the axis
of the molecule is oriented in the direction of the y-axis. Figure 4.30 is a sketch showing
the tilt and orientation of the molecule.

According to the macroscopic study and XRR measurements, the IL molecules occupy
the two layers of the mixed film stack. The thickness of L, the layer in contact with
water (~ 1OA) suggests that the IL in this layer cannot be elongated. On the other hand,
Lo, the layer in contact with air, is 18 A thick and rough (o0 = 6A). Since this layer is not
dense, its roughness in relation to its thickness suggests that the layer could be thicker.
The organized structure must therefore belong to Ly. The IL molecules in this layer

117



X

Figure 4.30: Schematic representation of the tilt and the direction of IL molecules in the
rectangular lattice.

can adopt different configurations according to the three models (M3, My, M5) proposed
by XRR. One thing is sure: this structure cannot be relative to the IL molecules that
are lying parallel to the GO sheet. In order to narrow down the possibilities of properly

describing the bilayer stack, we have transferred the films onto Si/SiO5 wafers and studied
them by the AFM.

4.4 Characterization by AFM on Si/SiO, solid sub-
strates

In order to detect a possible influence of NMP, we studied pure films by AFM before
proceeding to the study of the mixed film. Using the Langmuir-Blodgett procedure, we
transferred the films to silicon wafers, at different surface pressures. The silicon wafers

were cleaned with Piranha, so that their surfaces (SiOs) were hydrophilic. We then
studied them by AFM.
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Figure 4.31: II-A isotherms of (to left) (IL)yap and (to right) (GO)nyp Langmuir
films deposited at the air-water interface.
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(IL) yarp Langmuir films were transferred at IT = 11 mN.m ™! then at IT = 26 mN.m™!
(see Figure 4.31 (to left)). (GO)yap Langmuir films were transferred at II = 11 mN.m ™!
then at IT = 25 mN.m™! (see Figure 4.31 (to right)).
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Figure 4.32: AFM topographic images and their corresponding profiles of
(|Coomim|*[NTfo] ") varp Langmuir film transferred on Si/SiO, substrates by
Langmuir-Blodgett technique at (a) IT = 11 mN.m ™! and at (b) II = 26 mN.m™ .

Figure 4.32 (a) shows the AFM topographic image of (IL)yyp Langmuir film trans-
ferred at IT = 11 mN.m~*. We observe a homogeneous surface, on which defects of thick-
ness varying between 10 A and 50 A exist. The homogeneous surface was also observed
by AFM in the free-solvent IL film. It indicates either the transfer of an IL monolayer
covering the entire surface of the silicon wafer. Or the failure of the transfer, because the
monolayer is not dense. Defects can be impurities coming from the silicon wafer or can
come from IL and/or NMP molecules. Based on the literature, Chun Yau et al. [139]
have demonstrated that NMP degrade, polymerize and form particulates under sonica-
tion. The size and abundance of these particulates on wafers and in solutions depends on
the sonication time. These defects may therefore correspond to NMP particulates. Thus,
the NMP do not appear to interfere in the structure of the IL transferred on the silicon
wafer.

Figure 4.32 (b) shows the AFM topographic image of (IL)xyp Langmuir film trans-
ferred at II = 26 mN.m~!. We observe a film of 80 A thickness and defects distributed
over its surface. The thickness of the film is consistent with a multilayer of IL. molecules.
The defects can be attributed to NMP particulates. The free-solvent IL film at IT =
26 mN.m~ ! was also formed as a multilayer. NMP can therefore be considered as not
interfering in the structure of the IL film on the silicon wafer.

Figure 4.33 (a) shows the AFM topographic image of (GO)yap Langmuir film trans-

ferred at II = 11 mN.m™'. We observe an non dense film of 10 A thickness and some
defects of 30 A thick. The thickness of the film corresponds to a monolayer of GO sheets.
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Figure 4.33: AFM topographic images and their corresponding profiles of (GO)yap
Langmuir film transferred on Si/SiO, substrates by Langmuir-Blodgett technique at (a)
I =11 mN.m ! and at (b) IT = 25 mN.m™'.

The defects may correspond to NMP particulates. The free-solvent GO Langmuir film
at IT = 11 mN.m~! was as well formed as a monolayer but was denser than (GO)yp
Langmuir film. Thus, in addition to the particulates, NMP could also be formed into a
thin film that occupies the free surface between GO sheets. Although, the NMP shows
to reduce the density of the GO monolayer, it does not interfere in its structure.

Figure 4.33 (b) shows the AFM topographic image of (GO)yap Langmuir film trans-
ferred at II = 25 mN.m~'. We observe a dense film of GO sheets, interacting with each
other. The edges of GO sheets appear folded and forming domains 30 A thick. This
result is similar to that observed with the free-solvent GO Langmuir film transferred at
this pressure. NMP can therefore be considered as not interfering with GO structures at
IT =25 mN.m .

We conclude that the presence of NMP does not hinder or interfere with the orga-

nization of ([Coomim|"[NTf;]")yyp and (GO)ypyp Langmuir film deposited on solids
substrates.
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We then studied (GO + [Coomim|*[NTE| ™) narp
Langmuir mixed films transferred at II = 11
mN.m~! then at II = 26 mN.m™! (see Figure
4.34).
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Figure 4.35 shows the AFM topographic and
phase images of (GO-+IL)yyp Langmuir film trans-
ferred at II = 11 mN.m~'. We observe a layer of 8
A thick covering almost the entire surface. This layer 40 60 8 100 120 140 160 180
is covered by a non dense upper layer of 14 A thick. Trough Area (cm?)
We algo observe a layer that correspogd Fo the deep— Figure 4.34: TI-A isotherm of
est region according to the topographic image. This
layer is about 8° phase shifted from the two layers. It
is thus suggested to attribute it to the silicon wafer.
The thickness of the lower layer (8 A) is in agreement
with that of Ly (10 A), based on XRR. It is therefore
suggested to be formed of NMP and IL molecules. The thickness of the upper layer (14
A) is in agreement with that of Ly (12 A), based on XRR. It is therefore suggested to be
formed of GO sheets and IL molecules. However, the theoretical thickness of GO sheets
is 10 A, which is 4 A less than that of the upper layer, according to the AFM topographic
image. Moreover, the upper layer is only 2° phase-shifted with respect to the lower layer,
the one assumed to be composed of NMP and IL molecules. This modest phase shift
could be the result of the interaction of the AFM tip with materials of similar natures.
GO sheets in L, must thus be covered with IL molecules of 4 A thick. This thickness is
in the range order of that of an Imidazolium ring [3] and of a horizontal [NTfy|~ [67]. IL
must be lying parallel to GO sheets in Ls. In this respect, My (Figure 4.17), the model
suggested following the XRR measurements, must be adopted to correctly describe the
stack at IT = 11 mN.m™.
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(IL+GO) ypp Langmuir film
deposited at the air-water
interface.

Figure 4.36 shows the AFM topographic and phase images of (GO+IL)yyp Lang-
muir film transferred at II = 26 mN.m~!. We observe a layer of 9 A thick covered by a
non dense layer of 47 A thick. We also observe a layer that corresponds to the deepest
region according to the topographic image. This layer is 15° phase shifted from the other
two layers. It is thus suggested to attribute it to the silicon wafer. The thickness of
the lower layer (9 A) is in agreement with that of L; (10 A), based on XRR. The lower
layer is therefore suggested to be formed of NMP and IL molecules. The upper layer is
only 2° phase-shifted with respect to the lower layer suggesting that the two layers are
composed of materials of similar natures. The upper layer appears as formed by a stack
of at least two layers, as shown in the zoomed image. The thickness of the first one is
16 A, which could correspond to that of a monolayer of GO sheets covered IL molecules
lying parallel. The thickness of the second one is 31 A which is in the range of the that of
elongated [Coomim|"[NTfy]~ molecules. The upper layer could therefore be formed by a
stack of three layers: a monolayer of elongated IL molecules perpendicular to a monolayer
of IL molecules lying parallel to a monolayer of GO sheets. The thickness of the upper
layer, estimated from AFM, differs from that estimated from XRR. According to XRR
measurements, Ly is rough (o = 6 A) which suggests that it could be thicker. According
to AFM measurements, the upper layer is not dense. Since XRR measurements provide
the average thickness of a layer, the upper layer must appear thinner, in XRR, than it
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Figure 4.35: AFM topographic and phase images of (GO + [Coyomim|T[NTf| ™) yasp
Langmuir mixed film transferred on Si/SiO, wafer by Langmuir-Blodgett technique at
II =11 mN.m™'.

actually is. Therefore, the upper layer observed in AFM can be attributed to Lo, the
layer in contact with air as described by XRR. The configuration deduced from AFM is
in agreement with that proposed in model M5 (Figure 4.21).

We evidenced by GIXD measurements the organization of a monolayer of IL molecules,
almost perpendicular to the interface, in a rectangular lattice. The thickness of this
structure is equal 30A. It is in agreement with that of the layer of IL molecules standing
perpendicular on top of the lying parallel IL molecules to GO sheets in L,. We therefore
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Figure 4.36: AFM topographic and phase images of (GO + [Coomim|"[NTf| ") yup
Langmuir mixed film transferred on Si/SiOy wafer by Langmuir-Blodgett technique at
IT = 26 mN.m™ .

suggest that the IL molecules that have migrate from L; to Ls, get organized perpendic-
ular on top of the lying parallel IL molecules.
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4.5 Discussion

On the basis of the study of (GO+IL)xyp Langmuir film, we showed that GO sheets
despite being amphiphilic, prefer to interact with the alkyl chains instead of water. GO
sheets can therefore be considered to have tendency to be more hydrophobic. We also
showed that the IL molecules are almost perpendicular to GO sheets, when they are at
the interface with water (L), but lie parallel to GO sheets, when they are at the inter-
face with air (Ly). According to the literature, the Imidazolium rings as well as the alkyl
chains prefer to lie parallel to the graphene surface in contact with vacuum, due to II-1I
interaction between the rings and the graphene (3, 2, 4|. However, in L;, the Imidazolium
rings appear to prefer to interact with water rather than with the basal plane of GO.
The interaction between the Imidazolium rings and water therefore dominates the II-1I
interaction between the rings and GO sheets in L;. So depending on the preferential
interaction of the Imidazolium rings, either with the GO interface or with the second
interface, the IL molecules choose to be perpendicular or to lie parallel to the GO sur-
face. Thus, the orientation of the IL molecules at the interface with the GO sheets is
determined by the nature of the second interface that limits the IL.

The configuration of Ly, the layer in contact with air, is in agreement with the liter-
ature. According to the MDS studies of Moghadam et al. [2]|, the EDL of IL molecules
at the interface with graphene, in contact with vacuum, is composed of two particular
layers separated by IL molecules in bulk. The first is the layer adsorbed on the graphene
surface and composed of lying parallel IL molecules. The second one is the vacuum layer,
in contact with the vacuum and composed of perpendicular and/or tilted IL molecules.
We can therefore suggest that the IL molecules at the interface with the GO sheets be-
have in the same way as when they are at the interface with the graphene.

On the basis of this study, it was practically impossible to deduce rigorous information
about the position and orientation of anions in the IL layers. We will only state that
the anions are supposed to be in contact with air and Imidazolium rings because of their
hdrophobicity and electrostatic interactions.

4.6 Conclusion

According to the macroscopic study, XRR and AFM measurements, the mixed film is
formed by a stack of two layers. The layer in contact with water, Ly, is occupied by IL
tilted molecules and NMP. The layer in contact with air, Lo, is occupied by GO sheets
and lying parallel IL molecules. Through a plateau observed at Il4eq0, = 12.5 mN.m™!,
some of the IL molecules migrate from L; to the top of the IL molecules lying parallel
to GO sheets in Ly. According to GIXD measurements, the transited IL molecules get
organized almost perpendicular in a rectangular lattice on top of the lying parallel IL, in
Ly. The configurations of the layers can be described by the model My at IT < IL4teq4
= 12.5 mN.m™! and by the model Ms at IT > I jutequ = 12.5 mN.m™! (as illustrated in
Figure 5.31). The presence of NMP in L; is modest. It appears to stabilize pure GO and
pure IL Langmuir films at the air-water interface.
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Figure 4.37: The models My and M5 which describe the bilayer respectively at IT < 12.5
mN.m~! and IT > 12.5 mN.m .

Two main conclusions can be drawn from this study :

1. GO sheets tend to be hydrophobic as they prefer to interact with the alkyl chains
of IL rather than with water.

2. The interaction between IL molecules and GO sheets, at their interface, depends on
the second interface limiting the IL molecules. IL molecules are almost perpendicu-
lar to the surface of GO sheets when they are at the interface with water. However,
they lie parallel to GO sheets when they are at the interface with air.

4.7 Perspective

According to the literature, GO sheets dispersed in aqueous solutions are negatively
charged at their edges due to the deprotonation of the carboxylic acid into -COO~ [96].
Our measurements were performed on the water surface and GO sheets initially came
from a water dispersion. The mixed films are thus supposed to be formed of GO sheets
negatively charged at their edges. The interaction between IL and GO sheets in aqueous
medium is of ionic interaction type between the cation of IL and -COO~ decorating GO
edges [140]. Our results showed that IL molecules managed to go beyond the edges of the
GO sheets and reach their basal planes. This interaction between IL and GO appeared to
be similar to that between IL and graphene based on the MDS studies [3, 2, 4]. It is there-
fore assumed that a charge screening may have permit IL molecules not to be trapped by
the electrostatic interaction with GO edges. We observed that NMP molecules coexist
with IL molecules in contact with water. This suggests that NMP molecules may have
played the role of charge screening. In this respect, it is necessary to repeat our study on
the mixed film but using a water-immiscible solvent.

The amount of IL molecules in our mixed films was a bit critical because it saturates
the surface of the trough from the beginning of the measurement. On the other hand,
the amount of GO sheets in the mixed films was only 26% of the surface occupied by IL
molecules. It is therefore necessary to repeat the study using less IL molecules. It is also
interesting to vary the concentration ratio between the GO sheets and the IL molecules.
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Studies have shown that the introduction of gold nanoparticles into supercapacitors
improves their performance. In this chapter, [Coomim]|*[NTfy|~ Langmuir films are stud-
ied on subphases containing gold anionic complexes. One of our goals is to understand
the interaction between the IL molecules and gold ions. Another objective is to perform
surface X-ray radiolysis to form gold nanostructures using the IL film as a template. We
show that at low concentration of gold ions, the IL spread over the ionic subphase behaves
in the same way as that spread over pure water. Surface X-ray radiolysis leads to the
formation of gold nanoparticles with a size of about 15 nm. On the other hand, we show
that at a high concentration of gold ions, the IL over the ionic subphase behaves in a
radically different way than that spread over the ionic subphase. GIXD measurements
show the formation of an inorganic/organic superstructure that is assumed to form only
above a threshold concentration of gold ions. This structure prevents gold complexes
from being reduced and thus from forming nanoparticles by surface X-ray radiolysis.

5.1 [Coomim]"[NTf;]” Langmuir films on subphases con-
taining gold ions

We studied the thermodynamic behavior of [Coomim|"[NTfy]~ Langmuir film spread over
Gold(III) chloride trihydrate H[AuCly]- 3H, salts solutions. The IL molecules were dis-
solved in chloroform in a concentration of Coeecuies — 2 mmol.L=!. The number of
IL molecules deposited on the surface corresponds to a molecular area of A = 1.33
nm?.molecule™!. The concentration of gold ions was defined as the number of gold ions
per IL molecule Tjpns /motecutes as defined in Chapter 3 in Equation 3.11. We worked with
2 different concentrations of gold ions: the first one corresponds to r ¢/, = 30 while
the second one to r AuCly /1L = 600. The isotherms of both systems were performed at the
same temperature (20°C) and at the same compression velocity (15 cm?). We also added
ethanol in the subphase at a concentration of about 1072 mol.L~! as we planned to later
try to reduce gold ions by surface X-ray radiolysis at the synchrotron. In order to avoid
the reduction of [AuCly]~ in the subphases, we worked in a room sheltered from light.

45 0,08
F"E 40 = Taug, =0 0,07 Fauct, =0
- —_— = — =30
= 35_5 Fauci, = 30 0,06 Aucl, /1L
\E, 304 Tauct, /1L = 600 — Fauci, 1= 600
[J] \y 0,05
5 254 S
0 = 0,04
o 204 =
P - 0,034
o 154 x 7
ot 0,02
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5 5 0,014
a
0 T T T T T . 0,00 T T T T T T
62 04 06 08 10 12 14 02 04 06 08 1,0 12 1,4
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Figure 5.1: II-A isotherms and the inverse of the compressibilities of [Coomim|*[NTfy]~
spread over pure water subphase (---), over a subphase containing 30 [AuCly]~/IL (—)
and over a subphase containing 600 [AuCly]~/IL (—)
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Figure 5.1 shows the II-A isotherms of IL Langmuir films as a function of the con-
centration of [AuCly]™ ions compared to that measured over pure water subphase. We
notice that for a subphase of low concentration of [AuCly]™ (r4,c-/r, = 30) the film
evolves in a rather similar way to the one spread over pure water. However, it behaves in
a radically different way when the concentration of [AuCly]~ in the subphase is 20 times
higher (r AuCly /1L = 600). Based on these observations, it can be concluded that, firstly,
gold ions interact with IL molecules and, secondly, that the behavior of the IL film varies
according to the concentration of gold ions.

In order to understand how the concentration of gold ions guides the behavior of the
IL Langmuir film, we studied both films by BAM, AFM and GIXD. We also tried to
reduce gold ions by surface radiolysis using the IL Langmuir film as a template. We will
start by studying the IL Langmuir film spread over a subphase containing gold ions of a
concentration corresponding to r aucty y1p = 30

5.2 Subphase’s concentration : r AuCl; JIL = 30

5.2.1 Macroscopic thermodynamic study on the aqueous sub-
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Figure 5.2: (a) II-A isotherm and (b) inverse of the compressibility of [Coomim|"[NTf,|~
Langmuir film spread over a subphase containing 30 [AuCly]~ /IL.

Figure 5.2 (a) and Figure 5.2 (b) represent respectively the II-A isotherm and the
inverse of the compressibility of [Cogmim|*[NTf;|~ Langmuir film spread over a subphase
containing gold ions of a concentration corresponding to r AuCly JTL = 30. It is possible to
identify two increasing regions : region (i) and region (ii) and a plateau, other than the
one obtained at IT = 0 mN.m™!.

For molecular areas greater than A — 1.25 nm?.molecule™!, the surface pressure of
the film is IT = 0 mN.m™! and the inverse of the compressibility is Y™* ~ 0 N.m™*. This
indicates that the film is in a phase coexistence in which one of the phases is a diluted
phase. The plateau is followed by region (i) which is limited between A = 1.25
and A = 0.59 nm?.molecule™!. In this region, the surface pressure increases gradually
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from 0 mN.m™* to IT = 18.5 mN.m~!. The inverse of the compressibility increases until
X' =004Nm! (y =22m.N"1). At A = 0.59 nm?.molecule™!, the slope of the inverse
of the compressibility drops, indicating the beginning of the formation of a plateau. It
extends to (A = 0.22 nm?.molecule™; IT = 27 mN.m™!). The plateau is then followed
by region (ii) which extends to (A = 0.14 nm?®.molecule™!; IT = 34.5 mN.m™!).
The inverse of the compressibility in this region decreases to x~' = 0.02 N.m™! (y = 50
m.N71). At IT = 34.5 mN.m !, the surface pressure drops indicating film collapse.

Discussion

By comparing the II-A isotherm of IL. Langmuir films measured on a subphase con-
taining 30 [AuCly|~/IL to that measured on pure water , it can be noticed that both
have globally the same profile. However, the lift-off is reached at a molecular area ( A =
1.25 nm?.molecule™!) 6% higher than that reached by the film spread on pure water (A =
1.17 nm?.molecule™). Bai et al. [141] have studied the behavior of [Cygmim|™[Br|~ Lang-
muir film spread on subphases of different gold ions concentrations. They demonstrated
that due to the electrostatic interaction between [AuCly]~ anions and [Cigmim]|™ cations,
[AuCly|~ anions are adsorbed on the surface. This was emphasized by the observation
of the increase of the lift-off area of [Cigmim|"|Br|~ Langmuir film as the concentration
of [AuCly]~ increases. One may suggest that the 6% increase in the lift-off area of the
[Coomim]*|NTfy|~ film, when spread over a subphase containing 30 [AuCly]~ /IL, results
from the electrostatic interaction between [AuCly]~ and [Coomim|T. After the lift-off,
the film passes to region (i). In this region, the compressibility of the film spread on the
ionic subphase (y = 23 N.m™1) is slightly lower than that of the film spread on the pure
water subphase (y = 25 N.m™'). Both compressibilities indicate that the films are in
(LE) phase and formed as monolayers.

At the end of region (i), a plateau starts at (A= 0.59 nm®.molecule™; TI = 18.5
mN.m '), when the subphase is ionic and at (A= 0.56 nm?.molecule™*; IT = 17.5 mN.m™!),
when it is pure water. The plateau is formed at a higher surface pressure and 5% greater
molecular area when the subphase is ionic. This increase must be due to the interaction
between [AuCly]~ and [Coomim|™. The gold ions thus appear to stabilize the (LE) phase
of the monolayer . Across the plateau, the molecular area of the film is reduced by a factor
of 2.7, when the subphase is ionic. When it is pure water, the monolayer collapses into a
multilayer by passing across two collapse plateaux, through which the molecular surface
area is reduced by a factor of 3.2. The IL monolayer spread over the ionic subphase is
therefore assumed to as well collapse through the plateau into a multilayer. In contrast
to the film spread on pure water, collapse only occurs through one plateau.

After the plateau, both films enter region (ii) where they become more compressible
than before the plateau. In principle, the higher the surface pressure of the film, the less
compressible it is. However, if one considers that the monolayer spread on the ionic sub-
phase collapses to a multilayer through the plateau, the system becomes 3D. Therefore,
2D compressibility can no longer be an adequate description of the film state and 3D
compressibility must be considered. It is related to 2D compressibility by the relation
X3p= €Xa2p, Where e is the layer thickness.

Then, the surface pressure drops at (A = 0.14 nm®.molecule™; IT = 34.5 mN.m™!)
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when the subphase is ionic and at (A = 0.10 nm?.molecule™!; IT = 37.5 mN.m™!) when it
is pure water. The final collapse of the film is therefore achieved earlier when the gold ions
are absorbed on the surface. The adsorption of gold ions on the surface induces repulsion
forces, which could be the reason for the stabilization of the non-dense monolayer before
the plateau. At (A = 0.14 nm?.molecule™!; TI = 34.5 mN.m™1), the film is very dense.
The repulsion forces in such a case could therefore be the reason for its early degradation.

We then performed BAM measurements on the film during its compression on a
subphase containing 30 [AuCly]~/IL. We followed its evolution from IT = 16 mN.m™!,
through the transition plateau, to II = 33 mN.m™!.

El =16 mN.m* IR 1 - 18.56 mN.m"’ d N = 19.52 mN.m
A = 0.63 nm’.mol& A = 0.56 nm?.molecule™ A = 0.54 nm?.moleculk

B n-2170mNm’ = B 1 -23.60mN.mT
A = 0.45 nm?,moleculet A = 0.36 nm?.molecul

M = 26 mN.m L e : M =33 mN.m’
A = 0.27 nm%moles '

Figure 5.3: BAM images obtained on [Ceomim|"[NTfy]~ Langmuir film spread over
subphase containing containing 30 [AuCl,]~ /IL along its compression.

Before the plateau (Figure 5.3(a)), no contrast is observed and the film appears in a
homogeneous phase. When the plateau is reached at IT = 18.5 mN.m~! (Figure 5.3(b)),
we begin to observe a coexistence between circular plates domains, which are at the ori-
gin of the intense reflection, embedded with the homogeneous layer (in dark) which was
observed before the plateau. The domains are comparable to that observed when the
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film was spread over pure water suggesting that both films undergo the same transition.
As the compression proceeds, but still on the plateau (Figure 5.3(c-d-e-f)), the circular
plates increase in density. At IT = 26 mN.m™!, A =0.27 nm%.molecule™ (Figure 5.3(g)),
the film being close to the end of the plateau, we begin to observe another contrast at-
tributed to granular domains. They are at the origin of the intense reflection and appear
surrounding the circular plates. After the plateau (Figure 5.3(h)), the circular plates
surrounded by the granular domains has coalesced together and the dark domains are
no longer observed indicating the end of the film transition. The granular domains were
not observed on pure water. At IT = 33 mN.m™' and A =0.16 nm?.molecule™ (Figure
5.3(i)) we observe an increase in the intensity of the domains, which suggests that the
film becomes dense.

Basically, on the macroscopic scale, both, the film spread on pure water and the film
spread on the subphase containing 30 [AuCly|~/IL, appear to undergo a transition from
a monolayer to a multilayer across the plateau. However, in addition to circular plates
and homogeneous phase observed by BAM in both films, granular domains were observed
only when the subphase contains gold ions. Could granular domains be related to the
interaction of gold anions with IL film? Would it be possible to highlight new domains
of IL on solid substrates? We have therefore transferred the films to silicon wafers and
studied them at AFM.

5.2.2 Transfer on solid substrates before irradiation

Using the Langmuir-Blodgett procedure, we trans-
ferred the films on silicon wafers cleaned with a Pi- 35
ranha solution (thus hydrophilic). We will focus
on two transfers, one at I = 16 mN.m™! (before
the plateau) and another at II = 32 mN.m™! (af-
ter the plateau) (see Figure 5.4), characterized by
AFM.

Transfer 2
30 A

25

20

Transfer 1

15+

10
Figure 5.5 (a) and Figure 5.5 (b) are respectively 54

the topographic and the phase images obtained at 0

II = 16 mN.m~!. The surface of the wafer appears

quite homogeneous despite some defects of 50 nm

thick. The homogeneity of the surface suggests that  Figure 5.4: TI-A isotherm of the IL

Surface Pressure (mN.m™)

02 04 06 08 10 12 14
Area per Molecule (nm?.molecule™)

either the monolayer covers the entire surface or the Langmuir film spread over a
transfer of the monolayer has failed. The film at this subphase containing 30
surface pressure is in phase (LE), so it is not dense. [AuCl,]~ /IL.

This could explain a possible failure in transferring

the monolayer to a solid substrate. The defects are

5° shifted in phase with respect to the homogeneous surface. They could come from the
film or from the silicon surface. The non-observance of such defects by BAM measure-
ments is due to the limited resolution of BAM.

Figure 5.6 (a;) and Figure 5.6 (ay) are respectively the topographic image and its
zoomed image obtained at II = 32 mN.m™!. Figure 5.6 (b;) and Figure 5.6 (by) are
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Figure 5.5: (a) AFM topographic and (b) phase images measured on [Coomim|™[NTfy]~
Langmuir films spread over a subphase containing 30 [AuCly]~ /IL transferred by
Langmuir-Blodgett on Si/SiO, wafers at IT = 16 mN.m™!.

respectively the phase image and its zoomed image obtained at II = 32 mN.m~!. We
observe domains of 16 nm thick (Profile A) and 125 nm thick (Profile B) distributed
on a homogeneous surface. In the zoomed images (Figure 5.6 (ay - by)), we observe a
“hole” in the homogeneous surface, as pointed out by the white circle (Profile C) and
domains of 2.1 nm thick (Profile D). The presence of the hole makes it possible, on the
one hand, to identify this homogeneous surface as a homogeneous layer of the film and,
on the other hand, to measure its thickness of approximately 1.5 nm. The 16 nm thick
domains (Profile A) and the hole (Profile C) are respectively 32° and 36° phase shifted
with respect to the homogeneous layer (1.5 nm thick). These two domains are the most
out of phase in the system with respect to the homogeneous surface. As the hole ( profile
C) conforms to the lowest layer, we suggest to attribute it to the surface of silicon which
is a hard material. The phase resemblance between the silicon and the 16 nm thick
domains (profile A) suggests that they are also formed of a hard material. As the 16
nm thick domains are not in the same horizontal plane as the silicon surface, we suggest
to attribute them to gold. The 2.1 nm thick domains and their contours (Profile D) are
respectively -5° and 30° phase shifted with respect to the homogeneous layer. The phase
of the plane of these domains (-5°) is the lowest one in the system. Since IL molecules are
the softest materials in the system, these domains should be attributed to them. Their
thickness is in agreement with that of a monolayer of tilted [Coomim|"[NTfy]~ molecules:
the Imidazolium rings in contact with the silicon wafer and the alkyl chains oriented
towards the air. The contours, 30° phase shifted, are of the same phase and level as the
surface of the silicon. We therefore suggest that the IL layer may be separated from the
homogeneous layer. The 125 nm thick domains (profile B) are 12° phase shifted with
respect to the homogeneous layer. This phase shift is intermediate between that of gold
and IL domains. These domains (Profile B) must therefore be formed of a mixture of
gold and IL molecules. As for the homogeneous layer, there are not enough information
to estimate its nature.
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Figure 5.6: AFM topographic (aj, as) and phase (b1, by) images measured on
[Coomim]|*[NTfy]~ Langmuir films, spread over a subphase containing 30 [AuCly]|~ /IL
transferred by Langmuir-Blodgett on Si/SiO, wafers IT = 32 mN.m™!.
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Discussion

Before the plateau, the homogeneous surface is observed when we try to transfer the IL
film from the surface of the pure as well as the ionic subphase. In both cases, the surface
could correspond either to the silicon surface due to the possible failure of transfer or to
the transfer of the monolayer which covers completely the surface. suggesting that the
films may not be transferred to solid substrates. However, after the plateau, the domains
observed on silicon wafers differ depending on whether the film was transferred from
the surface of the pure water or ionic subphase. The interaction of gold ions shows to
modify the multilayer domains obtained after the plateau. A structural characterization
of the IL Langmuir film spread over a subphase containing 30 [AuCly]~ /IL, using GIXD
is therefore necessary.

5.2.3 Characterization by X-ray scattering on aqueous subphase
GIXD measurements

We performed GIXD measurements to deter-
mine a possible organization of the film in- 35
duced by the adsorption of gold ions at the sur-
face of a subphase containing 30 [AuCly]~/IL.
These measurements were carried out at SIR-
IUS beamline at SOLEIL, at an energy of 12
Kev.

30/ \Jrradiation

25
20+
15

10

Surface Pressure (mN.m™)

For surface pressures lower than that of the tran-
sition plateau, we did not succeed in observing any 02 o4 06 o8 10 12 14
diffraction peak. However, at IT = 30 mN.m™!, after Area per Molecule (nm2molecule™)
the transition plateau, we observed only one diffrac-
tion peak with the form of an in-plane Bragg rod as
showed in Figure 5.8(a). The intensity of the inte-
grated peak over Q. is plotted as a function of Q, in o
Figure 5.8(b). The peak is adjusted by a Lorentzian subphase containing 30
function and the adjustment parameters are collected [AuCly] ™ /IL.
in Table 5.1. The correlation length of this structure
is about £ = 6 nm. The peak can be indexed according to a triply degenerated peak
(11) of a hexagonal lattice. The distance between the diffracted planes is d = 0.41 nm
and is close to the typical distance between diffracted planes of alkyl chains arranged in
a network (d ~ 0.42 nm [37]). The parameter and the area of the hexagonal unit cell
composed of one molecule are calculated respectively as follows: a = 0.47 nm and A =
0.19 nm?. This lattice parameter is close to the that formed of alkyl chain (d ~ 0.48 nm).
This area is consistent with the cross section of an alkyl chain (A ~ 0.18 nm?).

Figure 5.7: TI-A isotherm of the
IL Langmuir film spread over a
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Figure 5.8: The X-ray diffraction (a) map, (b) intensity integrated over Q, in the
horizontal plane of Coomim|*[NTfy]~ Langmuir film over a subphase containing gold
ions of a concentration corresponding to r4,cy-/;, = 30, at I = 30 mN.m ™.

Quy (nm™) FWHM correlation length ¢ Peak area (a.u.)
AQgy(nm™1) (nm)
15.17 0.32 6 2573

Table 5.1: Adjustment parameters of the diffraction peak obtained at Q,, = 15.17 nm™*
integrated over Q, of [Coomim|T[NTfy]”~ Langmuir film spread over a subphase
containing gold ions of a concentration corresponding to r, ¢ ,;, = 30, at II = 30

mN.m~ .

Figure 5.9 represents the profile of the rodscan at Q,, = 15,17 nm™'. At the critical
angle, a sharp and intense peak, called Vineyard peak [142, 41], is observed. This peak
results from the reflection of the waves at the interface at angles smaller than the angle
of incidence of the total reflection. It is not related to the vertical organization of the
structure so we will not analyze it. The rodscan exhibits a second peak other than the
Vineyard peak whose intensity can be adjusted by a square sine cardinal function. The
adjustment parameters are collected in Table 5.2. The maximum of this profile is at ), ~
0 nm~! so the organized structure is perpendicular to the surface of the subphase. From
the FWHM of this peak, the thickness of the structure can be estimated to be z = 2.6
nm. This thickness corresponds to the length of an elongated alkyl chain composed of
20 atoms (2.7 nm). One thus can conclude that this diffraction peak is associated to the
organization of the chains of IL molecules in a hexagonal lattice, perpendicular to the
surface of the subphase.
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Figure 5.9: The profile of the rodscan at Q,, = 15,17 nm™" of [Coomim|"[NTf;|~
Langmuir film spread over a subphase containing gold ions of concentration
corresponding to r ¢, = 30

Qzy (nm™1) Q. (nm™1) FWHM height z (nm) Peak area
AQ,(nm™1) (a.u.)
15.17 0 2.45 2.6 958

Table 5.2: Adjustment parameters of the rodscan profile at Q,, = 15.17 nm™" of
[Coomim|T[NTf,|~ Langmuir film spread over a subphase containing gold ions of a
concentration corresponding to r AuCly JIL = 30.

Discussion

GIXD measurements showed that the IL molecules are arranged in a hexagonal lat-
tice, perpendicular to the surface of the subphase containing 30 [AuCly]~/IL , at II =
30 mN.m™! (after the plateau). However, the diffraction spectrum obtained on the IL
Langmuir film spread over pure water exhibits 9 diffraction peaks, after the plateau. Ac-
cording to Tassler et al. [11], the film is organized in a coexistence of a 3D structure and a
rectangular network formed of interdigitated alkyl chains. The diffraction peak centered
around Qg = 15.17 nm™', is common between the diffraction spectra obtained on the
IL Langmuir film spread on pure water and the one spread on a subphase containing 30
[AuCly]~ /IL. The interaction of gold anions with the IL thus appears to prevent the 3D
structure and stabilize the 2D network. According to the peak centered at Q,, = 15.17,
the correlation length of the structure is £ = 7 nm on the pure water and £ = 6 nm on
the ionic subphase. They are considerably short compared to those of conventional films.
The order range of the IL structure is therefore short but the same regardless of the type
of subphase.

The IL Langmuir films spread over pure water and over a subphase of a concentration
corresponding to 30 [AuCly]~/IL behave globally in a similar way. Both undergo a tran-
sition from a monolayer to a multilayer across the plateau. However, the adsorption of
gold ions shows to prevent the 3D structure of IL Langmuir film and stabilizes the 2D one.
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Muller et al.[10] have demonstrated that surface X-ray radiolysis of a condensed Lang-
muir film spread over an aqueous metal ions subphase results in the formation of metal
crystalline structures oriented by the organic monolayer. Bai et al. [141] have also
demonstrated that IL Langmuir monolayers can be used as shape-control template to
gold crystal structures formed through interfacial reduction of [AuCly]~ by formaldehyde
gas. We therefore irradiate our film by X-rays in a grazing incidence geometry to attempt
to reduce the anions and form crystalline shapes controlled by the IL monolayer.

5.2.4 Surface X-ray radiolysis

We performed a surface X-ray radiolysis on the IL Langmuir film spread over a subphase
containing 30 [AuCly|~/IL. After compressing the film to II = 32 mN.m ! (see Figure
5.7), to a condensed and organized phase, we irradiated it for 2.5 hours (150 min) at
a grazing incidence geometry. We probed the planar structure of the surface by GIXD
during the irradiation time. Measurements were performed at the SIRIUS beamline at
SOLEIL under an energy of 12 Kev.

As expected, at the beginning of the irradiation, only the diffraction peak attributed
to the organization of the IL monolayer (centered at Q,, = 15.17 nm™!) is observed
(Figure 5.8). After only 20 minutes of irradiation, we begin to observe the appearance of
two diffraction rings. After 150 min of irradiation, the intensity of one of the diffraction
rings becomes considerable, as shown in Figure 5.10(a). The intensities of both rings
were integrated azimuthally (at constant Q) and represented in Figure 5.10(b).
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Figure 5.10: The X-ray diffraction map (a) and (b) the azimuthally integrated
intensities of the two diffraction rings after 150 minutes of irradiation.

The diffraction by a powder composed of disoriented crystals is evidenced by the
formation of a ring-shaped diffraction peak on the detector. According to the literature,
the intense peak centered at Q = 26.58 nm™! corresponds to the (111) diffraction peak
of gold and the less intense peak centered at Q = 30.7 nm~! corresponds to the (200)
diffraction peak of gold [115]. These two diffraction rings are thus associated with the
formation of disoriented gold nanostructures NPs. The evolution of the signals from
the organic structure and the inorganic structure during the 150 min of irradiation is
respectively shown in Figure 5.11 (a) and Figure 5.11 (b). We adjusted the integrated
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intensities relative to gold and those relative to IL structures by Lorentzian functions.
After 150 min of irradiation, the signal from the organization of the organic layer decreases
by 1.8 times (from 2573 a.u. to 1424 a.u.) while that from the growth of NPs increases
to 180300 a.u.. It appears that the growth of the inorganic structures disorganizes the
organic layer or simply reduces the irradiated zone specific to the organic structure, by

occupying the surface.
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Figure 5.11: The GIXD signals as a function of the time irradiation coming from (a) the
organic structure and (b) the inorganic structure.

The increase in signal intensity associated with the growth of gold NPs is mainly due
to the increase in their number but also in their size . We adjusted the intensities of
the peaks centered at QQ = 26.58 nm~! by Lorentzian functions and estimated the size
of the formed gold NPs from the FHMW AQ as d = z—g. Table 5.3 shows the evolution
of the estimated diameter and size of gold NPs, estimated to be spherical, as a function
of irradiation time. Since the intensity of the diffracted signal is proportional to the
irradiated volume, we will estimate in Table 5.3 the growth rate of gold NPs volume. It

. . Vig1—Vi)
is calculated between two consecutive measures as follows : (( t’:i_ T and the evolution of
T T

the integrated intensity of the peak centered at Q = 26.58 nm~!

Time (min) FHMW size (nm) volume Growth rate | Peak area

(nm™1) (nm?) (nm?®.min™") (a.u.)
0 - 0 0 0 0
20 0.56 11 700 35 56500
45 0.49 13 1200 20 154000
100 0.38 16 2100 16 183000
120 0.40 16 2100 - 201000
150 0.38 17 2600 10 180300

Table 5.3: The evolution of the estimated size of gold disoriented nanoparticles and the
intensity of the peak centered at Q = 26.58 nm™! as a function of irradiation time.

Between t = 0 min and t = 20 min, the volume of gold NPs increases from 0 to 700 nm?
and the growth rate of the structure is 35 nm®.min!. As the irradiation time increases,
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the growth rate gradually decreases to 10 nm?3.min~! and the NP size stabilizes around 16
nm (~ 2000 nm?) after 150 min. It appears that the growth rate of gold NPs is reduced
as a function of irradiation time or that the experiment has reached its resolution. In
order to better describe the evolution of the number and size of the gold structures: the
evolution of the integrated intensity (I) of the peak at Q = 26.58 nm™! and the evolution
of the volume (V) of the NPs were plotted as a function of the irradiation time, as shown
in Figure 5.12.
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Figure 5.12: The evolution of the area of the integrated intensity of the peak centered
at Q = 26.58 nm~! (in blue navy) and that of the size growth of gold NPs (in purple) as
a function of irradiation time.

We fitted each curve by exponential functions as follows :

—t
I = 200000 — 205400 exp <§>

—t

V = 3164 — 3120 exp (97>

According to the adjustment, it can be noticed that it takes 57= 5%97 = 485 min

of irradiation for the diffraction peak area attributed to gold NPs formation to reach its

maximum intensity at 200000 a.u.. It takes 57= 5*97 = 485 min for NPs to reach their

maximum volume ~ 3200 nm? (d ~ 18 nm). It appears that as the duration of irradiation

increases, the evolution of the number and size of NPs formed is hindered. This could be

due to constraints imposed by organic molecules on the surface, which may have had an

impact on the growth mechanism of NPs. Or it could be due to the limited number of

gold ions initially dissolved in the subphase. Or it could be due to the limited resolution
of the experiment.

In order to understand the reason that hinder the growth of gold structures, we will
first calculate the number of gold atoms N, that exist, supposedly that all the ions
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were reduced. We will assume that the nanoparticles are of spherical shapes. From the
calculated Ngtom, we will estimate the maximum number of spherical gold NPs of di-
ameter ~ 16 nm, possible to be obtained. Then we will compare it with the maximum
number of gold NPs of diameter ~ 16 nm, that could occupy the surface of the trough
(Atrough ~ 200 cm?; at the time of the measurement).

The volume of the subphase of the trough at SIRIUS beamline at SOLEIL is Vpphase
— 450 mL. The concentration of gold ions in the subphase is C = 0.12x10™* mol.L ™.
N4, the Avogadro number ~ 6.022x 10%%. Supposedly that all the ions were reduced to
atoms, the number of gold atoms N, would correspond to :

Natom = C X Viupphase X Na = 3252 x 10" atoms (5.1)

The molecular weight of a gold atom is M = 197 g.mol~! and its weight density being
p = 19 g.cm®. The volume of a gold atom V., is thus calculated as follows :

Vitom = =0.017 nm?® (5.2)

p X Na

The volume of a gold NP (Vyp) of 16 nm corresponds to that of a sphere of 16 nm

diameter. It is therefore worth Vyp = 2144 nm?. This volume could be roughly formed

by 13 x10* gold atoms of Vgom = 0.017 nm?. As Nyom = 3252x10%°, the maximum
number of gold NPs that could be formed is approximately Nyp, = 2x10%3.

The surface occupied by a NP of 16 nm diameter corresponds approximately to Sy ps
— 200x107* cm?. Given that the available trough area is Aprougn = 200 cmg, the maxi-
mum number of NPs that could occupy the surface is roughly Nyps = 10,

The maximum number of gold NPs that can be formed Nyp, = 2x10' when it can
occupy the available area of the trough Nyp, = 10'*. We can thus notice that the number
of NPs formed is 5 times lower than that which could occupy the surface of the trough.
It is therefore quite plausible to consider that after 150 min of irradiation, the system
has almost reached its limit of gold NPs formation in size and number due to the limited
number of gold ions initially dissolved.

140



5.2.5 Transfer on solid substrates after irradiation

At the end of the radiolysis, we observed the for-
mation of a gold filament on the same path as that
followed by the incident wave as shown in Figure
5.13. We transferred by Inverse Langmuir-Schaefer
the film and then performed AFM on and near the
filament.

Figure 5.14 corresponds to the AFM topo-
graphic image obtained by probing the gold fila-
ment. We observe domains consisting of an agglom-  figure 5.13: Photograph of the
eration of NPs of 10 to 55 nm vertical size. As we irradiated surface of
probe the region of the path of the incident wave, |Copmim|*[NT£|~ Langmuir film
the number of gold structures must be very signifi- deposited on a subphase containing
cant, which explains the agglomeration of the NPs. 30 [AuCly]~/IL for 8 hours.
However, since the AFM tip is not infinitely sharp,
the measured lateral size of the NPs is convoluted by the tip.

x (um)

Figure 5.14: AFM topographic image measured on the gold filament transferred by
Inverse Langmuir-Schaefer onto Si/SiOy substrate after 8 hours of irradiation.

Figure 5.15 correspond to AFM topographic and phase images obtained by probing
the region close to the gold filament. A quasi-monodispersion of spherical domains is
observed with a lateral size between 50 nm and 65 nm and a vertical size between 7 nm
and 17 nm. The vertical size of the NPs s in agreement with the one obtained from
GIXD measurements. However, their lateral size is convoluted by the AFM tip which
is not perfectly sharp. The NPs appear to be dispersed over an almost homogeneous
surface on which there is a small spot 0.9 nm thick. The homogeneous surface and this
spot are shifted in phase by only 2.3°, which is too small to be considered relative to
different nature domains. It is possible that the significant difference in their thicknesses
is at the origin of this phase shift. They may be attributed to the organic layer. On the
other hand, the spherical domains are 10° phase shifted with respect to the homogeneous
layer, which suggests that they are of different natures.
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Figure 5.15: AFM topographic and phase images measured on the region close to the
gold filament transferred by Inverse Langmuir-Schaefer onto Si/SiO, substrate after 8
hours of irradiation.

We succeeded in forming gold spherical nanoparticles of a size of 16 nm by surface
X-ray radiolysis, using the IL Langmuir film as a template. After 2.5 h of irradiation,
the growth in size and number of the gold NPs saturated due to the limited number of
dissolved gold ions. The intensity of the signal coming from the organization of the IL
film decreases as the inorganic structures grow.

5.3 Subphase’s concentration : r AuCly JIL = 600

Based on the literature, Dupres et al. [119] have demonstrated that organic and inorganic
superstructures, in some cases, can form when the concentration of inorganic ions in the
subphase exceeds a threshold concentration. It is therefore tempting to increase the
concentration of gold ions in the subphase. We repeated the same study, but multiplying
by 20 the number of [AuCly]~ ions per molecule [Coomim|T[NTfy]~. The concentration
of the subphases thus corresponds to r AuClT JIL = 600.
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5.3.1 Macroscopic thermodynamic study on the aqueous sub-

phase
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Figure 5.16: (a) II-A isotherm and (b) inverse of the compressibility of
[Coomim]|t|NTfy|~ Langmuir film spread over a subphase containing 600 [AuCl,]~ /IL.

Figure 5.16 (a) and Figure 5.16 (b) show respectively the II-A isotherm and the in-
verse of the compressibility of [Coomim|*|[NTfy]~ spread over a subphase containing 600
[AuCly|~/IL. Two increasing regions can be identified: region (i) and region (ii) and a
plateau, other the one obtained at IT = 0 mN.m™".

For molecular areas greater than A = 0.78 nm?.molecule™!, the surface pressure of
the film is IT = 0 mN.m™! and the inverse of the compressibility is Y~* ~ 0 N.m™*. This
indicates that the film is in a phase coexistence in which one of the phases is a diluted
phase. The plateau is followed by region (i) which is limited between A =
0.78 nm?.molecule ! and A = 0.40 nm?.molecule!. In this region, the surface
pressure increases gradually from IT = 0 mN.m™! to II = 26 mN.m~!. The inverse of
the compressibility increases until y ™' = 0.062 N.m™! (y = 16 N.m™'). At A = 0.40
nm?2.molecule™!, the slope of the inverse of the compressibility drops indicating the be-
ginning of the formation of a plateau. It extends to (A = 0.19 nm?.molecule™! ; IT = 30
mN.m™!). The plateau is then followed by region (ii) which is limited between
A = 0.19 nm?.molecule™! and A = 0.14 nm?.molecule™!. The surface pressure
increases to I = 42.5 mN.m~! and then drops, indicating film collapse. The film in this

region becomes less compressible (y = 12 m.N~1).

Discussion

By comparing the II-A isotherm of IL Langmuir films measured on a subphase contain-
ing 600 [AuCly]~/IL to that measured on pure water, it can be noticed that the film
behave drastically in a different way. The lift-off (A = 0.78 nm?.molecule™) is reached
at a molecular area 33% less than when the film was spread on pure water ( A = 1.17
nm?.molecule™). After the lift-off, the film is in region (i) and is of a compressibility of
X = 16 mN.m. This compressibility is at the limit of that of a (LE) phase and a (LC)
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phase and is considered to be formed as a monolayer.

The presence of a large number of [AuCly]~ on the surface might have led to competi-
tion with [NTfy]~ to be in the electrostatic interaction with [Coomim]|™. [AuCly]~ anions
might therefore have replaced [NTfs]|™ in the IL Langmuir film. The area occupied by an
Imidazolium ring is assumed to be the same regardless the nature of the subphase. In this
context, it is necessary to compare the cross section area of [AuCly]~ with that of [NTf,] ™.
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Figure 5.17: Illustration of the square planar geometry of [AuCly|~.
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[AuCly]~ is a complex of a plane square geometry [143| as illustrated in Figure 5.17.
It is characterized by having the gold ion in the center, bounded to 4 chloride ions with
a binding angle of 90°. The average Au-Cl bond length is da,_¢; ~ 0.23 nm [143] and
the average distance between two chloride is “x”. On water surface, the complex is free
to adopt a horizontal or vertical configuration. If it chose the horizontal one, its cross
section area would correspond to A 4,_c; = z2. However, if it chose the vertical one, its
cross section area would correspond to A 4,_c; = X dg; where “dg;” is the diameter of a
chloride ion. The radius of a chloride ion is r¢; = 0.184 nm [144]. The distance between
two chlorides is therefore estimated as follows :

T = \/d,24u—01 +d%_c

One obtains x ~ 0.33 nm. The cross section area of [AuCly]™ is estimated to be A, o1 =
0.10 nm?, when it is horizontal and A 4,_c; = 0.12 nm?2, when it is vertical. According to
the macroscopic characterization of the IL at the air-water interface, [NTfy|~ is supposed
to be in a horizontal configuration at the lift-off. Its cross section area, in this case, is
estimated to be Ajyrp,)- = 0.28 nm?. The cross section area of [AuCly]~ is therefore 64%
or 57% less than that of [NTfy]~. However, the lift-off area of the film spread over the
subphase containing 600 [AuCly]~/IL is 33 % less than that of the film spread over pure
water. The area occupied by two [AuCly]~, in a horizontal configuration, corresponds to
0.20 nm? which is 29% less of the cross section of [NTfy]~. One can therefore suggest
that, at the surface of the subphase, [NTfs]~ may have got replaced by 2 complexes of
[AuCly]~. According to the literature [145, 146], IL molecules are characterized by their
ability to extract gold. The extraction mechanism occurs through the exchange of anions
between an I anion and a gold anion complex. The exchange results in a product formed
by the IL cation and the anionic gold complex and another product formed by the IL
anion and the counter anion of the gold complex. This mechanism could therefore ex-
plain the replacement of one [NTfy|~ by one [AuCly]~ at the surface. However, it appears
that on the surface, there are 2 [AuCly]~ for one [Coomim|*. The presence of the second
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[AuCly]~ could be indispensable to the reach thermodynamic equilibrium between the
charged subphase and the charged surface.

At (A = 0.40 nm?.molecule™; TT = 26 mN.m™!), a plateau starts. The cross section
area of an Imidazolium ring vertical to the surface is 0.3 nm? and that of [AuCly]~ ver-
tical to the surface is 0.1 nm?2. The molecular area at the beginning of the plateau (A =
0.40 nm?.molecule™) thus corresponds to one [Coomim|* and one [AuCly]~. During film
compression one of the two [AuCly|~ must therefore have passed to the subphase. The
plateau ends at (A = 0.19 nm?.molecule™® ; IT = 30 mN.m™'). The molecular area of
the film is therefore reduced by a factor of 2 across the plateau. One might suggest that
Langmuir film undergoes a transition to a multilayer through the plateau.

After the plateau, the film is in region (ii). It has a compressibility of x = 12 m.N~!,
which corresponds to a film (LC). The film in region (ii) is assumed to be formed as a
multilayer film. It degrades at II = 42.5 mN.m~!, when the surface pressure decreases.

We then performed BAM measurements on the film during its compression. before
the plateau, at II = 20 mN.m~! (Figure 5.18(a)) a homogeneous surface is observed.
This observation is consistent with the II-A isotherm which suggested that the film is
in a (LE) single phase. When compressed to a surface pressure on the plateau, to I =
28.23 mN.m ™!, (Figure 5.18(b)), a coexistence of light gray domains with dark domains
is observed, indicating a phase transition region. The observed domains are completely
different from those observed during the phase transition of the IL film spread over pure
water or over a subphase containing 30 [AuCly]~/IL. The phase transition that the film
undergoes may have been altered by replacing [NTf;|~ by [AuCly|~. After this plateau,
at IT = 40 mN.m~! (Figure 5.18(c)), the film appears in a homogeneous phase, brighter
than before the plateau. This indicates the transition of the film to a denser phase.

Eln =20 mmN.m 1 M =28.23 mN.m"! M=41 mN.m’
A =0.47 nmZ.molecule™’ A=0.26 r1rr'nz._njl-:)hc',lr:uIe"1 A =0.14 nm?.molecule™

Figure 5.18: BAM images obtained along the compression of [Coomim|T[NTf,|~
Langmuir film spread over a subphase containing gold ions of a concentration
corresponding to r ¢/, = 600

BAM measurements are consistent with those of the II-A isotherm. The film un-
dergoes a phase transition from a phase to a denser one across the transition plateau.
The domains obtained on 600 [AuCly]~ /IL subphase are different from those obtained on
pure water and on 30 [AuCly]~/IL subphase. Are these domains relative to a different
organization of the film?
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5.3.2

Using the Langmuir-Blodgett procedure, we trans-

ferred the films on silicon wafers cleaned with
a Piranha solution. We will focus on two
transfers, one at II = 25 mN.m™ ! (before the
plateau) and another at II = 33 mN.m™ ! (af-
ter the plateau) (see Figure 5.22), characterized by
AFM.

Figure 5.20 (a) and Figure 5.20 (b) are respectively

the AFM topographic and phase images of the film
transferred at IT = 25 mN.m~'. We observe a homo-
geneous surface covered with columnar domains. The
domains consist of a stack of four layers: three thin
layers (3.9 nm, 4.2 nm, 4 nm thick (Profile 1)) and one
thick layer (60 nm thick (Profile 2)). The total thick-
ness of the columnar domains corresponds to ~ 72 nm.

Transfer on solid substrates before irradiation
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Figure 5.19: II-A isotherm of
the IL Langmuir film spread

over a subphase containing 600
[AuCly]~/IL.
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Figure 5.20: AFM topographic (a) and phase (b) image measured on [Coomim]|*[NTfs]~
Langmuir films spread over a subphase containing 600 [AuCly]~ /IL, transferred by
Langmuir-Blodgett on Si/SiO, wafers at IT = 25 mN.m™!.
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The thickness of each thin layer of Profile 1 is slightly higher than that of IL molecules
(3.2 nm thick). They are of the same phase. Thin layers may therefore be formed of a
mixture of gold and IL. They are 1.6° phase shifted with respect to the homogeneous
surface, suggesting that it could just as well be formed from a mixture of gold and IL.
The thick layer (Profile 2) is 8.6° phase shifted with respect to the homogeneous layer.
It may correspond to gold domains.

Figure 5.21 (a) and Figure 5.21 (b) are respectively the AFM topographic and phase
images of the the film transferred at IT = 33 mN.m~!. We observe a homogeneous surface
covered with columnar domains. The domains observed before the plateau seem to have
merged into larger domains and cover almost the entire surface. Each thin layer becomes
8 nm thick while the thick layers become 36 nm thick. The thickness of the thin layers
has almost doubled as the film passes through the transition plateau. On the other
hand, the inorganic thick layers lost almost half of their thickness. The total thickness
of the columnar domains corresponds to 80 nm. It has therefore increased by only 8 nm
compared to the thickness before the plateau.
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Figure 5.21: AFM topographic (a) and phase (b) image measured on [Coomim|*|NTfy|~
Langmuir films spread over a subphase containing 600 [AuCly]~ /IL, transferred by
Langmuir-Blodgett on Si/SiO, wafers at IT = 33 mN.m™!.
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Discussion

According to the AFM images, the deposited film, before the plateau, is formed of colum-
nar domains of 72 nm thick. They correspond to a stack of inorganic and organic layers.
The film, on solid substrates, appears to have collapsed before the plateau, which is in
discrepancy with the macroscopic study on the aqueous ionic subphase. [AuCly]~ within
a few angstroms of the subphase surface must be homogeneously dispersed due to their
solvation in water. The film on the ionic aqueous subphase, before the plateau, can be
formed as a monolayer. When interacting with a solid substrate, gold ions tend to form
aggregates. This phenomenon can induce the collapse of the IL film in multilayers do-
mains, as observed by AFM. Then the film undergoes a transition through the plateau
where the columnar domains gain 8 nm in thickness. It thus collapses further across this
plateau. AFM and the macroscopic study are in agreement that the plateau is a collapse
plateau. According to macroscopic measurements, 2 complexes of [AuCly]~ appear to
have replaced [NTfs]~ on the water surface. On the basis of these measurements alone, it
is not possible to provide further information on the position of [NTfy|~. The configura-
tion of the film appears to depend on the nature of the substrate, whether aqueous or solid.

The behavior of the IL film vary radically when the concentration of the subphase is
20 times higher in gold ions. Will it be possible to detect changes in the organization of
the film by GIXD performed on the ionic aqueous subphase? Is the structure modification
of the film at the macroscopic scale a characteristic of a superstructure?

5.3.3 Characterization by X-ray scattering on aqueous subphase

In order to reveal a possible new structure of the IL film, we performed a GIXD on the IL
film spread on a subphase containing 600 [AuCly]~ /IL. We then proceeded to irradiate it
for several hours in an attempt to reduce the gold ions and to form crystalline structures
by surface X-ray radiolysis. We followed by GIXD the evolution of the diffraction signal
and by XRF the evolution of the fluorescence signals of gold and chloride on the surface.

GIXD measurements

The concentration of the subphase in gold ions corre-
sponds tor,, ;- = 600. The measurements were car- a5
ried out at SIRIUS beamline at SOLEIL, at an energy 401
of 8 Kev.

GIXD / Radiolysis
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We performed GIXD on the film obtained at II = 20
mN.m~! (before the plateau) (see Figure 5.22). Figure
5.23 (a) and Figure 5.23 (b) represent respectively the
X-ray diffraction map and the intensity of the diffraction
signals integrated over Q,.10 diffraction peaks, after 30  Figure 5.22: TI-A isotherm of
min of irradiation, were observed. The peaks are fitted  the IL Langmuir film spread
by Lorentzian functions and the adjustment parameters  over a subphase containing
are collected in Table 5.4. The rodscans of the peaks 600 [AuCly]~/IL.
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are represented in Figure 5.24 and Figure 5.25.
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Figure 5.23: The X-ray diffraction (a) map and (b) intensities integrated over Q, of the
IL Langmuir film over a subphase containing 600 [AuCly]~/ IL, at IT = 20 mN.m ™.
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Qzy (nm™1) AQg,(nm™1) Peak area (a.u.) Correlation length
§ (nm)
6.42 0.077 720 26
8.49 0.17 1977 12
10.15 0.19 2959 11
10.95 0.09 1274 22
12.55 0.20 2099 10
12.84 0.11 1390 18
14.96 0.12 260 17
15.11 0.17 1092 12
15.74 0.16 2785 13
16.07 0.11 530 18

Table 5.4: Adjustment parameters of the diffraction peaks integrated over Q. of the IL
Langmuir film spread over a subphase containing 600 [AuCly]~/ IL, at IT = 20 mN.m™'.
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Figure 5.24: "Profile A" of the rodscans of the peaks relative to the organic structure
obtained at IT = 20 mN.m™ .

Depending on the intensity of the oscillations observed in the rodscans, two types of
rodscan profiles can be identified. The first one, which we will call “Profile A”, exhibits
one strong primary maximum (oscillation) and weak secondary maxima (Figure 5.24).
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Figure 5.25: "Profile B" of the rodscans of the diffraction peaks relative to the
organization of the inorganic structure coexisting with the IL Langmuir film at IT = 20
mN.m~ .

This profile of rodscans can be adjusted by a square sine cardinal function. The rodscan
of the peak centered at Q,, = 15.11 nm™', the one relative to the organization of the
alkyl chains of the IL, is of this profile. We therefore suggest to attribute the rodscans
of “Profile A” to the organization of the organic layer of IL film. However, according to
Tassler et al. [11], Langmuir IL film spread over pure water is not organized before the
collapse plateau. Therefore, this organic structure can be purely formed of alkyl chains
and Imidazolium rings, organized due to the presence of surface charges. It may also
include anions of gold complexes within it. The adjustment parameters of these rodscans
of “Profile A” are gathered in Table 5.5. The peak centered at Q,, = 6.42 nm™' is the
only one whose rodscan profile is entirely in the range of the resolution of the experiment.
It therefore provides the most accurate thickness of the structure which is estimated to be
equal to z = 2.53 nm. Its maximum of the intensity is centered at Q, = 2.43 nm~!, which
indicates that it is out-of-plane. The diffraction plane are therefore 20° tilted (t) with
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respect to the vertical to the interface. The length of the alkyl chains in this structure

is calculated as follows : d = % = 2.7 nm, which is in agreement with the length
cos

of elongated alkyl chains composed of 20 carbons. The peak centered at Q,, — 12.84

nm~! is an harmonic peak of that centered at Q,, = 6.42 nm™~'. It is possible to index

this structure according to a 2D oblique lattice as follows : ngﬂ = 6.42 nm~ ! ngz} =
12.84 nm~; Q%7 = 14.96 nm~! and Q)Y = 15.11 nm~!. The parameters of this lattice
correspond to : a; = 1. 6 nm; by = 1.32 nm; v = (al,bl) — 140° and its area is A; =
ayby sin (140) = 1.35 nm?. At 1T = 20 mN m~!, the molecular area, as measured by the
I1-A isotherm is approxnnately 0.48 nm? (see Flgure 5.22). The obtained lattice therefore
contains about 3 IL molecules.

Quy (nm™) Q. (nm™?) AQ, Peak area  Thickness tilt(°)
(nm™1) (a.u.) (nm)
6.42 2.48 2.66 112 2.53 21
12.84 4.97 5.89 585 1.06 21
14.96 0.44 4.43 149 1.41 0
15.11 0.44 3.58 201 1.75 0

Table 5.5: Adjustment parameters of "Profile A" of the rodscans of the diffraction
peaks relative to the organization of the IL Langmuir film layer, at IT = 20 mN.m™*

The second rodscan profile lacks the strong primary maximum and the oscillations
appear of almost same intensities (Figure 5.25). This profile, which we will call “Profile B,
cannot be adjusted by a square sine cardinal function. Their profile consists of periodic
oscillations that can be adjusted by Gaussian functions. The adjustment parameters of
the rodscans of “Profile B” are gathered in Table 5.6. Q,,, Q. and AQ, are expressed
in (nm~!) and I in (a.u.). These peaks are assigned to an inorganic structure coexisting
with the organic structure. They can be indexed in a hexagonal lattice as follows : ngﬂ
= 849 nm~!; Q%Y = 10.15 nm~!; QBY = 10.95 nm~'; QU = 12,55 nm~1; Q5 =
15.74 nm~!'. The peak centered at Q,, = 16.07 nm™' is of low intensity and is not well
defined like the others. We will exclude its contribution to the inorganic structure. The
parameters of the corresponding cell are : y=(d3,bs) = 120°; ay — by = 2II/(alsin(120))
= 2.34 nm and its area is Ay = a3 sin (120) = 4.74 nm?. One notices that a; = %al, where
a; is one of the parameters of the organic structure obtained at IT = 20 mN.m~!. Then,
we multiply by 2 the indexation alon;f); the direction of a3 of the inorganic structure. The
peaks become indexed as follows : ff] = 8. 49 nm~; éy] 10.15 nm~!; Lfyz] = 10.95
nm~!; [8 0 — 12.55 nm~!; %) % — 15.74 nm~'. The parameter of the inorganic network
in the d1rect10n of ay is thus 3x the one in the direction of a; of the organic network.
This result indicates that the two structures are commensurate in the direction of one
axis and form a superlattice.

From the distance peak-to-peak and the FHMW of the oscillations, we have estimated
the thickness and periodicity of the inorganic structure and have represented them in

Table 5.7.

From the periodicity of the inorganic structures, it is estimated that they are formed
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| Quy | Qa | Qo | Qs [ AQa | AQe [AQs | I | L | Iz |

8.50 0.9 3 5.04 1.08 0.90 0.88 50 52 50
10.17 0.63 2.73 4.89 1.29 0.90 1.13 40 30 50
10.95 0.9 2.81 - 0.9 1.22 - 385 232 -
12.55 3.30 6.12 - 1.13 1.33 - 108 180 -
15.74 0 4.05 - 1.52 2.21 - 163 272 -
16.07 0.7 2.99 5.52 1.34 0.96 1.54 25 25 25

Table 5.6: Adjustment parameters of "Profile B" of the rodscans of the diffraction
peaks relatives to the organization of the inorganic structure in a coexistence with the
IL Langmuir film at IT = 20 mN.m™'.

Qazy | Average AQ, Average Average Average Number of
(nm™1) peak-to-peak | thickness of Oscillation layers in the
distance the structure period structure
d(nm™1) z(nm)* T(nm)** I\l
8.50 0.95 2.07 6.61 3.03 2
10.17 1.10 2.13 5.71 2.94 2
10.95 1.06 1.91 5.92 3.28 2
12.55 1.23 2.82 5.10 2.30 2
15.74 1.86 4.05 3.37 1.55 2
16.07 1.28 2.41 4.91 2.61 2

Table 5.7: Parameters of the inorganic structure formed in a coexistence with of the

organic Langmuir film, at IT = 20 mN.m™! (*z = %; T = ZL kN = 2)

of two layers, each about 2 to 3 nm. This structure is therefore 3D. Its thickness is too
great to be purely composed of gold complexes (0.3 nm thick). The thickness of an anion
[NTfy]~ is ~ 0.9 nm. According to the macroscopic study, at this surface pressure, it is
assumed that [NTfy|~ has been replaced by two [AuCly]~ at the surface. [NTfy|~ is then
favorable to interact with the gold counter-ion complex, which is in our case [H|*, and for
both to form a compound [145]. From this point of view, it is convenient to suggest that
[H|T[NTf5]~ could have formed an organized network with [AuCly]~ in the 3D structure.

Surface X-ray radiolysis

We then attempt to form crystalline gold nanostructures by surface X-ray radiolysis di-
rected by the IL Langmuir film during ~ 8 hour. As a function of irradiation time, the
intensity from the diffraction peaks progressively decreases. After 2.5 hours, all the peaks
disappear suggesting the degradation of the superstructure. We maintained the irradia-
tion for more 5.5 hours. However, we did not succeed in observing any diffraction peak
relative to the formation gold NPs. We did not either observe the gold filament. These
results suggest that gold ions could not be reduced. It appears that the organization of
gold complexes in networks have prevented their reduction.

We then performed another GIXD on the film at IT = 35 mN.m ™! (after the plateau).Figure

5.26 (a) and Figure 5.26 (b) represent respectively the X-ray diffraction map and the in-
tensity of the diffraction signals integrated over Q., obtained at II = 35 mN.m~!. 7
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diffraction peaks were immediately observed. The peaks are fitted by Lorentzian func-
tions and the adjustment parameters are collected in Table 5.8.
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Figure 5.26: The X-ray diffraction (a) map and (b) intensities integrated over Q, in the
horizontal plane of the [Cyomim|"[NTf,;]~ Langmuir film spread over a subphase
containing 600 [AuCly]~/ IL, at IT = 35 mN.m™ !,

According to Tassler et al. [11], GIXD spectrum of [Coomim|T[NTfy]~ Langmuir film
spread over pure water exhibits 9 diffraction peaks. Only the peak centered at Q,, —
15.11 nm~! is common between the structure obtained on pure water and on the ionic
subphase. This peak is relative to the organization of alkyl chains. The correlation
length of the structure detected from this peak is 7 nm on water surface and 6 nm on the
ionic subphase. The order of the organization of the alkyl chains is therefore the same
regardless of the nature of the subphase. The observed 7 diffraction peaks were evidenced
as well before the plateau. The rodscans of the peaks are represented in Figure 5.27 and
Figure 5.28.
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Quy (nm™t) FWHM Peak area correlation
AQuy(nm™1) (a.u.) length & (nm)
6.41 0.064 1004 31
8.50 0.14 1891 14
10.17 0.19 4128 10
12.45 0.23 2099 9
12.91 0.25 1888 8
15.11 0.31 1775 6
15.70 0.28 2498 7

Table 5.8: Adjustment parameters of the diffraction peaks integrated over Q. of the IL
Langmuir film spread over a subphase containing 600 [AuCly]~/ IL, at IT = 35 mN.m™'.
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Figure 5.27: "Profile A" of the rodscans of the diffraction peaks relative to the
organization of the IL Langmuir film at IT = 35 mN.m™!.
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Figure 5.28: "Profile B" of the rodscans of the diffraction peaks relative to the
organization of the inorganic structure coexisting with the IL Langmuir film at II = 35
mN.m~ .
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Here again, it is possible to identify two profiles, “Profile A” (Figure 5.27) and “Profile
B” (Figure 5.28) from the rodscan study as it was the case before the plateau. The rod-
scan of the peak, centered at Q,, = 15.11 nm™"', which is attributed to the organization
of alkyl chains is of “Profile A”. We therefore suggest to attribute the rodscans of “Profile
A” (Figure 5.27) to the organization of the organic layer of IL film. These peaks are ad-
justed by a square sine cardinal function and the adjustment parameters are collected in
Table 5.9. This organic structure can be purely formed of alkyl chains and Imidazolium
rings, organized due to the presence of surface charges. It may also include anions of gold
complexes within it. Here again, we are going to estimate the thickness of the structure
from the rodscan of the peak centered at Q,, = 6.41 nm™'. One obtains z = 2.75 nm.
The maximum of the intensity of this peak is located at Q, = 2.43 nm™!, which indicates
that it is out-of-plane. The structure is therefore 21° tilted with respect to the vertical of
the interface. The estimated length of the alkyl chains of this structure is about ~ 2.94
nm, which are in the range of the length of elongated alkyl chains composed of 20 carbon
atoms. The peak centered at Q,, = 12.91 nm™"' is an harmonic peak of that centered
at Quy = 6.41 nm~'. It is possible to index this structure according to a 2D rectangular

lattice composed of 2 molecules as follows : Q9 = 6.42 nm~'; QY2 = 12.91 nm~! and
the double degenerate peak (11) and (11) centered at Q,, = 15.11 nm~!. The parameter

of this lattice correspond to : v = (a3, b:) = 90° a; — 0.46 nm; b; = 0.97 nm and its
area is A; = 0.44 nm?. The molecular area is therefore 0.22 nm? which is in the range
of the cross section of an alkyl chain (~ 0.18 nm?). Furthermore, at IT = 35 mN.~!, the
molecular area, as measured by the II-A isotherm is approximately 0.2 nm? (see Figure
5.22), which is in agreement with GIXD measurements.

Quy (nm™1) Q. (nm™!) AQ, Peak area Thickness tilt(°)
(nm™!) (a.u.) (nm)
6.41 243 2.75 239 2.28 21
12.91 4.86 5.59 175 1.14 21
15.11 0.04 3.65 266 1.72 0

Table 5.9: Adjustment parameters of "Profile A" of the rodscans of the diffraction
peaks relative to the organization of the IL Langmuir film obtained at II = 35 mN.m™ .

The second ones are of “Profile B” (Figure 5.28) and are assumed to be attributed
to the inorganic structure that is formed in a coexistence with the IL Langmuir film.
Their profile consists of periodic oscillations that can be adjusted by Gaussian functions.
The adjustment parameters are collected in Table 5.10. These peaks are assigned to an
inorganic structure coexisting with the organic structure, assumed to be the same as the
one observed before the plateau. It is indexed according to a hexagonal lattice as follows:

%2] = 8.50 nm™}; Q;[,?yg = 10.17 nm™}; Q;[,fyo} = 12.45 nm™1; QEyO} = 15.74 nm~!. The
parameters of the corresponding cell are : y=( 6,5) = 120°; ag = by = 2I1/(ajsin(y)) =
2.34 nm and its area is A; = 4.74 nm?. one notices that ay = 5a;, where a; is one of the
parameter of the organic structure obtained at IT = 35 mN.m~!. This result indicates
that the organic and inorganic structures are commensurate along the direction of a; and
thus form a superlattice.
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’ Q:vy ‘ Qzl ‘ Qz? ‘ Qz3 ‘ A(Qzl ‘ AQzQ ‘ Ain’) ‘ Il ‘ 12 I3
8.50 0.69 2.96 5.20 1.31 0.95 0.95 92 678 70
10.17 0.8 2.60 4.48 0.76 0.75 0.80 60 60 60
12.45 1.29 3.50 5.6 1.3 1.3 1 76 5 50
15.70 0 4.33 - 1.73 1.97 - 195 210 -

Table 5.10: Adjustment parameters of "Profile B" of the rodscans of the diffraction
peaks relatives to the inorganic structure coexisting with the IL film at IT = 35 mN.m™!.

From the distance peak-to-peak and the FHMW of the oscillations (Figure 5.28), the
thickness and periodicity of the inorganic structure are estimated and gathered in Table

5.11.

Quy | Average AQ, Average Average Average Number of
(nm™1) peak-to-peak | thickness of Oscillation layers in the
distance d the structure period structure***
(nm™!) z(nm)* T(nm)**
8.50 1.07 2.25 5.87 2.79 2
10.17 0.77 1.84 8.15 3.41 2
12.45 1.20 2.15 5.23 2.92 2
15.70 1.85 4.33 3.39 1.45 2

Table 5.11: Parameters of the inorganic structure coexisting with the IL. Langmuir film,

at IT = 35 mN.m™! (*z = 20~ **T = Z1, #* N = Z)

From the periodicity of the inorganic structures, it is estimated that they are formed
of two layers, each about 2 to 3 nm. This structure is therefore 3D. Its thickness is too
great to be purely composed of gold complexes (0.3 nm thick). Tt is expected to be formed
of [H|T[NTfy]~ and [AuCly]~ as it was the situation before the plateau.

Surface X-ray radiolysis

In an attempt to form crystalline gold nanostructures by surface X-ray radiolysis directed
by the IL Langmuir film, the film was irradiated for ~ 8 hours. As a function of irradiation
time, the intensities of the peaks decrease. After 2 hours of irradiation, the structures
degrade completely. We did not succeed to observe any diffraction peak relative to the
formation of gold crystalline nanostructures. We did not observe the gold filament as
the one observed on the subphase containing 30 [AuCly]~/ IL. One suggests that the
organization of the inorganic structure in a coexisting with the organic structure may have
prevented the gold ions from being reduced and coalescing into crystalline nanostructures.

XRF measurements

We also followed by XRF measurements the evolution of the fluorescence intensity of gold
and chloride as showed in Figure 5.29. The peaks Kg of chloride and M, of gold were
adjusted by Gaussian functions along the irradiation. The intensity of these peaks were
then normalized by that of the elastic peak. The normalized intensities are proportional
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to the concentration of chloride and gold that are present in the irradiated volume which
is close to the surface.
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Figure 5.29: Evolution of the fluorescence intensity of gold and chloride as a function of
the irradiation time.

We observe quasi-periodic fluctuations in the fluorescence intensities of gold and chlo-
ride over time. They are probably due to electronic problems and have no significance
related to our measurement. After 8 hours of irradiation, the fluorescence intensity of
gold decreases from 1300 a.u. to 950 a.u. and that of chloride from 9000 a.u. to 6000 a.u..
The intensities thus lose about 30% of their value after 8 hours of irradiation. In general,
due to the evaporation of water’s subphase during long measurements, it is required to
constantly adjust the vertical position of the incident beam. This is done by moving the
trough vertically until it is ensured that the detector detects the entire beam scattered
by the irradiated surface of the trough. This process would allow the X-rays to penetrate
the volume of the subphase and could induce the reduction of gold ions present on the
surface as well as in the volume of the subphase. Consequently, unwanted crystalline gold
nanostructures not directed and controlled by the IL Langmuir film would be formed. We
therefore avoided performing height adjustment of the trough during this measurement.
However, evaporation of water is unavoidable after 8 hours of irradiation. Consequently,
the number of photons detected after 8 hours will be lower than at the beginning of the
measurement. We therefore suggest that the 30% decrease in fluorescence intensity is due
to the decrease in the number of photons detected after 8 hours of irradiation. However,
although the fluorescence intensities of gold and chloride decrease over time, they evolve
in an analogous manner. This indicates that the evolution of the concentration of gold
on the surface follows the same one as that of [AuCly]~. In contrast, the reduction of
gold ions would be evidenced by a steady increase of the fluorescence intensity of gold
without an increase of that of chloride.

Based on these results, we deduce that gold ions were not reduced by surface X-ray

radiolysis. This is in agreement with the GIXD measurements which suggested that no
crystalline gold nanostructures were formed. In order to confirm our hypotheses, we
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studied the film transferred after 8 hours of irradiation on solid substrates by AFM.

5.3.4 Transfer on solid substrates after irradiation

After 8 hours of irradiation, we transferred the film by Inverse Langmuir-Schaefer proce-
dure on a Si/SiO, wafer and studied it by AFM measurements. They wafers were cleaned
with Piranha so the surface was hydrophilic.

Figure 5.30 (a) shows the AFM topographic image and Figure 5.30 (b) the AFM phase
image of the film. We observe layers of 4.6 nm thick. We also observe poly-dispersed
aggregation about tens of nanometer. They are phase shifted in about 10° with respect
to the layers which indicates that they are of different nature. The thickness of the
layers suggest that they may be attributed to the IL. The aggregation are therefore most
probably relative to gold or to a gold/IL mixture. No NPs are observed on these images.
One can thus confirm that gold ions were not reduced and did not form gold NPs.
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Figure 5.30: AFM topographic (a) and phase (b) image measured on [Coomim]|*[NTfs|~
Langmuir films spread over a subphase containing 600 [AuCly]~ /IL transferred by
Langmuir-Blodgett on Si/SiO, wafers at IT = 35 mN.m™! after 8 hours of irradiation.

5.4 Discussion

We have shown that for a concentration corresponding to 600 [AuCly]~/IL, an inor-
ganic/organic superlattice form. The inorganic structure is assumed to be composed of
[AuCly]~ and [H]T[NTfy]~, coexisting with the IL Langmuir film. We could not witness
the superlattice when the subphases contained 30 [AuCly]~ /IL, suggesting that there is
a concentration threshold to its appearance. The main difference in the macroscopic be-
havior of films as a function of gold concentration lies in the substitution of [NTfy|~ by
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[AuCly]~ in the IL film, only when the concentration of 600 [AuCly|~/IL. It is suggested
that this particular phenomenon could be the reason for the appearance of the superlat-
tice, when the subphase contains 600 [AuCl,]~ /IL.

Furthermore, at 600 [AuCly]~/IL, surface X-ray radiolysis could not lead to the re-
duction of gold ions. Though this procedure is commonly used to reduce ions and has
been shown to lead to the formation of gold NPs at 30 [AuCly]~/IL. It appears as if the
organization of the inorganic structure prevents the ions from being reduced. In other
words, the interaction of [AuCly|~, whether with [NTfs]~ or Imidazolium rings, is strong
enough to capture [AuCly]”, maintain the interaction with them and prevent them from
being reduced.

5.5 Conclusion

At a low concentration of gold ions r 4,/ = 30, the IL Langmuir film behaves in a way
close to that spread on pure water. The adsorption of gold ions on the surface prevents
the 3D organization of the film and organize it in a 2D network. Surface X-ray radiolysis
of this system leads to the formation of about 15 nm gold NPs.

At a high concentration of gold ions ry,¢;-,;;, = 600, the IL Langmuir film behaves
drastically and differently from that spread on pure water. It is suggested that a substi-
tution of [NTfy]~ by [AuCly]™ in the IL film must have taken place. Consequently, an
inorganic/organic superstructure appears and the gold ion concentration is assumed to
have exceeded a certain threshold. The organic and inorganic structures are commensu-
rate along one direction. The formation of the superlattice prevents the gold ions from
being reduced by surface X-ray radiolysis. Therefore, no gold crystalline nanostructure
could be detected even after 8 hours of irradiation.

5.6 Perspective

Determining the concentration threshold for the formation of the inorganic structure co-
existing with IL molecules could be a way to better understand the conditions governing
its formation. It is done by gradually modifying the concentration of the subphase until
the isotherm starts to behave drastically and differently.

It would be interesting to study the IL Langmuir film deposited on the subphases that
contain metal cations. As IL molecule is formed by a cation and an anion, the adsorption
of cations on the surface may induce phenomena different from those obtained following
the adsorption of anions.
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Discussion

One of the objectives of this thesis was to establish a general description of the behavior
of IL molecules at the interface of GO sheets. This would allow a better understand-
ing of the physico-chemical conditions for optimizing the surface interaction between the
electrode (GO or graphene) and the electrolyte (IL) of supercapacitors. Initially, the
hypothesis that was put forward was based on theoretical and simulation studies. It pro-
posed that IL molecules, at the interface with GO sheets, form in a stack of layers. The
layer adsorbed to GO sheets was proposed to be formed of lying parallel IL molecules. In
fact, pure alkyl chains prefer to lie parallel to graphene sheets and Imidazolium rings via
IT — II interactions with graphene also prefer to lie parallel to the sheets. The outermost
layer of the stack was proposed to be formed of tilted or perpendicular IL molecules. It
was also suggested that the orientation of alkyl chains should follow that of Imidazolium
rings. To explore the hypothesis, we resorted to Langmuir procedure to elaborate such an
interface and to XRR and GIXD measurements to investigate it at the air-water interface.
The GO/IL interface was as well characterized by AFM measurement on solid substrates.
The GO/IL Langmuir film was elaborated using a mixture of [Cyomim|T|NTfy|~ (IL) and
GO sheets dissolved in NMP, a non volatile and water-miscible solvent.

The macroscopic study showed that the mixed film was formed, at the air-water in-
terface, by a stack of two main layers : L, the layer in contact with water and Lo, the
layer in contact with air. The configuration of L; and L, depended on the surface pres-
sures of the film, whether it is in the region preceding or following a phase transition
plateau at Il,qteqn = 12.5 mN.m~'. XRR and AFM measurements showed that before
the plateau, L; was occupied by tilted IL molecules and a modest presence of NMP and
Ly by GO sheets covered with lying parallel IL molecules. Through the plateau, some
of the IL molecules migrated from L; to the top of the IL molecules lying parallel to
GO sheets in Ly. According to GIXD measurements, the migrated IL molecules to Lo
got organized,almost perpendicular, in a rectangular lattice. Based on these results, we
proposed a model to describe the stacking configuration before the plateau (IT < ILytequ
= 12,5 mN.m™!) in Figure 5.31 (left) and another one after the plateau (IT > I ateau =
12.5 mN.m™ ') in Figure 5.31 (right) .
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Figure 5.31: Models describing the stacking (to left) at IT < 12.5 mN.m™! and (to right)
at II > 12.5 mN.m .

The measurements show that the orientation of the IL molecules in the adsorbed layer
to the GO surface in L, differs from that in L, : the molecules are tilted to GO sheets in
L; but are lying parallel to them in Ly. This indicates that there is no lying parallel IL
molecules in the layer adsorbed to the GO sheets in L; as is the case in Ly and as initially
proposed. The difference between the two layers lies in the environment surrounding the
IL. In Ly, they are at the water interface on the one hand and at the GO interface on the
other hand. However, in Lo, they are at the air interface on the one hand and at the GO
interface on the other hand. It appears that the interaction between Imidazolium rings
and water in L is stronger than the II-II interaction between Imidazolium rings and GO
sheets. In addition, although alkyl chains prefer to lie parallel to carbon planes, their ori-
entation on GO sheets, when IL molecules are on the water surface, is not parallel. Based
on these results, it can be confirmed that the orientation of the alkyl chains on GO sheets
depends on the interaction between Imidazolium rings and GO sheets. Therefore, it can
be stated that the interaction between IL molecules and GO sheets at their interface is
determined by the interaction of the Imidazolium rings with the second interface (air,
water....). These findings shed light on the role of the interface at which the IL molecules
are located (air, water....) in determining their orientation at the interface with the GO
sheets. It thus provides new insights into the interaction between the electrode (GO or
graphene) and the electrolyte (IL) of supercapacitors. The measurements also indicate
that the outermost layer of the IL stack in Ly, after the plateau, is tilted or perpendicular
to GO surface (Figure 5.31 (right)). This result is in agreement with the literature.

The results also underline that GO sheets in the stack prefer to be in contact with the
alkyl chains rather than water. Recall that the amphiphilicity of GO sheets depend on
their sizes. Given that the studied GO sheets are of different size, it is assumed that some
drown in the subphase and that some, which have an amphiphilic balance, remain ad-
sorbed on the surface. Since the alkyl chains are hydrophobic, the remaining GO sheets,
even though amphiphilic, might tend to be hydrophobic.

We also observed that the solvent (NMP) remains adsorbed in a modest quantity on
the water surface. According to the literature, GO sheets dispersed in aqueous solutions
are negatively charged at their edges due to the deprotonation of the carboxylic acid into
-COO™ |96]. Our measurements were performed on water surface and GO sheets initially
came from a water dispersion. GO sheets in the mixed film are thus supposed to be
negatively charged at their edges. The interaction between IL and GO sheets in aqueous
medium thus considers to take place between the cation of IL and -COO™ decorating GO
edges. Our results showed that IL molecules managed to go beyond the edges of the GO
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sheets and reach their basal planes. This interaction between IL and GO appears to be
similar to that between IL and graphene based on the MDS studies |2, 3, 4]. We suggest
that a charge screening may have permit the IL molecules not to be trapped by the elec-
trostatic interaction with the edges of GO sheets. Since NMP is a neutral compound, it
might have acted as the charge screening agent.

Based on the literature, the introduction of gold nanoparticles (NPs) between the
electrode and the electrolyte of supercapacitors enhances their energy storage. Hence,
the other objective of this thesis was to study the [Cyomim|"[NTfy|~ Langmuir films
deposited on aqueous subphases containing [H|"[AuCly]~. Then, we aimed to irradiate
them by grazing incidence X-rays to reduce gold ions by surface radiolysis and form gold
nanostructures directed by the IL films which acts as templates. Two concentrations of
gold ions were investigated.

For a concentration of 30 gold ions per IL, the IL Langmuir film behaved in a way
close to that spread on pure water. It collapsed from a monolayer to a multilayer through
a plateau at II = 18.5 mN.m~!. The adsorption of gold ions on the surface prevented
the 3D organization of the film and organized it in a 2D hexagonal network. Surface
X-ray radiolysis performed on this system led to the formation of ~ 15 nm gold NPs.
For a concentration of 600 gold ions per IL, the IL Langmuir film behaved drastically
and differently from that obtained on pure water. An anion substitution between the
gold anionic complex [AuCly]~ and the IL anion [NTfy]~ might have took place on the
surface. Before and after a phase transition plateau observed at IT = 26 mN.m™!, a su-
perstructure along one direction appeared. It consisted of an inorganic structure formed
underneath of an organic structure. The organic one was formed of the alkyl chains of
the IL molecules. However, since anion substitution might have occurred in the Lang-
muir film, it is possible that the organic structure might also include gold ions, whose
presence cannot be detected by GIXD. The inorganic structure was formed of [AuCly|~
and probably [H|" and [NTf,|~. Before the plateau, the organic structure was organized
in a 2D oblique lattice composed of 3 molecules. The inorganic one was composed of a 3D
stack of 2D hexagonal networks. After the plateau, the inorganic structure kept the same
organization as before the plateau, while the organic became organized in a rectangular
lattice composed of 2 IL molecules. The performance of surface X-ray radiolysis on such a
system could not lead to the reduction and the formation of gold nanostructures (NPs...)
controlled by the IL film.

These results indicate that the formation of the superstructure is controlled by the
concentration of gold ions in the subphase. Thus, there must be a certain threshold
of concentration for its appearance. An important question associated with this result
is what are the physico-chemical conditions that govern its attainment? It is not yet
clear, but we speculate that the presence of [NTfy]~ at the surface might have reduced
the solubility of gold ions in the water near the surface. In such a case, the threshold
concentration could correspond to the limit of solubility of gold ions in the water near
the surface. Another question also arises : why did the formation of the superstructure
prevent surface X-ray radiolysis from forming gold NPs? In other terms, why the solvated
electrons (one of the yields of radiolysis) could not reduce gold ions? We speculate that the
anion substitution in the IL Langmuir film might have induced an electrostatic interaction
between [AuCly]~ and [Coomim|*. Consequently, gold ions that might exist in the organic
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structure could not be free in the water near the surface. In addition, in the 3D structure,
gold ions are arranged in a crystalline network and therefore are not free in the water near
the surface. Hence, the engagement of gold in an interaction in the organic network or in
the inorganic 3D crystal could have prevented them from being reduced by the solvated
electrons. This might explain the failure of surface X-ray radiolysis in forming gold NPs.
However, without at least determining the concentration threshold, it is not possible to
confirm this speculation.
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Conclusions and perspectives

In this work, we first sought to study IL (|Coomim|"[NTfs]”) Langmuir films mixed with
GO sheets, and then to study IL Langmuir pure films deposited on gold ionic subphases,
irradiated by grazing incidence X-rays. This research aimed to generalize our understand-
ing of the behavior of IL molecules at the GO interface. Furthermore, it aimed at forming
gold nanostructures, directed by the IL film, by surface X-ray radiolysis. The objective
here is to understand the interaction between the electrode (graphene or GO) and the
electrolyte (IL) of supercapacitors in order to improve their performance. The experimen-
tal techniques involved in the studies at the air-water interface are II-A measurements,
BAM, XRR, GIXD and XRF. The films were also investigated on solid substrates by
AFM.

Langmuir mixed film of IL molecules and GO sheets was investigated at the air-
water interface and on silicon wafers. The mixed film was prepared using a non volatile
and water-miscible solvent (NMP). According to our measurements, the mixed film was
formed by a stack of two layers at the air-water interface. The layer in contact with
water, L;, was occupied by IL tilted molecules and NMP. The layer in contact with air,
Lo, was occupied by GO sheets covered with lying parallel IL molecules. Through a phase
transition plateau observed at Il4ze00 — 12.5 mN.m !, some of the IL molecules migrated
from L to the top of the IL molecules lying parallel to GO sheets in Ly. According to
GIXD measurements, the transited IL molecules got organized almost perpendicular in
a rectangular lattice of the following parameters: a = 5.21 A and b = 9.05 A and a
molecular area A = 23.5 A2, Their alkyl chains were 7% tilted towards the next nearest
neighbor (NNN). The lattice included 2 IL molecules. The configurations of the layers
was described in Figure 5.31.

Here, three conclusions can be drawn :

1. Although alkyl chains tend to lie parallel to carbon planes, their orientation on GO
sheets depends on the orientation of Imidazolium rings. When IL molecules are
between water surface and GO sheets, the interaction of Imidazolium rings with
water is stronger than the Il — II interaction with GO sheets. In such a case,
Imidazolium rings prefer to be in water rather than to lie parallel to GO sheets. As
a result, the alkyl chains prefer to be tilted towards GO surface rather than to lie
parallel to it. However, when IL are between GO sheets and air, the interaction of
Imidazolium rings with GO sheets is stronger than that with air. As a result, the
Imidazolium rings as well as the alkyl chains lie parallel to GO sheets.

2. This study contributes to our understanding of the interaction of IL molecules,
located at a certain interface (air, water....), with GO sheets. The findings state
that the behavior of IL molecules at the interface with GO sheets is driven by
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interaction of the Imidazolium rings with the second interface (air, water....). It is
therefore not possible to generalize the type of interaction to describe the orientation
of the IL molecules on the surface of GO sheets.

3. The remained adsorbed GO sheets, even though amphiphilic, tend to be hydropho-
bic as they prefer to interact with the alkyl chains rather than with water.

This research clearly illustrates that the interaction between IL molecules and GO
sheets is not unique and general. It depends on the nature of the interface on which
the IL molecules are located (water, air...). This raises the question of how changing
the nature of the environments surrounding the electrolyte (IL) in supercapacitors can
improve their energy storage density .

The amount of IL. molecules used in the mixed films was a bit critical because it saturated
the surface of the trough from the beginning of the measurements. On the other hand,
the amount of GO sheets in the mixed films was only 26% of the surface occupied by IL
molecules. From this perspective, it is crucial to repeat the study using less IL molecules.
It is also interesting to vary the concentration ratio between the GO sheets and the 1L
molecules.

It would be interesting to vary the oxidation degree of GO sheets. This would allow us
to verify whether there is a relation between the oxidation degree and the affinity of GO
sheets to interact with alkyl chains rather than water.

As the solvent remains adsorbed on the surface of the water, it is necessary to repeat our
study using a volatile solvent. This would allow us to test the efficiency of the solvent in
the charge screening between the GO edges and the IL molecules.

Then, the IL pure Langmuir film was deposited on gold ionic subphases of different
concentrations. We demonstrated that there is a threshold concentration in gold ions
above which, an inorganic/organic superstructure forms. Its appearance prevented gold
ions from being reduced by surface X-ray radiolysis. However, gold nanoparticles (NPs)
~ 15 nm were formed when the concentration of the subphase was below the concentra-
tion threshold.

For a concentration of 30 gold ions per IL, which appeared to be below the concen-
tration threshold, the IL film behaved in a way close to that spread on pure water. The
adsorption of gold ions on the surface prevented the 3D organization of the film. At IT
= 30 mN.m™! (after the plateau IT = 18.5 mN.m™!), the IL molecules got organized in a
2D hexagonal lattice of the following parameter a = 0.47 nm and a molecular area A =
0.19 nm?. Surface X-ray radiolysis performed on this system led to the formation of ~
15 nm gold NPs.

For a concentration of 600 gold ions per IL, which appeared to be above the concentra-
tion threshold, the IL Langmuir film behaved drastically and differently from that of pure
water. The film underwent a phase transition plateau at II = 26 mN.m™!.

— Before the plateau, at IT = 20 mN.m~!, GIXD measurements showed 10 diffraction
peaks. From the study of their rodscans, it was possible to divide them into two
profiles, relative to two structures in a coexistence : an organic structure and an
inorganic structure. The organic one was formed of a 2D oblique lattice of the
following parameters : a; = 1.6 nm; by = 1.32 nm; v = (a},b:) = 140° and an
area A; = apb;sin (140) = 1.35 nm?. This lattice included 3 IL molecules. The
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inorganic one was formed of a 3D stack of 2D hexagonal networks of the following
parameters : y—(dj,by) = 120° ay — by — 2I1/(a3sin(120)) = 2.34 nm and an arca
Ay = a2sin (120) = 4.74 nm?. The superstructure was commensurate along one
direction.

— After the plateau, at II = 35 mN.m™!, GIXD measurements showed 7 diffraction
peaks. Here again, it was possible, based on their rodscan’s profiles to identify two
structures. The peaks relative to the organic structure indicated the organization
of a 2D rectangular lattice of the following parameters : v = (dj, b:) = 90°; a; =
0.46 nm; b; = 0.97 nm and an area A; = 0.44 nm?. This lattice included 2 IL
molecules. The peaks relative to the inorganic structure indicated the organization
of the same 3D stack as before the plateau. Here again, the superstructure was
commensurate along one direction.

The organic structures were alkyl chains of 1L molecules while the inorganic one was
formed of gold anionic complexes [AuCly|~ and probably [H|"[NTf,] .

The conditions for exceeding the threshold concentration and thus for the appearance

of the superlattice are unclear. We suggest that the presence of [NTfy|™ at the surface
might have reduced the solubility of gold ions in water near the surface. Consequently,
gold ions were trapped in a 3D lattice probably with [NTfy]~. We also suggest that
electrostatic interactions between [AuCly]~ and [Cyomim]|™, following anion substitution,
might have trapped some gold ions in the IL Langmuir film. Consequently, the solvated
electrons could not interact with gold ions near the water surface (neither those of the
inorganic structure nor those of the organic structure). This speculation could explain
why surface radiolysis could not lead to the formation of gold NPs. To validate or reject
this speculation, it is necessary to determine the concentration threshold. It can be done
by gradually modifying the concentration of the subphase until the I1-A isotherm starts
to behave drastically and differently.
It would also be interesting to study the IL Langmuir film deposited on subphases contain-
ing metal cations. As the IL molecule is formed by a cation and an anion, the adsorption
of cations on the surface may induce phenomena different from those obtained following
the adsorption of anions.
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