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Abstract

Characterizing the interactions between titanium dioxide

and phospholipids in aqueous medium.

Quoc Chon LE

October 2014

The interaction of titanium dioxide nanoparticles with phospholipids, components of living
membranes, was investigated in aqueous medium. The aim of this study was to understand (i)
how metal-oxide (TiO;) affinity chromatography can separate phospholipids and (ii) TiO»-
living cells interactions at molecular level. At the macroscopic level, Langmuir film technique
coupled with Laser Doppler Velocimetry revealed that the interactions between TiO,-P25
particles and phospholipids are essentially charge-dependent. TiO,-P25 particles interact
strongly at acidic pH with 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA), 1,2-dimyristoyl-
sn-glycero-3-phospho-rac-1-glycerol (DMPG) and 1',3'-bis[1,2-dimyristoyl-sn-glycero-3-
phospho]-sn-glycerol (TMCL), and weakly with 1,2-dimyristoyl-sn-glycero-3-phospho-L-
serine (DMPS). Other membrane lipids such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) and sphingomyelin
(SM) did not interact with TiO,-P25 regardless of pH. The interactions of DMPA and DMPG,
the main phospholipid adsorbing on TiO,-P25 particles, with pure anatase and rutile
crystallites were evidenced by surface tension measurements, batch adsorption experiments,
Infrared spectroscopy, Raman spectroscopy and *P NMR. DMPA adsorbs solely at acidic pH
on anatase and rutile, through electrostatic interactions implying the phosphate moiety. In
contrast, DMPG adsorbs on TiO, at both acidic and basic pH mainly by non-electrostatic
interactions, through the glycerol moiety and weakly through the phosphate group. The Ti
(V) sites and surface hydroxyl groups on TiO, were suggested to be involved into the
interaction with phospholipids.

Keywords: titanium dioxide, phospholipid, adsorption, surface charge, electrostatic,
inner-sphere complex, Langmuir trough, Infrared spectroscopy, Raman spectroscopy, *'P
solid-state NMR.
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Résumeé Francais

Introduction

Le dioxyde de titane (TiO;) est un oxyde métallique utilisé dans des biens de
consommation aussi variés que les cosmetiques, les aliments, les produits pharmaceutiques,
les peintures, les ciments et les fenétres autonettoyantes.”™ Il est également utilisé en
chromatographie d'affinité métal-oxyde ol il permet de séparer les phosphopeptides*? et en
médecine ou il recouvre en fine couche les implants a base de titane et permet le contact avec
les tissus’. Il fait également I’objet de nombreuses recherches quant & sa toxicité en tant que

nanomatériau vis-a-vis des organismes vivants.®

Maitriser les domaines d’application du dioxyde de titane ou son innocuité pour
I’environnement repose en bonne partie sur notre connaissance de son affinité pour son
environnement. Par exemple, [lutilisation de particules de dioxyde de titane en
chromatographie d'affinité métal-oxyde repose sur I’affinité de la surface des particules pour
les espéces phosphatées. Il a été souvent affirmé que le groupe phosphate des
phosphopeptides se lie a la surface de TiO, de la méme facon que les ions phosphate. Comme
il a été montré que les ions phosphate peuvent former des liaisons covalentes avec la surface
de TiO,,** ce mode d’accrochage n'est en revanche pas compatible avec la libération de
phosphopeptides par élution”®. De méme, l'utilisation de dioxyde de titane pour séparer les
phospholipides du lait par extraction en phase solide semble étre efficace.'* Toutefois, lorsque
la composition de la fraction séparée est comparée a la composition du lait, certains
phospholipides sont manquants. Ceci souléve la question de l'affinité de I'ensemble des
classes de phospholipides pour le dioxyde de titane. En toxicologie, il a été montré que le
dioxyde de titane colle & la membrane des érythrocytes humains et induit leur coalescence.'?
Quand ces experiences ont été reproduites sur une membrane modele avec un seul composant
de phospholipides, aucune coalescence n’a pu étre observée. On peut alors se demander si ce
phospholipide était la véritable cible du dioxyde de titane, ou bien si un phospholipide d'une
autre classe pourrait avoir une plus grande affinité pour TiO,. Ces trois exemples illustrent la
facon dont les connaissances sur l'affiniteé de dioxyde de titane pour les molécules

phosphorylées biologiques sont encore obtenues par tatonnement.



L'objectif de cette these est donc de déterminer quels phospholipides ont une affinité
pour le dioxyde de titane et la nature de ces interactions. Les interactions ont été détectées en
milieu aqueux. Le criblage des interactions avec des particules de TiO,-P25, forme
commercialisée de I’oxyde de titane souvent prise comme référence dans la littérature, a
d'abord été effectué sur un large panel de phospholipides identifiés dans les membranes
biologiques et qui different par la nature des substituants portés par le groupe phosphate.
Passée cette étape, les interactions ont été analysées pour chacune des phases constituant les
particules de TiO,-P25 puis ces interactions ont été analysées a I'état solide par spectroscopie

infrarouge et RMN.

Ce document comprend 5 chapitres. Le chapitre 1 rappelle les propriétés physico-
chimiques des oxydes métalliques et en particulier celles du dioxyde de titane, les propriétés
des phospholipides, et fait le bilan des connaissances sur les affinités entre le dioxyde de
titane et les phospholipides. 1l y est notamment mis en évidence les lacunes concernant la
caractérisation du dioxyde de titane dans ces études, la nature des phospholipides interagissant
avec le dioxyde de titane et la nature controversée des liaisons. Dans le chapitre 2, une
attention particuliere est portée a la caractérisation des particules de dioxyde de titane
sélectionnées. Les chapitres 3 et 4 portent respectivement sur les résultats du criblage et I’effet
de la nature des oxydes de titane, cristallinité, aire spécifique, forme structurale, etc.... Le
chapitre 5 tente d’élucider a I’échelle moléculaire a I’aide de spectroscopies, la nature des

interactions et montre combien les interactions sont specifiques a chaque téte polaire.
Résultats du criblage - Chapitre 3

A pH 2 et 5, les isothermes n-A des monocouches de DMPA, DMPG, TMCL et DHP
(figures 1 et S8, panneaux a-d) différent en présence de particules de TiO,-P25 dans la sous-
phase, tandis que les isothermes n-A des monocouches de DMPE, SM et DMPC sont
identiques sur I’eau et sur la suspension de TiO,-P25 (Figure S6). Les isothermes m-A de
monocouches de DMPS (figure 2, tableau b) different aussi en présence de particules de
TiO,-P25 dans la sous-phase mais seulement a pH 5. Pour DHP, I'effet de TiO,-P25 est plus
net a pH 5 (figure 2) qu'a pH 2 (Figure 1). En revanche, la plupart des isothermes m-A
réalisées avec des suspensions de particules de TiO,-P25 a pH 9 se superposent avec celles
réalisées sur I'eau pure (Figure S8), sauf celles des couches de DMPG, TMCL et DMPS. Un
petit décalage vers les plus grandes aires moléculaires a été observé pour DMPG et une
transition de phase plus prononcée a été observée pour TMCL et DMPS. En fonction de la

nature de la téte polaire, I'effet des particules de TiO,-P25 a pu étre supprimé a des forces
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ioniques faibles (NaCl 10 mol/L) (Figure S10) ou & des concentrations plus élevées en sel
(10" mol/L) (Figure S7). Le déplacement des isothermes vers des aires moléculaires plus
faibles est le signe d’une perte de molécules de DMPG, TMCL, ou DMPA a I’interface air-
solution, et ceci est attribué a une solubilisation partielle des lipides dans la sous-phase par
I'intermédiaire d'une adsorption sur les particules de TiO,-P25. Pour les molécules de DMPA,
DMPG et TMCL restant a l'interface, I'apparition d'un nouveau point de transition sur les
isothermes de compression lorsque la sous-phase contient TiO,-P25 (figure 1a, 1c),
I’extension du plateau de coexistence, et les pentes plus douces dans la phase cristallisée de
DMPG (figure 1b), sont les signes de la présence de particules de TiO,-P25 encore ancrées a

l'interface.

Pour interpréter ces résultats qui dépendent du pH, le potentiel zéta de tous les
phospholipides étudiés a eté mesuré en fonction du pH sur des suspensions de vésicules. Les
valeurs sont reportées sur la figure 3 avec celles des particules de TiO,-P25. En milieu acide
(pH < 6,6), les particules de TiO,-P25 sont chargées positivement, alors que leur charge de
surface devient négative en milieu basique (pH > 6,6). En revanche, DMPA, DMPG, DMPS,
DHP et TMCL portent des charges négatives sur I’ensemble de la gamme de pH entre 2 et 10.
DMPA, DMPG et TMCL sont fortement chargés sur toute la gamme de pH de 2 a 10,
conduisant a des potentiels zéta fortement négatifs (variant entre - 60 et - 80 mV) (Figure 3,
panneaux a, b, ¢). Au contraire, les vésicules de DMPS et DHP sont moins chargées, en
particulier a pH 2 (- 20 mV et - 15 mV respectivement) (figure 3, les panneaux d et e). Ainsi,
les particules de TiO,-P25 et les vesicules lipidiqgues de DMPA, DMPG, TMCL, DMPS et
DHP possedent des charges opposées dans la gamme de pH de 2 a 6,6, et de méme signe au-
dessus de pH 6,6. Par ailleurs, la figure 3f montre que les vésicules de DMPE portent une
charge de surface positive a des valeurs de pH inférieures a 5. Au-dela, la mobilité des
vesicules de DMPE est négative, en particulier pour des valeurs de pH supérieures a 8. Ainsi,
les particules de TiO,-P25 et les vésicules de DMPE sont de charge opposée seulement dans
un petit intervalle de pH entre 5 et 6,6. Le comportement des vésicules de SM (figure 3,
panneau Q) est proche de celui des vésicules de DMPE. Le potentiel zéta est nul autour de pH
5. En dessous de cette valeur, les vésicules de SM portent une charge positive comme les
particules de TiO,-P25. Au-dessus de pH 6,6, les deux composés portent des charges de
surface négatives. Par conséquent, DMPE et SM portent une charge opposée a celle du
dioxyde de titane seulement entre pH 5 et 6,6. Enfin, la courbe de mobilité électrophorétique
des vésicules de DMPC en fonction du pH (figure 3h) présente une faible variation entre les

valeurs de potentiel zéta de + 20 mV apH 2 et - 10 mV a pH 10. Entre pH 2 et 5, les vésicules



de DMPC sont chargées positivement comme les particules de TiO,-P25, et elles sont
chargées négativement comme les particules de TiO,-P25 au-dessus de pH 6,6. Par

conséquent, les deux composés présente une charge opposée entre pH 5 et 6,6.

La comparaison des courbes de mobilités électrophorétiques en fonction du pH
(Figure 3) avec les isothermes n-A a pH 2 (figures 1 et S5), pH 5 (figures 2 et S8), et pH 9
(figure S8) démontre que les lipides DMPA, DMPG, DMPS, DHP et TMCL interagissent
avec les particules de TiO,-P25 lorsque I'oxyde et les lipides portent des charges opposées. Le
tableau 1 résume ces résultats avec la gamme de pH ou les charges sont opposees entre
chaque lipide et TiO,-P25, et les valeurs de pH a laquelle les interactions ont eté
effectivement observées. Contrairement a ces lipides, les interactions sont faibles ou absentes
a pH 2 pour DHP ou DMPS avec TiO,-P25, mais deviennent plus fortes a pH 5. Etant donné
que la valeur du potentiel zéta des vésicules de DMPS est d'environ - 17 mV a pH 2 et - 60
mV a pH 5, nous supposons que le lipide n'est pas suffisamment chargé a pH 2 pour permettre
une interaction significative avec les particules de TiO,-P25 dispersées. Ce méme
raisonnement s’applique a DHP, pour lequel la charge de surface des vésicules a pH 2
(potentiel zéta - 15 mV) est inférieure a celle a pH 5 (potentiel zéta - 30 mV). Ces deux cas
montrent que le signe et I’amplitude de la charge de surface déterminent si des interactions
peuvent ou non se produire entre les lipides et TiO,-P25. Cette charge seuil (correspondant a
un potentiel zéta d'au moins 20 mV) peut également étre appliquée aux interactions entre
DMPE, SM ou DMPC et le dioxyde de titane. Les faibles valeurs absolues de potentiel zéta
de DMPE, SM (prés de - 10 mV) et DMPC (proche de 0) a pH 5,8 indiquent que les vésicules
sont trop faiblement chargées et par conséquent, aucune interaction n'a été observee dans ces
conditions. Nos résultats ne sont pas en contradiction avec l'affirmation récente que la
lecithine d'ceuf s’adsorbe a la surface de TiO, par des interactions hydrophobes et
électrostatiques.™ En effet, la lécithine d'ceuf (principalement composée de PC et PE) contient
également de petites quantités de cholestérol (trés hydrophobe) et de plasmalogéne,* qui
pourraient favoriser l'adsorption et, en outre, le dép6t a été effectué dans du chloroforme avant

le séchage et la dispersion.*®



Tableau 1. Conditions d’interactions entre les phospholipides et les particules de TiO,-
P25: la premiére colonne est la gamme de pH ou les charges de surface sont opposées et la
seconde indique si des interactions ont été effectivement observées a I’interface air-eau. Les
lettres S (pour strong), w (pour weak) and vw (very weak) indiquent I’amplitude de I’effet. La

derniére colonne donne la concentration en sel qui permet d’annuler I’interaction.

Lipides Gamme de pH Amplitude de Concentration
avec des charges | I’effet et valeurs | ensel (mol/L)
opposées de pH testées permettant de
supprimer
I’interaction
DMPA 2-6.6 S (pH 2, 5) 10™
DMPG 2-6.6 S (pH 2, 5) 10
TMCL 2-6.6 S (pH 2) 10
DHP 2-6.6 vw (pH 2)
w (pH 5) 102
DMPS 2-6.6 w (pH 5) 10
DMPE 5-6.6 - -
SM 5-6.6 - -
DMPC® 5-6.6 - -

@ une étude antérieure & pH 6 + 1 avec du dipalmitoylphosphatidylcholine (DPPC) a

montré une faible interaction entre DPPC et TiO,-P25.1°

Pour conclure, les expériences demontrent clairement qu'une interaction efficace entre
les lipides et TiO,-P25 peut avoir lieu lorsque deux conditions sont remplies : les deux
composés doivent étre a la fois de charges opposées et suffisamment chargés en surface. Le
potentiel z&ta doit présenter une valeur absolue au minimum égale a 20 mV, compte tenu de
I'approximation appliquée pour son calcul. Ceci suggere que les interactions entre TiO; et les
molécules de phospholipides sont gouvernées en premier lieu par des forces électrostatiques.
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Toutefois, dans le cas de DMPG, TMCL et DMPS, d'autres interactions fortes existent, mises

en évidence au travers des isothermes r-A.

D’apres les résultats de la littérature concernant I’adsorption des phosphates d’alkyles
sur les surfaces d'oxyde de titane, on peut supposer que I’adsorption de DMPA sur TiO,-P25
est réalisée via un pontage des atomes d’oxygene par I’atome de phosphore, pour former des
complexes mono- et bidentés.’® Pour DHP (Figure Sid), les interactions faibles avec les
particules de TiO,-P25 a pH 2 (tableau 1) sont expliquées par la faible déprotonation du
groupe phosphate a pH 2, ce qui, d’aprés la littérature, limite la bonne délocalisation
électronique sur les deux atomes d'oxygéne libres qui sont impliqués dans I'adsorption des
groupes phosphate sur la surface de TiO,.>'%*"*® A pH 5, les deux atomes d'oxygéne sont
déprotonés, permettant une interaction plus forte qu’a pH 2. Pour les autres phospholipides, a
savoir DMPG, TMCL et DMPS, ou les atomes de phosphore sont également liés a deux
substituants, les interactions sont similaires ou méme plus fortes que pour DHP. La formation
d'un complexe de surface pontant bidenté entre DMPG, TMCL ou DMPS et les particules de
TiO,-P25 peut se produire & condition qu'il y ait une bonne délocalisation électronique sur les
deux atomes d'oxygene libres liés & P. Cependant, cette hypothese n'est pas suffisante pour
expliquer les interactions plus fortes que pour DHP, ni les interactions faibles observés a pH 9
pour ces molécules. Pour expliquer cette difference, il faut tenir compte de la présence de
groupes hydroxyle et carboxylate dans le substituant polaire du phosphore. Les groupes
hydroxyle terminaux du glycérol pourraient interagir avec la surface de TiO,, comme
mentionné dans la littérature, ou l'adsorption sur TiO, de molécules par le biais de groupes
hydroxyle a été rapportée.’® Cela expliquerait aussi que les interactions subsistent & un pH de
9, ou bien & pH 2 en présence de NaCl 0,1 mol L™ pour TMCL et DMPG. De méme,
I'adsorption de carboxylate a également été signalée sur TiO- avec un ancrage monodenté.?%?
Cela pourrait faciliter les interactions entre DMPS et TiO,, car le groupe phosphate est dans
ce cas plus enchevétreé dans la structure moléculaire et moins libre pour une adsorption directe
sur la surface de TiO,. L'implication des groupes carboxylate de DMPS dans les interactions
avec les particules de TiO,-P25 peut également étre comprise d'apres les résultats obtenus
avec DMPE. La structure moléculaire de DMPS dérive en effet de DMPE via la substitution
d'un atome d'hydrogéne par un groupe carboxyle -COOH. Considérant que DMPE n'a aucune
interaction avec TiO,-P25, la mise en place d'un groupe charge négativement -COO" crée un
environnement favorable pour l'adsorption sur la surface inorganique. Les changements dans
les propriétés interfaciales de DMPS a pH 5 et & pH 2 confirment que les interactions de

DMPS avec I'oxyde de titane sont favorisées par la déprotonation du groupe carboxylate (pH



> 4). Cela suggere que le phosphate dans le DMPS n'est pas impliqué dans l'interaction avec
I'oxyde de titane. La suppression de l'interaction entre I'oxyde de titane et le DMPS a des
concentrations en NaCl inférieures a celles nécessaires dans le cas du DMPA peut alors étre
expliquée par la plus faible adsorption des especes carboxylate sur des surfaces de TiO, que

celle des espéces phosphate.?

Etudes ciblées sur la nature des oxydes a deux valeurs de

pH pour deux molécules de phospholipides - Chapitre 4

Comme les particules de TiO,-P25 contiennent a la fois des grains de structure anatase
et rutile, la contribution de chacune d’entre elles a été analysée. Mais I’impossibilité de
séparer les différentes phases dans la poudre de P25 nous a obligés a considérer des particules
de fabrication différente permettant I’obtention de I’une ou I’autre des phases. Les isothermes
de compression des films de DMPA et DMPG, complétées par la construction des isothermes
d'adsorption a pH 2 et pH 9 ont donné des résultats parfaitement cohérents. Les molécules de
DMPA et de DMPG s'adsorbent sur les deux surfaces d'anatase et de rutile. DMPA s’absorbe
uniquement a pH acide, probablement par des interactions électrostatiques qui impliquent le
groupement phosphate. DMPG s’adsorbe sur TiO, dans des quantités similaires en milieu
acide ou basique par des interactions non électrostatiques, probablement par I'intermédiaire du
groupement glycérol. Quel que soit le mode d’accroche, l'adsorption est plus forte sur la
surface de rutile que sur la surface d’anatase. Ceci peut étre relié a la nature des sites en
surface et a la prépondérance de certaines faces. Les interactions fortes entre TiO,-P25 et
DMPA ou DMPG a pH 2, et les autres interactions observées entre DMPG et TiO,-P25 a pH
9 et a pH 2 en présence de sel (chapitre 3) peuvent ainsi étre comprises par les interactions de
DMPA et DMPG avec I’anatase et la rutile a pH 2, et avec le rutile a pH 9. Cependant nos
conclusions ne peuvent pas étre appliquées a tout type d'anatase. Une étude approfondie des
propriétés de surface des anatases de type TiO,-PC devra étre entreprise.

Vision a I’échelle moléculaire des interactions - Chapitre 5.

Les analyses par spectroscopie RMN du *'P, infrarouge et Raman des liaisons entre le
DMPA ou le DMPG et les surfaces d’anatase et rutile ont été réalisées sur des échantillons qui
ont été soigneusement lavés, mais dans des conditions différentes de celles du chapitre 4, afin
d’obtenir des signaux spectroscopiques suffisamment exploitables pour, dans un premier

temps, démontrer la faisabilité de cette approche moléculaire. La faisabilité de notre démarche



est effectivement bien démontrée dans ce chapitre, mais certaines conclusions ne peuvent étre
directement transférées et appliquées aux interprétations du chapitre 4. Cependant la qualité
des signaux laissent clairement envisager un prolongement de cette forme d’étude aux
échantillons contrélés du chapitre 4. Les études spectroscopiques montrent de maniére
évidente que DMPA et DMPG se lient fortement a la surface de la phase anatase en
impliquant les tétes phosphates. Cependant, malgré la modification de I’environnement
chimique observée en RMN, les évolutions de la symétrie locale de la téte phosphate mises en
évidence en spectroscopie Raman, ainsi que I’implication des groupes de surface Ti-OH,"*
démontrée par spectroscopie infrarouge, il n’est pas simple de conclure a la formation a
I’interface en solution aqueuse d’une liaison chimique covalente Ti-O-P. Le substrat rutile
montre un comportement différent notamment parce qu’une plus grande partie des OH de
surface sont de nature pontante, Ti-OH-Ti, avec un caractére plus acide que les OH
terminaux, type Ti-OH ou Ti-OH,%, qui sont, eux, plus abondants pour la phase anatase
utilisée ici (résultat démontré au chapitre 2 par spectroscopie IR). La téte phosphate semble,
avec I’échantillon de rutile utilisé ici, beaucoup moins perturbée lors de I’adsorption que dans
le cas de la phase anatase, avec une implication plus importante du groupement glycerol dans
le cas de DMPG. Cette étude est également faisable pour caractériser les interactions dans des
conditions basiques, a des valeurs de pH d’équilibre de 9, ce qui n’a pas pu étre réalisé dans le
cadre de ce travail. Il serait donc maintenant intéressant de poursuivre cette approche dans les
conditions des isothermes d’adsorption recueillies et interprétées au chapitre 4. La difficulté

viendra alors de la facon de recueillir la phase solide dans ces conditions.
Conclusion

Cette étude a consisté a examiner l'interaction entre les nanoparticules de TiO,-P25,
anatase, ou rutile et les phospholipides en milieu aqueux. L’étape de criblage, fondée sur la
mesure de la charge de surface et la sensibilité de I’organisation des phospholipides a leur
environnement a I’interface air-liquide, a permis d’identifier deux groupes de phospholipides.
Dans le premier groupe, on trouve les phospholipides qui sont suffisamment chargés et qui
interagissent avec les particules de TiO,-P25 uniquement en milieu acide (l’acide
phosphatidique DMPA, la phosphatidylsérine DMPS), et ceux qui interagissent avec les
particules de TiO,-P25 sur une large gamme de pH (phosphatidylglycérol DMPG et
cardiolipine TMCL). Les phospholipides DMPA et DMPS interagissent avec les particules de
TiO,-P25 par des interactions électrostatiques qui sont écrantées par la force ionique a des

concentrations de 10 mol/L et 10 mol/L respectivement. De toute évidence, le groupe
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phosphate de DMPA est impliqué dans I'adsorption sur les particules de TiO,-P25 tandis que
le groupement carboxylate du DMPS est au moins l'un des groupes impliqués dans
I'adsorption sur les particules de TiO,-P25. Pour DMPG et TMCL, nous avons émis
I’hypothése que les groupes hydroxyles jouent un rdle dans I'adsorption sur les particules de

TiO,-P25, ce qui a pu étre confirmé par spectroscopie infrarouge.

Dans le second groupe, on trouve les lipides zwitterioniques comme la
phosphatidylcholine DMPC, la phosphatidyléthanolamine DMPE et la sphingomyéline SM,
qui n’interagissent pas avec TiO,-P25 quel que soit le pH. Ces phospholipides, largement
présents dans la composition des membranes biologiques ne favorisent pas, par conséquent, la

fixation des particules de TiO,-P25 sur les membranes.

Les affinités différentes des molécules de phospholipides pour le dioxyde de titane
nous aident maintenant a comprendre la séparation des seules molécules PC, PE et SM, lors
de la séparation des phospholipides du lait sur colonne de TiO,. En effet, les phospholipides
chargés présents dans le lait n’ont pas été retrouvés apres la séparation sur colonne de TiO5.
Ce résultat peut s’expliquer par leur rétention dans la colonne, via la formation de liaison

covalente avec les particules de dioxyde de titane.

Les particules de TiO,-P25 étant constituée de cristaux de rutile et anatase, le r6le de
la structure cristalline a été étudié sur des échantillons séparés d'anatase et de rutile. Les
isothermes de compression et d'adsorption a pH 2 et pH 9 ont séparément montré que le
DMPA et le DMPG, principaux phospholipides a s’adsorber sur les particules de TiO,-P25,
pouvaient s'adsorber sur les deux types de cristaux anatase et rutile. DMPA s’adsorbe
uniquement en milieu acide sur anatase et rutile, tandis que DMPG s’adsorbe sur anatase et
rutile, a la fois en milieu acide et basique, et dans des quantités similaires : il s’agit donc
d’interactions non électrostatiques. Les interactions fortes observées entre TiO,-P25 et
DMPA ou DMPG a pH 2 correspondent donc a I’adsorption des phospholipides sur les phases
anatase et rutile a la fois. Les interactions entre DMPG et TiO,-P25 a pH 9 en présence de sel
peuvent étre maintenant comprises par I’adsorption de DMPG principalement sur le rutile a
pH 9. Bien que les isothermes d’adsorption n’aient pas été réalisées en présence de sel, on
peut supposer que les interactions entre DMPG et TiO,-P25 a pH 2 en présence de sel

résultent du méme type d’interactions qu’a pH 9.

La caractérisation des liaisons par spectroscopie de vibration infrarouge ou Raman et
spectroscopie RMN du 3'P n’a pas pu aller jusqu’a prouver la formation de liaisons covalentes
via le groupe phosphate. Les phospholipides DMPA et DMPG s’adsorbent sur TiO, en

déplacant la couche d’eau adsorbée et les groupes OH de la surface. lls forment clairement
9



des complexes de sphére interne. Alors que le groupe phosphate est le seul groupement
impliqué dans l'adsorption du DMPA sur TiOg, il est moins impliqué dans I’interaction du
DMPG pour TiO,. Dans ce cas, les groupements alcool primaire et secondaire du glycérol
substitué sur le groupe phosphate sont les principaux groupements impliqués dans
I’adsorption. En depit de nos efforts, il reste beaucoup de questions a résoudre. Il faut
maintenant valider ces résultats dans des milieux physiologiques précis : ceux de la peau, des
milieux aquatiques ou ceux des cellules biologiques. L'effet de la lumiére ultraviolette sur
I'interaction entres les phospholipides et le dioxyde de titane est intéressant a étudier en raison
de l'activité photocatalytique du TiO, et sa présence dans les environnements aquatiques.
L'absence d'interactions entre certaines anatases et les phospholipides est assez surprenante et
la description fine de la surface de ces anatases pourrait nous aider a comprendre ce
phénomene. Si on sait maintenant que les phospholipides s’adsorbent sur les phases anatase et
rutile, I’utilisation de monocristaux a faces contr6lées sera nécessaire pour determiner si
certaines faces permettent mieux que d’autres d’adsorber ces molécules. En ce qui concerne
les phospholipides, un systeme plus complexe (mélange de phospholipides, protéines ...) peut
étre maintenant étudié, en tenant compte de Il'organisation des phospholipides (qui ne se
mélangent pas les uns avec les autres dans toutes les conditions), et de la formation de

radeaux lipidiques avec le cholestérol.

Cette thése peut avoir des retombées potentielles dans le domaine des biomatériaux car
les phospholipides pourraient, en s’adsorbant sur le dioxyde de titane, rendre la surface de
TiO, plus biocompatible. Elle pourrait également permettre d’ameliorer la séparation des
phospholipides sur colonne de TiO et de trouver un moyen de récupérer les phospholipides
fortement fixés. En outre, la compréhension de l'interaction TiO,-phospholipides peut servir a

évaluer l'interaction de cet oxyde avec les cellules, lors des études toxicologiques.
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General introduction

The application of metal oxides in commercial products is widespread. Among them,
Titanium dioxide (TiO,) is widely used in consumer goods like cosmetics, food,
pharmaceutics, paints, buildings (cements and self-cleaning windows).*™ It is also used in
metal-oxide affinity chromatography to separate phosphorylated molecules® and focuses
also the interest in medicine for the biocompatibility of titanium-based implants®. Besides
commercial applications, it focuses also a lot of research to solve its potential toxicity as

nanoparticles in living organisms, including humans®.

The applications and the toxicological concern are based on the knowledge of the
affinity of titanium dioxide for species. For example, the use of titanium dioxide in metal-
oxide affinity chromatography lies on the strong affinity of titanium dioxide for phosphate
species. It is often claimed that the phosphate group of phosphopeptides anchors to TiO,
similarly as phosphate ions do. As it was claimed that phosphate ions could form covalent

bonds with the surface of TiO,, %%

this grafting is not consistent with the release of
phosphopeptides by elution®. The use of titanium dioxide for separating phospholipids from
dairy products by micro-solid phase extraction seems to be efficient.> However, when the
composition of the separated fraction is compared with the composition of milk, some
phospholipids are missing. This raises the question of the affinity of the whole classes of
phospholipids for titanium dioxide. In toxicology, it was shown that titanium dioxide adhered
to the membrane of human erythrocytes and induced their coalescence.™® When they checked
their result on a model membrane with a single phospholipid component, they could not
induce any notable effect. This raises the question whether this phospholipid was the right
target of titanium dioxide or if a phospholipid of another class had a higher affinity for TiO.
These three examples illustrate how the knowledge about the affinity of titanium dioxide for

biological phosphorylated molecules is still based on trial and error.

The objective of this thesis was thus to determine the affinity of phospholipids for
titanium dioxide and the nature of these interactions. The interactions have been screened in
the aqueous medium, in relation with chromatography and toxicology. A screening was first
performed on a large panel of phospholipids that bear the same skeleton with a phosphate
function substituted by different functions. Then, the interactions were analyzed in the solid
state by infrared, Raman and NMR spectroscopies.
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The dissertation comprises 5 chapters. Chapter 1 reviews the literature relevant to first
the physical chemistry of oxide surface, especially titanium dioxide, in aqueous medium, and
second the principal characteristics of phospholipids in aqueous solution and at the air-water
interface. The state-of-the-art related to the TiO,-phospholipids interaction is also introduced
and discussed. In Chapter 2 the materials and methods are described. Furthermore, a specific
part is devoted to the fine characterization of the selected titanium dioxide particles. Chapter
3 displays the results of phospholipid screening while Chapter 4 presents complementary
results related to the crystalline phase of titanium dioxide. Finally Chapter 5 focuses on the

nature of bonds between titanium dioxide and phospholipids.
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1. Background and the-state-of-the-art

This chapter briefly reviews the general physico-chemical characteristics of metal
oxides — water interfaces, and that of metal oxide - molecules interactions in agueous solution.
More importantly, the detailed physico-chemical characteristics of TiO, surface in vacuum
and in aqueous solution with the presence of sorbed species will be reviewed. Because this
thesis aims at understanding the interaction TiO, — phospholipids, some background
information concerning characteristics of phospholipids and their arrangement in aqueous
medium are also given. Finally, the state-of-the-art related to TiO,-phospholipids interactions

is introduced and discussed.
1.1 The metal oxide surface

1.1.1 Under vacuum and at ambient conditions

In the bulk structure of metal oxides, all metal cations present coordinative saturation.
At the surface, they are, however, unsaturated. This low coordination of surface atoms is not
energetically favorable and metal cations will generally prefer to increase their coordination
number. As a consequence, these surface atoms present a high reactivity toward surrounding
environment. Moreover, the surface generally presents some defects such as kink, adatom,
step, terrace and vacancy (Figure 1.1) that will play a crucial role in the reactivity of the

surface to surrounding environment.

Figure 1.1. Defect sites model on singlel— crystal surface. Reproduced from Brown
1999

Under dried state, an oxide surface treated in ultrahigh vacuum (UHV) is called a
clean surface. Once the surface enters into contact with atmosphere, it can interact with
chemicals like H,O vapor or CO,.
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Interaction of H,O with the oxide surface leads to an increase of the coordination
number of surface atoms because H,O and OH groups fill the missing place around the
cation. As a result, the surface functional groups and the relaxation of surface atoms and ions
on oxide surface are changed upon interaction with water." Thus, the surface physico-
chemical features might be strongly altered compared to the clean surface, and vary greatly
with the chemical composition of the medium (nature of electrolyte, presence of molecules...)
and its physical conditions (pH, ionic strength...). For example, re-crystallization of the oxide
surface can occur upon contact with water and protonation/deprotonation of surface functional
groups can change as a function of pH, as well as competing interactions of different

substances adsorbed from the medium to the surface.
1.1.2 Sorption on the metal oxide surface

Inorganic or organic species may adsorb to metal oxide surfaces, and this process is
called sorption. The sorbed species are termed adsorbate, the surface is called adsorbent. The
amount of adsorbate retained onto a surface unit of area is called the coverage. Depending on
the nature of the binding mode of adsorbate to the surface, the sorption is termed either
chemisorption or physisorption. In the former case, the adsorbate bonds directly to the surface
via chemical bonds and the sorbed species is referred as inner-sphere adsorption complex
(Figure 1.2). The sites where adsorbate binds to the oxide surface are called sorption sites. In
the latter, the adsorbate is not directly bound to the surface, but through hydrogen bonds (H-
bonds), hydrophobic interactions, electrostatic and van der Waals attraction forces. The
resulting adsorbate is named outer-sphere adsorption complex. Theory related to the

adsorption at solid surface in detail can be consulted in literature.’

Outer sphere

Inner sphere O\S/O

O/ \O

OH o i ;

0-S-0 \© ! i

| /S\ H H
A
Fe Fe Fe ||:e

Figure 1.2. Models of the outer- and inner-sphere
Fe-sulfate complexes in water.
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The sorption process is complex and related to many variables including the nature of
oxide surface, the nature of sorbed species, and the environmental conditions. In addition, the
sophisticated interactions among these variables not only determine the nature of sorption but
also significantly affect it. The sorption, according to its nature, can proceed through several
steps. For examples, these steps in heterogeneous catalysis process are: diffusion of species
from bulk solution to the surface, adsorption on surface, interaction among adsorbates,

desorption and release from the surface.

Understanding the clean surface is a prerequisite before considering the surface in the
presence of water and other constituents of the medium. Various issues must be considered:
() characterization of the metal oxide — water interface, (ii) determination of the amount of
adsorbed species, (iii) study of thermodynamics and kinetics of adsorption, (iv) identification
of the adsorbate — adsorbent interactions. Additionally, the interaction among adsorbates can
render the sorption even more complex to study. To investigate the sorption, many popular
techniques are used. These techniques and the obtained information from them are well

described and documented in literature.!?
1.2 The metal oxide - aqueous solution interface

1.2.1 Hydration and surface charge of metal oxide

As an adsorbed molecule, water can bind to the metal oxide surface via H-bonds,
chemical bonds or electrostatic forces.* Studies show that there are two binding modes of
H,0 to metal oxides: molecular and dissociative. Depending on the nature of metal oxide, one
binding mode can be more favorable than the other, or both can occur simultaneously.
Literature data indicates that some metal oxide surfaces such as Al,O3 and zeolites seem to be
inactive for H,O dissociation.” Studies also show that dissociative adsorption is more

favorable at defect sites.*®

The extent of H,O adsorption to oxide surface varies with surface nature. With the
assumption that hard-sphere diameter of H,O molecule is around 2.5 — 3 A, several molecular
layers of H,O can form on the metal oxide surface, and the layer thickness can go up to about
10 A" These layers (Figure 1.3) bind to the surface through different mechanisms. The
innermost layer of H,O (first layer) can bind directly to oxide surface and form surface M-OH
groups. This first important chemical reaction at the metal oxide-water interface is called

hydroxylation. This generally takes place on the surface reactive sites such as cation (Lewis
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acid) or anion (Brgnsted base). The second layer of H,O can create H-bonds with the first
layer, and likewise the third one links to the second via H-bonds. In addition, lateral H-bonds
might form among H,O molecules in the same layer resulting in a network of H-bonds.’

These layers are named interfacial water layers.

H H
H H H H H/O\
@) Q \O/I_<|_ second physisorbed layer

/ \\ /7 \ )
H\ H H H H\ /H H
/ \ 7/
,O\ 0O O \O/ <«— first physisorbed layer
H H H H
@) (I) @) e (I) <«— chimisorbed group
| | I
7z /M\O/M\O/M\ /M\O/M\)77777

Figure 1.3. Interfacial layers of water adsorbed on metal oxide surface

The structure and properties of this interfacial water layer have been the subjects of
numerous experimental and theoretical studies from different disciplines such as
geochemistry, soil science and environmental science, and which were extensively
reviewed."*® The most important fact is that interfacial water molecules are more ordered
relative to those of liquid water in bulk phase. Therefore, The hydration of oxide surface also
impacts directly the hydrodynamic size of particles and agglomeration phenomena. As a
result, the interactions between oxide particles with agueous species, and the other suspension
properties (viscosity, rheological behavior) are controlled by the interfacial properties. This

can be described through the electrical double-layer theory.®

In the presence of acid or base in aqueous medium, protonation or deprotonation
reactions occur on surface hydroxyl groups and induce surface charges. The protonation and

deprotonation reactions of surface hydroxyl groups are often schematized as:
in basic condition
M-OH + HO => M-O" + H,0 Kl (1)
and in acid condition

M-OH + H" => M-OH," K2 (2
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Depending on pH values of aqueous medium, charges on the oxide surfaces can be
positive, negative or zero according to the density ratio of “M-OH,"" and “M-O"" groups. The
pH value where net surface charge equals zero is called Point of Zero Charge (PZC). Surface
charge of oxide can be predicted to be positive if pH < PZC, and in this situation M-OH,"
groups are in majority on the surface. In contrast, surface charge is negative at pH > PZC, and
M-O" groups are then in majority. Concentration of both HO™ and H™ ions in solution
determines the surface charge of oxide, and they are responsible for the created electrostatic
potential. It is noteworthy to remind that only proton (H") is chemisorbed on oxide surface
and form M-OH or M-OH," groups. Hydroxide (HO") ions are proton acceptors and induce
surface M-O" groups. Both hydroxyl ions and protons are called potential determining ions
(PDIs).

PZC is an important characteristic of the oxide surface, and there are different
approaches to measure it, for instance acid/base titration, pH drift technique, mass titration.’
Literature data well documents PZC values for a large variety of metal oxides, as reported by
Parks and recently by Kosmulski.!®'* PZC value is dependent on the nature of oxide and
many factors such as polarization of surface groups, crystal structure, particle morphology,
history of oxide and electrolyte nature.**™** Particularly, for a given oxide, the adsorption of

electrolyte on surface sites may shift the PZC, depending on the nature of the interaction.

A correlation between this PZC value and proton affinity can only result in a single
proton affinity thermodynamic phenomenological constant.!®!® However if one wants to
relate this value to the chemical natures of the various surface chemical groups, one needs for
each one of these groups the affinity constants. Few attempts have been made to predict
proton affinity constants of individual surface groups.'® We discuss of this approach applied

specifically to the TiO, surface particles in the next section.
1.2.2 Modeling of the metal oxide — aqueous solution interface

Understanding the detailed structure of the interface is important to control oxide
surface properties. However, it is usually difficult to directly measure or investigate the
interface at atomic/molecular scale from experimental studies. Therefore, building models to

describe the interface have been developed.

The chemical composition of the oxide-aqueous medium interface is very complex. In

addition to the possible permanent functional surface charged groups, there can be adsorbed
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molecules, adsorbed ions, free ions, bound water and unbound water. For these reasons, metal
oxide surfaces in contact with water develop surface charges, which determine the surface
potential. The interface includes the constituent ions of the solid. Those species create an
electrical multiple layer around the charged oxide particles, which can be described by
double-layer or triple-layer models. The family of “electrical double-layer” (EDL) models is
based on simplifying assumptions such as inner — sphere complex, outer — sphere complex,
and adsorption of counterions to neutralize the surface charge. These assumptions may be
tested by direct measurements the spatial distribution of ions in the EDL as a function of pH,
ionic strength, solution metal ion concentration, and other variables for a given sorbent and
sorbate.> According to this model, bound ions (chemically or physically bound to the surface
groups of oxide particles) should be limited to a single layer close to the surface (the
Helmholtz model), while ions accumulated Coulombically should appear in a diffuse cloud
that decays exponentially with distance from the surface (the Gouy-Chapman-Stern model).
Some aspects of the models have been testing by theoretical calculation and available tools.
Nonetheless, more investigations are required because of the complexity of the interfaces.
Some tools, which have been used to study the interface, are Atomic Force Microscopy, X-ray
Standing Wave, Sum Frequency Generation. The details about experiments with these

techniques are described in the excellent review of Brown et al. and references therein.*

Modeling the oxide-solution interface requires an understanding of the characteristics
of oxide surface. These are surface acidity and the related intrinsic constants, the relationship
between surface charge and potential within surrounding medium (inner layer and diffuse

layer of electrical double layer).
1.2.2.1 Surface acidity and intrinsic constant

The surface group acidity is characterized by equilibria:

+ +. 0_[MOH][HS+]
MOHZ @MOH+HS,K+—W (5)
MOH@MO‘+H;;K?:[MO—][H:] (6)
[MOH |

H.is the local concentration of protons in equilibrium with surface groups. These

protons are subjected to the electrical potential (o) at the oxide surface:
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where [H*] is the concentration of protons in the solution far from the oxide —

solution interface.

Therefore, the constants for equation (5) and (6) can be written as:

o [MOH]H*| (-Fy, o MO [H*|  (-Fy,
K+:[[MOI]4[;J]eXp( R;//j and K+:[[Mo][H] ]eXp[ Rfj

Or
K°=K"exp “F¥o ) and K? =K exp a7} (8)
RT RT
K™and K ~are the intrinsic constants, which characterize the acidity of surface groups
in the absence of electrical potential (yo = 0).

1.2.2.2 Surface charge-potential relationship

The double layer is divided into two layers: inner and outer. Within the inner layer,

under given conditions of solution, surface charge density o is described by equation (3):
F . _
o, =X([|\/|0H2 ]-[mo7)

Where F is the Faraday constant (96500 C.mol™) and A is the total surface area of
oxide particles in solution (m%L). The total number of surface groups per unit area, Ns
(mol/m?) is:

N, ([MOH;]+[MA0H]+[M0-])

Surface charge density can be rewritten:

[MOH; |- [mo"]
* [MOH; [+[MOH ]+|MO" |

o,=FN

Taking into account the intrinsic constants from equation (8):

(H* [/ K )exp(—Fy, IRT) = (K~ I[H* ) exp(Fy, /RT)
*1+([H* [/ K*)exp(~Fy, /RT) + (K~ /[H" )exp(Fy, /RT)

(9)

Oy =
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This equation (9) describes the relation between surface charge (oo) and electric

potential (yo) at the surface at a given pH.

In the outer layer (diffuse layer), counter-ions are subjected to the surface potential as
well as thermal agitation. The net charge (c4) of the diffuse layer is determined by Graham’s

relation:
o, = —(8:CRT)?sin(Z-Ye) (10)
‘ 2RT

Where ¢ is the dielectric permittivity of the medium. It is the product of permittivity of
water with that of the vacuum. C is the electrolyte concentration (mol/L), z is the charge of
electrolyte ions. Equation (10) indicates that a variation of electrolyte concentration induces

changes in o4 and yg.

The electrostatic potential (yg4) caused by the charge at the end of the Stern layer is
considered to be very close to the zeta potential (£), which is normally measured through

electrophoretic mobility determination.

The electric potential at the distance r, from the surface is written by Poisson-

Boltzmann equation:

_2RT | 1+ |- x(r —d)] with 7 = exp(zFy, 12RT) +1
1—y[-x(r-d)] exp(zFy, /2RT) -1

w(r) (11)

The thickness of the diffuse layer is termed Debye-Huckel length. It corresponds to the
distance from the surface for which the electrostatic potential reaches the value of yo/e (with

Ine = 1). It is noted k™, and calculated from equation (4).

262N, 1)
= (—Aj (12)
ekT

Where N is Avogadro number, | is the ionic strength (mol.L™), k is Boltzmann

constant, T is the absolute temperature.

As it can be noted from equation (12), this length is very sensitive to ionic strength (1).

When I increases, the diffuse layer is compressed and therefore the length (%) is smaller.
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1.2.2.3 Models of metal oxide—solution interface

To interpret experimental data and to accurately describe the relation between surface
charge as a function of pH: o = f(pH), several models have been proposed. These models use
mass-action law and matter balance to describe surface reactions. An electrostatic model is
used to characterize relationship between potential and surface charge, in which aqueous
species are placed in the interfacial zone. Among the models, triple layer model (TLM) is the
most general model, which accounts for adsorption of electrolyte ions on surface by
complexing with protonated and deprotonated surface groups.*® TLM is illustrated in figure
1.4.

Gor (Wo)
G, (W)
\lec Oo b
M} OH HO Oy
Ml o M0 et Yo S
wM|- 0" -8 H,0 |diffuselayer
=M OH H,0
© M|l O--$* H.O
F M| OH,* |- Vb
8 M - C)' -S+ Hzo
M| OH H,0 Ve
M - C i _;S+ HZO \\_d
C,e | Cye, | eofliqui
IHP  OHP

(a) (b)

Figure 1.4. Oxide — solution interface where (a) represents surface species position in
triple layer model and (b) shows the decay of potential from the surface and the charge-
potential relationship. There are three planes in the model: the first one is positioned at the
oxide surface with pair charge and potential (oo, wo), the second one is called IHP ((ov, wb)
and the third one corresponds to OHP (oy, w4).

TLM s established partly on the equilibria (5) and (6) accounting for protons
adsorption. In addition, the complexation between electrolyte ions with surface groups is
taken into account. The equilibria of these complexation reactions are displayed by:
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For cations from solution S/

MO +S; & MO S* (12)
For anions from solution L

MOH; + L, < MOH; L (13)
Combining (12) with (6), we have:

MOH +S; & MO S*" +H/

_[most[H:] L (- F-wy)
>~ [mon]s:] exp( RT ] 9
And (13) with (5):
MOH ;L < MOH + L, +H/
D LVeL) (5 *]exp[— F (v, —wb)j )
IMOH; L | RT

Equilibria (14) and (15) show the relation between the complexation reactions and
acid-base ones. The equilibria also relates to the charge generation processes via protons
adsorption/desorption.

The surface charge oo, the shielding charge due to complexation o, and the

compensating charge of the diffuse layer o4 are written as:

o =%([MOH§]+[MOH;L‘]—[MO‘]—[MO‘S+]) (16)
o, :%([MO‘S*]—[MOH;L‘]) (17)
o, =%([MOH;]—[M0-]) (18)

Electroneutrality for the whole system imposes: o, +o, +o, =0

The total density of charged sites expressed in unit of charge density is
N, :%([MOH;]+[MOH;L]+[MO]+[MOS*]) (19)
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The potentials o and (o - yp) are related to the surface charge via capacitances C;
and C,. C; is the capacitance of zone 1 between surface and IHP, C;, is that of zone 2 between

IHP and OHP. The capacitances are linked to potentials as following:

Oy Oy

C = and C, =———
Vo =¥p Va —Wp

The metal oxide — aqueous solution interface is very complex because there are many
variables. Particularly, calculating equilibrium constants of surface ionization is very difficult.
Nonetheless, literature data shows that this model is quite good for many oxides, such as
TiO,, SiO, and Al,O3 with every electrolyte 1:1 over a wide range of ionic strengths at
standard condition (298 K and 1 bar). This model is considered to be more useful and flexible

than any other models.*
1.2.3 Sorption of aqueous species at metal oxide surfaces

Sorption of aqueous species on metal oxides have attracted many studies because of
numerous interests such as in geochemistry, environmental sciences, biomaterials and
particularly for heterogeneous catalysis applications.’2° Aqueous species are either inorganic
or organic. Inorganic species are cations and anions, which might adsorb through
physisorption or chemisorption.?*?* Organic species are polar or nonpolar with functional
groups such as hydroxyl, carboxylate, amine etc. Sorption energy involved in processes
depends on the involved interaction forces: for physisorption, the energy is lower than 50

kJ/mol, whereas that for chemisorption is several hundred kJ/mol.

Considering ionic species, the interaction can whether be strong or weak, depending
on the nature of these ions. The relatively weak charge density ions, for instance Cs*, ClO,,
cannot penetrate the physisorbed H,O layers. In this case, the minimum distance that these
ions can reach from the surface corresponds to the thickness of Stern layer, and these ions are
then positioned at the outer limit of this layer, which is named outer Helmholtz plane (OHP).
Some other ions, such as Na*, have stronger interaction with surface charged sites, and can
penetrate the physisorbed layer of H,O on oxide surface. Nevertheless, these ions do not form
ion pairs or complexes with surface charged sites. The interaction does not affect the solvation
layers around these ions, which are constrained within the hydration layer of oxide surface. It

is thought that these ions form hydrogen bonds with surface charged sites.*?
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The last kind of ions can even penetrate the Stern layer and adsorb chemically on
surface sites. These ions are complexing anion or easily hydrolysable cations. Some neutral

molecules forming coordination complexes can behave similarly.

All these ions are situated near the oxide surface, therefore they can shield the mutual
interactions between surface charged groups, and might also modify the surface charge.
Hence, at a given pH, surface charge of oxide is dependent on the concentration of counter-
ions and the level of created shielding. This phenomenon is termed salt effect, and is related
to PZC measurement experiments. Through these experiments, the effect of ionic strength on
surface charge and PZC of oxide is analyzed. In short, if the ions just Coulombically
accumulate in the water layer, all curves oo = f (pH) intersect at PZC. On the contrary, if
chemical adsorption occurs, the PZC is shifted whether to lower pH in the case of cations, or
to higher pH in the case of anions. The strength of ions affinity to the surface determines the
extent to which PZC is shifted.

1.2.3.1 Effect of oxide surface nature

The sorption process depends on oxide surface characteristics, particularly on the
charge density and on the structure of coordination sites.'? Defective sites are the most
reactive on metal oxide surface’ and they are crucial adsorption and reaction sites for
molecules.?**®> Moreover, coordination environment of surface atoms, redox properties of the
oxide and oxidation state of the surface, have significant influence on the sorption at the metal
oxide surface.’” Thus, the nature of oxide determines the adsorption of species. For instance
aspartic acid presents weak interactions with fused SiO,, whereas stronger with TiO, in the

same conditions.?®

Moreover, properties of metal oxide particles such as particle size, shape, porosity,
surface roughness, that have consequences on the surface chemical heterogeneity, the surface
charges, and the chemical nature of surface sites (defects, acid or basic properties) strongly
affect their interaction with molecules. Porous materials allow the molecules to penetrate into
pores and precipitate inside. Particle surfaces possessing a higher number of surface active
sites tend to adsorb more molecules, thus the coverage is higher. Particles with smaller size
usually possess a higher specific area, thus relatively more active sites available for
interaction.”” Effect of particle size on the adsorption behavior of species is obviously

demonstrated by the adsorption of proteins on metal oxide. For instance, experimental data
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reported that the amount of fetal bovine serum adsorbed on nanosized alumina (24 nm) is
significantly higher than that on alumina with bigger size (167 nm) in the same conditions .22
Adsorption of sulfate ion on a-Fe,O3 was found to be dependent on the shape of oxide
particles. This ion adsorbed strongly on ellipsoid particles, whereas weakly on thin platelets

and moderate on thick platelets.?

Adsorption of aqueous species is dependent on the oxide crystal faces. Reasons for
this rely on the differences in quantity and quality of reactive sites existing on. An
experimental study illustrates that adsorption of sulphate species is favoured on some specific
facets of a-Fe,O3. Sugimoto and al. shows that SO,* ions strongly adsorb on (110), (100)
and (012) faces where they bind to Fe ions through bidentate mode, whereas they are weakly
adsorbed on (001) face, via monodentate binding mode.” Citrate was found to adsorb
strongly on (0001) face of ZnO and more weakly on (1OIO)faces, whereas for
ethylenediamine the opposite behavior was observed.*® Those phenomena result from the

distribution of active sites and the coordination number of surface atoms which are different

on various crystal faces.

The surface reactive sites are not easy to define, since they depend on the involved
reaction with the adsorbing chemical species. If we consider the solvated OH™ anion, a surface
metal atom may be the reactive site. For instance, it has been demonstrated that 5-fold
coordinated Ti atoms on some crystallographic facets of TiO; rutile constitute Lewis acids for
lone-pair electron molecules, and 2-fold coordinated O sites are Brgnsted base sites which

can capture protons from molecules.** Some of these sites are simply sketched in figure 1.5.
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Figure 1.5. Model for Titanium sites and Oxygen sites on surface and in the bulk
lattice of TiO, crystal. Tip and Oy are Oxygen and Titanium in the bulk lattice, respectively.
In the bulk lattice, Ti is 6-fold coordinated, and O needs a 3-fold coordination to be
saturated. However, on the surface Ti can exist as 5-fold coordinated atoms and similarly
oxygen atoms can be 2-fold coordinated.

1.2.3.2 Effect of sorbed species

In addition, the nature of aqueous species significantly affects the sorption mechanism.
A popular case is the sorption of nonpolar organic compounds on metal oxide, the binding
mechanism involving hydrophobic interactions. Some organic species are surface active, as
they have tendency to gather at the air — water interface or to adsorb strongly on metal oxide —
water interface.> Sorption behavior of these surface active species on metal oxide is very
particular, as they bind via their polar group to the surface and point the nonpolar chains

outwards solution. Surfactant adsorption on metal oxide is an apparent example.**

Some macromolecules such as polyelectrolytes, polymers, with various structures and
functional groups interacting differently with metal oxide, have been investigated for
applications in colloidal stabilization.**** The functional groups of these species are
responsible for the adsorption onto oxide surface, as illustrated by the binding role of
hydroxyl groups of catechol family on oxides.®* Long chain molecules, with polar moiety
adsorbed on surfaces, present lateral interactions between apolar chains, and can reorient the
position of their chains from horizontal to vertical, forming clusters or bilayers on the surface
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at high coverage."® The large structure of the apolar chains points towards solution and
hinders agglomeration of oxide particles. This phenomenon is applied in steric stabilization

technique for metal oxide suspensions.
1.2.3.3 Effect of environmental condition

The medium where oxides and molecules are dispersed has a vital role on the
interactions existing between them. The state of molecules in H,O medium is affected by
various interactions (hydration forces, hydrophobic or hydrophilic interactions). Strong
binding of molecules by H,O increases the intrinsic volume of the molecules and reduces
their flexibility in diffusion processes, therefore affecting the sorption process. Furthermore,
molecules can self-assemble to form various structures in aqueous medium, and these
structures can compete with sorption processes on oxide surfaces. Adsorption of non-ionic
surfactant on silica surface comprises three steps: monomer diffusion, micelle diffusion and
micelle dissociation.* At pre-micellar concentration, the adsorption rate presents a linear
relationship with bulk concentration, whereas, beyond critical micellar concentration, this
relation is not linear. Micelles are assumed not to adsorb on surface, and they only release

monomers in the diffusive step.

In many systems, pH and ionic strength of the solution control sorption of species on
oxide surfaces. A study of Cesarano et al. about the adsorption of polymetacrylic acid (PA) on
a-Al,03 in aqueous suspension®? showed the strong effect of medium, particularly the pH, on
the chemical sorption of PA on a-Al,O3 particle surfaces. In fact, the functional groups of PA
are carboxylic moieties, which deprotonate when pH increases. Deprotonation level increases
and get almost 100% at pH around 8.5. Concerning the oxide surface, the point of zero charge
of Al,O3 is about 8.5. As a result, in pH 4 — 8, electrostatic forces between PA and Al,O3 are
attractive, and become repulsive at pH > 8.5. Another example is the dependence on pH of
phosphate complexes formation on geothite studied with diffuse reflectance infrared
spectroscopy.® This study found that though phosphate coordinated to iron (I11) cation on
geothite surface via monodentate binding mode whether in acid or alkaline pH condition, the
difference among complexes is the protonation level which depends on pH. Theoretical study
also demonstrates that the coordination mode of phosphate to iron hydroxyde is significantly
pH dependent.®® The authors demonstrated that bidentate binding formed at pH 4 — 6, while
monodentate formed at pH 7.9 and 12.8. Jeon and coworkers proved that chemical adsorption
coverage of alkyl phosphates on alumina decreases when pH of solution increases.®” Both
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theoretical and experimental studies indicated that adsorption coverage of orthophosphate
species on goethite increases when pH decreases from 11 to 3.*® A similar conclusion was
driven from the adsorption of sulphate ions on a-Fe,O3 at 100°C, when pH decreases from 4

to 2.2°

The organization of species in aqueous solution also influences the sorption
process. Indeed, the molecular solubility, the interaction between the molecules themselves,
and the competition effects during the sorption have to be considered. An apparent example is
the effect of organic ligands on the adsorption of metal ions on oxide surface in metal —
organic complexes. In this case, the ligands control the adsorption instead of the metal
cations. A pronounced illustration is the adsorption of complexes of Co(ll) with
ethylenediaminetetraacetic acid (EDTA) on metal oxides.! Conversely, without competition
phenomenon, it is possible to have cooperative effects. For instance, the presence of some
components in the medium can hinder or enhance the sorption processes: this components are
called modifiers. According to Rossetti et al., Ca®* ions enhance the adsorption of
phospholipid vesicles on TiO, substrate, leading to the formation of a supported phospholipid
bilayer (SPB).*. Authors suggested that Ca** ions may bind to both the negatively charged

phospholipid vesicles and the oxide surface, subsequently facilitating the formation of SPB.

At last, light can have effect on the adsorption of aqueous species on metal oxide
surface. Indeed, the photosensitivity of some oxides under presence of H,O and light can lead
to oxidation or reduction of the adsorbate into different species. Thus, the sorption
mechanisms can change completely. Titanium dioxide is very sensitive to ultraviolet light and
can degrade many organic molecules. This oxide is widely used as a photocatalyst for water
and air purification, for example. Therefore, the investigation of sorption processes with

photosensitive oxides must carefully take into account the effect of light.
1.2.3.4 Tendencies and challenges

There are two approaches to describe the adsorption of aqueous species on metal oxide
surface. From a macroscopic point of view, quantitative and qualitative analysis were used to
investigate the adsorption as a function of several factors. These factors are typical conditions
of environment such as pH, ionic strength, effect of modifiers, temperature or concentration
of adsorbed species. In order to distinguish the nature of adsorption, whether chemisorption or
physisorption, modifying environmental conditions is a conventional choice. Nevertheless, to
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understand the interactions occurring at the oxide — aqueous solution interface at molecular
level, a microscopic approach is required. For this purpose, both theoretical and experimental
studies are essential. Calculating adsorption energy either by classic model or by quantum
mechanics is crucial to differentiate the mode of adsorption based on the bonding energy. For
experimenters, to probe the adsorption nature, vibrational spectroscopy and other techniques
such as Sum Generation Frequency or Nuclear Magnetic Resonance are powerful choice.
With these techniques, nature of adsorption can be elucidated and furthermore, the structural

information of adsorbed species can be predicted.
1.3 Titanium dioxide (TiO,)

Understanding the surface properties of TiO, before investigating the interactions of
this material with phospholipids or other molecules is essential. However, a complete review
regarding the surface studies of TiO, is out of the scope of this thesis; detailed information
can be found in some excellent reviews.*>™** Herein, only a brief review relevant to the thesis

is summarized and discussed.
1.3.1 Crystal structures

Titanium dioxide exists in three primary crystalline phases: anatase, rutile and
brookite.*** Macroscopically, rutile is the most stable and the most abundant phase.*® At the
nanoscale, the anatase phase is found to be dominant both in synthesis and nature.
Nevertheless, both anatase and rutile play a vital role in the applications of TiO,.* Figure 1.6

depicts the bulk structure of anatase and rutile.
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Figure 1.6. Bulk structure of anatase (togoraw) and rutile (down), taken from Diebold
2003™.

Both structures can be described through TiOg octahedra, where Ti*" is fully
coordinated by six O atoms (6-fold coordinated Ti). Each O atom is fully coordinated to three
Ti atoms (3-fold coordinated O). The difference between anatase and rutile is the assembly of
these octahedra and the distortion of each of them. Anatase is significantly distorted in
comparison with rutile. In rutile, each octahedron is in contact with ten neighboring octahedra
(two sharing an edge, eight sharing a corner), whereas in the anatase structure each
octahedron has only eight neighbors (four sharing an edge, four sharing a corner). These
differences in lattice structure result in differences in physical and chemical behavior between
polymorphs.*’ Density (kg/m®) of rutile is 4240, a little higher than that of anatase, which is
3830. The estimated band-gap energies are 3.0 eV and 3.2 eV for rutile and anatase

respectively.*

The suitability of TiO, for any industrial application depends not only on the phase of
the TiO, particles, but also on their morphology.*”® The morphology of anatase and rutile
particles was predicted by shape dependent thermodynamic models. They are sketched in
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Figure 1.7. The faces exposed by these morphologies are found to be dominant on nano-

crystals of anatase and rutile.
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Figure 1.7. Morphology of anatase and rutile crystals for different degrees of surface
acidity, from strong acid to strong basic condition.(Taken from Barnard 2005%).

Preparation techniques and procedures determining the crystal morphology, this in
turn defines the exposed faces. In acid medium, the main faces of anatase crystal are (101)
and to a less extent (001) faces. In basic condition, area of (001) face increases, whereas that
of (101) decreases and a new face, (100), appears. In contrast, when acidity of medium
decreases, the formation of rutile crystal does not give rise to new faces, but the crystal seems
to lengthen, thus (110) face expands. Anatase is considered to possess higher photocatalytic
activity than rutile.* Reactive sites being located on faces, the reactivity of each face is

different from the others.

The surface physico-chemical properties of TiO, drastically depend on several
parameters: the crystalline phase, the shape, the crystal faces, the state of crystal faces
(defects, edges, impurities), and the degree of hydration of TiO, surface.*® Theoretical studies
find that the (110) is the most thermodynamically stable among (110), (001) and (100) faces
of rutile, based on the fact that the (110) face has the least dangling bond number, and that

this crystal face has the lowest energy. These faces are modeled in figure 1.8
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Figure 1.8. Three main faces of rutile.*® Both faces (110) and (100) expose 5-fold
coordinated Ti**. Face (001) exposes 4-fold coordinated Ti**, that are theoretically more
active than 5-fold coordinated Ti**. The bridging oxygen (O2) is present on three faces.

On the (110) face of rutile, rows of 6-fold coordinated Ti atoms alternate with rows of
5-fold coordinated Ti. There is a row of 2-fold coordinated O atoms located on the row of 6-
fold coordinated Ti and perpendicular to the plane (110). These 2-fold O is called bridging
oxygen, and is suggested to be very active. If this bridging O atom is removed from the
surface, by thermal treatment for example, a vacancy is formed and significantly affects
surface reactivity of rutile (110). In addition, 3-fold coordinated O atoms are also present on

(110) faces; this type of O is inert to chemical reaction because its coordination is saturated.

Rutile (100) and (001) faces are less studied than (110). The (100) face is strongly
corrugated with a row of 2-fold coordinated O atoms on the outermost ridges. The (001) face
Is very particular, as all atoms of Ti and O are located in the plane. Only 4-fold coordinated Ti
and 2-fold coordinated O atoms are present on this face, whereas on the rutile (110) face, 50%
of total surface Ti atoms are 5-fold coordinated and 50% are 6-fold coordinated. Therefore,

the (001) face is more reactive than the others.
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Anatase nanocrystal primarily exposes (101), (100) and (001) faces (see Figure 1.9).
In anatase, the (101) crystal face was proven to have the lowest energy in comparison to the
(100) and (001) faces.>® Based on the calculated surface formation energy, the stability of
faces is in the order from high to low: (101) > (100) > (001). Hence, anatase (101) face is
more stable than (100) and (001) faces. It was demonstrated that the presence of low
coordinated Ti atoms induces higher surface energy.”* Compared with rutile faces, the
average surface energy of an equilibrium-shape anatase crystal is smaller than that of rutile;
this can be a hint to explain why the nanoscale of rutile crystal is less stable than that of
anatase.® All three faces expose 5-fold coordinated Ti and 2-fold coordinated O atoms. (101)
and (100) faces present 3-fold coordinated O atoms, whereas the (001) face does not. The
(101) face is the most corrugated among the three. Both Ti and O atoms on anatase (001) face
lack a ligand, which is perpendicular to the (001) plane. With this geometry, Ti and O atoms
should be easily targeted for chemical reaction compared to the other faces of anatase.
Experimental studies have indeed demonstrated that the (001) face is more reactive than the
(101) face in anatase.>* New synthesis methods have been developed to control exposed faces

of anatase, aiming at increasing the percentage of (001) faces.>***
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(001)

Figure 1.9. The three main faces of anatase crystal. All faces expose 5-fold
coordinated Ti*".

In reality, because of the presence of H,O and other molecules in atmosphere, all
under-coordinated Ti and O atoms on TiO, surfaces are saturated by H,O and hydroxyl
groups. The interaction of H,O with TiO; gives rise to the presence of hydroxyl groups which
dominate the chemistry of TiO, surface. The physical or chemical processes that take place
on the surface of TiO, are significantly affected by these hydroxyl groups and H,O layers.
Understanding the interaction of H,O with the surface of TiO, will give more insights about
the surface chemistry of TiO,, which is developed in the next section.
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1.3.2 Surface chemistry
1.3.2.1 Interaction of TiO, with inorganic molecules

In this part we will discuss first the interactions between vapor H,O and TiO,
surfaces, which will allow describing some active surface sites. Next, other small molecules

will be studied as molecular probes to investigate the reactivity of TiO, surfaces.

1.3.2.1.1 Interaction with vapor H,O

Water is the most important adsorbate at TiO, surfaces due to the vital role of H,O in
photocatalytic applications of TiO, (in aqueous conditions). H,O molecules adsorb on TiO,
surface either molecularly (surface water) or dissociatively (formation of surface hydroxyl
groups). Subsequently, these surface species strongly influence the physical and chemical
processes at the interface. In well-controlled conditions like experiments in ultra high vacuum
(UHV) chambers, vapor H,O is the main component of residual gas. There has been
extensive researches, to determine how H,O adsorbs (whether dissociatively or molecularly),
how it controls the properties of TiO,, what is the driving force to form the adsorbed layer,
how the adsorbed layer is arranged on the surface, and how H,O co-adsorbs with other
substances. For a complete description, see the extensive reviews by Henderson and
Diebold.**** The present chapter will only give a brief overview of the adsorption of H,O on
the surface of TiO5.

a) Vapor H,O adsorption on rutile

Many studies dealt with specific facets, defects or non-defects on single crystals.® The
most studied facet is the (110) surface of rutile,”® the (100) and finally (001) faces of rutile.

e Rutile (110) surface

On stoichiometric rutile (110) surface, evidence of molecular adsorption of H,O was
demonstrated by Scanning Tunneling Microscope (STM) works, which were reviewed by
several authors.***** Molecular adsorption of H,O was dominant.®® Figure 1.10 illustrates
molecular adsorption of H,O on 5-fold coordinated Ti*" sites (acid sites), with oxygen atom
of H,0 directly bound to Ti**, the O-H bond pointing outward from the surface. Henderson
suggested that, on rutile (110) face, the distance between the adsorbed-hydrogen atom of
adsorbed H,0 and the nearest bridging oxygen (basic site) atom is too long (3.2 A), so that H-

bonds cannot form between them. Subsequently, only molecular adsorption of H,O was
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observed on perfect (110) surface. Dissociative adsorption only occurs at defect sites (kinks
and steps) and oxygen vacancies with a close distance between acidic sites (5-fold
coordinated Ti**) and basic sites (2-fold coordinated bridging O, noted Oy), that favors the
weakening of H-OH bond, resulting in the dissociation of adsorbed H,O. Nearly all
experimental studies of water adsorption on the TiO, (110) 1x1 surface indicate that water
dissociates only at Op-vacancies, as shown in the reaction scheme in figure 1.11. Water fills
the vacancy and one of the hydrogen atoms splits off, leaving a bridging hydroxyl group
(OHy) at the vacancy. The hydrogen atom sits on a nearby bridging O atom, forming another
OH,, species.”” This is in accordance with several theoretical studies, which suggest that the

(110) surface of rutile favors dissociation of H,0.>

TiO5(110) TiO5(100)
Ti1 - water Ti - water
bond bond
direction direction

/ o

bridging

axygen water
miclecule

oxygen i I
anion ———

fitanium 3
cation 3.2A

Figure 1.10. Molecular adsorption on (110) and dissociative adsorption on (100)
faces of H,O on TiO, (rutile). Adapted from Henderson 1996°°
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Figure 1.11. Model illustrating the dissociation of adsorbed H,O at oxygen vacancy
on rutile (110). Blue and red spheres represent respectively O and Ti atoms in the crystal
lattice. Slight blue denotes bridging O atoms. Green spheres bearing two small shade pink

spheres indicate O atoms binding two H atoms. Adapted from Pang 2008°’

e Rutile (100) surface

On perfect rutile (100) face, the adsorption of H,O is dissociative at lower coverage
followed by molecular adsorption at higher coverage.® The dissociation of adsorbed H,0O on
rutile (100) face is induced by the close distance between acidic and basic sites on this face
(2.8 A). The shorter distance facilitates the possible formation of weak H-bonds and induces

the dissociation of adsorbed H,O.
b) Vapor H,O adsorption on anatase

In contrast with rutile, studies on the adsorption of H,O on anatase are limited and
mostly theoretical due to the unavailability of single crystal.® Anatase (001) and (101) faces
were the main targets of research on this crystalline phase: the latter is the main exposed
surface of natural anatase, whereas the (001) is a minor surface for most anatase samples.>®
Density functional calculations showed that H,O was molecularly adsorbed on the (101) face,
while dissociatively adsorbed on the minor (001) surface. Experimental study (Herman 2003)

with temperature-programmed desorption and X-ray photoelectron spectroscopy indicated
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that multilayer of H,O adsorbed on (101) and H,O molecules bind directly to 2-fold
coordinated O and 5-fold coordinated Ti sites. There are no evidence for the dissociative
adsorption.

1.3.2.1.2 Interaction with CO: molecular probe of the sorption sites

One powerful way to investigate the Lewis acid and base centers consisted in the use
of a molecular probe such as CO.>**? The majority of these studies were conducted on the
rutile (110) face.

a) CO adsorption on rutile

The adsorption of CO on the surface of TiO, is dependent on the characteristics of the
surface.®® Adsorption of CO occurs at defective sites and is enhanced by the presence of
oxygen vacancies. In contrast, the interaction of adsorbed CO with adjacent bridging oxygen
or with pre-adsorbed oxygen leads to desorption of CO,. Stoichiometric and defective (110)
faces of rutile showed the same coverage for both faces. Saturation coverage is reached at
about 2.5x10'* CO/cm? which approximately accounts for 50% of 5-fold coordinated Ti
ions.*® Theoretical studies based on density functional theory (DFT) indicated that CO is more
preferably adsorbed on the surface by C-end than O-end orientation. The former occurs
through the interaction of CO with Ti lattice sites to form Ti-CO configuration, the latter
through defect sites to form Ti-OC.** Adsorption energy for Ti-CO configuration at 50%
coverage reaches about 11 kcal/mol, whereas for Ti-OC this value is only 2.71 kcal/mol, in

good agreement with experimental values.
b) CO adsorption on anatase-rich samples

TiO,-P25 powder is a mixture of about 80% of anatase and 20% of rutile. The anatase
crystals expose mainly (010), (101) and (001) faces. Spoto and co-workers studied the
adsorption of CO on a treated TiO,-P25 powder to get a fully dehydroxylated surface. After
exposition to CO, the authors could firmly assign the infrared peak at 2179.5 cm™ to the
adsorption of CO on 5-fold coordinated Ti**, which are located on (101) and (010) faces of
anatase particles. Once the pressure of CO was reduced, the vibration frequency of CO was
red-shifted (Figure 1.12) to 2192.5 cm™. Peaks ranging from 2211.5 cm™ to 2207 cm™ were
ascribed to CO bonded to low coordinated Ti** at edge, step and corner positions. The peak at

2153 cm™ was assigned to CO bonded to residual OH group through H-bonds.
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Figure 1.12. Infrared spectra of CO adsorbed at 77K on TiO, outgassed at 873 K. The
most intense spectrum was recorded at 40 torr of CO. The inset is the spectra in OH region
before and after contact with CO. Adapted from Spoto 1990%°

A very similar study was conducted ten years later by Martra, in which the author
compared two types of TiO, powders, P25 (80% anatase and 20% rutile) and pure anatase.®®
These TiO, particles also have different morphologies. Indeed, TiO,-P25 exposes mostly
(101) and (001) faces of anatase particles, whereas pure anatase particles expose (101) faces
and roundish surfaces. The author found that the Lewis acidity of 5-fold coordinated Ti** on
roundish surfaces and (101) faces of pure anatase sample is less strong than that on (001) and
(010) anatase faces in TiO,-P25. The authors postulated that the Ti** centers on pure anatase
possess less acidic reactivity due to the effect of surrounding ligands O%. In addition, acidity
of Ti*" centers located at edge, corner and steps are evidently stronger than that of centers
located on regular faces.

These studies demonstrate that the reactivity of TiO, towards CO molecules depends
on the particles morphology and also on the interaction of Lewis centers (Ti*") with oxygen

ligands (O%). CO binds directly to Lewis acid sites (Ti**) on flat surfaces and terraces, and
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also at edge, step and corner positions. Besides, CO may form H-bonds with hydroxyl groups.

At high coverage, lateral interactions among CO molecules occur.

1.3.2.1.3 Interaction with CO,

Interaction of CO, with the surface of oxides, has been a very important subject of

research because of its key role in industry and was reviewed by Freund and Roberts.®’

CO; interacts weakly with oxygen vacancies of clean (110) surfaces of rutile and even
more weakly on regular lattice sites. The binding mode is in linear configuration, as proven by
high resolution EELS data. However, the adsorption of CO, is blocked in the presence of
H,O on the (110) surface of rutile. Co-adsorption of CO, and H,O on rutile (110) surfaces
leads to the formation of bicarbonate species while pre-adsorbed CO-, is found to be displaced
by H,0.%® Oxygen vacancies present on the vacuum annealed rutile TiO, (110) surface allows

stronger CO, binding than the 5-fold coordinated Ti** on nearly perfect surface.

Since CO; is more acid than CO, Martra and co-authors investigated the basic centers
(0%) of TiO,-P25 and pure anatase by CO- adsorption conducted at low (423 K) and high
(873 K) temperatures.®® The author showed that CO, can create linear bond with O® centers
on TiO,-P25. On the contrary, spectra of pure anatase do not show the corresponding peaks of

these species.

1.3.2.1.4 Interaction with oxygen and nitrogen

Dioxygen plays a key function in photocatalytic processes of TiO,. It is widely used in
photochemical oxidation studies on TiO, surface, and is considered as the main scavenger of
photoexcited electrons, preventing the accumulation of negative charges on the surface of
TiO, particles.®® The typical species resulting from this scavenging process are 0% and HO,"",

which probably play a direct role in oxidation of organic compounds.™

Many studies investigated the adsorption of dioxygen on the (110) surface of rutile
whether theoretically’ or experimentally®®~"%. At temperatures below 150 K, oxygen adsorbs
via both molecular and dissociative modes on rutile (110) surface.®® Interestingly, molecular
adsorption is stable up to 410 K and exists as O on surface. Above 150 K, dissociative
adsorption is favored. It was suggested that O, adsorbed on oxygen vacancy sites of reduced
TiO, and creates O adatom on neighboring 5-fold coordinated Ti** sites.”® This O adatom can

react with neighboring adsorbed H,O to form two surface hydroxyl groups (Figure 1.13).

47



bridging oxygen Tid+

(@)
vacuum

SNV ANEVANIVAN :Qﬂ annealed

S N '\_/'_\__/'I N
oxygen adatom

i (k)

( , ) oxygen adsorption
€@ R R 9 R (beiow600K)
[N N . /

i |
N AN AN AN AN

(©)
coadsorption
of water

(d)
—\9\/ reaction to
[GANANS \__/ ) form hydroxyls

( : : ‘_,“' \\‘1_/. I .I
NN N AN AN

[001]—=

Figure 1.13. Model of oxygen adsorption on the (110) surface of rutile. (a) shows the
oxygen vacancy position, where oxygen will adsorb, thus creating oxygen adatom in (b) on
acidic site Ti**. (c) presents the co-adsorption of H,O to an adjacent Ti** site. The interaction
between oxygen adatom and adsorbed-water molecules leads to the formation of a pair of
surface hydroxyl groups (d). Adapted from Epling 1998™

The presence of N, with O, in atmosphere can lead to the adsorption of N, on the
surface of TiO,. Both theoretical and experimental studies were conducted concerning the
physisorption of N, on the (110) surface of rutile.”’. Under vacuum condition (less than 1
Torr), N, was found to adsorb at all 5-fold coordinated Ti*" sites, leading to lateral
interactions among these adsorbed-N, molecules. Surprisingly, theoretical calculations
indicated that the area covered by one N, molecule (19.2 A? for monolayer and 9.6 A? for
multilayer regime) is different from the usual value used for BET measurements (16.2 A?). If

this finding is confirmed, then surface area measured by BET method is underestimated.

1.3.2.1.5 Interaction with NH;

Experimental and theoretical studies confirm that at room temperature NH; is
molecularly adsorbed on rutile (110) and (001) surfaces via N-end binding to 5-fold
coordinated Ti*" sites.*> NH3 strongly binds to defect sites and can block the neighboring 5-
fold coordinated Ti*" sites. When surfaces with oxygen vacancies are exposed to NH3, the

latter fills the vacancies and dissociates.
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1.3.2.1.6 Surface sites of TiO,

After describing how probe molecules allowed the identification of surface active
sites, let us summarize in figure 1.14 the positions and names of these sites on each crystalline

face of rutile and anatase.
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Figure 1.14. Nomenclature of surface sites on TiO; surface. Ti, and Oy, designates
oxygen and titanium atom in the bulk lattice, respectively.

The active sites of TiO, now being precisely described, information about the

adsorption modes of some organic molecules will be discussed.
1.3.2.2 Interaction with small organic molecules

1.3.2.2.1 Carboxylic acid

Studies on the adsorption of carboxylic acid on TiO, surface have been driven by

TiO, applicability in various technical fields such as solar cell, catalysis.>”™ Formic acid is

considered as a representative molecule of organic acids. The adsorption of formic acid on
TiO, has been well-documented and was exhaustively reviewed by Diebold* and Thomas™.
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The adsorption of formic acid on the (110) surface of rutile is the most studied among
all TiO, surfaces and is considered to apply for all monocarboxylic acids adsorbed on TiOs.
Formic acid adsorbs on (110) surface of rutile and dissociates as formate. The binding mode
of formate is substantially affected by experimental condition such as temperature, history of
oxide surface, dosing concentration of acid formic.>” The formate is bound to the surface
according to three kinds of bridging geometry, shown in Figure 1.15. In the first one (A), the
formate is bound to two surface Tis. atoms via its two oxygen atoms. The second one
involves filling of a bridging oxygen Oy site by one of the carboxyl oxygen atoms and the
other bound to Tis. (B in Figure 1.15). The third binding mode (site C in Figure 1.15)

involves only one formate oxygen atom, which fills the oxygen vacancy.”

. Carbon

.Formate oxygen
L Bridging Oxygen
. In-plane oxygen

® Titanium
Hydrogen

Figure 1.15. Proposed geometries of adsorbed formate on rutile (110). Type A shows
the favored geometry for most formate, deduced from near edge X-ray adsorption fine
structure spectroscopy (NEXAFS) and Scanned-energy mode photoelectron diffraction (PhD)
measurements. Type B was less common and deduced from NEXAFS and STM while C was
deduced from STM. Adapted from Thomas 2012"

The adsorption of monocarboxylic acids typically follows the room temperature
adsorption behavior of formic acid on TiO; rutile (110) 1x1, i.e. . In this adsorption mode,
they form carboxylate moieties on surface through acid hydrogen cleavage, and adopt

bidentate binding geometry, which is comparable to that for formate.>

Adsorption of small carboxylic acids on the rutile TiO, (100) (1x3) and (100) (1x1)
surfaces show that the adsorption is similar to that seen for the rutile (110) surface, i.e. the
acid adsorbs dissociatively. Similar results were obtained for adsorption on the (001) surface.

More recently there have been a few experimental and theoretical studies of carboxylic acid
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adsorption on the TiO, (011) (2x1) surface, which suggest adsorption in a bridging bidentate
mode. This bonding mode is favored despite the larger Ti-Ti distances found on the (011)

surface relative to the (110) surface.”

In contrast to rutile surfaces, far less numerous studies have been carried out on the
anatase surfaces. By means of density functional calculation (DFT) on the (101) surface of
anatase crystals’®, Vittadini et al. predicted that acid formic adsorbs preferentially as
monodentate species, and that it forms hydrogen-bonds with the bridging oxygen atoms.”
When co-adsorbed with water, formic acid keeps a monodentate adsorption mode, but
dissociates through interactions with nearby water molecules. Studies also found that formic
and acetic acid were adsorbed on anatase (001) — (1 x 4) thin film via bonding with under-
coordinated Ti sites on surface.” Adsorbed formate and acetate were stable on surface up to

700 °C. Above this temperature, they were decomposed.

Dicarboxylic acids were suggested to have many possible adsorption modes on surface
of TiO; that are exhibited in Figure 1.16.
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Figure 1.16. Possible binding modes of dicarboxylic acid on TiO, surface. Adapted
from Thomas 2012™

1.3.2.2.2 Alcohol

The interaction of TiO, with alcohol have many technological applications. Alcohols
are popular models of organic contaminants to study the photocatalytic activity of TiO,.>’
Among the substrates, rutile (110) is the most studied because it is considered as an important
model of metal oxide surfaces.”® Few other rutile surfaces were investigated, for example the
(001), (441) and (100) surfaces.*® Both computational and experimental studies led to the
same conclusion that the majority of methanol molecules adsorbs molecularly to the (110)
surface of rutile and a minor fraction is dissociated.®*”’ Molecular adsorption of aliphatic
alcohols usually takes place on 5-fold coordinated Ti sites whereas dissociative adsorption

879 or on bridging oxygen’’. The dissociation

preferentially occurs on oxygen vacancy sites
of methanol takes place through the breaking of the O-H bond of CH3OH, leading to the
adsorption of methoxy species, the bridging oxygen probably being hydroxylated. Arribas and
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Madix reported that the formation of methane from methanol adsorption is preferential at
oxygen vacancies when both types of active sites (Ti** sites and oxygen vacancies) are
available.®® Exposing the methanol-modified TiO, surface to O, resulted in more methoxy
groups on the surface due to cleavage of the CH30-H bond. In contrast, co-adsorbed water

had little effect on methanol at the surface.”

While there are numerous investigations on rutile, far less studies have been conducted
on anatase surfaces,” due to unavailability of well-defined and high quality single crystals.
However, a study revealed both molecular and dissociative adsorption of methanol on 5-fold
coordinated Ti sites of (101) anatase surface, as well as the existence of molecular adsorption
on bridging oxygen. Dissociative adsorption of methanol was also observed on step edges Ti
sites.®! Molecular dynamic simulation (MD) proved that molecular adsorption of methanol on
anatase (101) surface is thermodynamically favorable, which is in agreement with
experimental studies. Nevertheless, the presence of defect sites and hydroxyl groups on the

surface of anatase can alter the adsorption modes of methanol.?

1.3.3 TiO; - aqueous solution interface
1.3.3.1 Hydration

Clean surfaces of TiO, in ultrahigh vacuum present under-coordinative saturation
atoms of Ti and O. However, in ambient conditions and aqueous medium, TiO, surface is
hydrated and saturated by chemisorbed and physisorbed H,O. The dissociation combines with
protonation/deprotonation on surface TiO, hydroxyl group or oxygen atom. There are three
types of exposed oxygen: singly coordinative (TiO), doubly coordinative (Ti,O) and triply
coordinative (TisO)*® and consequently three possibilities of hydroxyl groups: terminal
hydroxyl (TiOH) on 5-fold coordinative Ti** sites, bridging hydroxyl (Ti,OH) on bridging
oxygen and triply coordinative hydroxyl (TizOH) on 3-fold coordinative O atom. As a result,
each type of surface atom exhibits a defined charge in defined conditions. The surface charges
on metal oxides were initially calculated according to Pauling valence bond concept. Recent
developments in interfacial chemistry proposed another approach to compute surface charge
on TiO,.® Hereafter, a review concerning surface protonation/deprotonation models to

calculate surface charge of TiO; is proposed.
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1.3.3.2 Surface charge according to Pauling valence bond concept

Using Pauling valence bond concept (for local charged neutrality), charge (3) on
oxygen atoms can be calculated with formula: 6 =nv—-2+ p, where n is the number of
bonds O-Ti, p is the number of H atoms binding to an oxygen atom, v is the formal bond
valence (v =24,), z is charge of cation and N is coordination number of cation.'? Charges of
exposed oxygen atoms on TiO, surface were estimated: -4/3 for singly, -2/3 for doubly and 0
for triply coordinated oxygen.*® This finding implies that the acid — base character of TiO,
surface can be represented by the protonation/deprotonation equilibria of terminal hydroxyl

groups and doubly exposed O atoms. The equilibria equations are simplified as following:

H H
-1/3OH \04
_— T‘i“*i +HO ., Ti‘”i + H0 (19)
e /
H
/ 03 +H0 / o3 + OH (20)
Tid* \Ti4+ Ti%+ \Ti4+

The protonation constant of the exposed oxygen atoms were also calculated, based on
multisite complexation model (MUSIC). The logarithm of protonation constants of equations
(19) and (20) estimated from MUSIC model and Pauling valence bond approach are 6.7 and
5.1. The results suggested that triply coordinated O cannot be protonated in normal pH range

and singly coordinated O is instantly protonated in contact with H,0.*
1.3.3.3 Surface ionization models on TiO, surface

Panagiotou et al. developed a surface ionization model of TiO,-P25 nanocrystallites
based on experimental results and quantum mechanical population analysis. There are two
types of protonation/deprotonation sites on TiO, surfaces. They are bridging and terminal

oXygens.

Concerning terminal oxygens, which are generated from dissociation of adsorbed H,O
at 5-fold coordinative Ti** sites. The protonation/deprotonation processes of surface groups

on TiO; in aqueous suspension can be written as the following:
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TIO*® +H! < TiOH % (21)
Ti,0 " +H; < Ti,0OH ™% (22)

According to the author, the speciation of these sites on TiO,-P25 surface according to

pH and for different ionic strengths (Figure 1.17).
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Figure 1.17. Surface sites exposed on TiO, P25 as a function of pH at two ionic
strengths in aqueous medium.Adapted from Panagiotou 2008%°

1.3.4 TiO; - electrolyte solution interface
1.3.4.1 Arrangement of ions at the interface

The charges developed at the TiO, surface generate an electrical double layer at the
TiO,-solution interface. The location of electrolyte ions at the interface is significantly
dependent on their interaction with surface charged groups. The triple layer model (figure
1.18) can be used to map the distribution of these ions inside the interface. This model divides
the interfacial region in three planes: the first one (plane 0) is the location of surface groups of

oxide ((hydr)oxo groups). The second one (plane 1) is the closest distance that counter-ions

55



can approach to the surface to create ion-pairs with surface sites of opposite charge. The
charge of these counter-ions is distributed in the whole space from plane 1 to plane 2, the
latter constituting the beginning of the diffuse layer. Co-ions and the remaining counter-ions

stay slightly far away from the surface, within the diffuse layer.
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Figure 1.18. Triple layer model showing the location of electrolyte (a) NaNOj3 at the
interface of positively charged TiO, and (b) KNO3 at the interface of negatively charged TiO,
with aqueous solution. From Panagiotou 2008

As illustrated in figure 1.19, the thickness of the compact zone (from surface to plane
2) is about 3.4 A.2° Na* ions in panel (a) get closer to the surface and these ions are partially
dehydrated. On the contrary, K* ions in (b) panel stay quite far away from the surface and
these ions are not dehydrated. It is suggested that as the size of K" ions is bigger than that of

Na" ions, it is difficult for K™ ions to penetrate the first ordered-water layer at the interface.
1.3.4.2 Shear plane and zeta potential

Within the diffuse layer, there are two regions: the region which is closer to the
surface is stagnant and the other one is mobile. The barrier between both regions is named
shear plane, where the zeta potential can be determined via electrophoretic mobility
measurements (microelectrophoresis technique) or the recently “streaming potential” method

developed for high ionic strength values.

Conventionally, the shear plane is assumed to be positioned at the head end of the
diffuse part of the electrical double layer (plane 2 in the triple layer model). However, several

studies have pointed out that this position is not always true, and depends on the ionic
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strength of solution.*® These two studies indicated that the distance of the shear plane from
the head end of the diffuse part is inversely proportional to the square root of ionic strength. It
is noteworthy that, on the contrary, the thickness of compact zone is independent on ionic
strength of solution. Only the thickness of diffuse layer is compacted when ionic strength
increases. Consequently, the position of shear plane is displaced. Increasing ionic strength
also leads to the accumulation of counter-ions in the region which is closest to the oxide
surface. Panagiotou and others shows that when ionic strength is higher than 0.02 mol.L™,
concentration of counter-ions in the stagnant diffuse layer is higher than that in the mobile
part. Additionally, pH also has an effect on the distribution of counter-ions in the interfacial
region, which depends on the region within the interface and on the pH value compared to
PZC of oxide surface. When pH is far away from PZC, the surface charge is higher, leading to
a larger concentration of counter-ions in the compact region and the stagnant diffuse layer.
Furthermore, removing pH away from PZC or increasing ionic strength can reduce the
mobility of counter-ions in the interfacial region. Nevertheless, in most case, concentration of
counter-ions in interfacial region is higher than that in the bulk solution. In addition,
concentration of counter-ions in the compact region is lower than that in the diffuse layer

because of the hindrance related to ordered — water layer and the big size of solvated ions.

Several models allow the conversion of electrophoretic mobility into zeta potential.
First, Von Smoluchowski and Hickel developed a linear relation between electrophoretic
mobility and zeta potential, respectively for large particles developing insignificant double
layer, and for small particles with a thick double layer, assuming that the electrical
conductivity of the particle is the same as that of the surrounding medium. Later, Henry
revisited Huckel theory, considering that the conductivity is different for the particle and the
liquid phase. This conductivity leads to the mutual distortion of the applied field and the field
of the double layer, and hence slows the electrophoretic motion. O’Brien developed a
complete picture of the frequency dependent dielectric response of a dilute suspension of
spheres with thin double layers. Several electrokinetic models were further elaborated in order
to take into account parameters not included in the previous ones: surface conductance for
spheroidal particles, polydispersivity of the sample, nanoparticles agglomeration, diffuse layer
overlapping. Mangelsdorf and White’s numerical model takes into account particle size
effects and the adsorption of ions and their mobility in the inner part of the electrical double

layer.
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However, zeta potential estimations can be erroneous due to the uncertainty
concerning the value of the conversion factor used in Henry equation. This could explain the
‘“‘observed’” shift of the shear-plane position as a function of the ionic strength in surface
complexation models. Henry and O’Brien considered that only the counterions in the diffuse
layer are responsible for the surface conductivity. They did not consider the influence of the
Stern layer on particle surface conductivity. Leroy and co-workers® examined the possible
influence of the very high TiO, nanoparticle surface conductivity, including Stern layer
contribution, on its electrophoretic mobility, in order to obtain zeta potential values in
agreement with those predicted by electrostatic surface complexation models (without
considering large variations of the distance between the outer boundary of the compact layer
and the inner boundary of the diffuse layer). This model significantly lowers the amplitude of
electrical potential at the OHP compared to that of other recent surface complexation models.
Moreover, their modeling results suggest that the shear plane may be located close to the
OHP, in contradiction with the hypothesis of a stagnant diffuse layer having a salinity-
dependent thickness at the TiO, water interface. The same group showed that the repulsive
electrostatic force between nanoparticles and their stability ratios can be significantly
underestimated if apparent zeta potentials (not corrected with surface conductivity) are used

instead of true zeta potentials.?’

To conclude, surface charge and generated electrical potentials in the interfacial region
TiO,-aqueous solution can be controlled in part by ionic strength and pH of aqueous medium.
Consequently, the interaction between oxide particles in suspension can also be controlled.
Indeed, electrostatic and van der Waals forces mediate the aggregation and agglomeration of
particles in aqueous medium. Increasing or decreasing surface charges or surface potentials
can whether enhance or reduce the level of aggregation and agglomeration between particles.
This phenomenon has been widely used in stabilization techniques for suspensions of many
oxide particles, among them TiO,. Likewise, steric stabilization is used for the similar
purpose. For this, surface particles are grafted by molecules, which have suitable size or

charged groups to inhibit the particles getting closer to each other.

The interface of TiO,-aqueous solution is very complex to understand at a molecular
level. There are many variables, which affect the interfacial region. Among them, pH, ionic
strength and nature of electrolyte are crucial parameters. They not only affect surface charge,

surface potential, and stability of oxide particle suspensions, but also the interaction of the
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surface with aqueous species. In the next section, adsorption of species on TiO, surface in

agueous medium is discussed.
1.4 Sorption of species on TiO, surface in aqueous solution

1.4.1 Sorption of phosphate and phosphate-containing molecules

Due to a variety of interests, there is considerable research investigating the adsorption
of phosphate species on Ti0,.%*? On one hand, phosphate is present in biological systems
such as blood, in concentration of approximately 3x10* mol/L. On the other hand, titanium
metal is widely used as implant, which is normally covered by a layer (thickness of a few nm)
of Ti0,.% Consequently, the interaction between phosphate species in biological system
and TiO, was largely studied. All studies converged to the fact that phosphate ions in aqueous
solution adsorb on Ti0,.2°% By combining batch experiments and NMR spectroscopic
methods at several pH values, Kang et al. found that phosphate ions form inner-sphere surface
complexes at the TiO, surface. The sorption of phosphate was irreversible at pH 4.5 and pH
7, in contrast to pH 9.% Based on *'P solid-state NMR experiments, the authors suggested the
formation of a bidentate complex. The sorption of phosphate on TiO, through bidentate mode
was also suggested by Connor and McQuillan, although they could not distinguish between
bridging bidentate or chelating bidentate modes by IR experiments. However, IR technique
could bring evidence that sulfate groups, which have similar symmetry as phosphate ones,
may bind to TiO,-P25 through chelating bidentate.”” Moreover, Attenuated Total Reflectance
- Fourier Transform Infrared Spectroscopy (ATR-FTIR) was successfully used to prove the
binding of linear polyphosphate species to TiO,, with the formation of Ti-O-P bonds.*® The
presence of Ti-O-P bonds was also demonstrated by XPS.**"*%* Bachinger and Kickelbick
conducted a photocatalytic activity study of TiO, (mixture of anatase and brookite) modified
with phosphonate or phosphate organic molecules, and they found that the Ti-O-P bonds were
very stable under UV illumination.'® Indeed, the organic moiety was totally degraded while
the phosphate groups remained anchored to the surface of TiO,.'% As a conclusion, the
adsorption mechanism seems to depend on both pH and reactivity of the metal oxide surface.
Further research is needed to elucidate the influence of each parameter and to reveal the

adsorption mode, as sketched in Figure 1.19.
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Figure 1.19. Simple binding mode models of phosphate group to Ti** sites on TiO,:
bridging bidentate (a), chelating bidentate (b) and monodentate (c). Coordination number of
Ti** may be 5, 4 or 3, depending on the position of Ti sites whether on flat surfaces, corners

or steps.

The formation of Ti-O-P bonds gave the opportunity to anchor organic molecules on
the surface of TiO- through their phosphate group™® and to use TiO, surface as sorbent to
separate and purify phosphorylated biomolecules (Metal Oxide Affinity Chromatography,
MOAC). Such molecules, for instance, phosphorylated peptides, glycosylphosphatidylinositol
and phospholipids could be well separated and enriched by using TiO, micro-column
chromatography *°% The selective and strong interaction of phosphate groups with the
TiO, surface was claimed as clearly the fundamental basis to separate phosphorylated
molecules from the others in the mixture.'®*% However, it does not explain the separation of

various phospholipids and the binding mode is still rather unclear.
1.4.2 Sorption of carboxyl-containing molecules

Studies on synthesis and applications of TiO, require the understanding at a molecular
level of the interaction of carboxylic acids with the TiO, surface. Indeed, carboxyl groups are
used as anchored groups in order to control the particle size in TiO, synthesis. Through their
adsorption on specific surfaces of growing crystals, they prevent the growth of these faces,
leading to anisotropic particles of controlled size. Carboxyl groups also play an essential role
as dye-surface contacts in TiO,-based dye-sensitive solar cell.”

Formic acid is the representative molecule of carboxylic acids, and both theoretical
and experimental studies were performed on its adsorption on the TiO, surface. In aqueous
environment, formic acids and carboxylic acids with longer chains are demonstrated to adsorb

onto the surface of TiO, through bridging bidentate modes.'®” The author also demonstrated
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that quantum calculation supported both the bridging bidentate and possible monodentate
mode is favorable (Figure 1.20). The mechanism of adsorption involves dissociation of the
carboxyl group on the surface of TiO,:

ROOH + Ojattice => ROO4¢s™ + Ojattice Hads

In the bridging bidentate species, two oxygen atoms of the carboxyl group bind to two
different Ti** cations, while the proton links to a lattice oxygen atom to form a hydroxyl
group. In the monodentate mode, one oxygen atom from the carboxyl group binds to one Ti**

cation, whereas the other oxygen atom binds to a lattice oxygen through a hydrogen atom.

Figure 1.20. Adsorption of acid formic on the (110) surface of rutile. Bridging
bidentated mode (a) and monodentate mode (b). White balls represent H atoms, black is used
for C atoms, pink for O atoms and violet for Ti atoms. The bond length is expressed in
angstroms. Adapted from Ojamae 2006’

Obviously, the adsorption of carboxylic acids on TiO, is dependent on environmental
conditions, particularly pH since the dissociation of carboxyl group is controlled by pH. pKa
values are highly different from one acid to another (i.e. 3.75 for formic acid, 4.8 for acetic
acid, and 3.13, 4.76 and 6.4 for citric acid).

1.4.3 Sorption of hydroxyl-containing molecules

Some hydroxyl-containing molecules have potential usage in solar energy conversion,
synthesis and material sciences. Therefore interactions between these molecules and TiO,

have attracted considerable attention.**® They relate essentially to diols.
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1.4.3.1 Catechol-based molecules
In bioadhesion studies, catecholic amino acid 3,4-dihydroxyphenylalanine (DOPA)
attracted many studies. The molecular structure of DOPA is reported in Figure 1.21.
0
OH
HO NH,

OH

Figure 1.21. Molecular structure of 3.4-dihydroxyphenylalanine (DOPA).

Bahri et al. investigated the adsorption of this molecule on rutile particles in aqueous
medium containing NaCl, at different pH.'°® The authors found that DOPA formed surface
complexes with TiO,. Both hydroxyl groups of DOPA were involved into this adsorption, via
bidentate binding to two adjacent Ti*" sites or monodentate to one Ti** site combining with H-
bonds binding to terminal hydroxyl group on TiO,. Lee et al. did similar work on adsorption
of DOPA on rutile particles as a function of pH and surface coverage.'® Their results are
consistent with that reported earlier. In addition, the strong effect of pH and surface coverage
on the adsorption was reported. At pH 6, hydroxyl groups of DOPA bind to rutile surface via
bidentate mode (two points of attachment), whilst at pH 2, DOPA has three point of
attachment to rutile surface: two from hydroxyl groups, and another from carbonate group.
Other studies have been conducted with catechol (1,2-dihydroxybenzene) and dopamine (2-
(3,4-Dihydroxyphenyl)ethylamine). These molecules with two hydroxyl groups on benzene
ring resemble DOPA. Both catechol and dopamine formed chemical bonds with TiO,
surface.***%M Catechol formed surface complexes with Ti*" sites on surface of TiO, via

bidentate binding mode.****

OH O-Ti

2H,0

2Ti—OH + [:ji [::( ! ?
OH O-Ti

Surface groups Catechol Surface complex
on TiO,

|

Terranova et al. studied charge — transfer mechanism between catechol and TiO, by

density functional theory calculation.*® They proposed four possibilities of binding modes for
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catechol adsorbed on rutile (100). The binding modes are through covalent bonds or/and H-
bonds. They suggested that monodentate mode is the most probable. Both experimental and
theoretical studies converged that hydroxyl groups on benzene ring are responsible for this

3112

binding, although pKa values of catechol are 9.25 and 13~“ and pKa of carboxylic and amine

function are respectively 2.3 and 8.7.
1.4.3.2 Ethylene glycol

Ethylene glycol (EG) is extensively used in synthesis of TiO, nanoparticles.** In this
process, EG easily coordinated to Ti** ions and controls the hydrolysis reaction.** Eventually,
morphologies and faces of TiO, nanoparticles can be tuned. EG is suggested to create surface

complexes with Ti** on TiO, surface via bidentate binding mode.**®

1.5 Phospholipids (PLs)

Lipids and proteins are the main components of all cellular membranes.**® 50% in
mass of most animal cell membranes is composed of lipids, and almost the remaining are
proteins.'*” Lipids are very diverse, and whatever they are from eukaryotic, prokaryotic
sources or are synthetic lipids, they are categorized in eight types according to their chemical
structure, hydrophobic and hydrophilic properties: fatty acyls, glycerolipids,
glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and
polyketides.™®

Phospholipids are amphiphilic molecules that self-assemble in two apposed layers,
usually not symmetrical and called bilayer.**® Phospholipids rapidly rotate around their axis
and exchange places with neighboring molecules (10" times per second) within the layer.'*’
They rarely moved to the other leaflet (so-called flip-flop phenomenon). This helps to keep
the membrane asymmetry, which is considered essential for the function of cell. The bilayer
constitutes an impermeable barrier between the inner and the outer of the cell. The proteins,
embedded in the membrane, ensure the ion exchange between the inner and the outer of the
cell.

1.5.1 Structure of phospholipids

The structure of phospholipid molecule consists of two hydrophobic chains and a

hydrophilic group also called polar head group. The hydrophobic chains and the polar head
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group are linked together by a linker, either glycerol or sphingosine. Phospholipids are
divided into two classes: glycerophospholipids with glycerol backbone and
phosphosphingolipids with sphingosine rather than glycerol as backbone (figure 1.22). The
number of phospholipid molecules is huge because of the variability of substituent and

backbone structure, length and saturation of hydrocarbon tails.

T Fli substituent
0 o)
_4 9 yS)
O—I|3—O o:ﬁ:—o phosphate group
OH 0
HyC—C—CH P
2 l | 2 C|H7(I:_—CH2 linker (backbone)
O @) HC NH
0 o) |l
HC O
fatty acid chains
(a) (b)

Figure 1.22. General structure of (a) glycerophospholipids (b) phosphosphingolipid.
Fatty acid chains shown here are saturated, however they can be unsaturated. The
substituents and linkers are listed in table 1.1

Glycerophospholipids are the most common in cell membranes.**® The glycerol
backbone of these phospholipids is substituted by a phosphate group (that is usually branched
with nitrogen derivatives) and two fatty acid chains (Table 1.1). The most common
glycerophospholipids in  membranes are respectively phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and phosphatidylserine (PS).**’ In phosphatidylcholine, that
is the key building block in all biological cell membrane found in animal and plant, the
phosphate group is substituted by a quaternary amine (-CH,CH;N(CH3)3). In
phosphatidylethanolamine, the phosphate group is substituted by an amine (-CH,CH,;NH3).
The phosphatidylserine looks like a phosphatidylethanolamine substituted on the second
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carbon atom by a carboxylic function. For all phospholipids, the length of hydrophobic chains
usually varies between 12 and 22 carbon with unsaturation ranging from 0 to 6. The minor
phospholipids are  phosphatidylglycerol (PG) and cardiolipin (CL). They contain an
additional glycerol group branched on phosphate. Moreover, CL possesses 4 hydrophobic
chains and resembles two phosphatidylglycerols connected to a glycerol backbone. PG is

120 \while CL is found in membranes of inner

normally found in pulmonary surfactant
mitochondria and gram-positive bacteria.****'?> Phosphatidic acid (PA) is the simplest
glycerophospholipid (no substituent on the phosphate group) and less abundant in comparison
with the others. It is a key intermediate in lipid metabolism and is a signaling molecule.*?®
Phosphoinositol possesses an inositol group branched on the phosphate. In one, two or three
positions of the inositol ring, phosphate groups can be found and are called
phosphatidylinositol phosphates. They play an important role in lipid signaling, cell signaling
and membrane trafficking since the inositol ring can be phosphorylated then

dephosphorylated by enzymes.

Another important class of phospholipids is phosphosphingolipids. Sphingomyelins
(SM) are the major phosphosphingolipids of mammalian tissues.**"**#1?* For example, SM

covers 10% lipid in myelin of human brain.*?®
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Table 1.1. Names, abbreviations and architectures of the main molecules belonging to
the class of phospholipids, according to the nomenclature of biomedical community (LIPID
MAPS Lipidomics Gateway) covering eukaryotic, prokaryotic sources and synthetic lipids
(http://www.lipidmaps.org/).

Name Linker Substituents Common
abbreviations
Sphingomyelin Sphingosine -O-CH,-CH,-NH3" SM
Glycerophosphocholine Glycerol O-CH;-CH,-NH3" PC
Glycerophosphoethanolamine | Glycerol O-CH,-CH,-NH3* PE
Glycerophosphoserine Glycerol O-CH,-CHCOOH-NH3* PS
Glycerophosphoglycerols Glycerol OH PG
Diphosphoglycerols HO\/j\/OH CL
Glycerophosphoinosit | Glycerol OH PI
HOW__~_.<OH
ols and derivatives ‘
HO" Y~ "OH
OH
oPO7
HO \\\\CPOSQ-
oF0 o PIP,
CH
Glycerophosphate Glycerol O-H PA

According to the length of the hydrocarbon chain (including carbonyl) and the head
polar groups, the molecules are abbreviated with two first letters (Table 1.1) designing the

length of the hydrocarbon chains and the last two for the head polar groups. In nature, the
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number of carbon atoms is mainly an even number. A long time before IUPAC nomenclature,
the length of the chains were designed as dilauroyl for 2 C12 chains, dimyristoyl for 2 C14,
distearoyl for 2 C16 and so on. The common abbreviations take into account this tradition so
that a phospholipid with 2 C14 chains and no substituent on the phosphate moiety will be
abbreviated as DMPA. The above-presented phospholipids display two identical hydrocarbon
chains. In fact, non-symmetrical phospholipids are most common in cells. Typically, the
saturated fatty acids are found in the first position on the glycerol backbone and the highly

unsaturated fatty acids in the middle.
1.5.2 Characteristics of phospholipids in aqueous medium
1.5.2.1 In bulk phase

Due to the length of the hydrophobic part, phospholipids are poorly soluble in water.
For example, the solubility of the compound dimyristoyl phosphatidylcholine (DMPC) is 10
mol/L (http://www.avantilipids.com/). The heteropolar character of phospholipids confers on
them an amphiphilic character that helps them to spontaneously self-assemble as bilayers in
water. Bilayer is the most favorable arrangement of phospholipids in aqueous medium.**” The
bilayer is constituted of two leaflets, in which the polar head groups interact with aqueous
environment and the hydrocarbon tails point inwards. This organization is more favorable in
terms of energy, and in fact is the most prevailing for diacyl phospholipids.'?®**" With this
structure, the head groups are hydrated and bind to water through H-bonds. The hydrocarbon
chains do not have interactions with water and display interactions (van der Waals) between

each other.

The assembly of phospholipids in water leads to the formation of several types of
organization. At low concentrations, bilayers are in equilibrium with water. Planar bilayers
exist but their formation is less favorable in terms of energy than spherical bilayers because of
the interaction of hydrocarbon chains with water at edge positions. These spherical assemblies
of bilayers are called vesicles or liposomes (Figure 1.23). They naturally consist of multiple
bilayers with the same center (multilamellar vesicles). They can be transformed into
unilamellar vesicles (each vesicle is formed by a single bilayer) by membrane extrusion and
microfluidization methods.*?® The size of vesicles varies between 25 nm to 1 pm, depending
on the chain length, the head group size of phospholipids and the formation processes (up and
down temperature cycling, ultrasound). At higher concentrations, bilayers remain planar for
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each bilayer or in average, and form a more or less perfect stacking of bilayers that depends

on temperature.

e @

Vesicle Planar bilayer

Figure 1.23. Bilayers formed by phospholipids.

At very low temperatures and in the hydrated state, phospholipids are fully crystallized
and form lamellar crystals. When the temperature increases, the head polar group gains
fluidity. The structure of lamellar crystal is characterized by equidistant bilayers which are
parallel to each other and separated by water. Within each bilayer, the phospholipid chains are
stiff, essentially fully extended (all-trans conformation), tilted or untilted and packed in a 2D
array.’”® The tilting of chains results from the packing mismatch between the hydrocarbon
chains and the large and strongly hydrated head groups. No in-plane diffraction arises from
the head groups which are in a disordered state."** When approaching the melting temperature
of phospholipids (Tm), the stiffness of the hydrocarbon chains is progressively lost,
subsequently the long-order range within a bilayer is lost but the long-range order between
bilayers is preserved, even if the bilayer may undulate (rippled phase or phase Pg-). Chains are

in a liquid state and the phase is simply called a lamellar phase (Figure 1.24).
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Figure 1.24. Lipid organization in two phases: the liquid crystalline phase and the
lamellar phase (adapted from Cullis 1996)™*. In the crystalline state, hydrocarbon chains are
in gel state, more stretched, ordered and less flexible. In contrast, in liquid-crystalline state,
hydrocarbon chains are disordered and exhibit greater translational diffusion.

The molecular structure of phospholipids strongly affects the phase transition
temperature of bilayers. The temperatures are given in Table 1.2 for symmetrical
phospholipids. Moreover, for a given phospholipid, the transition temperature may vary with
pH and salt,** or with the nature of the counterion if the data were obtained in the dry state.

Table 1.2. Phase transition temperature of lipids Tm (taken from the website of Avanti
polar lipid). The abbreviations refer to the traditional classification.

Molecules DMPA | DMPC | DMPE |DMPG | DMPS | DPPC | DSPC | DOPC | TMCL | SM

Number of
carbon in acyl
) 1140 |14:0 |140 [140 |14:0 |16:0 |180 |181 140 |16/18
chain:unsaturati

on

Phase transition
temperature 50 24 50 24* 35 41 55 -20 39 7

(°C)

* at pH 7 otherwise 42 °C at pH 2.

As the chain length increases (from DMPC to DPPC and finally DSPC), the melting
temperature increases from 24 to 55°C. Phospholipids with long hydrocarbon chains give

stiffness in bilayers while phospholipids with shorter chain length contribute to the fluidity of
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the bilayers. Phospholipids with more double bonds in hydrocarbon chain reinforce the
fluidity of bilayer due to the effect of kinks, which limit the packing of hydrocarbon chains
together (DOPC has for example a lower melting temperature than DSPC). Moreover, the
location of the unsaturations along the hydrocarbon chain also impacts the melting
temperature. Another point is that the nature of the headgroup has a remarkable effect on the
transition temperature. For example, in the series with 14 carbon atoms (14:0), the melting
temperature varies between 23°C for the phosphatidylglycerol and 50°C for the
phosphatidylethanolamine. Due to the high tendency of phospholipids to self-assemble, it is
difficult to define a value of pKa in bulk. In fact, the pKa at the bilayer-water interface is
better defined. It differs from the intrinsic value by the contribution of the surface polarity and
the electrostatic enhancement of the surface H* concentration.™* It increases roughly by two

units toward higher values for carboxylic and amine functions.

Acyl chains and head groups strongly affect the organization of vesicles.*? The lateral
interaction between acyl chains and head groups are determining factors. Particularly, the
surface charges of head groups, which exhibit lateral repulsion, significantly interact with
surrounding aqueous medium. Charges at vesicles surface are dependent on

protonation/deprotonation of phospholipid head groups in aqueous solution (Figure 1.25).
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Figure 1.25. lonization state of phospholipids in aqueous medium. The left right arrow
represents the pKa value of corresponding groups: phosphate (red), amine (blue) and
carboxyl (magenta). The dash vertical line is used to facilitate the coordination reading only.
The figure was adapted from Tocanne 1989*** and CRC handbook of bilayer (page 81-82)"%.
pKa of SM was assumed as that of dimyristoylphosphatidylcholine (DMPC) because they
bear the same head group. pKa of TMCL was taken from Mattsson 2012"**. pKa of
dihexadexyl phosphate (DHP) was taken from Carmena-Ribeiro1990"%.

Zeta potential measurement is a convenient method to characterize electrostatic
properties of vesicles. This measurement not only serves as a basic understanding for
biological membrane, but also for the technical application of liposome.'® Zeta potential
values of phospholipid vesicles are affected by pH and ionic strength. An electrical double
layer is formed at the interface vesicles — aqueous medium. In fact, the charges carried on
phospholipids head groups can be considered as the inner Helmholtz layer. The counter-ions
such as cations and anions, which are present in the aqueous medium, accumulate at the
interface and generate Stern layer and diffuse layer.!*® The thicknesses of these layers are
considerably influenced by ionic strength and temperature of surrounding environment. The
barrier between diffuse layer and surrounding aqueous medium is termed shear plane, where

zeta potential is commonly measured by electrophoretic mobility method.™*® For example, in a

71

pH



solution of phosphocholine-containing vesicles, the increasing concentration of KCI and
CaCl; increases zeta potential values of vesicles from negative values to zero for KCI and to
positive values for CaCl,.**" KCI leads only to ionic strength modification, which does not
provoke sign change of zeta potential. In contrast, Ca®* ions bind to the head groups of

phospholipids in vesicles. This results in the sign change of zeta potential.
1.5.3 Characteristics of phospholipids at the air-water interface

Biological membranes are very complex in structure, composition and behavior. For

simplicity, scientists use models to study membranes. The monolayer of phospholipids at the

138

air-water interface is one of them (Figure 1.26).”°". It constitutes only one layer of the

membrane but helps in characterizing the interactions of one sheet with its environment and

140,141

other molecules™® such as proteins and cholesterol***1%3,

Monolayer of
phospholipids

~

barrier

H,0

Figure 1.26. Monolayer of phospholipids at the air-water interface compressed
between two barriers.

According to the nature of the head polar group, phospholipids can spontaneously
form a film at the air-water interface.** It is also possible to control the formation of the
monomolecular film by spreading a volatile organic solution of the phospholipid on a
Langmuir trough. The latter is composed of a rectangular trough controlled in temperature
and usually made of Teflon® to prevent any leakage of the subphase over the edges. It is
equipped with two movable barriers that can glide on it and a pressure captor that measures
the surface tension. The trough is filled with an aqueous solution (water with or without salts,
proteins and so on), which is called subphase. On the surface and between the barriers, which
determine a surface area, a defined volume of an organic solution of the phospholipid at a
known concentration is spread drop by drop to form a monomolecular film. The choice of the
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solvent is important as it must solubilize the organic molecule, spread on water and easily

evaporate. This helps in stabilizing a monolayer film of molecules.

The surface area of the trough can be varied by sweeping symmetrically the movable
barriers over the surface of the subphase. The surface pressure and the molecular area are
continuously monitored during the compression. The curve showing the surface pressure as a
function of the molecular area is called surface pressure-area isotherm or z-A isotherm of

compression.
1.5.3.1 The general phase behavior of lipids at the air-water interface

A typical z-A isotherm of compression is depicted in Figure 1.27.

-

Surface pressure (mifm)

L J

Figure 1.27. Typical surface pressure-area isotherm of phospholipid monolayer
resulting from Langmuir trough. S represents solid-like region, LC liquid-condensed region,
LE liquid-expanded region; LC-LE & LE-G represent the coexistence regions; G represents

the gaseous region; zs & As are the surface pressure and the molecular area at the transition
point between LC & S; 7c & Ac are the critical surface pressure and molecular area between
LE & LC-LE. (Adapted from Mohwald 1995)*°

The increase of the surface pressure is not monotonous versus the molecular area. The
different slopes are interpreted in terms of phase transitions and phase states. At high

molecular area (around 150 A? to 100 A% depending on the nature of molecules), molecules
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are far from each other, do not interact between them and arrange arbitrarily at the interface,
even parallel to the surface. The surface pressure remains almost close to zero. This state is
called gaseous (noted G in Figure 1.27). Monolayer in the gaseous state possesses high
compressibility in comparison with that in typical liquids and bilayers. By compressing the
monolayer, the area available for each molecule decreases. The state of the monolayer
transforms progressively from the gaseous phase (G) to the liquid expanded phase (LE) via a
phase co-existence. In the LE phase, there are more contacts among headgroups of molecules,
whereas the hydrocarbon chains are still far from each other and organize arbitrarily. This
phase transition is rarely observed as the change in pressure is usually less than 1 mN/m. In
the liquid expanded phase, the compressibility of monolayer is still high. Upon compressing
further the monolayer, the surface pressure starts to increase. At the critical area Ac, the
hydrocarbon chains enter in contact not very tightly and organize in a long-range order with
hydrocarbon chains still tilted from vertical direction (roughly 30°). First, they form some
condensed domains developed in the liquid phase (co-existence liquid expanded/liquid
condensed phases). As long as there are molecules in the liquid expanded phase, the surface
pressure increases hardly. These domains are usually evidenced by grazing incidence X-ray
diffraction'*® or by Brewster angle optical microscopy. The surface is fully covered by the
condensed domains (liquid condensed phase) when the surface pressure increases again
noticeably. Upon compressing further, molecules are less and less tilted. At the critical area
Ac, molecules are arranged vertically to the surface (solid phase) and strong interactions exist
on one hand between the headgroups, and on the other hand between the hydrocarbon chains.
Molecules can hardly be compressed and the surface pressure increases greatly. In fact, the
compressibility of monolayer in solid region is 3 times smaller than that of LC region.**® In
this state, if the compression is continued, the monolayer collapses. All along this phase
behavior, level of hydration decreases from G phase to S phase because water is squeezed out
of the monolayer (see Figure 1.24). However, it is unlikely to remove all water molecules
from the monolayer due to the strong binding of water to headgroups. Water interacts with

carbonyl groups and especially strongly with phosphate groups.**’
1.5.3.2 Factors affecting the polymorphism of lipids at the air-water interface

The nature of phospholipid molecules (headgroup, chain length, unsaturation, mixtures
of phospholipids...) and environment conditions (temperature, pH, ionic strength, and

presence of other substances...) significantly influence the phase transitions of monolayers.*
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The transition mechanism is primarily driven by the ordering of hydrocarbon chains and the

interaction among headgroup moieties.

For example, dimyristoylphosphatidylcholine, dipalmitoylphosphatidylcholine and
distearoylphosphatidylcholine compounds, which differ in the length of the saturated chain,
exhibit respectively only a liquid expanded phase, a succession of LE, LE-LC, LC phases, and
only a liquid condensed phase.'*® The increase in chain length enhances van der Waals forces
between the hydrocarbon chains and favors the condensation of the chains.

The presence of ions in the subphase affects the hydration of headgroups and reduces
the repulsive forces between headgroups due to electrostatic screening. Divalent cations such
as Mg?* and Ca?* have stronger impact than monovalent ions by binding headgroups together.
Ca”" is considered to bind to phosphate headgroup stronger than Na* and CI, which are
excluded from headgroup regions, especially from phosphate groups. Estimated binding
constant of Ca®* to phosphate group is 12 — 37, two times higher than that of Na* (0.16 —
0.61).*

As we see, the monolayer is very sensitive to the nature of molecules and the
environmental condition. The two dimensional structure of the monolayer is easily controlled
by either changing the composition and molecular area, or the condition of the environment
(pH, ionic strength).™® The ease of tailoring its properties renders monolayer popular for
scientific studies.

1.5.3.3 Investigating structure and dynamics of monolayer at the air-water interface

In addition to surface tension measurements, several techniques were developed in the
last 30 years to characterize either the structural or dynamical properties of monolayers. They
include vibrational spectroscopy, neutron scattering, X-ray diffraction, fluorescence
microscopy and many others reviewed by Pichot,*>* Mohwald** and Dynarowics-Latka'*%
For example, the analysis by fluorescence microscopy technique of the lateral distribution of
probe dye molecules, which were incorporated into the monolayer, confirmed the coexistence
of phases in the monolayer.**** This result was later approved by newer instruments:
Brewster angle microscopy and imaging ellipsometry. Fluorescence technique also provides a
way to investigate the dynamics of phospholipid molecules in the monolayer. Fluorescence
recovery after photobleaching is able to determine the diffusion coefficient of phospholipids

molecules in different crystalline phases, such as of 10® cm?sec in liquid-expanded and
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below 10 cm?/sec in liquid condensed phase.'* This technique has been proved to be very
useful because one can probe the diffusion of molecules while modifying molecular area and
compressibility of the monolayer.

Some structural parameters like layer thickness, refractive index, lattices can be
determined by ellipsometry, X-ray diffraction and X-ray reflectivity. Particularly, X-ray
diffraction is very powerful to unravel the arrangement of aliphatic hydrocarbon chains of
phospholipids in the monolayer as a function of lateral pressure. It helps to determine the tilt
of chains and the lattices in condensed phases like oblique, rectangular or hexagonal lattice.'*
X-ray reflection data also bring information about the thickness of the film through the
electron density profiles in the head groups region of phospholipids molecules at air-water

interface.

Vibrational spectroscopy like infrared reflection-absorption spectroscopy or sum-
frequency generation (SFG) vibrational spectroscopy are used to study structural information
of phospholipids layer on air-water interface, in particular via the frequency and intensity of
methylene groups vibrations on hydrocarbon chains of phospholipids. It allowed concluding

that phase transitions of monolayer are linked to the ordering of hydrocarbon chains.**
1.6 Literature review on TiO,-phospholipids interactions

The separation and purification of phosphorylated biomolecules, in particular

phospholipids by using TiO, micro-column chromatography °+*%

was suggested to be
related to the strong interaction between TiO, surface and phosphates. However, the results
raise several questions. First, the phospholipids identified are only phosphatidylcholine,
phosphatidylethanolamine and sphingomyelin whereas the composition of phospholipids in
milk is much richer. It includes phosphatidylinositol and phosphatidylserine. It is true that
they are less present in milk than the above cited phospholipids but the absence of even any
trace in the MS spectra is surprising. Second, the numerous studies on interactions between
phosphate and TiO, surfaces proved that the bonding was covalent in a large pH range. If
phospholipids formed covalent bonds, they would not be released from the column. This
raises the question about the interactions between phospholipids and TiO,. There are not
many experimental or theoretical studies related to this question. Although their motivations

39,154-159

are fully out the scope of this thesis (these studies are mainly relevant to biosensors,

76



160-164 165

biomaterial applications and suspension stabilization™"), they give some clues about the

interactions of phospholipids with TiO,. They are presented and discussed in this section.
1.6.1 TiO,-supported phospholipid bilayers

Phospholipids were deposited on TiO, surfaces as supported phospholipid bilayers
(SPB) through two main routes, by sequential Langmuir-Blodgett deposition of lipid
monolayers on a hydrophilic substrate or by fusion of phospholipid vesicles on the substrate
(Figure 1.28).1°° The formation of SPB was analyzed as a function of an environmental factor
(pH, ionic strength, surface charge . . . ) by using different techniques, mainly quartz crystal
microbalance dissipation (QCM-D) and atomic force microscope (AFM).***%® Contrary to
silica surface, there is no phospholipid vesicle fusion on the surface of TiO,.'®" The reason
behind might come from the different strengths in the interaction between vesicles and

surfaces, including related to surface chemistry and surface polarizability.*°8*%

Figure 1.28. Phospholipid vesicle (a) and supported phospholipids bilayer on
substrate (b). Adapted from Reimhult 2003°

1.6.2 Role of divalent cations

The presence of divalent cations such as Ca** and Mg** in the environment usually
helps to rupture vesicles on the surface of TiO, and to wrap it by a bilayer.3**%*™ A similar
phenomenon was observed with both Ca** and Mg?* on mica'’® and gold.'" Only the study of
Reviakine et al. reported that calcium cations failed to induce the formation of bilayer.!”® The
mechanism of Ca®*-induced phospholipid supported bilayer is still obscure. Reviakine
suggested that Ca** modifies the bending moduli of vesicle bilayers and enhance the fusion.
Likewise, Oleson suggested that divalent cations bridge the substrates with vesicles and

promote the adsorption.**®
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1.6.3 Chemisorption or physisorption?

In this context, molecular dynamic simulation was employed to clarify the adsorption
of phospholipids on TiO, (110) surface.'’* This study took many parameters into account
including hydration state of oxide surface, temperature, pH and ionic strength. The authors
predicted that bidentate or monodentate binding mode exists between oxygen-containing
moieties (phosphate group and/or carboxyl group) and titanium sites available on the surface
of TiO,. The attachment of those moieties to the surface was not only affected by the
environment conditions but also by the nature of phospholipid head groups and substrate
surface. This result was experimentally confirmed by the results of Kang et al. that proved by
¥p NMR the formation of bidentate or monodentate binding mode.*® However, several
authors confirmed the presence of interfacial water layer thickness of 0.4-1.5 nm between
SPB and the solid substrate surface.®"*"* According to them, chemical bonds between SPB
and substrate surface are precluded and hydroxyl groups on the surface of substrates form H-

bonds with water and maintain the layer of water.
1.6.4 Role of the surface characteristics

Regarding the nature of TiO, (crystallinity, surface charge and so on), the majority of
them was not specified, and surface properties were not fully characterized3°163168.169.173.175 p
small change in dimension, or composition of materials can lead to a different reactivity,
therefore the materials of interest (TiO,) should be well characterized for size, crystallinity,
chemical composition, surface charge, surface chemistry, purity, swarming, surface area

etC.176

1.6.5 Nature of the head polar group

Although phospholipids are very diverse in structure with various kinds of
headgroups, resulting in different properties, glycerophosphatidylcholine was the main
phospholipid investigated in studies dealing with interactions between phospholipids and
TiO,. A few of them introduced glycerophosphatidylserine that interestingly helps in forming

a phospholipid bilayer on TiO, substrate, similarly as on SiO- substrate.*”
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1.7 Gaps of knowledge and objective of the thesis

Regardless of the extensive effort of scientists to understand the vesicles-substrates
interaction, there are open questions regarding the interactions between TiO, and

phospholipids:
(1) nature of surface

The nature of studied surfaces was not considered until now whereas they
differ by the nature of surface functional groups, surface charge, surface polarizability,
surface defects and crystallinity. The characteristics of TiO, are dependent on
crystallinity, faces and defective sites.*”” However, the poor characterization of

substrates hampered to relate the whole observations.
(2) nature of phospholipids

The different studies never consider phospholipids other than
phosphatidylcholine or a mixture with phosphatidylserine or phosphatidylglycerol.

Only Monti’s group*™

addressed phosphatidylserine alone by molecular dynamic
simulation. The whole class of phospholipids was not fully investigated whereas (i)
their different head groups may hinder or facilitate the approach of molecules to the
surface by different charge or functional groups, (ii) only some phospholipids from

milk were separated on a TiO, column chromatography.
(3) Nature of binding

The interactions between phospholipids and TiO, surface was often explained
according to the interaction between phosphate and TiO,. Moreover, all studies are
not in agreement as regards the nature of forces involved (van der Waals and/or

electrostatics, hydration forces, covalent bonds, H-bonds).

It appears obvious that many questions are still open. Does the nature of TiO, surface
play a role? Is there any difference between rutile and anatase surfaces? Are the substituents

on phosphate important for the interactions between PL and TiO;?

The present study attempts to answer those questions to some extent. Several
phospholipids with different head group structures were investigated. The use of a popular
sample of TiO, (P25 particles) was a first step towards understanding phospholipid

adsorption. Then two main crystalline varieties of TiO, (anatase and rutile) were employed
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for the study taking care of their characterization. The contradictory results about the involved
forces make necessary to clarify the problem by alternative approaches, like vibrational
spectroscopy. The combination of four techniques (Langmuir film, laser Doppler velocimetry,
infrared spectroscopy and *'P NMR spectroscopy) is considered to investigate the nature of

the interaction between phospholipids and TiO, surfaces.
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2. Materials and methods

This section provides detailed information about the materials and methods used for
the characterization and for the investigation of the interaction between oxide particles and
phospholipids. The materials mainly consist in TiO,, and phospholipids (PLs). All of them
are commercial products. Methods to characterize the materials are briefly described. Then

first characterization results are given and discussed in this chapter.

2.1 Materials

2.1.1 Titanium dioxide (TiO;) samples

Titanium dioxide dried powders in different crystalline phases at nanometer scale were
used as supplied. They consist in TiO,-P25 from Degussa (Essen, Germany), Anatase from
MTI Corporation (TiO,-A, California, USA), TiO,-PC, that comprises TiO,-PC10, TiO,-
PC50 and TiO,-PC100 from Millenium Inorganic Chemicals (Maryland, USA) and rutile
from Sigma-Aldrich (TiO2-R, Missouri, USA). Powders in plastic container are kept in the
darkness to protect them from the effect of light due to the extreme photosensibility of TiO.

2.1.2 Phospholipids

Lipids were supplied by Avanti Polar Lipid (Alabaster, Alabama, USA) and Sigma-
Aldrich (Saint Quentin-Fallavier, France). The synthetic glycerophospholipids used in our
study were 1,2-dimyristoyl-sn-glycero-3-phosphate monosodium salt (DMPA, >99%, from
Avanti Polar Lipids), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, >99%, from
Avanti Polar Lipids), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE, 99% from
Sigma-Aldrich), 1,2-dimyristoyl-sn-glycero-3 phospho-rac-1-glycerol (DMPG, Sodium Salt,
99% Sigma-Aldrich) and 1,2-dimyristoyl-sn-glycero-3-phosphoserine (DMPS, Sodium Salt,
>99%, Avanti Polar Lipids), 1,3-bis(sn-3’-phosphatidyl)-sn-glycerol (TMCL, sodium salt,
>99%, Avanti Polar Lipids). As sphingolipids, only sphingomyelin from bovine brain (SM,
>97%, Sigma-Aldrich) was used. In addition to these phospholipids, a lipid-like molecule
called dihexadecyl phosphate (DHP, Sigma-Aldrich) was also used. Molecular structures of
all phospholipids and lipid are depicted in Figure 2.1. Molecules of DMPA, DMPC, DMPE,
DMPG and DMPS possess the same backbone: two fatty acids branched on a glycerol unit.
They differ in the polar headgroups that is fixed at the third position of glycerol. TMCL has
got a dimeric structure formed by two molecules of DMPA connected to a glycerine
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backbone. DHP is a lipid with two 16 carbon acid chains linked to a phosphate group without

glycerol backbone.

/\/\/\/\/\/\/\H}k(\ 9 4
_ NZ
SM > R (@) g\o/\/ ™

Figure 2.1. Molecular structures of phospholipids and lipid used in this work.

In comparison to glycerophospholipids, SM possesses the same headgroup as DMPC
but the anchoring unit is a sphingosine on which a monounsaturated chain and a fatty acid are
linked.

As DHP is a lipid-like molecule and other molecules are phospholipids, hereafter we

designate as phospholipids all these molecules.
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2.1.3 Other chemicals

Supplementary chemical substances used for this study comprise NaOH in flake form
(99%, Alfa Aesar, MA, USA), HCI solution diluted from HCI solution 37% (Carlo ERBA,
Milan, Italy), NaCl solid (Bioextra, >99.5%, Sigma-Aldrich), Mg(NO3),.6H,0 (Fluka), L -
ascorbic (analytical grade, Merck, Germany), H;SO, (95%, Fisher Chemical),
NH4(M004.4H,0 (99%, ACROS), Na,HPO, (Merck, Germany) and organic solvents such
as chloroform CHCI3;, methanol CH3OH and ethanol C,HsOH (Carlo ERBA, Milan, Italy).

For all experiments, ultra pure water (Milli-Q, resistivity = 18.2 MQ.cm), was freshly used.

2.2 Sample preparation

2.2.1 Dry powders of TiO;

The different commercial powders of titanium dioxide were used as supplied for the
basic characterization. For TiO,-A and TiO,-R samples, the powders were additionally
dispersed in aqueous solutions according to the protocol described in the next section. The
suspensions were then centrifuged and dried in a desiccator with silica gel as dehydrating

material.

2.2.2  Aqueous dispersion of TiO;

All preparation steps are sketched in Figure 2.2. The suspensions were prepared by
dispersing 100 mg TiO; in 500 mL of ultra-pure water and they were vigorously stirred by
magnetic stirrer during 2 minutes. Then, this dispersion was bath sonicated for 10 minutes
with a bath sonicator at 275 W (Elmasonic S 30 H from Elma, Singen, Germany). The
resulting dispersion was diluted to get the final concentration of 0.1 g.L™* with ultra-pure
water or NaCl solution to control ionic strength. The addition of NaCl to the dispersion was
realized after sonication to avoid any possible effects of ions on TiO, surfaces during the
sonication. Finally, the resulting dispersion was subjected to pH adjustment by addition of
HCI or NaOH solutions ( 0.01 - 0.5 M). During the preparation and experiments, the container
of dispersion was covered by aluminum foil to limit the impact of light on TiO,. These

solutions were freshly used (within 12h).
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NaCl solution
_ v
Sonicate
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Figure 2.2. Schematic description of the steps to prepare TiO, aqueous suspensions

2.2.3 Phospholipid vesicles

Phospholipid powders kept in deep freezer at -20 °C were left at room condition for
ca. 20 minutes to get equilibrium with environment. Phospholipid vesicles were prepared by
the protocol described in Figure 2.3. Firstly, a suitable amount of powders was dispersed in
ultra-pure H,0 (0.125 mg.mL™) by shaking for 2 minutes and bath sonication (10 minutes).
Sonication processes were conducted with the same bath sonicator as previously used
(Elmasonic S 30 H, 275 W from Elma, Singen, Germany) and at a temperature slightly
higher than the transition temperature of each phospholipid (Table 2.1). Secondly, the
dispersions were extruded through a polycarbonate membrane on Mini-Extruder (Avanti
Polar Lipids, Alabama, USA) by 10 passes on each membrane with pore size of 800 nm, 400
nm, 100 nm, successively. During this step, the temperature of dispersions and extruder was
kept at a temperature slightly higher than the transition temperature of phospholipids in order

to facilitate the extrusion processes with molecules in the fluid sate.

Sonication Extrusion
; size _4
10 minutes 1 - -
Phospholipids 0 passes measurements
+H,0 T°C>Tm °C Membranes 800, 400 & 100 nm Zeta
. = i Dilutionwith  measurements
Shaking . H,0, NaCl
2 minutes v T v 1
—_— rl - > ' '
‘ pH adjustmgnt
NaOH or HCI

Figure 2.3. Schematic description of the preparation steps of the phospholipids
vesicles in aqueous suspensions that were characterized by size and surface charge
measurements.

101



Table 2.1. Phase transition temperature of lipids

Molecules Nur_nber of car_bons Phase transitioon temperature Reference
in acyl chain (°C)

DMPA 14 50 Avanti Polar lipids
DMPC 14 24 Avanti Polar lipids
DMPE 14 50 Avanti Polar lipids
DMPG 14 23 Avanti Polar lipids
DMPS 14 35 Avanti Polar lipids
SM 16/18 37 Barenholz 1999"
TMCL 14 47 Lewis 2009
DHP 16 75 Sigma-Aldrich

2.2.4 Mixture of TiO;, and phospholipids

Solid mixtures of TiO, (TiO2-A, TiO,-R) and phospholipids (DMPA, DMPG, DHP)
were prepared in three steps. First, the dispersion of TiO, and that of phospholipids were
prepared separately. Suspension of TiO, was prepared according to the protocol mentioned in
section 2.2.2. Separately, a suitable amount of phospholipids (DMPA, DMPG) was dispersed
in 10 mL of H,O. These dispersions were sonicated for 10 minutes at transition temperature
to get the quasi-transparent dispersion. Next, the TiO, dispersion was mixed with that of
phospholipids with loading ratio of 2 molecules of phospholipids over 1 nm? surface of TiO».
Afterward, the resulting dispersion was adjusted by HCI solution to reach the value of pH
desired in the experiments. The obtained samples were vortexed and kept in polypropylene
tubes (type 15 ml). These tubes were covered by aluminum foil and left rotating (10 rpm) for
10 hours so that the interaction between phospholipids and TiO, particles gets an equilibrium
state. These samples were finally centrifuged (20 minutes at 3500 g) to separate the solid from
the liquid phases. The solid phases were washed 3 times by the same aqueous solution. At the
end, the solid phases were dried by keeping them in desiccators with silica gel connected with

vacuum pump for at least 72 hours.
2.3 Methods

All dry powders were characterized by different methods prior to their characterization
in aqueous dispersion. The crystallographic structure and phase composition are characterized
by X-ray diffraction and Raman Spectroscopy. Specific surface area of TiO,, is determined

by volumetric adsorption isotherms at 77K of N, gas. Surface chemistry of TiO, powders are
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characterized by Infrared spectroscopy and x-ray photoelectron spectroscopy (XPS).
Morphology and elemental size of TiO, particles were examined by transmission electron
microscopy (TEM).

2.3.1 X-ray diffraction (XRD)

Room temperature of XRD data of TiO, commercial powders were obtained using a
Bruker D8 Advance powder diffractometer, which operated in Bragg-Brentano geometry with
a Cu anode sealed X-ray tube and a focusing Ge(111) primary monochromator (selecting the
Cu Ko radiation; A = 1.540598 A). We used a 1-D silicon-strip position sensitive detector
(LynxEye detector) with an active area of 3.7° 20 (goniometer radius = 217.5 mm).
Diffractometer settings were 40 kV, 40 mA, 20 — 100° 20, step size 0.03° 20 and 5 s counting
per step.

Application of Rietveld refinement method to XRD diffractogram help to identify the
homogeneity of crystalline phases in TiO,-P25 powders. The refinement was carried out on

Fullprof software.

2.3.2 Raman spectrometer

The Raman spectroscopy is a non-invasive sensitive technique if the wavelength of the
excitation laser is tuned to the optical properties of the studied samples. Therefore in our case,
in order to avoid any photo-induced effect of TiO,, we have chosen to use a near infrared
excitation. As the Raman effect is roughly proportional to the power 4 of the frequency, the
use of a near infrared excitation forces the use of an optical non-dispersive interferometer to
record the inelastic signal in order to keep an exploitable signal/noise ratio. The sample
powders can be analyzed quickly without any supplementary preparation step. This study
used a FT-Raman set-up (MultiRam Raman Spectrometer from Bruker equipped Nd: YAG
crystal) to characterize powder samples kept in small glass bottles (2 ml). The laser beam
(1064 nm) was slightly focused on a sample area of about 100 pum diameter with a power
varied from 100 mW to 250 mW. The backscattered spectra were recorded with 1000
scans/spectrum with a spectral resolution of 4 cm™ at room condition. Spectral analyses were

performed by OPUS software, which was received from Bruker company.

103



2.3.3 Transmission Electron Microscopy (TEM)

The TEM experiments were performed on an Hitachi HNAR9000 setup. The coherent
electron beam is produced by electron gun. This beam is accelerated at 300 kV and the
wavelength of electrons is 2 pm. The beam then passes through system of condenser lens and
parallel or converging illuminate the specimen in an area of a few nanometers to several
micrometers in diameter. Upon impinging on the specimen, there are subsequently diffracted
electrons beam and transmitted electrons beam. This thesis considers only the imaging
function of TEM. The transmitted electrons beam is magnified and detected by CCD detector.
It has been well known that, apart from scanning tunneling microscope, TEM creates very
high resolution image, up to angstrom level. Thus, TEM is normally used to determine the

inter-atomic distance in crystals.

TiO, powders were firstly dispersed in ethanol (at very low concentration) and this
suspension was sonicated for 5 minutes. Finally, one drop of dispersion was deposited on
copper grids covered by lacey carbon and left at room condition for 15 minutes to evaporate
completely ethanol. Once dried, the sample was entered into the analysis chamber for

observation.

2.3.4 Nitrogen gas adsorption isotherms

Specific surface areas of TiO, samples were is determined from the volumetric
adsorption isotherms at 77K of N, gas using ASAP 2010 Physisorption Analyzer
(Micromeritics, Georgia, USA). The data were treated by the multipoint Brunauer-Emmett-
Teller (BET) method in order to able to compare our results with the literature. BET theory
usable for multilayer adsorption is based on several assumptions: (i) gas molecules multilayer
physically adsorb on surface of solid (ii) there is no interaction among adsorbate molecules
(iii) the first layer is Langmuir adsorption (iv) the adsorption enthalpy the first layer is higher
than that of the second and that of each layer from the second layer equals to enthalpy of gas
condensation (v) at saturation pressure, the number of layer is infinite and (vi) Langmuir
theory is applicable for each individual monolayer. In our work, we have not verified that all
these assumptions may be adapted for the description of the interaction between N, molecules
and the different crystalline faces of our TiO, samples. Typically in the literature BET model
is used to estimate the specific surface area, the average pore size and pore volume of
samples. Nitrogen (N2), Argon (Ar) or Krypton (Kr) gas are widely used as adsorbate in this

measurement. The cross-sectional of one adsorbed N, molecule is about 0.162 nm?, that of Ar
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is 0.166 nm? and of Kr is about 0.21 nm?. According to the number of gas molecules required
to cover completely the solid surface with a monolayer, the surface of solid is estimated.
Usually, the measurement of specific surface area takes 2 days (for out-gassing and analysis).
At first, the sample is outgassed by heating at 90 °C under vacuum or with flowing gas to
remove adsorbed contaminants acquired from atmosphere exposure (e.g. CO, and H,0).
Then, the sample is cooled down to cryogenic temperature (77 K, boiling point of N liquid)
under vacuum; adsorptive gas (like N2) is dosed to the surface of samples with controlled
increments. At each dose, the pressure of system is allowed to equilibrate and subsequently
the amount of adsorbed gas is calculated. The relationship between quantity of adsorbed gas
versus pressure at constant temperature is established (adsorption isotherm). This relationship
determines the specific area of samples. As our work was not a chemical-physic study of the
adsorption of gas molecules on TiO, samples, the obtained results will be qualitatively used
to compare our samples with those of the literature however a detailed quantitative

comparison between our samples without care could be too speculative.

2.3.5 X-ray photoelectrons spectroscopy (XPS)

XPS known also as Electron spectroscopy for chemical analysis (ESCA) is the most
widely used technique in surface analysis for determining the composition and the oxidation
state of surface constituents.®> XPS can detect almost every element except H and He. The
detection limit of XPS to element is about part per thousand. In XPS measurement, the
sample is exposed to X-ray (such as: Al Ko) under ultrahigh vacuum and only the first 10 nm
of the surface are probed. Kinetic energy (Ex) and the amount of the escaped electrons are
measured. Finally, the binding energy (Ep) of electrons in samples is deduced following the

equation:
E,=hv-E, —w,
where w is the work function and hv is the energy of X-ray photon.

Binding energy of electron in materials depends on the surrounding environment;

therefore XPS can distinguish the oxidation state of elements at surface of samples.

Surface chemistry composition of TiO, samples were analyzed by X-ray
photoelectron spectroscopy (XPS) with AXIS Nova model from Kratos Analytical Company.
Samples were deposited on a special specimen holder for powders. Survey scan was recorded

at pass energy of 160 eV. The final data were treated by Casa XPS software. Samples for this
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measurement (pristine TiO, commercial powders) were first neutralized and characterized.

Calibration was carried out by setting binding energy of Ti (1V) 2p*? at 458.7 eV.

2.3.6 Diffuse reflectance Fourier transform infrared spectroscopy (DRIFTYS)

Wavelength of IR ranges from 0.8 pum to 1000 pum, which is divided in three regions:

near, mid and far infrared (Figure 2.4).

Wavenumber (cm'?) 50000 25000 12500 4000 400 10 0.01 0.02
Wavelength (um) 0.2 0.4 0.8 25 25 1000 106 5.108
Far Near Near Mid Far . Radio
X-ray Visible Microwave RMN
uv uv IR IR IR wave
—— N —
Electronic Molecular Molecular Nuclear
transition vibration rotation spin

Figure 2.4. Infrared light in spectrum of electromagnetic radiation.

Infrared spectroscopy is a powerful technique for qualitative and quantitative analysis.

Fourier Transform Infrared (FTIR) spectrometer uses a simple optical device called

interferometer to produce signals (interferogram) that contains all information about

frequencies of infrared light sources, resulting in very fast measurement (a few milli-seconds

for one spectrum). However, interferogram cannot be interpreted directly for analysis.

Mathematical method called Fourier transformation is required to decode interferogram,

performing by computer and generate the spectrum which is a plot of intensity versus

frequency. There are different modes (Figure 2.5) to record IR spectrum: Transmission,
Specular Reflection, Diffuse Reflection and Attenuated Total Reflectance (ATR-FTIR).

N

Transmjssign

— |\//|§§Z/’“'/|

Specular Reflection Diffuse Reflection

Infrared
beam

Figure 2.5. Recording spectra modes of IR signals.
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Our study used Diffuse reflection (diffuse reflectance) mode. The recorded spectra
may be treated by the Kubelka-Munk (KM) theory,* in which absorption properties of
samples are extracted from reflected light using equation:

i

Where

- Kis absorption coefficient of medium
- Sis scattering coefficient of medium
- R is the reflectance of medium at infinite thickness
- F(R) is KM function, which is dependent on ratio K/S but not on the absolute value of
K, S.
The experimental definition of the scattering coefficient, acceptable for all the
samples, is difficult; therefore the use of the logarithm function of the reflectance, where the
reflectance are compared at one specular reflected signal obtained on a mirror, consist in an

acceptable method.”

This diffuse reflectance method to obtain infrared spectra has been widely used thanks
to its simplicity and acceptable prediction accuracy, particularly in paper, paint, colorant
industry.® In this thesis, we have chosen this experimental technique at first to avoid the use of
the classical pellets of mixture of our samples with another powder as KBr or NaCl ; thus our
sample surfaces could be probed with the minimum of physical perturbation. Secondly, this
experimental approach allowed us to record simultaneously the spectra in the near and in the

middle infrared ranges.

In this thesis, experiments were conducted on FTIR Bruker Vertex 70 spectrometer
with diffuse DRIFTS mode. The spectra were recorded at resolution 4 cm™ and 1000 scans in
wavenumber range of 400 — 8000 cm™. Samples for measurement were prepared according
the protocol describing in section 2.2.4. All data were treated by using OPUS 5.5 software
provided by Bruker company. The resulting spectra was represented in relationship between

log(reflectance) versus wavenumber (cm™).

Sample powders (TiO,, mixture TiO, & phospholipids) were not diluted with KBr for
the 8000-2000 cm™ range recording while they are diluted with KBr (2% in weight) in the
range 4000-400 cm™ to overcome the highly absorption of TiO,. The range 4000-2000
consisted then in an overlap range in order to be able to study and compare both the spectral

ranges. Samples were investigated at room condition and also at under weak pressure between
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300 K and 550K. At room condition, Praying Mantis Diffuse reflection accessory (HARRICK
Scientific Product Inc) was used. The special configuration of this accessory eliminates the
specular reflectance component away from the ellipsoid and subsequently in order to
minimize the distortion of the result spectra (distortion due to the anomalous dispersion
phenomena related to the strong absorption). At vacuum (order of 10° mbar), measurements
were conducted with Praying Mantis High Temperature Reaction Chambers (HARRICK
Scientific Product Inc). The chamber equipped a dome with two KBr windows and one glass
window for observation from outside, was connected to a membrane vacuum pump. Samples
at first passed for measurements at room condition, then at vacuum when required. In order to
get high vacuum, chamber with sample inside was evacuated by pump for 30 minutes (to get
pressure of ~10® mbar), at room temperature. Thus, spectra were recorded soon after.

2.3.7 Nuclear Magnetic Resonance

31p solid-state NMR measurements were performed at ambient temperature on a
Bruker AVANCE 500 MHz spectrometer, equipped with a CP-MAS DVT 4 mm probe.
{*H}—*'P Cross-Polarization (CP) spectra of dry powders were recorded with a contact time
of 0.75 ms, under Magic Angle Spinning (MAS) of 10 kHz frequency and using a recycle
time of 3s. 3'P chemical shift data are referenced at 0 ppm against standard of 85% phosphoric

acid.

2.3.8 Dynamic light scattering (DLS)

The thesis commits great effort to examine hydrodynamic size and zeta potential of
materials in aqueous medium by using Dynamic Light Scattering and Laser Doppler
Electrophoresis techniques. Although these techniques are frequently used in research and
industry, the related theories are not always familiar to a non specialist reader. For that reason,

a brief review about the theories is presented in the following.

DLS is also named photon correlation spectroscopy or quasi-elastic light scattering.’
Hydrodynamic size measurement is based on the interaction between light and particles
submitted to Brownian motion. The intensity of scattered light from particles fluctuates with
time. These fluctuations are recorded, and their mathematical treatment allows determination
of the translational diffusion coefficient of the particles. Thanks to Stokes-Einstein equation,

hydrodynamic size of particles is calculated:
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Where

d is the hydrodynamic diameter of the particle (m)

k is the Boltzmann constant (J.K™)

T is the absolute temperature at measurement condition (K)

W is the dynamic viscosity of the medium (kg.m™.s™)

e D is the translational diffusion coefficient (m?.s™)

The hydrodynamic diameter represents the size of particles including their electrical
double layer. Therefore, when ionic strength of medium increases, the hydrodynamic
diameter will decrease accounting for the reduction of the double layer thickness. The
mathematical treatment of the fluctuating scattered intensity leads to an auto-correlation

function:
G(r) = j: L(t)1(t + 7)dt

Where

e (1) is the scattering light intensity at moment t
e [(t + 1) is the scattering light intensity at moment t + t

e 71is the sampling time

The auto-correlation function represents the probability to find the particle at the same
point at two close moments t and t + 1. Depending on the size of particles, either small or
large, this probability is high or low, accordingly. Indeed, small particles move quickly under
Brownian motion, whereas large particles move slowly. If the correlation is perfect, the
probability equals 100 %. When time is running, this probability exponentially decreases
until 0 %, the decay ratio being directly linked to the translational diffusion coefficient of the

particles, and thus their hydrodynamic diameter.
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Figure 2.6. The correlation decay of small and large particles with time. Adapted from
Zetasizer Nano Series User Manual 2004.

With the help of mathematical algorithms, a raw relation between relative intensity of
scattering light with hydrodynamic diameter is established. Depending on the requirement of
experimenter, the intensity distribution can be converted to volume-based distribution (by Mie
theory) or number-based distribution. This study uses volume-based distribution to show
hydrodynamic diameter of TiO, particles and phospholipids vesicles. Figure 2.7 displays the
configuration of operating system to measure hydrodynamic size of particles, equipped with
Zetasizer NS (Malvern).
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Figure 2.7. Components of Dynamic light scattering instrument in Zetasizer Nano ZS
(Malvern instruments Inc., UK). Laser wavelength is of 633 nm. Attenuator (2) reduces the
intensity of laser when the detector (4) becomes overloaded. Detector locates at a standard
position of 173° from the laser beam. Digital signal processor (5) compares the intensity of

scattering light at successive time intervals and deduces the rate at which the intensity varies.
Signals will be sent to computer (6), where the data will be treated to give information about
hydrodynamic size of particles.

TiO, particles measurements

Hydrodynamic size of TiO, in aqueous suspension was measured at different pH
points (2, 5 and 9) in the presence of NaCl 0.01M. 2 mL of samples were placed in a square
disposable polystyrene cuvette and left in sample chamber two minutes for equilibrium at
25°C before running the measurement. Repeatability of results was verified by at least 2
aliquots at each pH point and 3 measurements were carried out for each aliquot. All
experiments were conducted at room conditions (25°C and atmospheric pressure). The
refractive index of TiO, was taken from literature,® that for rutile is 2.9, that of anatase is
2.49. The refractive index value for P25 was set at 2.54, taking into account that P25 consists
in @ mixture of 86% anatase and 16% rutile). The mathematical algorithm used to convert the
autocorrelation function in diameter distribution is the NNLS algorithm available in Malvern

software.
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Vesicle size measurements

Dynamic light scattering (DLS) and electron microscope are both popular techniques
applied to measure size of lipid vesicles.’ Nevertheless, DLS is more preferable because it is

noninvasive to fragile vesicles and quite easy for implementation.

Phospholipids vesicles size measurements were conducted soon after the extrusion
process. The concentration of phospholipids at this stage is about 0.125 mg.mL™? in the
absence of NaCl at pH~6. 2 mL of samples were placed in a square disposable polystyrene
cuvette and analyzed at 25 °C. Time for equilibrium in the sample chamber was two minutes.
The refractive index was assumed 1.43.° As for TiO, particles, data were treated with

Malvern software.

2.3.9 Laser Doppler Electrosphoresis (LDE)

This thesis uses LDE to measure the zeta potential of TiO, particles and phospholipids
vesicles in aqueous dispersion. Hence, it is useful to remind briefly the theory behind this
technique in order to facilitate the interpretation of the obtained results. LDE technique is also
named laser Doppler velocimetry. The principle of this technique is based on electrophoresis
phenomenon. Charged particles moving in an applied electric field are illuminated by a laser
beam which allows the measurement of their velocity. Indeed, the movement of particles
causes the shift in frequency of scattering light. A detector measures this shift, and thus
calculates the electrophoretic mobility of particles, which is the ratio between their velocity
and the intensity of the electrical field. Zeta potential can be deduced from Henry equation

using Smoluchowski approximation:

Where
e ( is the zeta potential (MV)
e W is the dynamic viscosity of the medium (kg.m™.s™)
e U is the electrophoretic mobility of the particles (m2V™.s?)

e ¢ is the electric permittivity of the medium (C2.N™".m?)

It is worth noting that the zeta potential not exactly reflects the surface charge of

particles, as it is the electrostatic potential measured at the slipping plane. The slipping plane
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is usually considered as the frontier between Stern layer and Gouy layer, according to the

electrical double layer model.™

Polycarbonate capillary cells (Figure 2.8) were used for the zeta potential
measurements, which were carried out with two aliquots of samples at the same pH point,
and 3 measurements for each aliquot, to verify the repeatability. The experiments were
conducted at room conditions (25°C and atmospheric pressure). In order to conduct successful
zeta potential measurements, there are a few precautions that must be taken into account.
Firstly, the capillary of the cells must be rinsed thoroughly with ethanol to wet the inner cell
surface, then they must be washed several times with ultra-pure water to remove ethanol.
Secondly, it is necessary to rinse the capillary a few times with the sample before filling
slowly the cell with 2 mL of sample for measurements (at required pH and ionic strength).
Caution must be taken to insure there are no bubbles in the cell and the electrodes are
completely immersed in the sample suspension. Finally, the ports of the cell must be closed
by two stoppers. Then, the cell was placed in the sample chamber, left two minutes for
equilibrium at 25°C before running measurements. Data were treated by software supplied by
Malvern Instruments Inc., and the validity of each measurement was verified through the

phase plots relative to Doppler Effect.
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Figure 2.8. Folded capillary cell used for zeta potential measurement.

Zeta potential measurements of TiO, suspensions

Zeta potential of TiO, in aqueous suspension (0.1 g.L™) was measured according to
pH, for various ionic strengths, fixed by NaCl. The suspension was continuously stirred

during these measurements, and protected from light by aluminum foil. Moreover, contact of

113



the suspension with air was limited by paraffin film deposited on the suspension container, in
order to avoid formation of carbonates. As carbonates are mainly present in solution in basic
medium, we chose to begin zeta potential measurements at acidic pH. So first, HCI solution
(0.25 mol.L") was added to reach pH 2. Then NaOH solution (0.25 mol.L™") was
progressively added in order to increase pH until 10. For each pH value, the suspension was
let equilibrate for a few minutes, until pH does not vary anymore. Then, an aliquot of the

suspension was introduced in the cell for zeta potential measurement.
Zeta potential measurements of phospholipid vesicles

After the size measurement, the phospholipids dispersions were diluted with NaCl
solution to control ionic strength. The concentration of phospholipids in the final dispersion
was about0.04 mg.mL™ and that of NaCl was 0.01 M. These suspensions were magnetically
stirred for 15 minutes. Similarly to TiO, suspension, pH of phospholipids suspensions was
adjusted by adding NaOH or HCI solutions. At each pH point, suspensions were left stirring
for at least 5 minutes for equilibrium before taking aliquots for measurements.

Zeta potential measurements of TiO, particles in contact with phospholipid molecules

Zeta potential measurements for mixtures of TiO, with some molecules were also
performed to investigate the effect of phospholipid molecules on surface properties of TiO,
particles through analyzing zeta potential. Samples were prepared by mixing a suspension of
TiO, with one of phospholipids, so that the density of molecules on the surface of TiO; is 0.5
molecule/nm?. Samples for these measurements were prepared a little differently from those
of TiO, suspensions or phospholipids. There are three steps to prepare the mixture samples.
Firstly, 100 mL of TiO, suspension was prepared by the previous method (see 2.2.2) with the
same concentration 0.1 g/L. Secondly, a suitable amount of phospholipids was dispersed in 2
mL of ultra pure water to ensure that the number of phospholipid molecules in the mixture is
about 0.5 molecules/nm? of TiO,. The suspension of phospholipids was bath sonicated about
20 minutes at temperature higher than the corresponding transition temperature of
phospholipids (see Table 2.1) in order to get a quasi-transparent suspension. Finally, the
phospholipid suspension was mixed with the TiO, one. Then, the mixture was shaken during
2 minutes and stirred at room condition for two hours to make sure that the adsorption process
gets equilibrium state. Zeta potential measurements were carried out at each pH point, from 2
to 10. The pH value of this suspension was adjusted by NaOH or HCI solutions. In this
particular case, the glass beakers containing these mixture suspensions were carefully covered
by aluminum foil to prohibit the activation of TiO, photocatalytic activity, which can
potentially decompose phospholipid molecules under ultraviolet radiation.
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2.3.10 Langmuir films

Monolayers of phospholipids (so-called Langmuir films) were prepared at the
interfaces water/air, and TiO, suspension/air on a Langmuir trough (model 302LL, Nima
Technology, UK). The Langmuir trough was placed on an anti-vibrating table far from natural
light. The trough (30 x 10 cm? was in polytetrafluoroethylene, a chemically inert and
hydrophobic material. The liquid (water or buffer) that fills the trough is called the subphase.
The trough was equipped with two movable barriers and a pressure sensor (Figure 2.9).

Trough in The Wilhelmy
polytetrafluoroethylene plate in paper

Barrier

Figure 2.9. Langmuir trough and its components.

A step-by-step motor controls the gliding of the barriers at the top of the subphase.
The calibration (linking the steps and the length between barriers) allows defining the area
between barriers and later on the area available for spreading molecules. As regards the
pressure sensor, it is composed of an electrobalance on which is hanged a filter paper (ashless
Whatman chromatography paper from Whatman International Ltd, Maidstone, Kent, UK).
Placed at the top of the surface, the wet filter paper works like a Wilhelmy plate that is highly
sensitive to the presence of molecules at the surface. The pressure sensor is calibrated with a
weight of 100 mg (slope) and the Y-intercept is the value of the surface tension measured on
pure water in the operating conditions. This value is named vy, and equals 72.0 mN/m at 298
K and 1 atm.* In the same conditions, the surface tensions of subphases containing TiO,
particles were found identical to pure water. The software calculates automatically the film

pressure that corresponds to the difference between the surface tension of the interface free of
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molecules and the interface covered by the molecule film. Film pressure, defined as © =y, - y
was measured with an accuracy of 0.2 mN/m The plot that describes the relationship between
surface pressure and area available per molecule at a given temperature is known as the
pressure-area isotherm, or surface pressure-area isotherm or isotherm of compression or z-A

isotherm.

The surface tension is measured from the forces acting upon the plate (Figure 2.10).
They consist in the gravity downwards and the surface tension downwards and the buoyancy
due to displaced water upward. For a rectangular plate of dimensions 1, w and t, of density pp,
immersed to a depth d in a liquid of density ps, the net downward force (F) is given by the

following equation:

perimeter, 2*(w+t)

. .

_________________________________________________________
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Figure 2.10. A Wilhelmy plate immersed in subphase to measure surface pressure

F =(pplwt).g —(psdwt).g +2.(Ww+t).y.cosé (1)

where g is the gravitational acceleration, 0 is the contact angle and y the surface

tension.

During the compression process, surface tension changes but the position of the plate
IS constant so that the difference between the free surface and the surface covered is given by:

AF =2.(w+t).(y, —7).cos@ (3)

Assuming the plate, made of chromatographic paper, is totally wet by the subphase,
then 6 = 0°.
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We have: AF =2.(W+t).(y, —7) (4)

(AF)
2.(w+t)

Hence, film pressure deduced by 7=y, —y = (mN/m) (6)

As the number of lipid molecules (N) spread at the air-water interface and the surface

available (S) between two barriers are known, area per molecule (A) is calculated:
N 2
A= < (molecule/A%) (7)

Cleanliness is the key to conduct successfully the experiments with Langmuir film

balance. The fabrication of a lipid monolayer consists in several steps:
- Careful cleaning of the trough under water and surfactant solution.
- Rinsing under distilled water until observing pearls of water on Teflon.

- Filling the trough with subphase (a volume of about 330 ml of ultra-pure water, or

aqueous suspension of TiO, particles at a given ionic strength and pH).

- Placing the filter paper at the top of the liquid surface and setting the pressure at zero

value.

- Spreading dropwise 22 ul phospholipids solution in CHCI3; (0.22 mg/mL) onto the

surface of subphase and wait 20 minutes for the full evaporation of CHCls.
- Recording the pressure-area isotherm.

The volume was chosen to obtain the full z-A isotherm from zero pressure to the
collapse. The temperature room was fixed at 20 °C and the temperature of the Langmuir

balance was controlled thermostatically by a circulating water system set at 25°C.

2.3.11 Phosphorus dosage/isotherms of adsorption

In order to determine the amount of phospholipid molecules (DMPA and DMPG)
adsorbed on the surface of TiO, (anatase or rutile), adsorption isotherms were conducted. A
known mass of solid was put in contact with 10 mL of solution containing the phospholipid
molecules to adsorb, with a known initial concentration C; and with pH adjusted at 2 or 9.
The suspensions were stirred during one night in order to be sure that equilibrium was
reached, at a fixed temperature of 25°C (Memmert oven). Then, solid and liquid phases were
separated through centrifugation at 5700 rpm during 20 minutes. At last, the final

concentration C¢ of phospholipid molecules was measured in the liquid phase. The same
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experiment was repeated for several values of C;. The final concentration of phospholipids
was used to calculate the amount of adsorbed molecules, by subtraction from the initial
concentration. The evolution of the adsorbed amount versus equilibrium concentration (Cs) is
called “adsorption isotherm”. In this work, we chose to draw the adsorbed amount versus

initial concentration, in order to depict more easily what occurs at low concentrations.

Phospholipids concentration was determined based on the phosphorus dosage method
coupled with the calcination procedure for organic phosphate compounds (Figure 2.11). This
protocol was well established in literature,*® and was performed in the Chemistry and
Interdisciplinary laboratory (CEISAM) of Nantes University. The procedure leading to free
phosphate ions in the solution consists in two steps. Firstly, phospholipid samples were mixed
with magnesium nitrate solution Mg(NO3),.6H,0 in a special glass test tube and heated to
dryness under high temperature of flame (fueled by butane). This step takes a few seconds
until the disappearance of brown fumes (NO,). Secondly, the tubes were left to cool down to
room temperature. Then they were added with HCI solution, capped and then maintained in a
water bath at 90°C for 15 minutes in order to hydrolyze any pyrophosphate formed during the
calcination step. Finally, the phosphate amount in these tubes can be determined following the
inorganic phosphate dosage method. This method lies in the development of blue color of the
phosphomolybdate complex PMo,YMog"'04" in the presence of a reducing agent such as
ascorbic acid,** which is examined by UV-Vis spectrophotometer. The absorbance, recorded
at a wavelength of 820 nm, is proportional to the phosphate concentration up to at least 1.8
according to Beer-Lambert law. A calibration curve is established with phospholipid solutions
to determine the concentration of phosphate in the samples. This method can easily determine
down to 0.01 pmol/L of phosphate.®

118



Organic phosphate compounds

Calcination
40 pl of sample
60 pl Mg(NO3),.6H,0 10% in C,HsOH
Calcine in flame of butane (~ 30 seconds)
R'POgZ_ + Mg(N03)2 => PO43-/P2074-/...+ NOZ + M92+ + C02

4

Inorganic phosphate compounds

Hydrolysis
Added 600 pl of HCI 1M Calibration curve
= Incubated 15 min at 90°C 40 pl Na,HPO, solution
PO43_/P2074_/...+ HCl (ag.) => PO43_ 560 Hl of HCI 1M

y U

Complexation + reduction => blue color
Added 1.4 mL reaction solution mixture (1V of acid L-ascorbic (10%) + 6 V of ammonium molybdate 0.42%

in H,S0, (0.5M)

=> [ncubated in water at 45° for 20 minutes
UV-VIS spectrophotometer

Recorded absorbance at 820 nm

Figure 2.11. Diagram show the procedure to determine concentration of
phospholipids samples in suspension

2.4 Materials characterization

241 TiO,
2.4.1.1 Crystallinity

The indexation of X-ray diffraction (XRD) patterns (Figure 2.12) indicated that TiO,-
P25 is a mixture of anatase and rutile. The others, TiO,-A, TiO,-PC10, TiO,-PC50 and TiO,-
PC100 are pure anatase, while TiO»-R is pure rutile.
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Figure 2.12. Diffractograms of different commercial TiO, powders. Values of 26 are
from 20° to 100°, with step angle 0.03°, step time of 5 s at room condition.

The composition of TiO,-P25 was determined by Rietveld refinement method. It
contains approximately 85 (+6) % of anatase and 15 (+2) % of rutile. These findings are in
accordance with literature.”>® According to literature, TiO,-P25 particles also contain a
small amount of amorphous phase in variable amounts according to the synthesis process.?®?
The presence of amorphous phase was actually observed on TiO,-P25 particles under TEM
(Figure 2.13). This phase is only present on particle edges. It was difficult to quantify the

relative proportion of this phase, but it may intervene in the chemical interfacial process.
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Amorphous phase

Figure 2.13. TEM image of a TiO,-P25 particle indicating the presence of amorphous
phase in this material.

Raman spectroscopy was another alternative technique to provide a qualitative
information on the crystalline phase of TiO,.?* The spectra of all commercial TiO, powders
are displayed in Figure 2.14 — 16. The assignments of bands are in agreement with the
structure evidenced by XRD.

TiO2-R is pure rutile phase (Figure 2.14), in agreement with X-ray pattern analyses.
Group theoretical analysis indicated that there are four Raman active modes of rutile: Ayq
(612 cm™), B1g (144 cm™), Byg (827 cm™) and E4 (448 cm™).? In this study, TiO,-R exhibits
the major peaks at 144 cm™, 235 cm™, 449 cm™ and 610 cm™. Spectra did not show any peak
at 827 cm™, the signal was too weak. The presence of broad peak at 235 cm™ in accordance

23-26

with literature was assigned a two-phonon signal.
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Figure 2.14. Raman spectra of commercial TiO,-R powder.

The Raman spectra of TiO,-A and TiO,-PC revealed that they are pure anatase phase
(Figure 2.15). Anatase unit cell displays six modes that are Raman active: A (515 cm™),
2B, (398 and 515 cm™), 3E, (147, 198, and 640 cm™).*® Experimentally, they were observed
at 144 cm™, 198 cm™, 396 cm™, 516 cm™ and 640 cm™. The broad peak with a low intensity

at 797 cm™ corresponds to the overtone of vibration mode B1g (398 cm™).
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Figure 2.15. Raman spectra of different Anatase commercial powders.

The Raman spectrum of TiO,-P25 clearly shows the major peaks associated to the
anatase and rutile forms (Figure 2.16). Regarding to TiO,-P25, the bands relative to anatase
are clearly seen and only the intense bands relative to rutile can be seen (449 cm™) as
documented in literature.?”*® Rutile peak at 610 cm™ is not clearly identified. It is probably

overlapped by the strong peak from anatase (640 cm™).%
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Figure 2.16. Raman spectra of TiO,-P25 in comparison with that of TiO,-A and TiO,-
R

2.4.2 Morphology and textural properties of TiO;

TiO,-P25

TEM images of TiO,-P25 were displayed in Figure 2.17 and Figure 2.18. The result
shows that anatase and rutile particles in TiO,-P25 powders exist separately (Figure 2.17a).
There are small particles of anatase (from 20 to 30 nm) and the bigger particles of rutile (from 40
to 65 nm). These findings are in agreement with literature data.® Calculation by Scherrer
equation® executed on EVA software (from Bruker-AXS), indicated that the average size of

Ti0,-P25 particles is around 25 nm.
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Figure 2.17. TEM images of TiO,-P25 at (a) low magnification scale where the presence
of small particle of anatase and bigger particles of rutile phase are identified and (b) high
magnification scale to see highly crystalline particles.

The random orientation of particles in samples makes difficult to confirm the morphology
of anatase and rutile in TiO,-P25. High resolution TEM was performed on anatase and rutile
particles contained in TiO,-P25 (Figure 2.18). The distance of 0.35 nm between parallel fringes
corresponds to the interplanar spacing of (101) faces on anatase structure.’®3* Besides, the
distance of 0.32 nm corresponds to the interplanar spacing of (110) of rutile structure.®
However, this information was not achievable to all particles due to the random orientation of
particles relative to the electron beam direction. The dominant face (110) of rutile and (101) of

anatase crystal was observed, in accordance with literature.®
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Figure 2.18. TEM image of TiO,-P25 at high resolution indicated the presence of
anatase and rutile particles. The 0.35 nm distance between parallel fringes corresponds to the
interplanar spacing of (101) faces of anatase particles.*>** And the 0.32 nm fringes pattern
corresponds to the interplanar spacing of (110) of rutile particles.*

TiO2-A

Particle average diameter of TiO,-A particles ranges from 10 to 20 nm (Figure 2.19).
The powder is a mixture of small and big particles. The smaller particles have an average
diameter size of around 10 nm, whereas that of the bigger is about 20 nm. Calculation by

Scherrer equation results in an average size of TiO,-A crystallites of about 18 nm.

Figure 2.19. TEM images of TiO,-A particles. The lattice fringes distance in (e) is
0.35 nm, corresponding to the distance between (101) planes of anatase.
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TiO2-R

Average diameter size of TiO,-R particles ranges from 20 to 40 nm (Figure 2.20),
which is larger than that of TiO,-A. Average crystallite size given by Scherrer equation is
about 22 nm. Rutile particles with a rod-like shape (average 25 x 60 nm) are observed. They
are very highly crystallized, and the distance between two planes on particles is
approximately 0.32 nm (Figure 2.20 e), corresponding to distance between planes (110) of
rutile crystal. This plane is also present in rutile of TiO,-P25.

=il

Figure 2.20. TEM images of TiO,-R particles. The distance between fringes in (e) is
0.32 nm, corresponding to the distance between plane (110) of rutile crystal.

TiO,-PC

The size of TiO,-PC10 particles is very heterogeneous (Figure 2.21). The powder
consists of small particles (~50 nm) and bigger particles (~100 nm or larger). TiO,-PC10
particles seem to not contain amorphous phases because the edge of particles is very sharp
and clean (Figure 2.21e). Scherrer equation estimated that average size of TiO,-PC10 is
around 72 nm.
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Figure 2.21. TEM images of TiO,-PC10 particles. The 0.35 nm spacing corresponds
to the distance between (101) planes in anatase crystal.

Ti0,-PC50 powder is more homogeneous in particle size than TiO,-PC10. Indeed the
particle diameter ranges from 25 to 35 nm. TiO,-PC50 particles contain amorphous phase,
which appears on the edges of particles (Figure 2.22 c). There are patches on surface of
particles (Figure 2.22 b), which are probably amorphous phase formed during the
crystallization process. Scherrer equation gave an average size of TiO,-PC50 around 30 nm.

Figure 2.22. TEM images of TiO,-PC50 particles. The spacing between planes in (e)
is 0.35 nm, is the distance between (101) planes in anatase crystal.

TiO,-PC100 particles have the smallest average size among anatase powders
investigated in this work, approximately between 10 to 25 nm (Figure 2.23). The particles are
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well crystallized and do not show the presence of amorphous phase. Applying Scherrer
equation, the average size of TiO,-PC100 particles is about 22 nm.

Figure 2.23. TEM images of TiO,-PC100 particles. The spacing between planes in (e)
is 0.35 nm, corresponding to the distance between (101) planes in anatase crystal.

2.4.2.1 Specific surface area

Specific Surface Area (SSA) and porosity of TiO, powders were measured and analyzed
through gas adsorption experiments. Smaller size particles show higher specific area and vice
versa. TiO,-A particles having the smallest size, they possess the highest specific surface area of
136 m?/g. In contrast, TiO,-PC10 has the biggest particle size bearing pores with the smallest
diameter, thus it presents the lowest specific area of ~10 m%g. SSA of TiO,-P25 reported in
literature varies from 42 to 60 m2/g.?>**=# This current study found that SSA of TiO,-P25 has a
value of 48 m?/g, which is in agreement with literature. TiO,-R particles have a SSA value of 26
m?/g. TiO,-PC50 possesses almost the same SSA of TiO,-P25, that is 48 m?g. The
agglomeration of particles create the pores between them. A summary related to specific surface
area and pore of TiO, powders is reported in Table 2.2.

129



Table 2.2. Specific surface areas, average particle diameter and pore volume of TiO,
particles as measured by BET with adsorption of N, at 77K.

Average pore

Pore volume

Sample BET Surface area diameter size (cm’/g)
(m?q) (R)
TiO,-P25 48 + 0.1 70 0.085
TiOz-A 136+ 0.5 80 0.264
TiO,-R 26 +0.06 10 0.064
TiO,-PC10 9+ 0.07 23 0.055
TiO,-PC50 48 + 0.09 20 0.253
TiO,-PC100 75+ 0.3 13 0.294

2.4.2.2 Surface chemistry by FT-IR

a) Native powders

The IR spectra of the pure TiO, powders collected in the diffuse reflectance mode are

displayed Figure 2.24 in the spectral range 6000-1500 cm™. This spectral range is characteristic

of three zones involving the O-H bonds:

at first, the bending mode of adsorbed water molecules around 1600 cm™,

secondly, the stretching modes of OH groups of either the Tix-O-H surface group or Ti-

OH,®" at the surface or yet adsorbed water between 2800 and 3800 cm™

and at last, the combination modes (angular deformation + stretching) of specific Ti-O-H

groups between 4000-4700 cm™ and of specific H,O groups between 4800 and 5400 cm™
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Figure 2.24. DRIFTS spectra of different TiO, commercial powders.

According to the literature, H,O adsorbs onto TiO, surface either molecularly or
dissociatively**“° in order to obtain respectively the C», structures of H,O or Ti-OH,** and the

surfaces structures as Ti-O-H or Ti-OH-Ti.

Molecular sorption of H,O is proved by the bending vibration mode of hydroxyl groups
(1623 cm™) of H,0%*! and the bands centered at 5220 cm™. All TiO, spectra contain signals
characteristic of molecularly adsorbed water. The former band is present in all spectra of our
samples (Figure 2.24). The second one is assigned to the combination of the bending of hydroxyl
group (8on) in molecular adsorbed H,O and of the stretching of hydroxyl group (von) in H,O
molecules perturbed by H-bonds.*? The intensity of this second component shows clearly that
Ti0,-P25, TiO,-R contain less molecularly adsorbed H,O than the other powders.

Dissociative adsorption is characterized by the presence of OH groups (terminal or
bridging OH groups) on the surface of TiO,. It is evidenced by bands in region ranging from
2500 cm™ to 3750 cm™.*** However, this region is also overlapped with the stretching
frequencies of hydroxyl groups of molecularly adsorbed H,0.*3%* Our spectra that can be seen

in more details in Figure 2.25 are interpreted according to the Minella’s paper®.
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Figure 2.25. Surface state of commercial TiO, powders displayed by DRIFTS spectra at
room condition.

At high frequency (3550 — 3750 cm™) are the stretching modes of different free hydroxyl
groups.** The stretching mode of terminal H-bond free OH groups is observed around 3680-3750
cm™ and that of bridging OH, H-bond free, is around 3550-3680 cm™.*** Figure 2.26 show
spectra of TiO,-R, TiO,-A in comparison with TiO,-P25. Peaks at 3631, 3659 and 3682 cm™ are
ascribed to terminal OH groups on TiO,-A.

In particular, TiO,-R exposes sharp peaks at 3419 and 3487 cm™; they are attributed to
bridging OH, involved in H-bonds, located on TiO,-R.
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Figure 2.26. IR spectra of TiO,-R (red), TiO,-A (blue) and TiO,-P25 (black) in room
conditions. Assignment of OH groups adapted from literature®***4

b) Spectra of powders dried at defined pH values

The differences between TiO,-R and TiO,-A can be observed through the
protonation/deprotonation of hydroxyl groups with respect to pH of surrounding environment.
Previous studies proved that the bridging OH groups are more acidic than terminal*’**® andTi-

OH," on anatase and bridging OH groups on rutile vary with pH.

Figure 2.27 shows the DRIFT spectra of TiO,-A powders prepared in aqueous solutions
adjusted at pH 5 and 2 (in the follow, we will notice theses samples as pH5-A and pH2-A). In the
mid-IR range, the broad band centered at 3125 cm™ shifts to 3091 cm™ from pH2-A to pH5-A
concomitantly to a decrease of the intensity of the component centered around 3400 cm™.
Inversely, the intensity of the fine components at 3670-3690 cm™ increases. This slight increase
prove the relative increase of the H-bond free Ti-OH groups concentration. In the near IR region,
TiOH," characterized by two components at 5153 and 5272 cm™ (as two shoulders of the
principal peak at 5230 cm™) decreases from pH2-A to pH5-A. At the same time, intensity of
characteristic peaks of TiyOH groups (at 4196 cm™) increases slightly.
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Figure 2.27. DRIFT spectra of TiO,-A powders filtrated from the aqueous solutions at
pH 2 (red) and pH 5 (black) in the mid-IR range and in the far IR range as insert.

The evolution of OH groups on TiO,-R is more spectacular as demonstrated in Figure
2.28. When pH values of the aqueous solutions increases from 2 to 5 and 10, the intensities of
peaks located at 3670-3720, 3607, 3513, 3380 and 4221 cm™ increase. By contrast, the
intensities of peaks at 3416, 3277, and 4105 cm™ decrease. Since the signal at 3277 cm™ and its
combination with the bending mode of the same OH group at 4105 cm™ are assigned to OH-
bridging involved in H-bond (face (110) and (100) of rutile phase), the H-bonded bridging OH
groups are decreased by more than 80% when the pH value is increased from 2 to 5.
Concomitantly, the signals at 3520 cm™ and 3690 cm™ increased:; these signals are assigned to

free H-bond bridging OH as proposed by Takahashi et al*®

on their experiment carried out a
rutile single crystal. During the deprotonation, the H-bond network is disrupted, releasing the
remaining bridging OH. Consequently, the DRIFT spectrum seems to conserve an “image” of
the interface of the suspension in agqueous media at the thermodynamical equilibrium. The
component at 3420 cm™, displayed also on the spectra of degassed anatase at 373K, may be

assigned on the base of the Deiana et al®

paper to the symmetric stretching modes of the
strongly sorbed molecular water on Tis. sites. The problem raised by Deiana was to find the
asymmetric mode of these molecules. In our case and on the basis of our experiments carried out
under weak pressure, we can propose that the wavenumber of this asymmetric mode is displayed
around 3600-3620 cm™. Thus the increasing intensity is related to the deprotonation of TiOH,".

This deprotonation results then in more terminal H-bonded free Ti-OH groups.
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On the basis of vibrational infrared spectra, rutile sample surface is more dominated by
the OH-bridging than our anatase sample. At pH value of 5, these Ti-OH-Ti bridging are
strongly deprotonated, releasing H-bond free OH bridging. For the anatase sample, the infrared
spectra are dominated by terminal Tis.-OH or Tis.-OH,%* The surface charge of the anatase will

be then more dependent on the balance between both the forms of the terminal groups.
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Figure 2.28. DRIFT spectra of TiO,-R powders at pH 2 (red), pH 5 (black) and pH 10
(green). The arrows indicate the evolution of peaks when the pH value increases.

2.4.2.3 Properties of TiO; in aqueous dispersion

State of TiO, particles in aqueous suspension is very different from the dried particles
because of the presence of the electrical double layer and the interaction of particle surface with
solvent. TiO, suspensions are more or less milky according to the concentration and easily

sediment after several hours.
Surface charge

For TiO, dispersed in NaCl solution, IEP gets the same value with PZC because there is

7,49

no specific adsorption for Na* or CI" to the surface of TiO,"* IEP of TiO, was shown in Figure

2.29 and summarized in Table 2.3.
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IEP of TiO,-P25 is about 6.5, which is in agreement with data in literature.****°. By

increasing the concentration of NaCl, the Debye length is reduced due to the contraction of the

electrical double layer and this results in a slight decrease of the zeta potentials.

In the literature, IEP (or PZC) of anatase and rutile in aqueous dispersion was reported
getting average value of 5.9 and 5.4, respectively.>*? In agreement with literature data, IEP of
TiO,-A is 6 and that of TiO,-R is 5.5. However, IEP of TiO,-PC was found to be 7, which is
larger than the value of anatase reported in literature. Reason for this is not known, probably

associated with the history of powders.
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Figure 2.29. Zeta potential values of TiO, particles in agueous suspension. (a) TiO,-P25,
(b) TiO2-A and (c) TiO,-R are in aqueous suspension with the presence of NaCl. (d) TiO,-PC10,
TiO,-PC50 and TiO,-PC100 are in aqueous suspension without NaCl. Mass concentration of
TiO, in aqueous suspensions is 0.1 g.L™.
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Size distribution

Hydrodynamic size distribution of pure anatase TiO,-A and TiO,-P25 presents a similar
span, which depends on pH and ionic strength (Figure 2.30). At pH 2 and 9, the distribution span
over a wide range of size, with a large proportion of particles around 100 nm, specially for P25.
The distribution is strongly reduced at pH 5, next to IEP, with very large sizes close to 2 um due
to agglomeration of quasi neutral particles. The hydrodynamic size distribution of pure rutile
TiO,-R is hardly dependent on pH, with a small population close to 200 nm, and a larger one
around 1 pm. Systems of TiO,-PC50 and TiO,-PC100 behave slightly different: hydrodynamic
size of particles are more uniform but very large, and ranges from 500 nm to a few um. Effect of
surface charge on the hydrodynamic size is not apparent in this case, even if the peak is thinner
at pH 9. For the system consisting of TiO,-PC10 dispersed in aqueous medium, the suspension
was so unstable that it was not possible to obtain a valid fit of the autocorrelation function. Thus,
the distribution presented in Figure 2.30 for TiO,-P10 must be cautiously considered, as it

probably does not represent real size of particles in this sample.

With regards to the stabilization of TiO, in aqueous suspension, it was observed by naked
eye the sedimentation phenomenon over several days. The sedimentation was faster in the order
TiO,-P25< TiO,-A ~ TiO,-R < TiO,-PC10 ~ TiO,-PC50 ~ TiO,-PC100. TiO,-PC suspensions
were subjected to quick sedimentation: a freshly prepared suspension of TiO,-PC (0.1 g.L™) in
H,O (without NaCl) becomes transparent just within 24 hours. In contrast, the same suspension
of TiO,-P25 can remain homogeneous for several days. The higher stabilization of TiO,-P25
may be due to the smaller size of particles in aqueous phase. The finding for TiO,-P25 is
consistent with literature.>® TiO,-PC dispersions are not stable because particles formed large
agglomerates, in which particles are linked to each other by strong bonds, which cannot be

broken down by bath sonication.
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Figure 2.30. Size distribution of TiO, particles in aqueous suspension at mass
concentration 0.1 g.L-1. (a) for TiO,-P25, (b) for TiO,-A, (c) for TiO,-R, (d) for TiO,-PC10, (e)
for TiO,-PC50 and (f) for TiO,-PC100.

For convenience, Table 2.3 summarizes the main properties of TiO, particles. Although
the particles were observed under TEM, nevertheless to confirm the particle size by this
technique for highly heterogeneous powder is difficult. Therefore, the diameter of particles were

reported from approximating by Scherrer equation.
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Table 2.3. Summary of some physical properties of TiO, samples.

Approximated particle BET Surface area ep
Sample average diameter (nm) (m?/g)
TiO,-P25 25 48 65
TiO,-A 18 136 6
Ti0,-PC10 72 9 ;
TiO,-PC50 30 48 -
TiO,-PC100 22 75 -

2.4.3 Phospholipids vesicles in aqueous dispersion

Hydrodynamic size of phospholipids vesicles

The size distributions of phospholipids are reported in Figure 2.31. For each

phospholipid, size distribution of vesicles obtained after extrusion is rather monomodal. The

distributions are different and highly dependent on the head polar groups. The presence of large

vesicles can be partially explained by the metastability of phospholipids vesicles that may

undergo fusion and aggregation after preparation, particularly when stored at a temperature

lower than the transition temperature.

54,55
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Figure 2.31. Size distribution (expressed as volume distribution) of phospholipids in
aqueous suspension. Size distribution of phospholipid vesicles were measured in the absence of
NaCl at 25°C.

Hydrodynamic size of DMPA vesicles is centered at 40 - 50 nm, those of DMPC is
centered at around 80 — 100 nm, size of DMPE and DMPG is quite similar and centered at 200 -
300 nm. DMPS shows an exception, the vesicles size in majority is less than 20 nm, which is the
lower limit for small unilamellar vesicles size.> It is worth noting that typical thickness of lipidic
bilayer is approximately from 4 to 5 nm.*® Probably, the existing forms of DMPS in dispersion
were not vesicles but they were micelles or planar lamellar which have much smaller size than
vesicles,”” presumably in the range of 10 - 20 nm. Size of SM vesicles is slightly similar to that
of DMPC, around 90-100 nm. TMCL vesicles (100-200 nm) have size smaller than that of
DMPE and DMPG. Size of DHP vesicles resembles with that of DMPA, at around 40-50 nm.

2.5 Conclusion

The characterization of TiO; in the solid state and in aqueous medium has shown that
TiO, powders are free from contaminants and well crystallized. Elementary size of TiO;
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particles is at the nanoscale. In spite of our efforts, there are some limits regarding to the
morphology of TiO, particles, which could be determined by neither high resolution TEM nor
XRD. These small particles strongly aggregate in aqueous medium and their hydrodynamic size
depends on pH. Infrared spectroscopy revealed how the surface of TiO, samples is charged

according to pH and dependent on the surface structure.

Concerning phospholipids, the vesicles were fabricated by extrusion through a 100 nm
membrane. However, sizes of vesicles range from 10 nm to 600 nm, depending on the head polar

group of phospholipid.
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Abstract

A systematic study was carried out on monolayer films and lipid vesicles to elucidate
the interactions between membrane lipids and commercial particles of titanium dioxide TiO,
(TiO,-P25). Pressure-area isotherms of lipids at various pH values were recorded on a
Langmuir trough with or without TiO,-P25 and NaCl in the subphase. Electrophoretic
mobilities of lipid vesicles and TiO,-P25 particles were measured to identify the pH range
where attractive electrostatic interactions between lipids and TiO,-P25 could take place. The
results show that i) the surface of TiO,-P25 particles interacts only with some phospholipids,
i) the driving forces are electrostatic and iii) non-electrostatic interactions were also
observed, depending on the molecular structure. More precisely, the phospholipids 1,2-
dimyristoyl-sn-glycero-3-phosphate monosodium salt (DMPA), 1,2-dimyristoyl-sn-glycero-3-
phospho-rac-1-glycerol (DMPG) and 1',3-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-
glycerol (TMCL) interacted strongly with the TiO,-P25 surface through electrostatic
interactions, providing they were oppositely charged, i.e. for pH between 2 and 6.6. For
TMCL and DMPG, interactions with the surface of TiO,-P25 in non-favourable electrostatic
conditions, suggested another kind of binding, probably through the hydroxyl groups of the
terminal glycerol. Weaker attractive interactions were demonstrated for 1,2-dimyristoyl-sn-
glycero-3-phospho-L-serine (DMPS) and the synthetic lipid dihexadecyl phosphate (DHP).
For DMPS, the carboxylate group is involved in the adsorption onto TiO,. The other
membrane lipids such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) and sphingomyelin (SM) did not
interact with TiO,-P25 regardless of pH.

Keywords

Titanium dioxide, phospholipid, surface charge, zeta potential, Langmuir film,

pressure-area isotherm
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3.1 Introduction

Titanium dioxide (TiO;) particles are widely used in consumer products such as
coloring agents in food* and UV filters in sunscreens®. As some of these particles were
reported to have adverse effects on mammalian cells®, understanding the interaction of
titanium dioxide with cell membranes is an important step toward understanding the
biological effects. Besides the role of proteins,* lipids were rarely studied and deserve
consideration. TiO, has been shown to exhibit some lipid affinity in some cases.™* The main
method consisted in observing the rupture or the adsorption of the phospholipid vesicle on the
surface of TiO,. It was shown that glycerophosphatidylcholine has a lower affinity for
titanium dioxide than glycerophosphatidylserine.”**** Changing pH and introducing calcium
ions improved the adsorption. Consequently, the energetic barriers preventing or permitting
adsorption were assumed to be primarily electrostatic in origin, at least for the investigated
lipid glycerophosphatidylcholine, and its mixtures with glycerophosphatidylserine,
glycerophosphatidylglycerol, and glycerophosphatidylethanolamine.®***31>1® However, van
der Waals forces were also shown to be involved in the adsorption mechanisms.*® Moreover,
several studies suggested that phosphate groups can form covalent bonds with the surface
hydroxyl groups of TiO,.>""?° Hence, from these studies, it is difficult to have a global view of
the interactions between phospholipids and TiO; and to predict subsequent biological effects,
since the interactions were studied with only four systems (glycerophosphatidylcholine alone
and in  mixture with glycerophosphatidylserine, glycerophosphatidylglycerol or
glycerophosphatidylethanolamine), and they were investigated under varying experimental
conditions and TiO, supports (primarily amorphous and rutile), that are not fully relevant

with respect to the above-mentioned applications.

The aim of the present paper is to identify the target lipids when TiO, particles are in
contact with membranes, and as much as possible to determine the nature of forces involved
in the adsorption of these lipids on TiO, particles in aqueous solutions. For this study, we
selected commercial particles of titanium dioxide from Evoniks Industries AG
(AEROXIDE® TiO2-P25, hereafter called TiO2-P25), due to its wide industrial application
and abundant literature data concerning the potential toxicity of this compound.>**™% The
main membrane components, namely glycerophosphocholine, glycerophosphoethanolamine,
glycerophosphoserine, glycerophosphoglycerol and glycerophosphates, sphingomyelin, as
well as a synthetic lipid, dihexadecyl phosphate, were considered separately (molecular
structures shown in Figure S1). Our approach combined compression isotherms of Langmuir
films with Laser Doppler electrophoresis.
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3.2 Experimental section

3.2.1 Materials

The titanium (1V) dioxide powder used was AEROXIDE® TiO,-P25 from Evonik
Industries (Essen, Germany). It was used as received and hereafter is referred as TiO,-P25.
Lipids included 1,2-dimyristoyl-sn-glycero-3-phosphate monosodium salt (DMPA (Figure
Sla), Monosodium salt, >99%, from Avanti Polar Lipids), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC (Fig. S1h), >99% Avanti Polar Lipids), 1,2-dimyristoyl-sn-glycero-
3-phospho-L-serine (DMPS (Fig. Sle), Sodium salt, >99%, Avanti Polar Lipids), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE (Fig. S1f), 99%, Sigma Aldrich), 1,2-
dimyristoyl-sn-glycero-3-phospho-rac-1-glycerol (DMPG (Fig. S1b), Sodium salt, 99%,
Sigma Aldrich), dihexadecyl phosphate (DHP (Figure S1d), Sigma Aldrich), sphingomyelin
(SM (Figure S1g) from bovine brain, >97%, Sigma Aldrich) and 1',3'-bis[1,2-dimyristoyl-sn-
glycero-3-phospho]-sn-glycerol (cardiolipin TMCL (Figure S1c), sodium salt, >99%, Avanti
Polar Lipids). NaOH solutions were prepared from NaOH solid state in flake form (99%, Alfa
Aesar, MA, USA). HCI solutions were prepared from HCI solution 37% (Carlo ERBA, Milan,
Italy). NaCl solutions were prepared from solid NaCl (Bioextra >99.5%, Sigma Aldrich).
Chloroform CHCI3, methanol CH3;OH, ethanol C,HsOH were obtained from Carlo ERBA
(Milan, Italy).

3.2.2 Characterization of TiO,-P25 particles

The crystallographic structure and composition of TiO,-P25 was characterized by X-
ray diffraction (Bruker AXS D8 Advance, equipped with Cu Kal). The integrated intensities
of the peaks deduced from Rietveld analysis gave the relative proportions between anatase
and rutile, which were 85 (x6)% for anatase and 15 (x2)% for rutile, in agreement with the
literature."** The specific surface area of TiO,-P25, determined by multipoint Brunauer-
Emmett-Teller treatment (BET method) from the volumetric adsorption isotherms at 77K of
nitrogen gas (instrument ASAP 2010 Physisorption Analyzer) was 48.1 + 0.4 m?/g, consistent
with the literature data.”® Particle morphology of TiO,-P25 was examined by Scanning
Electron Microscopy (SEM) (JEOL JSM-7600F) and Transmission Electron Microscopy
(TEM) (Hitachi HNAR9000). TiO,-P25 powders were deposited directly on the copper
support for SEM experiments. The SEM images (Figure S2a) display particles with great size
heterogeneity and forming large aggregates. For TEM, a suspension of TiO,-P25 in ethanol at

a concentration of approximately 0.01 mg/mL was prepared and sonicated for 2 minutes at
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power 300 W then a few drops of this suspension were deposited on a carbon film coated on
copper grids for the measurements. TEM images (Figure S2b) show that anatase particle sizes
were in the range 25-30 nm, compared to 50-80 nm for rutile particles, as mentioned in the
literature.>?® XPS and IR spectra demonstrate that the powder was pure and not contaminated

by inorganic or organic matter (Figure S3).
3.2.3 TiO,-P25 suspension : preparation and characterization

The suspensions of TiO,-P25 were prepared in two steps. First, TiO,-P25 was
dispersed in ultra-pure water (Milli-Q-water, resistivity = 18.2 MQ.cm). The suspension was
magnetically stirred (300 rpm) for 10 minutes, then bath-sonicated (EImasonic S 30 H from
Elma, Singen, Germany with a power of 275 W) for 10 minutes. The concentrations of the
suspensions were 0.125 g L™, for electrophoretic mobility measurements, and 0.25 g L™, for
surface pressure-area isotherms and size measurements. In the second step, the suspension
was diluted with either ultra-pure water or NaCl solution, in order to get a final suspension at
0.1 g L™ of TiO,-P25 with different concentrations in salt ranging from 0 to 10 mol L™
Then pH was adjusted to the desired value by adding a few drops of either NaOH 0.2 mol L™
or HCI 1 mol L. The flasks containing the as-prepared suspensions were covered by an
aluminium foil during stirring and measurement process, to prevent the influence of light. The

suspensions were always freshly prepared before use.

The particle size distribution of TiO,-P25 suspensions was determined for three pH
values (2, 5, and 9) by Dynamic Light Scattering using a Zetasizer Nano ZS instrument
equipped with a 633 nm He-Ne laser (Malvern Instruments Ltd, Malvern, Worcestershire,
UK), which measured the scattered light at an angle of 173° and at a temperature of 25°C.
The samples were left 2 minutes in the sample-holder chamber to reach an equilibrium state
inside the Zetasizer. For the treatment of the data, the refractive index of TiO,-P25 was set at
2.58 (intermediate between those of rutile and anatase, taking into account their proportions in
the mixture). The size distribution was measured three times (each record accumulating at
least 12 scans of 10 s) on two aliquots of the same suspension to assess the repeatability of the
measurements. The suspensions of TiO,-P25 particles at pH 2 and 9 contained small particles
with a diameter of 140-150 nm (Figure S4) that represented between 80 and 90% of the total
surface area of the material, and also larger aggregates that scatter light. At pH 5, the
suspensions contained a large proportion of agglomerated particles (around 800 nm to 2um)

whatever the salt concentrations (Figure S4).
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Electrophoretic mobility measurements were performed on the TiO,-P25 suspensions
using the same Zetasizer instrument. For each suspension at a given ionic strength, the pH
value was adjusted to the desired value, from pH 10 to pH 2, by adding first a few drops of
NaOH 0.2 mol L™ then HCI 1 mol L™ in the total volume of suspension (500 mL). The
measurement of electrophoretic mobility was carried out by taking an aliquot of 2 mL after 3
to 5 minutes of equilibrium. Each point was obtained after six repetitions, resulting from three
successive measurements on two aliquots of the same suspension at the same pH value. For
easier comparison with other published data, our measurements were converted into zeta
potential values only for presentation, using Henry’s equation and applying the
Smoluchowski approximation, even if this conversion probably underestimates zeta potential
values, since it does not take into account the surface conductivity of TiO, particles.?”?® The
electrophoretic mobility evolution of TiO,-P25 particles, according to pH and ionic strength,
is presented in Figure S5. The isoelectric point of TiO,-P25 particles was identified at pH 6.6

(at null zeta potential), in accordance with the values reported in the literature.?**

3.2.4 Surface pressure-area isotherms of lipid films

The compression isotherms of lipids were obtained on a Langmuir Trough (NIMA
516, Nima Technology, UK) filled with a subphase of either water or TiO,-P25 suspension,
both at the desired pH (adjusted as previously described) and salt concentration. The
Langmuir trough was placed in a room without sunlight. The temperature was set at 25°C
with a circulation bath. The solutions of lipids (concentration around 1mg/mL) were prepared
by dissolving DMPA, DMPC, DMPE, DMPS, SM, TMCL, and DHP powders into a mixture
of chloroform and methanol, with proportions ranging between 80% and 100% for CHCls,
and between 20% and 0% for CH3OH. Methanol was added to increase the solubility of lipids
in CHCI3; when it was required. Surface pressure-area isotherms of lipids versus different
subphases were measured with the following protocol. The trough and barriers were carefully
cleaned with ethanol and rinsed with ultra-pure water. The pressure sensor was calibrated
according to the standard method recommended by the provider. The trough was filled with
the subphase and the surface was compressed to check the cleanliness of the surface (variation
of surface pressure lower than 0.2 mN/m is considered to be clean). Then the lipid solution
was spread drop by drop just on the top of the subphase surface (total volume of 22 pL) with
a microsyringe (Hamilton, Switzerland). After 10 minutes to evaporate the solvent, the films
were compressed. Each experiment was conducted at least twice, for two different films of the

same molecules, to assess the repeatability of the results.
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3.2.5 Lipid dispersions: preparation and characterisation

Lipid powders, stored at -20°C, were left at room temperature for 20 minutes before
use. The powders of lipid were dispersed in ultra-pure water at a concentration around 0.25
mg mL™. The dispersions were bath-sonicated for 10 minutes (Elmasonic S 30 H from Elma,
Singen, Germany with a power of 275 W) at a few degrees above the transition temperature of
the phospholipid, namely, 55 °C for DMPA and 30 °C for DMPG. Then, these suspensions
were extruded progressively through polycarbonate membranes (10 passes) with nominal pore
size of successively 800 nm, 400 nm and 100 nm, using the Mini extruder from Avanti Polar

Lipids (Alabaster, Alabama, USA). The obtained vesicle suspensions were used within 15h.

The stock suspensions of vesicles were diluted in a NaCl solution so that the final
concentration of lipid molecules was around 0.04 mg mL™ and the concentration of NaCl was
0.01 mol L™. The pH values of the as-prepared suspensions were in the range between 5.5 and
6.5. Electrophoretic mobility measurements were then performed on the vesicle suspensions,
after adjustment of the pH value with solutions of NaOH 0.2 mol L™ and HCI 1 mol L%, from
pH 10 to pH 2. The suspension was left 3 to 5 minutes at each pH point to reach equilibrium
before taking aliquots for measurement, and Smoluchowski’s equation was used to convert
the electrophoretic mobility into zeta potential, for an easier comparison with the literature
data. Both the electrophoretic mobility and the zeta potential values versus pH are given in the

results section.
3.3 Results

3.3.1 Surface properties of lipids in the presence of TiO,-P25

The surface properties of each lipid were analysed in acidic (pH 2) and basic (pH 9)
media and at intermediate pH values (5 and 5.8) depending on the head polar group. The z-A
isotherms of each lipid spread on several subphases (water or TiO,-P25 dispersions, with or
without NaCl) are presented in Figures 3.1-2 and S5 to S9 in the following conditions: at pH 2
without salt (Figures 3.1 and S5), at pH 2 in the presence of NaCl (Figure S7), at pH 9
without salt (Figure S8) and at an intermediate pH value between 5 and 6 (Figures 3.2 and S9
without NaCl, Figure S10 with NaCl). As a control, the z-A isotherms of the free interface

were recorded. They remained flat whatever pH and the composition of the subphase.
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Figure 3.1. z-A isotherm curves of lipid monolayers (n=2) at the interface air-
subphases of (solid line) pure water at pH 2 and of (dash dotted line) aqueous dispersions of
TiO,-P25 particles at 0.1 g L™ and pH 2, at 25 °C. Lipids refer to (a) DMPA, (b) DMPG, (c)

TMCL and (d) DHP.
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Figure 3.2. z-A isotherm curves (n=2) of (a) DHP and (b) DMPS lipid monolayers on
subphases of pure water (solid line) and of aqueous dispersions of TiO,-P25 particles at 0.1 ¢
L™ (dash dotted line) adjusted at pH 5 at a temperature of 25 °C.

At pH 2 and 5, the z-A isotherms of DMPA, DMPG, TMCL and DHP monolayers
(Figures 1 and S8, panels a-d) differed in the presence of TiO,-P25 particles in the subphase,
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whereas the z-A isotherms of DMPE, SM, and DMPC monolayers overlapped on both the
water and TiO,-P25 suspension subphases (Figure S6). The z-A isotherms of DMPS
monolayers (Figure 3.2, panel b) differed also in the presence of TiO,-P25 particles in the
subphase only at pH 5. For DHP, the effect of TiO,-P25 is more obvious at pH 5 (Figure 3.2)
than at pH 2 (Figure 3.1). In contrast, most z-A isotherms with TiO,-P25 particles in the
subphase at pH 9 overlap those performed on pure water (Figure S8), except those for DMPG,
TMCL and DMPS layers. For these molecules, the compression isotherms curves obtained on
the TiO,-P25-charged subphase were not exactly similar to those obtained at pH 9 without
TiO,-P25. A small shift toward larger areas was observed for DMPG and a more pronounced
phase transition was observed for TMCL and DMPS monolayers. Depending on the head
polar groups, the effect of TiO,-P25 particles were suppressed at low NaCl concentrations
(10 mol/L) (Figure S10) or at high concentrations (10™ mol/L) (Figure S7). In the following,

the modifications are detailed case by case.
3.3.1.1 DMPA monolayer

The #-A isotherm of DMPA recorded at pH 2 (Figure 3.1a) exhibits a liquid expanded
phase at low film pressure (0-3 mN/m), followed by a plateau, and finally a liquid condensed
phase from 10 mN/m until the collapse of the monolayer over 45 mN/m.*! In the presence of
TiO,-P25 particles, the global shape of the curve was found again. However, the whole curve
was shifted to smaller areas and, over the plateau of transition, the film pressure increases
sharply in two steps: from 10 to 20 mN/m, and from 20 to the collapse at 52 mN/m. This
transition almost disappeared at pH 5 (Figure S9). The shift of the z-A isotherms of DMPA at
the interface air-aqueous suspension of TiO,-P25, toward areas that are lower than twice the
cross-sectional area of an alkyl chain, hints that DMPA partially solubilized in the subphase
containing TiO,-P25 particles. The amount of phospholipid molecules solubilized into the
subphase could be estimated from the control isotherm (without TiO; in the subphase) at 20
mN/m. The estimated amount of lipid solubilized into the subphase was 35% at pH 2 and
45% at pH 5. When NaCl was added to the subphase at pH 2 with a relatively low
concentration, such as 10 mol L™ (Figure S7, panel a), the shift of the z-A isotherms of
DMPA in the presence of TiO,-P25 was similar as that observed without salt. However, for a
higher NaCl concentration (10 mol L™, Figure S7, panel b), the z-A isotherms of DMPA
spread on TiO,-P25 -free and -charged subphases nearly overlap on a large area range. Thus,
in these conditions of high ionic strength, the presence of TiO,-P25 particles had no effect on
the DMPA organization.
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3.3.1.2 DMPG monolayer

The z-A isotherms of DMPG exhibited, at pH 2 and 5 on the water subphase, a similar
behaviour as those obtained with DMPA (Figure 3.1, panel b and Figure S9, panel b): a liquid
expanded phase at low and medium film pressures (0-15 mN/m), then a plateau and finally
one liquid condensed phase at pH 2 and two liquid condensed phases at pH 5 from 20 mN/m
until the collapse of the monolayer at around 55 mN/m. The main modification induced by
TiO,-P25 particles was the partial solubilization of the phospholipid molecules (37% at pH 2,
24% at pH 5, both at 20 mN/m). Additionally at pH 2, the plateau extended over a larger
molecular area range and the formation of the liquid condensed phase could not be longer
observed in the area range covered by the trough. As the effect of TiO,-P25 particles was
stronger at pH 2, the impact of NaCl was investigated at this pH value. At a concentration of
10 mol L™, the global shape of the curve was not modified (Figure S7, panel c). At higher
salt concentration (10™ mol L), the shift of the compression isotherm obtained on TiO,-P25
suspension was fully suppressed along the liquid-expanded phase and the plateau (Figure S7,
panel d) but the liquid condensed phase was still affected. At pH 9, the compression isotherm
of DMPG exhibits only a liquid expanded phase. Surprisingly, the presence of TiO,-P25

particles shifts the isotherm toward higher areas (Figure S8, panel b).
3.3.1.3 Cardiolipin monolayer

For cardiolipin (TMCL) at pH 2 (Figure 3.1, panel c), the z-A isotherm curve shows a
similar shape as that of DMPA but at higher areas, due to the presence of 4 alkyl chains in this
molecule. In the presence of TiO,-P25, the isotherm curve was shifted to lower areas and
exhibited an additional phase transition at 17 mN/m, similarly to that of DMPA. The amount
of TMCL solubilized in the subphase was estimated to 16% at 20 mN/m. When the ionic
strength reaches 10™ mol L™ (Figure S7, panel ), this shift (and thus the solubilisation) was
fully suppressed and the z-A isotherm curve of TMCL without TiO,-P25 in the sub-phase was
recovered. At pH 9 (Figure S8, panel c), the compression isotherm shifts to higher areas at
pressures lower than 20 mN/m (zone where the liquid expanded phase forms) and shifts

slightly to lower areas over 20 mN/m where the liquid condensed phase predominates.
3.3.1.4 DHP monolayer

The 7-A isotherm curve of DHP at pH 2 is characterized by a vertical slope typical of a
liquid condensed state (Figure 3.1, panel d). The z-A isotherm curves with or without TiO,-

P25 in the subphase overlapped until a film pressure of 30 mN/m. Then the slope of the curve
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in the presence of TiO,-P25 is gentler and smaller molecular areas than physically acceptable
were recorded. This behaviour corresponds to a partial squeezing out of DHP lipids from the
interface in the presence of TiO,-P25 particles. At pH 5 (Figure 3.2, panel a), a significant
shift of the isotherm was observed corresponding to 13% of solubilisation at 20 mN/m. The
rupture in the slope was still observed but at 18 mN/m at pH 5 instead of 30 mN/m at pH 2.
When the z-A isotherms were recorded at pH 5 in the presence of NaCl 10 mol L™ (Figure
S10, panel a), the typical shape of DHP isotherms was recovered, even though TiO,-P25

particles were present in the subphase.
3.3.1.5 DMPS monolayer

In the presence of TiO,-P25 particles at pH 5 (Figure 3.2, panel b), the curve was
simply shifted to lower areas until 15 mN/m, suggesting a partial solubilisation of DMPS. The
proportion of DMPS solubilized in the subphase is 17% at 20 mN/m. Above 15 mN/m, the
slope is smoother than that performed on water, suggesting a less dense phase for the
remaining DMPS molecules at the interface. When the z-A isotherms were recorded at pH 5
in the presence of NaCl 102 mol L™ (Figure S10, panel b), the typical shapes of DMPS
isotherms were recovered, even though TiO,-P25 particles were present in the subphase. At
pH 9, a more pronounced phase transition was observed when TiO,-P25 was present in the

subphase (Figure S8).
3.3.2 Surface charge of TiO,-P25 and lipids.

In order to interpret the results obtained by Langmuir trough experiments, we
measured the zeta potential of all studied phospholipids versus pH. The zeta potential values
of the vesicles are displayed as a function of pH for each lipid in Figure 3.3, where the data
for TiO,-P25 particles are recalled. The values for lipid vesicles are coherent with the

3436 and temperature®”®. In acidic

literature data,® taking into account salt concentrations
solutions (pH < 6.6), TiO,-P25 particles are positively charged, whereas their surface charge
becomes negative in basic solutions (pH > 6.6). In contrast, DMPA, DMPG, DMPS, DHP and
TMCL carry negative charges all over the pH range from 2 to 10 (le < 0). DMPA, DMPG,
and TMCL are highly charged over the whole pH range from 2 to 10, leading to high negative
zeta potentials (ranging between — 60 and — 80 mV) (Figure 3.3, panels a, b, c). On the
contrary, DMPS and DHP are less charged, in particular at pH 2 (- 20 mV and - 15 mV
respectively) (Figure 3.3, panels d and e). Thus, TiO,-P25 particles and lipid vesicles of

DMPA, DMPG, TMCL, DMPS and DHP are oppositely charged in the pH range 2 to 6.6. On
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the contrary, above pH 6.6, the phospholipids and TiO,-P25 carry negative charges. Figure
3.3f shows that DMPE vesicles carry a positive surface charge at pH values lower than 5.
Above pH 5, the mobility of DMPE vesicle is negative, reaching very high values above pH
8. Thus TiO,-P25 particles and DMPE vesicles are oppositely charged only in a small pH
range, between 5 and 6.6. The behaviour of SM vesicles (Figure 3.3, panel g) is close to that
of DMPE vesicles. The null zeta potential is obtained around pH 5. Below this pH, SM
vesicles carry a positive charge as TiO,-P25 particles. Above pH 6.6, both of them carry
negative surface charges. Consequently, TiO, and any of the lipid DMPE or SM carry
opposite charges only between pH 5 and 6.6. Finally, the curve of the electrophoretic mobility
of DMPC vesicles versus pH (Figure 3.3h) presents a slight variation around the null point of
zeta potential from + 20 mV at pH 2 to — 10 mV at pH 10. Between pH 2 and 5, DMPC
vesicles are positively charged like TiO,-P25 particles and are negatively charged like TiO»-

P25 particles above pH 6.6. Consequently, they are oppositely charged between pH 5 and 6.6.

160



&(mv) (a) Me (MM em Vi sT)  g(mV) (b) He (UM cm V-1 s-1)
60

T ok %7 e s
40 L . ] 37 40 * . i 3.7
i 27 : - 27
20 .7 20 B
----------------------- [ 0‘7’ [T 0'7
o] 04 = =
-0,3 : -
0 1 2 3 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 1)t g
20 : ‘ . PH -13 20 R PH' -13
23 e * 28
o™ ‘ ’ . o-F=g oH :
-40 \ * 33 -40 % o M 33
¢ i " . i
a 43 ! 43
- A } s x & a 32 3 & 4 5,3 - faoa r-53
A
-80 -6,3 -80 - __BE s 4 | -6,3
£(mV) (c) He (UM cm V-1 s) &(mV) (d) e (Um cm V- s7)
o e / = e =
37 37
# * . » . LI '
40 40
s 27 3 27
PR 1.7 20 { @ e T
. 07 L 0,7
0 0
0 1 2 3 4 5 6 3 8 9 10 117°3° 0 1 2 3 4 5 6 3 8 9 10 11 03
20 e . PH -13 220 ;{ --------- 3 * PH 13
W N 23 i i g 23
-40 y i B 1 33 -40 . 33
L ] 1) ]
60 L T S e 60 - A
' 53 53
-80 6,3 -80 63
g(mv) (e) He (Um cm V1 s-1) &(mv) (f) M (UM cm V-1 s-1)
60 60
+/- -/- - +/+ +/- -/ -
; 37
40 - n [ Py 40 L] L™
(] ’ s 27
20 0 e 1.7 20 i 3 20— 1.7
® 0,7 & L] 0,7
0 0 &
0,3 :
6 1 2 3 4 5 6 7 8 9 10 1 0 1 2 3 4 5 & 7 8 9 10 1M 0.3
-20 j‘i -------------- e KN pH -13 ] 0 . é pH. 13
| SRR . - ) A ™
o) L 23 0 o | 23
b 8} . A e 1
-40 By 0 N I Yo 3.3 -40 o & S NHE =3
0 ! 43 - E i
60 f i i ' 1 % .60 & i -43
B 53 Q * -5,3
-80 63 -80 6,3
h
&(mv) (9) e (um cm V- 1) &(mv) (h) e (um cm V- s1)
. +/+ +/- -/- k8 +/+ +/- -/-
40 % @ z: 40 : % a z;
i [ ‘ ] ¢
20 . 7 20 a 17
2 N 07 . . 0.7
0 & 0 &
0 1 2 3 4 5 & 7 8 9 10 11 3 0 1 2 3 4 5 6 ¢ 8 &6 M 1 .
24 == i pH -13 20l 2002020 pH -13
O - & .
" on i 23 0 o 23
-40 / i . 33 -40 o~ 0-P-0 . 3,3
v OO~ £ $y o &
R § oH O G
60 ~y NHH O 43 60 : 3
o 53 o 5,3
-80 6,3 -80 -6,3

Figure 3.3. Zeta potential and electrophoretic mobility (n = 3, six measurements for
each) of (@) TiO,-P25 particles and (.4) lipids for (a) DMPA, (b) DMPG, (c) TMCL, (d)
DHP, (e) DMPS, (f) DMPE, (g) SM and (h) DMPC, versus pH in NaCl 10 mol.L™ solutions.
The grey zones highlight the pH conditions where TiO,-P25 particles and vesicles carry
surface charges of opposite sign. The dotted lines mark the absolute values of zeta potential
equal to 20 mV.
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3.4 Discussion

3.4.1 pH-dependent partitioning of lipids and TiO, at the interface and in the subphase

The fact that the n-A isotherms of the free interface on TiO, dispersions remain flat
means that TiO, particles do not adsorb spontaneously from bulk at the air-water interface.
The presence of such particles at the air-water interface was observed only with particles of

large primary size (> 0.3 um) spread from an ethanol solution on pH 2 subphases.*®

The removal of DMPG, TMCL and DMPA from the monolayer (at pH 2 and 5) could
be assigned to a partial pseudo-solubilisation of lipids to the subphase via an adsorption on
Ti0,-P25 particles. This suggests that the energy of interaction between TiO,-P25 and lipids
and the sedimentation forces counterbalanced the potential barrier to desorb lipids from the
interface. The very low ratio between the amount of lipids solubilized and TiO,-P25 surface
(about 1 molecule for 1000 nm? of TiO,) indicates that the molecular coverage of oxide
particle is small. The molecules are either highly dispersed at the whole of oxide surface or

heterogeneously adsorbed on the crystalline phase of TiO, or on the crystal faces.

For the remaining molecules of DMPA and TMCL at the interface, the appearance of
a new transition point on the isotherm curves when the subphase contains TiO,-P25 (Figure
3.1a, 1c), the longer plateau of coexistence, and the smoother slopes of the curves in liquid
condensed phases of DMPG (Figure 3.1Db), are the signs of the presence of TiO,-P25 particles
still anchored at the interface. Considering the large tendency of TiO,-P25 particles to settle,
these remaining TiO,-P25 particles are probably not large (they could correspond to the 140-
150 nm particles observed by DLS, see Figure S4 in Supporting Material).

The new transition point on the isotherm curves of DMPA and TMCL in the presence
of TiO,-P25 particles occurs at 17 mN/m, after the plateau of transition from the liquid
expanded to liquid condensed state. The similar behaviour of DMPA and TMCL is certainly a
fingerprint of the interactions between the lipids and the particles at the interface air-water.
The transition point is related to a change in lipid organisation at the interface. As the slopes
before and after this point are similar and relatively straight, both states correspond probably
to two liquid condensed states. It could result from a change in orientation of the lipid chains,

resulting for example from the stress induced by the particles of titania.

It is worth noting that for DMPG, TMCL and DMPS at pH 9, a shift toward higher
areas was observed on the compression isotherms, contrary to observations at pH 2 or 5.

Thus, in these conditions, solubilisation of the lipid layer did not occur. This suggests that the
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potential barrier needed to desorb the hydrophobic phospholipids from the interface was not

overcome and that some TiO,-P25 particles remain at the interface.

3.4.2 Evidence for electrostatic interactions between TiO,-P25 particles and

phospholipids

A comparison of the curves of electrophoretic mobilities vs pH (Figure 3.3) with the -
A isotherm curves at pH 2 (Figures 3.1 and S5), pH 5 (Figures 3.2 and S8), and pH 9 (Figure
S8) demonstrates that the lipids DMPA, DMPG, DMPS, DHP and TMCL interact with TiO;-
P25 particles when the oxide and the lipids carry opposite charges. Table 3.1 summarizes the
results with the expected pH range of opposite charges between each lipid and TiO,-P25, and
the pH values at which the interactions were actually observed. In contrast, interaction effects
are weak or absent at pH 2 between DHP or DMPS and TiO,-P25, but become stronger at pH
5. Since the zeta potential value of DMPS vesicles is approximately — 17 mV at pH 2 and — 60
mV at pH 5, we assume that the lipid is not charged enough at pH 2 to allow attractive
interaction with dispersed TiO,-P25 particles. Similarly to DMPS, the surface charge of DHP
vesicles is lower at pH 2 (zeta potential — 15 mV) than at pH 5 (zeta potential — 30 mV).
These two cases reveal that both the sign and magnitude of the charges control whether
interactions occur or not between the lipids and TiO,-P25. This threshold of charge
(corresponding to a minimum zeta potential of 20 mV) can be applied with DMPE, SM, and
DMPC lipids. The low absolute values of zeta potential of DMPE, SM (close to — 10 mV) and
DMPC (close to 0) at pH 5.8 indicate that the vesicles are too weakly charged and
consequently no interaction was observed in these conditions. Our results are not in
contradiction with the recent claim that egg lecithin adsorbs to TiO, surface by hydrophobic
and electrostatic interactions.*® Indeed, egg lecithin (mainly composed of PC and PE) contains
also minor amounts of cholesterol (highly hydrophobic) and plasmalogen®® which could
favour the adsorption and moreover, the deposition was performed in chloroform before

drying and dispersion®.
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Table 3.1. Conditions of interactions between lipids and TiO,-P25 particles: the first
column is the pH range of opposite charge between the two species, as deduced by
electrophoretic mobility measurements, the second one presents the effective interactions
observed at the air-water interface on monolayer Langmuir films. The letters S (for strong), w
(for weak) and vw (very weak) are used to indicate the magnitude of the perturbation of the -
A isotherm curves by TiO,-P25 particles. The last column indicates the salt concentration
that suppressed the interaction.

Lipids pH range of Effective Salt concentration
opposite interactions screening
charge (mol LY
DMPA 2-6.6 S (pH 2, 5) 10™
DMPG 2-6.6 S (pH 2, 5) 10"
TMCL 2-6.6 S (pH 2) 10"
DHP vw (pH 2
)66 (pH 2) 2
w (pH 5) 107
DMPS 2-6.6 w (pH 5) 10
DMPE 5-6.6 - -
SM 5-6.6 - -
DMPC® 5-6.6 - -

@ a previous study carried out at pH 6 + 1 with dipalmitoylphosphatidylcholine
(DPPC) observed a slight effect of DPPC on the surface charge of TiO,-P25.%

To confirm that electrostatic forces govern the initial interactions between TiO,-P25
and phosphated molecules, we repeated the measurements with various concentrations of
NaCl in the subphase. At low concentration of NaCl (10 mol L™, no significant effect of
ionic strength could be found on the interactions between DMPA, DMPG or TMCL and
TiO,-P25 at pH 2 (Figure S7 on the left). However, at higher concentration of NaCl (10
mol L), a greater effect of ionic strength could be seen (Figure S7 on the right). The shift of
the 7z-A isotherm curves is greatly reduced and the isotherm of compressions recorded in the
presence and in the absence of TiO,-P25 overlap. The interactions are thus considerably
lowered due to the screening of the surface charge by counterions (Na* and CI’). In the case of
DMPS and DHP at pH 5, a concentration of 102 mol L™ in NaCl in the subphase (Figure S10,
panels a and b, respectively) is sufficient to suppress the weaker interactions of DMPS and
DHP with TiO,-P25 particles. Thus, the disappearance of interactions by salting demonstrates
the role of long-range electrostatic interactions in the approach of TiO,-P25 particles onto

phosphorylated lipid monolayers.
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To conclude, the experiments clearly demonstrate that an effective interaction between
lipids and TiO,-P25 can take place when two conditions are fulfilled: both must be oppositely
and sufficiently charged. This minimum charge can be related to an absolute value of the zeta
potential close to 20 mV, considering the approximation applied for its calculation. However,
in the case of DMPG, TMCL and DMPS, other strong interactions exist between the surface
of TiO,-P25 and the phospholipids and we cannot exclude that they also occur via
electrostatic interactions.

3.4.3 Significance of the molecular structure in the adsorption of lipids onto TiO;

In the literature, the binding of phosphate species (PO,*) on titania surfaces is often
described as a chemisorption process with the formation of bridging bidentate surface
complexes such as TiO-P(O;)-OTi. However the infrared spectra have not allowed bridging

d"82 and the occurrence of both

bidentate and chelate species to be distinguishe
monodentate and chelating bidentate species was not excluded*?. Gong et al. also detected the
electrostatically adsorbed PO,* ion that attained equilibrium slower than the chemisorbed
phosphate species.’® The number of substituents on the phosphate group plays a large role.
When phosphate was substituted with an alkane chain (n-butyl or longer), the compound still
adsorbed on titania at pH 6 whereas the substitution with two methyl groups prevented the
adsorption.'” The authors concluded that monodentate binding of phosphate species to oxides
is not viable in aqueous solution. Our results suggest that dimethyl phosphate was most
probably not charged enough at pH 6 to interact with titania (weaker Lewis acid) and

consequently this does not exclude the formation of monodentate binding.

DMPA with only one substituent and DHP with two substituents resemble n-butyl
phosphate and dimethyl phosphate respectively (Figure S1). DMPA possesses the three
oxygen atoms available for bridging similarly to the monocatenar alkyl phosphate. Due to its
long chain, the bridging of the latter is a mixture between mono-and bidentate species.** For
DHP (Figure S1d), weaker interactions with TiO,-P25 particles were observed at pH 2 (Table
3.1) than those observed for DMPA. The low electrophoretic mobility indicates that the head
polar group is not deprotonated at pH 2. This may hamper good electronic delocalization on
both free oxygen atoms that are involved in the adsorption of phosphate groups onto the
surface of TiO,."*3%42 At pH 5, the two oxygen atoms are deprotonated allowing a stronger
interaction than at pH 2.

For the other phospholipids DMPG, TMCL and DMPS, where the phosphorus atoms

are also linked to two substituents, the interactions were similar or even stronger than for
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DHP. The formation of a bridging bidentate surface complex between DMPG, TMCL or
DMPS and TiO,-P25 particles might occur providing there is a good electronic delocalisation
on both free oxygen atoms linked to P. However, this hypothesis is not sufficient to explain
the stronger interactions than for DHP, nor the weak interactions observed at pH 9 for these
molecules. To explain such a difference, we have to consider the presence of hydroxyl and
carboxylate groups in the polar substituent of phosphorus. The hydroxyl groups of the
terminal glycerol could interact with the surface of TiO,, as mentioned in the literature, where
adsorption of molecules onto TiO, through hydroxyl groups was reported*. This would also
explain the remaining interactions at pH 9 or at pH 2 with NaCl 0.1 mol L™ for TMCL and
DMPG. Similarly, the adsorption of carboxylate was also reported onto TiO, with a
monodentate anchoring.*>*® This could facilitate the interactions of DMPS with titania
surface, as the phosphate group is more embedded in the molecular structure. The
involvement of the carboxylate groups in the interactions of DMPS with TiO,-P25 particles
can also be understood from the results of DMPE. The molecular structure of DMPS derives
from DMPE by the substitution of a hydrogen atom by a carboxyl group —COOH. Whereas
DMPE has no interaction with TiO,-P25, the introduction of a negatively charged group -
COO’ creates a favourable environment for adsorption on the inorganic surface. The changes
in interfacial properties of DMPS at pH 5 and not at pH 2 confirm that the interactions of
DMPS with titania are mediated by the carboxylate group providing the pH is high enough to
deprotonate the carboxyl group (pH > 4). It suggests that the phosphate in DMPS is not
involved in the interaction with titania. The screening of interaction between DMPS and
titania at lower NaCl concentrations than for phosphate can then be explained by the weaker

adsorption of carboxylates onto TiO, surfaces than that of phosphate species.*’
3.5 Conclusion

Surface tension measurements combined with laser Doppler electrophoresis can be
used to determine the nature of forces mediating the adsorption of different classes of
phospholipids onto titanium dioxide. Previously, the interaction for PC, PC+PG and PC+PS
mixtures was assumed electrostatic in origin'®***>*4® with \an der Waals interactions'®. Our
results show that the driving forces are electrostatic but not sufficient: hydrogen bonds are
also involved depending on the head polar group. In fact, the phospholipids 1,2-dimyristoyl-
sn-glycero-3-phosphate monosodium salt (DMPA), 1,2-dimyristoyl-sn-glycero-3-phospho-
rac-1-glycerol (DMPG), 1',3'-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-glycerol
(TMCL), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS) and the synthetic lipid
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dihexadecyl phosphate (DHP) actually interact with the TiO,-P25 surface via electrostatic
interactions, i.e. under pH conditions where TiO,-P25 and the phospholipid are oppositely
charged (between 2 and 6.6). We note that the electrostatic interactions identified between
DMPS, DHP and TiO, were more easily screened by NaCl than the electrostatic interactions
between DMPA, DMPG, TMCL and TiO,. The involvement of the phosphate group from
lipids in the interaction with titania is assumed for DMPA and DHP while the carboxylate
group is involved in the interaction between DMPS and TiO,. However, another kind of
binding was demonstrated for DMPG and TMCL in conditions of repulsive electrostatic
interactions. We assume this involves the hydroxyl groups of the terminal glycerol. The other
membrane lipids such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) and sphingomyelin (SM) are not
able to interact with TiO,-P25 regardless of pH, probably due to their zwitterionic nature.
This result is not in contradiction with previous studies as divalent cations mediated the
adsorption of phospholipids onto TiO,.”***° Finally, the different pH- and salt-dependence
of the affinities of phospholipids to titanium dioxide may help in understanding or improving
the chromatographic process using titanium dioxide as a stationary phase.>®** This work is
also expected to serve as a basis for in-depth understanding of particle interactions with

biological membranes.
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Figure S1. Molecular structures of lipids carrying two C16 chains (except
sphingomyelin) or four C16 chains (cardiolipin) and different polar head groups: (a)
glycerophosphate, (b) glycerophosphoglycerol, (c) cardiolipin, (d) dihexadecyl phosphate, (e)
glycerophosphoserine,(f) glycerophosphoethanolamine, (g) sphingomyelin, and (h)
glycerophosphocholine.
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Figure S2. Morphology and size of TiO,-P25 particles observed by Scanning Electron
Microscopy (a) and Transmission Electron Microscopy (b).
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Figure S3. (a) XPS profile of TiO,-P25 particles recorded with AXIS Nova model from
Kratos Analytical (Manchester, UK) and treated by Casa XPS software. The assignment is in
agreement with the data of Diebold and Madey (Surface Science Spectra, Vol. 4, No. 3, 227-

231). No contaminants like sodium or calcium ions are present. Carbon comes from the
sample cup as proved by the infrared spectra without organic contamination. (b) Infrared
spectra of TiO,-P25 powder (2% humidity, 30 °C) recorded without diluting material with
FTIR Bruker Vertex 70 spectrometer (Bruker, Ettlingen, Germany) in a diffuse reflectance
mode (DRIFT). The spectrum was recorded at a resolution of 4 cm™ with 1000 scans in the

wavenumber range of 400 — 8000 cm™ and treated by using OPUS 5.5 software provided by
Bruker company. No contamination (carbonate at 1200 cm™ or organic matter at 2800 cm™)
Is present in the sample.
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Figure S4. Size distribution in volume of TiO,.P25 suspensions (0.1 g/L) according to
pH and NaCl concentration. Black lines refer to pH 2; green lines to pH 5 and red lines to pH
9. The concentration in NaCl was (a) 10 mol.L™, (b) 102 mol.L™* and (c) 10" mol.L™. Data
were accumulated 3 times with 12 scans of 10s. At pH 2 and 9, and for NaCl < 10 mol.L™,
the suspensions were composed of three populations ranging from 50 nm to 1 um. Under the
assumption that particles are spherical and homogeneous, a simple calculation allowed us to
estimate the surface contribution of each population. The smallest particles, with a diameter
of 140-150 nm, develop a surface 5 to 10 times higher than the ones developed by the
particles of about 700 nm. Thus, the contribution of these small particles represents between
80 and 90% of the total surface area of the solid. If very large aggregates (diameter > 6 pum)
appear, their number is however negligible in the suspension, and they only contribute to 1%
of the total surface area of the solid. At high ionic strength (NaCl 10 mol.L™?), the
suspension contained larger particles in particular at pH 9, meaning that the particles remain
agglomerated. At pH 5, the suspension was mainly composed of one population of large size
(around 1.5um).
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Figure S5. Electrophoretic mobility (on the right axis) converted in zeta potential (on
the left axis) of TiO,.P25 suspensions (0.1 g/L) according to pH for various ionic strengths:
(®) NaCl 10° mol L™, (#) NaCl 10° mol L™ and (.4) NaCl 10" mol L™. The lines are a
guide to the eye to visualize the evolution of electrophoretic mobility (or zeta potential) versus
pH and have no physical meaning. The standard deviation is hidden behind points (n = 3, six
measures for each).
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Effect of the phase crystallinity of TiO, on
the interaction with phospholipids
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4. Effect of the phase crystallinity of TiO, on the

interaction with phospholipids

4.1 Introduction

TiO,-P25 particles were proven to have strong interaction with several
phospholipids, particularly DMPA and DMPG (see chapter 3). The chemical structure of
both phospholipids differs by the head groups (figure 4.1). DMPA interacts mainly with
TiO,-P25 particles by electrostatic interactions in the pH range 2-6.6 whereas both
electrostatic and non-electrostatic interactions are involved in the adsorption of DMPG
with TiO,-P25 particles, the electrostatic interactions being predominant in the pH range
2-6.6 and the non-electrostatic interactions over 6.6. In fact, TiO,-P25 particles are
constituted of two kinds of crystals, anatase (84 wt%) and rutile (16 wt%). Moreover,
anatase particles are smaller than rutile particles. It is currently not known whether anatase
or rutile plays a role in the interaction with phospholipids. Since the formation of support
lipid bilayer is significantly influenced by physical properties and chemical composition
of substrate,’ the adsorption on rutile and anatase might be different.

In this chapter, the objective is to determine whether DMPA and DMPG, the main
adsorbing phospholipid on TiO,-P25 particles, adsorb preferentially on a crystal structure
or not. To differentiate the effect of each polymorph crystallite in TiO,-P25 we need to
isolate the phases of anatase and rutile. However, these isolation processes with very
active chemical substances such as HF and H,O, can alter surface chemistry of the
separated particles.?* Therefore, we used commercial nanopowders. Four anatase powders
and one rutile powder were selected for their various specific areas and size of the primary
particles, provided in Table 4.1. The interaction of anatase and rutile particles with DMPA
and DMPG was detected by surface pressure-area isotherms and zeta potentials, while the

adsorbed amount was quantified by batch adsorption experiments.
4.2 Materials and methods

Materials

A pure crystalline phase of anatase (IEP 6) with a high specific area (136 m%g)
was obtained from MTI corporation (TiO,-A). Pure crystalline phases of anatase with a
higher isoelectric point and various specific areas (TiO,-PC10, TiO,-PC50 and TiO,-
PC100) were obtained from Millenium company (Hunt Valley, Maryland, USA). Rutile
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phase (TiO,-R) was purchased from Sigma-Aldrich (Missouri, USA). The
characterization of these powders is reported in chapter 2. Lipids are 1,2-dimyristoyl-sn-
glycero-3-phosphate monosodium salt (DMPA, monosodium salt, >99%, from Avanti
Polar Lipids) and 1,2-dimyristoyl-sn-glycero-3-phospho-rac-1-glycerol (DMPG, sodium
salt, 99%, Sigma Aldrich) (see Figure 4.1). The pH values of suspensions were adjusted
with NaOH solutions prepared from NaOH solid state in flake form (99%, Alfa Aesar,
MA, USA) and HCI solutions prepared from HCI solution 37% (Carlo ERBA, Milan,
Italy). NaCl solutions for controlling ionic strength were prepared from solid NaCl
(Bioextra, 99.5%, Sigma Aldrich). Chloroform CHCI;, methanol CH3;OH, ethanol
C,HsOH were obtained from Carlo ERBA (Milan, Italy). Water was ultrapure H,O and
came from Milli-Q purification system (Millipore Corporation), with resistivity of 18
MQ.cm.

1,2-dimyristoyl-sn-glycero-3-phospho-rac-1-glycerol monosodium salt (DMPG)

Figure 4.1. Chemical structure of DMPA and DMPG

For convenience, the main properties of TiO, powders are reported again in table

4.1.
Table 4.1. Some properties of TiO, powders.
Approximate particle BET Surface area IEP
Sample average diameter (nm) (m%/g)

TiO,-P25 25 48+0.1 6.5
TiO,-A 18 136 +0.5 6
TiO2-R 22 26 + 0.06 55
TiO,-PC10 72 9+0.07 7
TiO,-PC50 30 48 +0.09 7
TiO,-PC100 22 75+0.3 7
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Sample preparation

All steps to prepare suspensions of TiO, particles and phospholipid vesicles were
similar to those described in chapter 2. However, the initial amounts of TiO, were adapted
to get final concentrations of TiO, ranging between 20 and 500 mg/L. For phospholipids,
the suspensions with different concentrations were obtained by dilution from the stock
suspension at 0.4 g/L.

Surface pressure-area isotherms from Langmuir trough

The protocol to prepare phospholipid monolayers and acquire surface pressure-area
isotherms was identical to that described in chapter 2 and chapter 3. Briefly, the
suspension of TiO, particles was introduced in the trough and the monolayer of
phospholipid was formed on the top of the subphase. After 10 minutes, the pressure-area
was recorded. The temperature of the trough was controlled at 25 °C with a water-
circulation system. Each isotherm was recorded at least two times to guarantee the
reproducibility of the results.

Batch adsorption experiments

The adsorption experiments were carried out for each couple (TiO2/phospholipid).
The stock suspensions of DMPA and DMPG were mixed with TiO, suspensions in
polypropylene tubes. The final volume was adjusted to 10 mL by adding H,O then pH
was adjusted at 2 or 9. These tubes were covered by aluminum foil and left rotating in
thermostat at 25 °C for 12 hours. Afterwards, these tubes were centrifuged for 20 minutes
at 5700 rpm at room temperature to separate the supernatants from the solid phases. The
supernatant containing all non-adsorbed phospholipid molecules was removed from each
tube (1 mL) for quantitative analysis. The concentration in phospholipid was determined
by a phosphorus dosage, according to a routine method* based on the formation of a blue
phosphomolybdate complex, which is analyzed through UV spectrometry The steps for
dosing phosphorus are shown in Figure 4.2. In our case, instead of using inorganic
phosphate compounds for establishing calibration curves, we used phospholipid

suspensions.
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Supernanants and suspension for calibration curve

v

Calcination

40 pl of sample

60 pl Mg(NO3),.6H,0 10% in C,H;OH

Calcine in flame of butane (~ 30 seconds)

R-Png' + Mg(NO3)2 => PO43'/P2074-/. .+ N02 + M92+ + COZ

v

Hydrolysis
Added 600 pl of HCI 1M
= Incubated 15 min at 90 C
PO43_/P2074_/. ..+HCI (aq) => PO43_

J

Complexation + reduction => blue color
Added 1.4 mL reaction solution mixture (1V of acid L-ascorbic (10%) + 6 V of ammonium molybdate 0.42% in

H,S0, (0.5M)

=> Incubated in water at 45 for 20 minutes
UV-Vis spectrophotometer

Recorded absorbance at 820 nm

Figure 4.2. Procedure to determine the concentration of phospholipids in
supernatants of TiO,/phospholipid mixtures.

The concentration of the phosphomolybdate complex was finally determined
through UV-Visible spectroscopy at a wavelength of 820 nm in the order of low to high
concentration. Quartz cuvette with a path length of 1 cm was used. To ensure the
reproducibility of the results, two dosages were conducted for each supernatant. The
amount of adsorbed phospholipids was calculated from the difference between (1) the
equilibrium concentration of phospholipid after centrifugation in tubes without TiO, and
(2) the remaining amount of phospholipids in the supernatant after adsorption on TiO; in
tubes containing TiO,. This calculation method has previously been reported in literature.
The adsorption isotherms showing the amount of adsorbed phospholipids versus initial
loading ratio (the number of phospholipids molecules over a unit surface of TiO,) were
built.

Zeta potential experiments

Electrophoretic mobility measurements were performed on TiO,/phospholipid
mixtures using a Zetasizer Nano ZS instrument equipped with a 633 nm He-Ne laser
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(Malvern Instruments Ltd, Malvern, Worcestershire, UK). The measurement of
electrophoretic mobility was carried out by taking an aliquot of 2 mL of the suspension.
Value at each pH point was obtained after six repetitions, resulting from three successive
measurements on two aliquots of the same suspension. Data were converted into zeta

potential values, using Henry’s equation and applying Smoluchowski approximation.
4.3 Results

4.3.1 Surface pressure-area isotherms of phospholipids on anatase and rutile

suspensions
4.3.1.1 Experiments without added salt

Surface pressure-area isotherms of DMPA, DMPG on TiO,-A and TiO;-R
suspensions are shown in Figure 4.3 - 4, compared to those of DMPA, DMPG on pure
water. The surface pressure-area isotherms of DMPA and DMPG on H,O are the same as
those described in the previous chapter. Briefly, the curves exhibit three regions identified
by 3 ruptures of slopes. These regions are characterized by different arrangements of
molecules. For DMPA, the succession of phases by compression is in the following order:
a gas phase at high area per molecule (> 85 A?), a liquid-expanded phase (LE) between 85
— 75 A?/molecule, coexistence of a liquid-expanded and a liquid-condensed (LC) phase
characterized by a plateau (75 — 50 A%molecule) and a liquid-condensed phase that
collapses at a pressure of about 40 mN/m. DMPG on H,O presents a similar succession of
phases as DMPA, from the gas phase until the collapse of the liquid condensed phase. The

lowest area per molecule of DMPG and DMPA gets similar value at around 40 A2,
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Figure 4.4. Pressure-area isotherms of (a) DMPA and (b) DMPG at pH 2 on
(black) H,O, (red) TiO,-R suspension 100 mg/L, (green) 200 mg/L, (blue) 400 mg/L and
(dark yellow) 500 mg/L.

When the subphases are TiO, suspensions, the surface pressure-area isotherms of
both DMPA and DMPG monolayers are shifted to lower areas in respect to that on H,O
subphase. The isotherms are as much shifted as the concentration of TiO; is high and this
shift is well marked in the liquid condensed phases of DMPA and DMPG. The loss of
phospholipids can be calculated as follows, from the shift of the -area curves:

A/Z'—W - Aﬂ—TiO

T—W
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Where A, is the molecular area of phospholipids at 1 mN/m when TiO; is absent

in subphase and A, ., is the molecular area of phospholipids at # mN/m when TiO; is

present in subphase. The loss of phospholipid molecules is reported for each phospholipid
in Figures 4.5-6 as a function of mass concentration of TiO; in the suspensions and at two
film pressures, one in the LE phase (phase with high compressibility) and one in the LC

phase (condensed phase with low compressibility).

It appears obvious that the loss in phospholipid is highly dependent on
phospholipid, phospholipid assembly and crystalline phase of TiO,. The loss in
phospholipid is generally lower in the LE phase than in the LC phase, irrespective of
phospholipid or crystalline phase of TiO,. The fact that phospholipid molecules are close
to each other seems thus to be favorable for interactions. The comparison of Figure 4.5
with Figure 4.6 shows that each crystalline phase of TiO, induces quite similar loss in
phospholipid in the LC phase. In contrast, the loss in DMPG in the LE phase is smaller
than that in DMPA in the LE phase, irrespective of crystalline phase. The relationship
between the loss of phospholipid and the concentration of TiO, in subphase could be
adjusted by a linear function in most cases, except for DMPG adsorbed on TiO,-R. It is
worthy to note that TiO,-R induces almost no displacement of DMPG from the interface
in the LE phase, in comparison to DMPA. This is additional evidence that the interaction
mechanism between DMPA with TiO; is distinctive from that of DMPG with TiO5.
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Figure 4.5. Relationship between the amount of DMPA lost from the interface at
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As the specific surface area of TiO,-A (136 m?/g) is five times higher than that of
TiO,-R (26 m%g), a defined amount of TiO,-A powder has a higher total surface area than
that of the same amount of TiO,-R. Therefore anatase exposes more active sites than
TiO,-R and this results in a higher possibility to interact with phospholipids. To mask the
effect of surface area, the comparison is now done at a mass ratio TiO,-A/TiO,-R 1:5. At
the same total specific surface area, the loss in phospholipid is higher with subphases
filled with rutile particles than with anatase particles, especially in the LC phase. Some
isotherms recorded in these conditions are presented in Figure 4.7. The entire isotherm of
DMPA is shifted to lower areas on the subphase of TiO,-A. This suggests that TiO,-A
particles do not seem to stay anchored at the interface. In contrast, at the same total
specific surface area, the compression isotherm of DMPA on TiO,-R suspensions presents
a transition point at 14 mN/m. The remaining molecules of DMPA at the interface are thus

not alone. Some TiO,-R particles are thus probably still anchored at the monolayer. In the
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case of DMPG, the plateau of transition from the LE to the LC phases extends on a larger
area range. It means that DMPG molecules are more difficult to pack. The presence of
TiO, particles and especially TiO,-R particles at the interface might be the reason.
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Figure 4.7. Compression isotherms of (a) DMPA and (b) DMPG at pH 2 on
(black) H,O, (red) TiO,-A suspension 100 mg/L and (green) TiO,-R suspension 500
mg/L. At this concentration, total surface of TiO,-A in subphase is equal to that of TiO,-R.

4.3.1.2 Screening effect of salt

Until now, the concentration in ions was solely resulting from the adjustment of
pH. In the following, salt was incorporated in TiO, suspensions. The surface pressure-area
isotherms, recorded in the presence of NaCl at 10 mol/L are plotted in Figure 4.8. In the
presence of NaCl, the isotherms of DMPA obtained on TiO, subphases overlap with that
on water. This suggests that interactions between TiO,-A or TiO,-R and DMPA were
completely screened and are governed by electrostatic interactions. In contrast, the
isotherms of DMPG on TiO,-A and TiO,-R subphases are still strongly shifted,
suggesting that interactions between TiO,-A or TiO,-R and DMPG still exist in the
presence of salt. It is worthy to note that the isotherm of DMPG on water is modified by
the presence of salt. In fact the isotherms of DMPG on TiO,-A and TiO,-R subphases
with salt are hardly different from that without salt. This result suggests that DMPG
interacts with anatase and TiO,-R particles mainly through non-electrostatic interactions

and NaCl ions do not intervene in the interactions.
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Figure 4.8. Pressure-area isotherms of (a, b) DMPA and (c, d) DMPG on
subphase at pH2: (black) H,0O, (red) TiO,-A suspension 100 mg/L and (green) TiO,-R
suspension 100 mg/L. Subphases in panels b and d contain NaCl 10°M.

4.3.2  Amount of phospholipids adsorbed on anatase and rutile

Surface pressure-area isotherms of DMPA and DMPG clearly showed the
occurrence of interactions between DMPA and DMPG with TiO,-A and TiO,-R. To
estimate the amount of phospholipid molecules adsorbed on TiO,, the amount of
molecules not adsorbed was quantified in the supernatant of centrifuged
phospholipid/TiO, mixtures. The amount of adsorbed molecules was then deduced from
the initial amount introduced with TiO,. From these experiments, adsorption isotherms of
DMPA and DMPG on TiO,-A and TiO,-R were built at pH 2 and pH 9 (Figures 4.9). The
different panels allow us to observe the effects of pH, phospholipid, phospholipid-to-TiO,

ratio and crystalline phase on the adsorbed amounts on TiO,.
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a) pH-dependent adsorption for DMPA

The amount of DMPA adsorbed on TiO,-A or TiO,-R is strongly dependent on
pH. For example, TiO,-A and TiO,-R adsorbed more than 2 molecules of DMPA per 1
nm? surface at pH 2, and less than 0.5 molecule at pH 9. These results are in agreement
with the previous conclusions that DMPA interacts with TiO, by electrostatic interactions.
In contrast, the amount of DMPG adsorbed on TiO,-A or TiO,-R particles is hardly
sensitive to pH. The difference between pH 2 and pH 9 is less than 0.5 molecule/nm?,
irrespective of the crystalline phase. Again, this corroborates the results given by the
surface pressure-area isotherm experiments. It is worthy to note that DMPA is
significantly adsorbed at pH 2 but in a higher amount than DMPG, which is adsorbed on a
large pH range. This cannot be related to a higher charge density on DMPA than on
DMPG, as both present similar zeta potential values in acidic medium (chapter 2). This
result suggests that the adsorption mode might be different for DMPA and DMPG

molecules.
b) Affinity of phospholipid for TiO,

The difference of affinity of phospholipid for TiO, cannot be decoupled from pH.

In acidic media, DMPG is less adsorbed than DMPA and reversely in basic media.

c) Impact of phospholipid-to-TiO, ratio
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Figure 4.9. Adsorption isotherms of (a, b) DMPA and (c, d) DMPG on TiO,-A (m)
and TiO2-R (A4) at pH 2 and pH 9 (no added NacCl). Error bars represent the standard
deviation from duplicate measurements.

When adsorption occurs (DMPA at pH 2, and DMPG at pH 2 and 9), the amount
of phospholipids adsorbed on TiO, increases with the loading concentration, i.e the
increase of the chemical potential of the PL. At low loading concentrations, the variations
are linear and follow the straight line that corresponds to the full adsorption (y = x). Over a
threshold value, the adsorption is no longer complete and reaches a maximum. Both the
threshold value and the maximum are dependent on pH, phospholipid and crystalline
phase. For example, the adsorption of DMPG at pH 9 is complete at a loading ratio of 2
molecule/nm? for TiO,-R and at a lower ratio of 1 molecule/nm? for TiO,-A. These

values increase at pH 2.

The dependence of the adsorbed amount with concentration is analogous to the
adsorption of dipalmitoylphosphatidylcholine on rutile particles or the adsorption of
phospholipid vesicles on rutile TiO, (100) wafer.>® In the first case, it was even showed

that at low concentration (0.013 mg/mL), phospholipid vesicles did not transform to planar
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bilayer on rutile (100), whereas at higher concentration (0.025 mg/mL) the bilayer was
created. Literature data® reported that adsorption of dipalmitoylphosphatidylcholine on
rutile saturated at a coverage density of 3 molecules/nm? and this corresponded to a
monolayer. A higher coverage density would evidence multilayer formation. Typically,
the minimum molecular area for lipids with two hydrocarbon chains should be
approximately in 42 — 45 A? range.” Taking the smallest area achievable by DMPA and
DMPG on water in a monolayer (43 and 42 A%molecule at the collapse), the highest
density of DMPA and DMPG in a monolayer is 2.3 and 2.4 molecules/nm? respectively.
Applying this threshold in Figure 4.9 suggests that DMPG is adsorbed on TiO,-R and
TiO,-A as a monolayer at pH 2 and 9 (the point at 6 molecules/nm? is excluded due to the
large uncertainty on it) whereas DMPA is adsorbed as a monolayer on TiO,-A and as a
multilayer on TiO,-R at pH 2.

d) Impact of crystalline phase

When adsorption is significant enough (DMPA at pH 9 not considered), the
maximal amount adsorbed on anatase is always smaller than that on TiO,-R, irrespective
of the phospholipid and pH. For example, at pH 2, TiO,-A is saturated by DMPA for a
coverage of approximately 2.3 molecules/nm?2 whereas TiO,-R can adsorb up to around 4

molecules/nmz,
4.3.3 Surface charge of TiO; particles after adsorption of phospholipids

Phospholipids were loaded on TiO, at low concentration (0.5 molecules per 1 nm?)
at pH 2. According to Figure 4.9, phospholipids are fully adsorbed on TiO, and no vesicle
is free in the suspension. Therefore, the measure of the surface charge is relative to the
particles of TiO, coated by phospholipids. The surface charge of these modified particles

was recorded at pH 2 and followed versus pH. The results are reported in Figure 4.10.
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Figure 4.10. Zeta potentials of (a) TiO,-A covered by phospholipids (PLs) and (b)
of TiO,-R covered by PLs as a function of pH. PLs were loaded with ratio 0.5 molecules
per 1 nm? surface of TiO,. Zeta potentials of pure TiO,, DMPA and DMPG are shown for
comparison. Error bars represent the standard deviation. Measurements were conducted
at 25°C.

DMPA and DMPG vesicles are negatively charged on the whole pH range whereas
TiO,-A and TiO,-R particles are positively charged at low pH (up to 6 for TiO,-A and 5.5
for TiO,-A) and negative at basic pH values. At pH 2, the surface charge of TiO, was
modified after adsorption. Zeta potentials of PLs-adsorbed TiO, (coated TiO,) were less
positive than pure TiO, (uncoated TiO;). The decrease enlarges in the order DMPA/TiO,-
A< DMPA/TiO,-R~ DMPG/TiO,-A< DMPG/TIO,-R. It became even negative for
DMPG adsorbed on TiO,-R (a decrease of 65 mV). When pH increases from 2 to 5, the
surface charges of TiO,-A and TiO,-R are weakly affected by the coating of DMPA,
whereas the surface charges of TiO,-A and TiO,-R are more strongly modified by
DMPG, in particular that of TiO,-R. Zeta potential values of DMPG-coated TiO; increase
and at pH 5 -6, they reach the values of uncoated TiO,. If there are no covalent bonds, this
could be the sign of a desorption. At higher pH, DMPA and DMPG did no longer alter the
zeta potentials of TiO,. The surprising values for DMPA on TiO,-R around pH 5 and 8
must be checked with a second assay; the uncertainty is indeed larger around the IEP.
Finally, DMPA exhibits weaker effect on zeta potentials of TiO, than DMPG, and this
effect is reduced as pH is increased.
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4.3.4 Effect of surface chemistry of various anatase phases on the interactions

between TiO, and phospholipids

The characterization in chapter 2 highlighted various surface properties of anatase
samples. In this section, the interactions between several TiO, anatase forms and
phospholipids were investigated. Figure 4.11 shows the surface pressure-area isotherms of
DMPA and DMPG monolayers on several subphases, containing various anatase particles.

For recall, the isotherms obtained on the previous anatase suspensions are presented.
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Figure 4.11. Pressure-area isotherms at pH 2 of (a) DMPA and (b) DMPG on
(black) H,O, (red) TiO,-PC10 suspension, (green) TiO,-PC50, (blue) TiO,-PC100 and
(dark yellow) TiO,-A. The mass concentration of TiO, in subphases is 0.1g/L (no added
NacCl).

Panels a & b indicate that DMPA and DMPG interact much more weakly with
TiO,-PC10, TiO,-PC50 and TiO,-PC100 anatase samples than with TiO,-A. While 25%
of DMPA was removed from the interface due to TiO,-A a 20 mN/m, subphases
containing TiO,-PC10, TiO,-PC50 and TiO,-PC100 anatase particles induce no loss of
DMPA. Similarly, 33% of DMPG was removed from the interface due to TiO,-A particles
whereas TiO,-PC10, TiO,-PC50 and TiO,-PC100 anatase particles induce a much smaller
shift. TiO,-PC10 induces almost no shift of the isotherm of DMPG, while TiO,-PC50 and
TiO,-PC100 cause a modest shift of the isotherm.

To remove any surface area effect, the effect of TiO, concentration on the
interaction with DMPA was investigated. The results are shown in Figure 4.12 (panel a for
TiO,-PC10, panel b for TiO,-PC50 and panel ¢ for TiO,-PC100) with concentrations
between 100 and 400 mg/L for all anatase TiO,-PC samples. Surprisingly, all isotherms of

compression overlap. Thus, TiO,-PC samples have almost no interaction with DMPA.
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Therefore, although all subphases contain the same crystalline phase at the same mass or
total surface specific area concentration and pH, it appears that anatase powders behave
differently. Preliminary observation indicated that the suspensions of TiO,-PC10, TiO;-
PC50 and TiO,-PC100 tended to settle more quickly than that of TiO,-A, even though the
distribution of hydrodynamic size of these particles in aqueous suspension at pH 2 was
below or at the same size ranges as that of TiO,-A particles (Figure 2.20 chapter 2).
However, the time required to record the isotherms was shorter than the time of
sedimentation. This suggests that surface chemistry plays a large role. TiO,-PC10, TiO,-
PC50 and TiO,-PC100 were free from organic contaminants (chapter 2) but X-ray
photoelectron spectroscopy showed a very small sulfur contamination in TiO,-PC50 and
Ti0,-PC100 powders.
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Figure 4.12. Pressure-area isotherms at pH 2 of DMPA on suspension of (a) TiO,-
PC10, (b) TiO,-PC50 and (c) TiO,-PC100. Concentration of TiO in subphase is varied
from (black) 0 mg/L, (red) 100 mg/L, (green) 200 mg/L and (blue) 400 mg/L.
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4.4 Discussion

All measurements (isotherms of compression, batch adsorption and electrophoretic
mobility) are in agreement and draw the same conclusion that DMPA and DMPG interact

with anatase and rutile.

At the same total specific surface area and at pH 2, TiO,-R exhibits stronger
interactions with phospholipids than TiO,-A. DMPA interacts mainly through electrostatic
interactions, while DMPG adsorbs on TiO, by non-electrostatic ones. This finding is
consistent with the strong interactions between TiO,-P25 and DMPA or DMPG at pH 2,
and the remaining interactions observed between DMPG and TiO,-P25 at pH 9 and at pH

2 in the presence of salt (chapter 3).

It is worth noting that the compression isotherms of DMPA on TiO,-R subphases
exhibit an additional transition phase in the liquid condensed region (around 15 mN/m in
Figure 4.7a) that is well marked when the concentration in TiO,-R in the subphase is high.
In this case, there is not only a loss of DMPA but also a change in organization at the
interface. As particles of TiO, have no affinity for the liquid surface (flat isotherms of
compression when the interface is free of phospholipid molecules), it is excluded that they
insert within the monolayer. This transition reflects thus the adsorption of TiO,-R
particles under the monolayer, modifying the arrangement of DMPA molecules. This may
be surprising as the hydrodynamic size of TiO,-R particles (as agglomerated) is quite
large (from 500 nm to 2 um, see chapter 2). This phenomenon was not observed for the
suspensions of anatase that induced simply a shift to lower areas. Yet, this transition was
observed with TiO,-P25 and DMPA (chapter 2) and considering the results with TiO,-R,

it can be therefore attributed to rutile particles anchored under the monolayer of DMPA.

As the remaining DMPA molecules on TiO,-A subphase exhibit the same behavior
as DMPA on water, one can reasonably think that there is no anatase particle at the
interface anchored to DMPA monolayer. In the case of DMPG, the transition plateau from
the LE phase to the LC phase is smoother in the presence of TiO,-A in the subphase. The
distinction between the LE phase and the plateau of coexistence between the LE and LC
phase is less obvious. The longer plateau of coexistence in the presence of TiO,-R reflects
the presence of TiO,-R particles at the interface and the difficulty for phospholipid

molecules to pack densely.

The different behavior of DMPA and DMPG towards TiO,-A or TiO2-R may be
related to the chemical structure of DMPG head group, which is different from that of
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DMPA. The phosphate moiety must be the primary group to take part in the interaction, as
studies have found that phosphate moieties are implicated into the direct interaction with
TiO, surface.>® For DMPG, the interactions occurring in basic conditions, as well as the
equivalent adsorbed amount at acidic and basic pH, suggest that the terminal glycerol of
DMPG can be involved. This is in agreement with the fact that glycerol molecule forms,
in bulk water, a bridging alkoxy bond through one primary alcohol group to two
coordinatively unsaturated metal atoms of anatase, and participates to a Lewis acid/base
interaction between the oxygen atom of the other primary alcohol group and a

coordinatively unsaturated metal atom that is also involved in the alkoxy bond.*
4.5 Conclusion

Surface pressure-area isotherm and batch adsorption experiments performed at pH
2 and pH 9 in aqueous medium showed that DMPA and DMPG, the main adsorbing
phospholipids on TiO,-P25 particles, adsorb on both anatase and rutile surfaces. DMPA
adsorbs solely at acidic pH on anatase and rutile, probably through electrostatic
interactions implying the phosphate moiety. DMPG adsorbs on TiO; in similar amounts at
both acidic and basic pH through non-electrostatic interactions, probably involving the
glycerol moiety. For any phospholipid, the adsorption is enhanced in the presence of
rutile. The geometry of the surface must match better with the geometrical constraints of
DMPG molecule. The strong interactions between TiO,-P25 (85% anatase + 15% rutile)
and DMPA or DMPG at pH 2, as well as the remaining interactions observed between
DMPG and TiO,-P25 at pH 9 or at pH 2 in the presence of salt (chapter 3), can thus be
understood by the interactions of DMPA and DMPG at pH 2 with both anatase and rutile,
and with rutile at pH 9. Our study, however, cannot be applied to any kind of anatase and,
a deeper understanding of the surface properties of TiO,-PC would be necessary to

interpret our observations.

At this stage of our study, the nature of bonds formed between DMPG or DMPA
and the surface of TiO, must be elucidated. Inspection by various spectroscopic methods
is necessary to answer this question, and this investigation at molecular level will be

developed in the next chapter.
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5. Spectroscopic studies of the interaction between phospholipids

and TiO, surfaces

5.1 Introduction

Although phosphates have been widely used in the various stages of mineral
processing for many years, the mechanism of interaction between the phosphate species and
mineral surfaces, like those of anatase and rutile, has been investigated and discussed at the
molecular scale by spectroscopy only for about fifteen years.”™ The Infrared spectroscopy
yielded information regarding the nature of the bonding between reagents and mineral
surfaces, the conformation of the adsorbed species on surfaces and the in situ change of the
surfaces during the various processes of mineral processing. The chapter 2 has also clearly
demonstrated the interest of near-combined middle infrared spectroscopy to monitor the
changes of the hydroxyl groups versus the chemical-physical parameters of the aqueous
solutions (like pH and ionic strength). In chapters 3 and 4, the chemical conditions to induce
strong interactions between a few phospholipids and surfaces of different titanium oxide
samples (inner sphere structures) were determined at the macroscopic scale by the
compression or adsorption isotherms. However, there is still no proof of the creation of a
chemical bond at the molecular scale even if, as noticed in the chapter 1, titanium dioxide
surfaces have several reactive surface groups as strong Lewis-type acid sites, weak Brgnsted-
type acid sites, and basic O*” sites.” This chapter 5 is devoted to this problematic: highlighting
or not the existence of chemical bonds in the “inner sphere” adsorbed structures. We have
used the near- and middle infrared absorption spectroscopy, Raman inelastic scattering
spectroscopy and NMR spectroscopy in order to have concomitantly and respectively data on
the environment of the surface hydroxyl groups, on the symmetry of the head phosphate
groups and on the electronic clouds around *'P atoms.

5.2 Bibliographic survey of the contribution of the spectroscopy in the

characterization of the formation of the chemical bond Ti-O-P.

The adsorption of phosphate species has been described to correspond to a
chemisorption on the Lewis acidic Ti*" groups on the TiO, surface leaving the less acidic
hydroxyl Brensted acid sites free.®> Others studies confirm that Lewis acidity on anatase
disappears after phosphate modification,® while Bransted acid sites remain on the phosphate-

loaded surfaces®. The anatase form would favor the formation of stable bonds with organic
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esters of phosphoric acid (organic phosphates). (ATR)-IR studies on linear polyphosphates
have been interpreted as the formation of bidentate phosphate species through P-O groups,
forming Ti—O-P bonds with the exposed charged titanium atoms (Tisc)." Although the spectra
of the adsorbed anions gave clear information on the change of symmetry of the anion
structure, no direct information on the possible Ti-O-P chemical bond between oxygen atoms
of phosphate anions and titanium atoms could be demonstrated. Connor and McQuillan in
1999 conducted an in situ internal reflection infrared spectroscopic study on the adsorption of
only the orthophosphate species onto “amorphous” TiO, films from aqueous solution.? They
indicated that phosphate species bind strongly to the TiO, surface, forming bidentate surface
species with two kinds of structures. However, their infrared spectra had not allowed bridging
bidentate and chelate species to be distinguished. Infrared spectroscopic studies about the
adsorption of phosphate anions on iron oxide nanoparticles have been also conducted using an
ex situ or in situ technique.”® Bidentate and monodentate attachments were both suggested but
not proved. Indeed, the structure as chelate or bridged bidentate cannot be distinguished since
the point groups for both structures are C,,. Another example deals with the preparation of
titania support catalysts by impregnations with phosphate anions. The infrared spectra of solid
samples obtained from the calcination at 450°C of anatase dispersed with phosphoric acid
displayed no absorption peaks in the 900-1300 cm ™' region for pure TiO-, while a new IR
band appeared at around 1049 cm ', assigned to the characteristic frequency of PO.*", but
without the presence of the other characteristic frequency of PO,> at 1300-1450 cm '.° The
authors claimed the formation of a Ti-O-P bond on the basis of the previous works of
Bhaumik et al'® or of Lin et al*’. However their argumentation is weak, since the signal
around 1400 cm™ has been clearly assigned to the P-O-H vibrational mode that is present in
the phase c-NasPO,; (hydrated) and absent in the a-NasPO, phase.’? Therefore, the
conclusion based on the assignment of the peak at 1300-1450 cm™ to phosphoryl group (with
P=0) is clearly questionable and it is hazardous to prove a chemical bond between Ti, O and

P solely on the absence of the signal at 1300-1450 cm™ on the IR spectra.

Consequently, the use of only infrared spectra in the spectral range of vibrational
modes of phosphate groups seems to be not sufficient to prove Ti-O-P bonds. DFT
computations coupled with experimental diffuse reflectance infrared experiments between
1200 and 600 cm™ could confirm that a combination of monodentate and chelating bidentate
complex named as p-phosphato-bis dioxotitanium complex is the most probable in phosphate
modified titania gel samples.® This study eliminated the possibility of monodentate or

bridged bidentate complex for these samples. The complexes retained in their work were all
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based on O-P-(O-Ti)s structures. However this last work is hardly comparable to the other
previous works, because of the different nature of titania phases. Similarly, the combination
of XPS studies with the vibrational spectroscopy has often resolved some adsorbed structures
between phospholipids and metal oxides but in vacuum conditions, that are far from our
experimental conditions. NMR has been used as well to study phosphate environment in
phases involving TiO, groups. In 2002, Takahashi et al. summarized from literature the *'P
NMR chemical shifts of the HsPO,4 family in solid titanium phosphates.** They are given in
Table 1 with chemical formulae of the phosphate species (Table 5.1).

Table 5.1. P NMR chemical shifts of phosphorus atoms in titanium phosphate
compounds (in ppm) compilated by Takahashi et al. 2002**

Titanium phosphate H,PO, HPO, PO,

Ti(HPO,)>-H0 (%-TiP) ~18.1
Ti(H,PO4)(PO,)- ~10.6 ~32.5
2H-0 (7-TiP)

TiO(OH)(H,PO,)-2H.0  —6.5, —8.4

Ti>05(H,PO,),: ~5.3, -7.6

2H,0 (TiOP)

However, they noted small discrepancies in the P NMR chemical shifts for the —
H,PO, groups observed among their semi-crystalline synthesized layered titanium phosphate,
and titanium phosphates described in literature. These discrepancies could be probably due to
the slight difference in hydrogen bonding, in connection with the difference in crystallinity. A
larger study including mesoporous titanium phosphate compounds was published in 2000.
Using the 3P NMR data of various titanium phosphates and oxophosphates then available in
literature, including their own work on mesoporous titanium phosphate, Jones et al. discussed
a correlation between connectivity and *'P NMR shifts.”® They summarized that, as
connectivity increases, an upfield shift is observed from -5.3 to -10.6 ppm for H,PO4
(connected to 2 Ti atoms) to -18.1 ppm for HPO, (connected to 3 Ti atoms) and finally to -19
to -32.5 ppm for PO, (connected to 4 Ti atoms). In addition, deprotonation and/or hydrogen
bond donation causes a downfield shift of 1 to 10 ppm. Hydrogen bonding also leads to
broadening of the signal. Kovalchuk et al. published in 2005 a work concerning the synthesis
and characterization of MCM-41 functionalized with phosphate and titanium phosphate
groups, where they analyzed the chemical environment of phosphorus atoms through *'P
NMR measurements.'® Their assignment was based on the assumption that the replacement of
the protons in phosphoric acid by the more electropositive titanium atoms induces an upfield
shift of the corresponding peak, in agreement with the previous analyses of phosphorus
environments. Based on the fact that this upfield shift depends on the number of Ti atoms
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bonded to one phosphorus atom in the corresponding species, they assigned the observed
peaks at -5.4 and -14.7 ppm to the —TiO-PO(OH), (dihydrophosphate) and (-TiO),=PO(OH)
(hydrophosphate) surface species, respectively (figure 5.1). We can notice that this
assignment was not in agreement with that proposed by Jones or Takahashi, who assigned

H,PO,4 environments (**P connected to 2 Ti atoms) to resonances around -5 to -10 ppm.

HO OH
O_\P / o, OH
- \0 /P‘xo
P
1

'- Tj T
zzﬁgﬁzz AT T

Figure 5.1. Phosphorus environments in MCM-41 functionalized with titanium
phosphate groups (Kovalchuk et al. 2005)*. On the left, monodentate complex (6 = -5.4
ppm), on the right, bidentate complex (6 = -14.7 ppm).

From this work and that of Ren et al. who characterized titanium phosphate
compounds, Fei et al. assigned the -8.6 and -12.1 ppm *P NMR signal of their synthesized
mesoporous titanium phosphates to PO, units with one or two Ti atoms as neighbors
[P(OTi)x(OH)4x] (x =1 or 2) and tetrahedral phosphorus environments connected with three
O-Ti bonds [P(OTi);OH], respectively.'”*®* However, no clear distinction between
monodentate and bidentate species was established.

b NMR was used as a method of characterization of the local phosphorus
environment in amorphous materials that cannot be analyzed through crystallographic studies.
In glasses, the phosphate bonding arrangements are described by their Q. speciation, where n
in Qn refers to the number of bridging oxygen atoms in the phosphate structural unit. As
detailed in the work of Brow et al. (2000)*, the connectivity of Q species decreases from
cross-linked Q3 units to chain-like Q; units and finally to Q1 and Qg units. From low to high
magnetic field, *'P resonances can be assigned to Qo to Qs species, as previously described
for titanium phosphate compounds. *'P NMR spectra could be thus analyzed by associating
each 3P signal with a different connectivity of the phosphate ions towards Ti. However, the
relative position of cations as well as the change of the O-P-O angles may have similar effects
on the chemical shift. Therefore, this kind of correlation would be valid if it is assumed that
the PO4 groups are almost identical (bond angles, P-O distances) except for the distance of Ti
atoms to the bridging oxygens. Based on these kind of assumptions, Schmutz et al. defined in
1994% 3 range of chemical shifts for each connectivity of phosphate ions with titanium ones.
The proposed range of chemical shifts was then in agreement with the values proposed in

Table 5.1. Several papers studied glasses containing TiO, and phosphate groups.?*™#' It
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appears very difficult to use chemical shifts of *'P in glasses, and a fine analysis of the
phosphorus environment is quite complicated in these amorphous materials. The use of this
kind of results to our samples dominated by the aqueous medium-oxide interface appears not
easy and slightly hazardous. Therefore it is important to investigate the literature with results
more representative of our research context.

In 2004, Rice et al. studied the binding of lipoteichoic acid (LTA) that is a long chain
(40-50 repeat units) of phosphodiesters (anionic) with glucosamine (neutral), hydroxyl
(anionic), and D-alanine branches (cationic), to the surface of titanium dioxide through P
solid-state NMR spectroscopy.?® It is interesting to note that a resonance at -6 ppm appeared
on their spectra when the molecule interacts with TiO,. In this first publication, they did not
interpret precisely this resonance. In 2008, the same group published new NMR results, where
a *'P CP-MAS spectrum was collected for pure LTA, characterized by a &is, of 0 ppm, and a
series of spinning sidebands that map out A(CSA) (99 ppm) and 1 (0.7) of pure LTA.?° When
adsorbed on TiO,, LTA *P NMR spectra showed two resonances, at 0 and -6 ppm. The
isotropic signal that has shifted upfield (-6 ppm) experiences the largest structural change;
thus, it was assigned to the portion of teichoic acid chain that is closest to the TiO, surface.
The downfield species (0 ppm) was assigned to the portion of teichoic acid further away from
the TiO, surface, as the chemical shift is unchanged. Adsorption of LTA onto TiO, was also
indicated by the change in the rotating frame spin-lattice relaxation (T1,) rate. LTA has a T,
of = 3.5 ms while LTA on TiO, has a T1, of = 30 ms: this drastic change in T, rates
indicates that adhesion has occurred. Each isotropic signal has a unique A(CSA) value
indicating a different structural conformation of the LTA backbone. However, the upfield
signal (-6 ppm) has a n value of 0.8; this large n value indicates that there is a higher degree
of axial asymmetry, which also can indicate that this species is closer to the TiO, surface. In
2008, another group, Brodard-Severac et al. published a solid-state NMR study on self-
assembled monolayers of phosphonic acids (R-PO3H;) deposited on titania anatase
substrates.* In agreement with the previous analyses, they reported that 3'P chemical shifts in
titanium phosphonates are sensitive to the number of titanium second neighbors, and that each
condensation between P-OH and Ti-OH groups should lead to an upfield shift. Conversely,
the interactions of the P-O groups with surface Lewis or Bronsted acidic sites should lead to a
downfield shift. In addition, **P chemical shifts are also sensitive to variations in the O-P-O
bond angles. Thus, the chemical shifts of RP(OTi)3 sites in bulk titanium phosphonates and
molecular titanium phosphonates could differ by more than 10 ppm. Accordingly, it was not

possible to unambiguously ascribe the different components they observed on their *'P spectra
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(where they observed three peaks with positive chemical shifts comprised between 11 and 32
ppm), and therefore to quantify the amount of interfacial Ti-O-P bonds. However, they could
evidence by 'O NMR the presence of Ti-O-P bonds. Unfortunately, no correlation could be
found between the 3P and the *’O MAS NMR spectra.

This non exhaustive bibliographic survey on the use of NMR to describe interaction
between molecules and Ti atoms reveals that the 3 P NMR is one of the pertinent local probes
to understand the mechanism at the molecular scale. However the samples studied in the
literature were far from the samples studied in this thesis, because at first they rarely
concerned adsorption processes in aqueous media, and secondly phospholipids adsorbed on
TiO, surfaces have never been investigated. Consequently the spectroscopic characteristics
evidenced in the literature would help us to base our interpretations.

Apart the study of Raj et al.,*® there is no study combining several methods to get
information at the same time about the evolution of the vibrational spectrum of phosphate, the
spectral changes of the TiO, surface groups, and the evolution of the near environment of the
1p atoms on the same sample at ambient conditions. Therefore our approach proposes to
study at the molecular scale the adsorption of DMPA and DMPG phospholipids on rutile and
anatase samples by a combination of diffuse reflectance infrared Fourier-transform

spectroscopy (middle and near infrared), Raman and NMR spectroscopy:

- Raman spectroscopy to characterize the symmetry of phosphate heads,

- diffuse reflectance Fourier-transform spectroscopy: first in the middle infrared to
follow the evolution of the alkyl chains of the PL molecules, and also that of the
phosphate heads, complementary to the Raman signals; secondly in the near
infrared to elucidate and separate the signal characteristics of H,O from the
surface OH groups, and determine the involvement of Ti-O-H, Ti-OH,®" and Ti-
(OH)-Ti bridges in the interactions displayed in the previous chapters,

- solid-state *'P NMR spectroscopy to establish the possibilities to form chemical
bond as Ti-O-P.

5.3 Materials and methods

5.3.1 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

Infrared spectra of samples were recorded on FTIR Bruker Vertex 70 spectrometer in
DRIFTS mode using Praying Mantis Diffuse reflection accessory (HARRICK Scientific
Product Inc). The optical configuration of the ellipsoidal mirrors used in the diffuse
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reflectance accessory allows separating the optical specular reflectance component away from
the diffuse signals, and subsequently minimizing the consequences of the anomalous
dispersion on the resulting spectra, displayed as strong shape distortions of the absorption
profiles.®* The sample chamber was equipped with a dome bearing two KBr windows and one
glass window for visual observations from outside (Figure 5.2). It was purged continuously
with dried air flow at ambient conditions. Spectra were mostly recorded in this condition. This
setup was also connected to a vacuum pump device (composed by two stages: at first a
membrane pump to obtain a primary vacuum followed by a second stage constituted by a
turbo-pump) enabling to obtain values of pressure of about 10°® mbar, in dynamical conditions
and about 10™ mbar in static conditions after 30 minutes. Some spectra were recorded in this
condition. All spectra displayed in this chapter were recorded at the temperature imposed by

the radiation of the infrared beam focused on the samples, about 30-40°C.

Elimination de Rg

Source et
interférométre

Figure 5.2. From left to right —Principle of the collection of the diffuse part and the
elimination of the specular reflection® - the high-vacuum chamber with the infrared ways and
— the scheme of the Harrick setup

In the near- and middle-infrared spectral range (4000 — 2000 cm™), the solid powder
samples were analyzed pure, i.e. without mixing with a dilute optical transparent powder, in
order to have a weakly deformed picture of the interface. On the contrary, in the middle IR
spectral range (2000 - 400 cm™), the absorptions were too strong and solid samples were
gently mixed at 2% in weight with finely powdered KBr (Specac, Buckingham, England)
using an agate mortar. This sample-to-KBr proportion typically gives good spectra for solid
samples.®® All spectra were recorded with an average of 1000 scans in the wavenumber range
of 400 — 8000 cm™ at resolution 4 cm™. Spectra were treated by using OPUS 5.5 software
provided with the spectrometer. They are displayed as the log(reflectance) versus

wavenumber (cm™), where the reflectance is the ratio between the recorded reflected intensity
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by the sample and the intensity reflected either by an aluminum mirror or by a reference

powder.

The sample container at the center of the chamber was equipped with a small heating
cartridge in order to cover the temperature range (40°C-600°C) under these low pressures.

The setup allowed us to collect infrared spectra at high temperature or after cooling.

5.3.2 Raman spectroscopy.

Raman spectra of the different powders were recorded with a Fourier Transform set-up
(Bruker) equipped with a YAG laser emitting at 1064 nm to avoid the visible spectral range
and then any photonic degradation of our samples. The near infrared beam at 1064 nm with a
power of about 400 mW was focused on the powder on an area of 100x100pm? and the back-
scattered Raman inelastic signals were recorded with a spectral resolution of 2 cm™ and after
the average of 1000 scans. The Raman analyses were obtained directly on the powders

described in the 5.3.5 section.

5.3.3 Nuclear Magnetic resonance spectrometry.

The interactions of DMPA and DMPG with TiO, were analyzed through *!P solid-
state: NMR measurements, since *'P chemical shifts are very sensitive to the chemical
environment of phosphorus atoms. *!P chemical shift data are referenced at 0 ppm against
standard of 85% phosphoric acid. Phospholipid powders were analyzed first as commercially
received, i.e. predominantly deprotonated with sodium counter-ions and then after
centrifugation and drying of their suspensions adjusted at pH values of 2 and 9. The solid part
of the samples obtained after adsorption of PL on TiO, was isolated through the protocol
described in section 5.3.5. This powder was then analyzed by *'P {*H} CP-MAS NMR

spectroscopy.

5.3.4 Material

Titanium dioxide (TiO;) nanoparticles were commercial powders of pure anatase
phase (MTI corporation, USA) and pure rutile phase (Sigma-Aldrich), hereafter called TiO,-
A and TiO,-R, respectively. The properties of these powders were given in chapter 2. Briefly,
they are recalled here. TiO,-A and TiO,-R are pure crystalline phases with a high
crystallinity. The average particle size of anatase is about 18 nm, and that of rutile is 22 nm.

The crystalline faces most viewed in transmission electron microscopy images are (101) of
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anatase and (110) of rutile. The specific surface area of these powders was measured by
volumetric N gas adsorption at 77K treated by the Brunauer-Emmett-Teller (BET) method: it
is around 140 m?/g for anatase, whereas that of rutile is almost five time smaller (around 25
m?/g). DRIFTS and X-ray photoelectron spectroscopy spectra of TiO,-A and TiO,-R
powders revealed that these powders are not contaminated (chapter 2). Chapter 2 also showed
that the surface of TiO,-A is more covered by molecularly adsorbed H,O than the surface of
TiO,-R. Both surfaces exhibit free surface hydroxyls. Additionally, TiO,-R contains
relatively more bridging OH groups than TiO,-A, involved in H-bonds. The concentration of

these H-bonded surface bridging OH groups decreases as pH increases from 2 to 5.

The phospholipids retained for this study are the same as previously: 1,2-dimyristoyl-
sn-glycero-3-phosphate monosodium salt (DMPA, >99%, from Avanti Polar Lipids) and 1,2-
dimyristoyl-sn-glycero-3 phospho-rac-1-glycerol (DMPG, Sodium Salt, 99% Sigma-Aldrich)
(Figure 5.3).

Il
DMPA /\/\/\/\/\/\)l\o/\-—(\OEFHOH

DMPG /WVVMOYO’F ~o Ao

Figure 5.3. Molecular structures of phospholipids DMPA and DMPG

The commercials powders were used directly. These powders were stored in deep-
freezer at -20 °C and were left at room condition to get equilibrium state for at least 20
minutes before use. Electrophoretic mobility measurements (chapter 3) showed that DMPA
and DMPG in aqueous dispersion were negatively charged from pH 2 to pH 10. Figure 5.4
shows the IR spectra of phospholipids as powders. The major assignments of the peaks are

reported in Figures 5.5 and 5.6. They are based on literature data®*°

and on the spectra of
dehydrated powders and of pH-treated powders (spectra not shown here in order to avoid dull
considerations). The most complex vibrational bands originate from the head group of

phospholipids approximately in the region 1300 — 900 cm™ (Figure 5.6.).
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Figure 5.4. IR spectra of commercial powders of (blue) DMPA and (red) DMPG at

room conditions.
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Figure 5.5. (A) Infrared (Near and middle) spectra of DMPA powders as received
(blue), under 2% humidity at room temperature (cyan) and under a weak pressure (black).
The assignments are displayed between 5600 and 1500 cm™. The assignment for the range
1500-700 is detailed in figure 5.6. (B) and (C) spectra are respectively the zooms of the
characteristic range of the combination of water modes and of the fundamental stretching
modes of hydroxyl groups.
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Figure 5.6. Infrared spectra of DMPA powders in the range 700-1550 cm™ of three
hydration states.

Commercial powders of phospholipids may be more or less hydrated. The Infrared
spectroscopy is the tool of choice to monitor the hydration state. For instance, Figure 5.5
shows the dehydration of DMPA when the powder was submitted to a low pressure. Water
was almost removed from the powders as evidenced by 1) the disappearance of peaks at 1660
cm™, characteristic of the bending mode, ii) the disappearance of the three components
between 5250 and 4950 cm™, near IR range specific to the water mode combination, and iii)
the strong reduction of the broad structured band between 3000 and 3750 cm™. In particular,
the three bands at 3293, 3390 and 3460 cm™ decrease. The small peak visible at 3459 cm™
after a strong dehydration corresponds to the harmonic of the C=O stretching mode
(fundamental at 1720 cm™). Since at the three components at 3293, 3390 and 3460 correspond
three combination components 4976, 5052 and 5110 cm™, the range from 3100 to 3600 cm™
is dominated by the absorption signals of water molecules. The stretching of the hydroxyl
group, POH, that is an acid group and then involved in strong H-bonds, is displayed as a very
broad band, appearing as a background between 3200 and 2500 cm™. The dehydration process
modifies the vibration of phosphate group as well (Figure 5.6). A peak at around 984 cm™
appears and increases while the peak at 942 cm™ decreases and shifts to 936 cm™.
Concomitantly the 1080 cm™ band decreases strongly to the benefit of the 1110 cm™
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component that increases in the asymmetric phosphate stretching range. By comparison with
the infrared and Raman studies published about the behavior of the phosphate anions in
aqueous solution versus pH values and cation natures, the evolution of the vibration of
phosphate head of DMPA may be due to interactions with either water by H-bonds or sodium
cations by electrostatic attractions. The sensitivity of the head anion phosphate groups with its
environment is also displayed by NMR spectroscopy (Figure 5.7). When the content of water
of the DMPA is low, the averaged isotropic shift is centered around 2.5 ppm with two closed
components (3 and 2.4 ppm). In contrast, when the water content is higher, the anion-cation
interaction changes, giving in this example two components much more separated with a

negative shift for one component (-0.7 ppm), and a higher positive chemical shift for the other
(3.8 ppm).

0 (ppm)

Figure 5.7. *'P #1H } CP-MAS NMR spectra of DMPA, in blue as received, in purple
after contact with a solution at pH value of 2 (with a high hydration rate verified by near IR).

The environment of the head phosphate of DMPG molecule is clearly different from
that of DMPA. Infrared spectra (insert in fig 5.4 in the range 5000-5400) do not displayed
adsorbed water. This weak physisorption of water on DMPG powders has been verified at
different conditions (pH of aqueous solution, and vacuum conditions in DRIFT experiments).
Therefore, the figure 5.8 is displayed in order to compare dehydrated DMPA to DMPG
spectra in the infrared range between 1500 and 700 cm™. The essential differences between
DMPA and DMPG come from the presence of the glycerol group on the head of DMPG,
either by the vibrational modes of C-C-OH of the glycerol or by the "O,P(-O-R), local
structure of DMPG against the ‘O,P(OH)(-O-R) of DMPA.. This last difference is underlined

by the comparison of the local structure with the DHP signals (in green in fig. 5.8.).
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Figure 5.8. Comparison of the DRIFT spectra of dehydrated DMPA powder (black)
and DMPG powder (red). The spectrum (green) of DHP powder is added to help the visual
interpretation between 780 and 930 cm™ of the asymmetric and symmetric of the local
structures "O,P(-O-R), characteristic of DMPG and DHP but not of DMPA.

Raman spectra of DMPA and DMPG powders are displayed in figure 5.9. The
assignment proposed in this figure are based on the literature .>*~*° The spectra are dominated
by the vibrational modes of the alkyl chains. In the spectral region of the head phosphate
modes, the modes involving movement of the CC skeleton possess strong Raman activities in
opposition of their weak infrared activities. Consequently, the Raman profiles look very
different from the infrared absorption profiles. Notice here that the selection rules are
different between the infrared absorption involving electric dipolar variations and the inelastic
Raman scattering involving the polarisability variations. Thus, often, the more intense the

absorption of a vibrational mode is, the weaker its Raman scattering is and vice-versa.
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Figure 5.9. Raman spectra of DMPG (red) and DMPA (blue) powders. The insert
displayed a zoom of the 700-1300 region and a comparison with the Raman spectrum of the
H,PO, anion in aqueous solution at pH=5. This comparison helps to locate the spectral
ranges where the more intense Raman stretching modes are expected.

5.3.5 Preparation of phospholipid-covered TiO,

Phospholipids/TiO, samples were prepared in accordance with the protocol described
in chapter 2 (section 2.2.4). Powders of phospholipids and TiO, were prepared separately at
pH 2 and 9 in agueous medium and mixed in the ratio of 2 molecules/nm? defined as the
number of phospholipid molecules per surface unit of TiO,. At this ratio, the adsorption sites
on TiO, may be assumed to be saturated by di-hydrocarbon chain phosphate.** According to
the results of chapter 4, this value is actually the saturation ratio or a little bit above,
depending on aqueous acidic conditions. pH values of the aqueous solution in equilibrium
with the solid phases were adjusted by adding NaOH and HCI solution. The samples in
suspension were left for adsorption under rotation for 48 hours at room temperature in order
to reach the equilibrium state. During the preparation process, samples containers were
covered with aluminum foils to avoid the effect of light. Solid phases in the aqueous
suspension were separated from unadsorbed phospholipids by alternating centrifugation and
washing. Solid phases were washed three times by H,O in the same condition (pH) as the
supernatant. Consequently, these samples are not completely comparable with those used in
chapter 4 for the establishment of adsorption isotherms. In particular, the quantity of PL in
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contact with TiO, in the solid-state is evidently higher than those used in chapter 4. Indeed,
we speculate that, during this multiple centrifugation and washing process, phospholipid
vesicles dispersed in the aqueous medium might have ruptured and precipitated in the solid
phase, thus enhancing the apparent adsorbed amount of phospholipids on TiO, surface.
However, we have first preferred this preparation in order to favor the recording of the
potential signals of adsorbed PL. The solid phases were finally dried in desiccators filled with
silica-gel. To accelerate the drying process, the desiccators were connected with a membrane
vacuum pump for 20 minutes. In addition, the desiccators were also covered by aluminum foil
to prevent possible effects of ultraviolet light. When necessary for the middle infrared range
analysis, the solid phases were manually crushed and ground in an agate mortar then
homogeneously mixed with KBr matrix (2% in weight of sample).

5.4 Results on the spectroscopic study of the interaction between

phospholipids with anatase and rutile

5.4.1 Interaction between phospholipids and TiO, surface viewed from

phosphate group

Figure 5.10 displays the Raman spectra of the phospholipid-covered TiO, samples at
pH 2. The displayed spectral range corresponds to the vibrational modes of bending CH,
(1500-1350), vibrational modes involving C-C stretching and CH; wagging movements
(1350-1200), stretching modes of C-C bonds along the long alkyl chain (1200-900 cm™) and
stretching modes of the phosphate groups between 1200 and 900 cm™ (Figure 5.9). The
difficulty to interpret the Raman data comes from the overlap of the signals coming from the
phosphate head group by those of the alkyl chains. The most important changes in the Raman
signals of phospholipids were obtained after adsorption on anatase sample. In comparison
with the PL spectra before adsorption at the same pH value, two main changes were noticed:
(i) a new broad component appears at 1083 cm™ accompanied by a strong widening of the
signal centered at 900 cm™ and (ii) the ratio between the relative intensities of the signals at
1063 and 1120 cm™ decreases. The former indicates that the phosphate groups are disturbed
by the surface of anatase while the latter indicates an increase of the gauche structure in the C-
C arrangement at the expense of the trans form (Figure 5.10). The impact of TiO,-R on the
Raman signals of the PL moiety is much weaker in these conditions. Only the intensity of
peak at 1089 cm™ increases relatively to that of peak at 1063 cm™, whilst the position of

peaks does not change.
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Figure 5.10. Raman spectra of adsorbed (green spectrum) DMPA and (black
spectrum) DMPG on (a) TiO,-A and (b) TiO2-R. Spectra of pure (blue) DMPA and (red)
DMPG are shown for reference. All these sample spectra were recorded at pH 2.

This trend was confirmed by NMR experiments. Figure 5.11 shows the chemical shift
of phosphorus atoms of adsorbed DMPG molecules on TiO, powders in comparison with that
in pure DMPG at pH 2. The chemical shifts are different from one substrate to another. The
chemical shift is observed in the negative range on TiO,-A whereas the shift is positive on
TiO,-R. This illustrates that (i) TiO, surfaces remarkably influences the electron density
distribution in phosphate moiety and (ii) DMPG adsorbs on TiO,-A and TiO,-R via

dissimilar interactions. The negative shifts of the *'P NMR were also reported in the literature
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about the synthesis of phosphate-titanate or the adsorption of orthophosphates on TiO,

samples** when Ti-O-P were formed.

Thus NMR and Raman show at first that the adsorption on our anatase sample of the
DMPA or DMPG molecules at pH 2 involves strong interactions with the surface groups. The
%'p NMR signal might even suggest the formation of Ti-O-P bonds, even if this point has to
be confirmed by further work. Secondly, for our rutile sample, the effect is clearly different,
underlined by positive chemical shifts of the NMR signals and weak changes of the Raman
signals. In order to go deeper into the description of the interaction between the polar head
group of PL molecules and the surface, we had to investigate the response of the TiO, surface
groups after the interaction. Therefore in the next section, the infrared spectra were studied to
follow the hydroxyl groups.

30 20 10 0 10 20 30
(ppm)
Figure 5.11. DMPG in contact with anatase (green spectrum) and rutile (blue

spectrum) at pH2. Comparison with pure DMPG dispersed in water at pH2 and dried (red
spectrum).

5.4.2 Interaction between phospholipids and TiO, viewed from surface OH

groups.

Infrared spectra displayed in Figure 5.12 show the impact of phospholipids on surface
functional groups of TiO,. The adsorption of phospholipids leads to the decrease in intensity
of the peak at 1623 cm™ and the disappearance of the peak at 5236 cm™. As these peaks are
assigned specifically to molecular adsorbed H,O, we can conclude at this stage that
phospholipids adsorb by displacing adsorbed H,O.

The adsorption also leads to a global shift, towards low wavenumbers, of the massif in

the middle infrared, characteristic of the stretching O-H bonds involved in H-bonds (Figure

222



5.12). Consequently, H-bonds are formed between phospholipids and surface functional

groups.

Strikingly, characteristic bands of surface terminal OH groups in the region 3600 —
3750 cm™ disappeared upon adsorption of phospholipids. The Ti-OH,°* groups characterized
by the peak at 5271 cm™ (figure 5.12) are either eliminated or strongly disturbed during the
interactions with PL molecules. Moreover since this evolution concerns the whole of H-bond
free OH groups, then it is indicative of the full coverage of TiO, surface by phospholipids.
This behavior was also observed in the literature for the adsorption of phosphate species on
thin TiO, film.? Accordingly, the adsorption of phospholipids results from interactions either
via H-bonds between Ti-OH," and negatively charged head polar groups, or via a direct bond
between phospholipids and Tis." sites. The effect caused by adsorbed DMPG molecules on
TiO,-A is stronger than that induced by DMPA molecules (figure 5.12.). This is evidenced in
the range from 3600 to 3700 cm™ (insert c), where the surface hydroxyl groups on TiO,-A are
almost completely removed by DMPG. In contrast, some surface functional groups are still
observable when DMPA was adsorbed. Since the DMPG has two hydroxyl groups carried on
the glycerol function, the different interaction of DMPG on TiO,-A in comparison with

DMPA suggests that OH on glycerol could be involved into the interaction.
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Figure 5.12. IR spectra of (blue) DMPA and (red) DMPG adsorbed on TiO,-A at pH
2. The black spectrum is recorded on pure TiO,-A at pH 2 for comparison. The green arrow
indicates the shift of the H-bonded OH signal towards low wavenumbers after the adsorption.

Figure 5.13 displays the infrared spectra after the phospholipid adsorption on TiO,-R.
Pure TiO,-R exposes before adsorption sharp bands in the region 3200 — 3500 cm™, that are
assigned to vibration of surface OH groups, which can have H-bonds between each other or
with adsorbed H,O (chapter 2). The adsorption of phospholipids led to the disappearance of
the band at 3490 cm™ (assigned to weak H-bonded TiOH,"),** and either the removal of the
band centered at 3275 cm™ (H bonded Ti-OH-Ti bridging OH) or a red shift to 3191 cm™. On

the contrary, the band at 3417 cm™ was not altered by the adsorption.

Moreover we can notice that, the well overlapping of bands in region 2800 — 3000 cm’
! demonstrates the similar density of adsorbed DMPA and DMPG on TiO,-R.
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Figure 5.13. IR spectra of (blue) DMPA and (red) DMPG adsorbed on TiO,-R at pH
2. The black spectrum is recorded on pure TiO,-R at pH 2 for comparison.

5.4.3 Effect of pH on the adsorbed species

Vibration modes of adsorbed phospholipids are dependent on pH of preparation
(Figures 5.14 and 5.15). The difference spectra displayed in Figure 5.14 are obtained by
subtraction of the sample spectrum with the spectrum of the TiO, powder treated in the same
conditions, to eliminate the signals of TiO, at low wavenumbers. As the signals of TiO,
phases are too intense in the spectra recorded without dilution with KBr, we had to use the
spectra of mixed powders at 2% in weight with KBr. The absorption bands of the phosphate
group of DMPA are noticeably disturbed at pH 2, evidenced by the appearance of a new peak
at 1106 cm™ and the decrease of the peak intensity at 1075 cm™. These observations are in
agreement with the Raman results of the 5.4.1 section. Furthermore, the displacement, already
discussed in the previous section 5.4.2, of surface hydroxyl groups and physisorbed H,O from
TiO,-A at pH 2 by DMPA is illustrated by the strong broad negative band centered at 3457
cm™. On the contrary, the effect of adsorbed DMPA at pH 9 is weak as shown by the small
negative bands at 3400 cm™. Figure 5.14 also shows that at pH 9 the changes of the IR
absorption of phosphate group vibration are weak or negligible. Thus the spectrum of the
powder obtained at pH 9 is approximately the spectrum of a mixture between both the TiO,
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and DMPA powders without new interactions. This is in agreement with adsorption isotherm
data presented in chapter 4, where we have shown that DMPA molecules do not adsorb on
TiO, surfaces at pH 9.

Consequently, at pH 2, the positively charged surface, essentially due to the presence
of —OH," groups, proved by IR spectra and Zeta potential measurements, interacts with the
negative DMPA head groups, and in a second step these positive charged groups are displaced
to allow a stronger interaction between Tis.* with the phosphate head. In contrast at pH 9, this

kind of process is not observed because both the surface and the molecules are negatively

charged.
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Figure 5.14. Difference IR spectra of (DMPA adsorbed on TiO;-A) -(TiO,-A) at pH 2
(black) and pH 9 (green).Spectra of pure DMPA at pH 2 (red) and pH 9 (blue) are presented
for comparison.

Figure 5.15 displays the IR spectra recorded for the adsorption of DMPG on rutile and
anatase powders at pH 2 and pH 9. In addition to the elimination of OH signals from the TiO,
surfaces (section 5.4.2), the spectra of the adsorbed DMPG exhibit a different profile between
1300 and 1100 cm™, in comparison with pure DMPG. A new thin component around 1090
cm, associated to another one at 1150 cm™, increases while the component at 1228 cm™ is

fully suppressed. As this infrared region is a fingerprint of vibrations arising from both the
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glycerol and POy, it should be difficult to interpret these changes. However, one must note
that 1) the variations look stronger on rutile than on anatase while the reverse was observed in
Raman spectra and ii) these spectral features were not observed for DMPA. This means that
the changes in Figure 5.15 are essentially due to signals from glycerol. The wavenumbers of
1090 cm™ and 1150 cm™ can be associated to the vibration of an ether bond*° and that at 1228
cm™ to the complex vibration modes of an alcohol. Therefore, the adsorption of DMPG on
TiO, surfaces can be viewed as the formation of an ether bond between surface sites and
glycerol. This is particularly obvious for rutile (the effect being stronger at pH 2 than at pH 9)
but less clear for anatase. Thus we can speculate that the Ti-OH-Ti bridges, characterized by
an intrinsic pKa around 5 (chapter 2) could be involved in the interaction with the glycerol
moiety of DMPG head to form (Ti),-O-glycerol bonds as evoked by Copeland et al (2013)*.
As the surface concentration of this kind of bridge is relatively higher for our rutile sample
than our anatase sample, this effect is more important. To confirm this assumption, isotopic

molecules should be used.
5.5 Discussion

5.5.1 Existence of Ti-O-P bond?

Phosphate species have been known to bind strongly to TiO, surfaces.*? Gong
indicated that P-O" groups of phosphate species from aqueous solution can directly bind to
exposed Ti sites on TiO, through bridging bidentate mode. From mathematical spectral
deconvolution treatments, the author claimed that the frequencies of asymmetric and
symmetric stretching of Ti-O-P bond are 972 and 915 cm™, respectively.! Our study found
that TiO- significantly absorbs IR photons at wavenumbers lower than 1000 cm™. This
remarkably masks the absorption bands of adsorbed phospholipids in this region. Therefore in
our study, we cannot bring similar evidences to clearly conclude on the formation of Ti-O-P
bonds. However, the spectra of adsorbed species were found to be distorted in comparison
with that of pure phospholipids. This was supported by both Raman and NMR spectra (Figure
5.10-11). The disturbance of phosphate moiety in phospholipids upon adsorption
demonstrates the strong adsorption of phospholipids on TiO,. The evolution of surface
hydroxyl groups on TiO, upon adsorption of phospholipids is also obvious evidence to

support the strong interaction of phospholipids with TiO,.
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5.5.2 Role of glycerol in the adsorption

Copeland et al. illustrated that glycerol readily binds to unsaturated Al atoms on y-
Al,Oj3 in spite of the presence of physisorbed H,0.* This chemical binding occurs via the
primary OH of glycerol, whereas H-bonding with surface metal oxide is involved through the
secondary OH group (the primary OH is more acidic than the secondary one). The interaction
of glycerol with the surface occurred regardless of the presence of coadsorbed H,O, which
demonstrated that the interaction is strong. Several metal oxides including TiO, exhibit Lewis
acid sites, and strong interaction of glycerol with these oxides has been recently observed.** In
this work, it was observed that glycerol displaced the hydroxyl groups and directly bound to
the surface Ti** on anatase. Furthermore, the authors claimed that hydrogen bonds were also

formed between glycerol and surface hydroxyl groups or surface negative oxygen atoms.

The presence of substituted glycerol on DMPG thus increases the probability of these
molecules to adsorb on TiO, surface. This has been supported by the adsorption isotherm of
DMPG on TiO; (chapter 4). The isotherm shows that the adsorption takes place even at pH 9,

where electrostatic interaction between TiO, and DMPG is repulsive.

The sole difference between DMPA and DMPG is the presence of glycerol
substitution in the headgroup of DMPG. As a result, phosphate moiety in DMPA exposes
three free oxygen atoms, whereas DMPG has only two oxygen atoms available for interaction.
This leads to differences in protonation/deprotonation and hydration behavior. The striking
distinction is the presence of two OH groups carried on the terminal glycerol in DMPG. They
induce a distinctive adsorption mechanism of DMPG from that of DMPA on TiO,. Raman
and NMR spectra indicated that the phosphate moiety of DMPG was less sensitive to the
adsorption. It is therefore suggested that the phosphate moiety is unlikely involved in the
interaction of DMPG with TiO,. Glycerol is expected to play a more prominent role in the

interaction. For illustration, figure 5.15 shows the IR spectra of adsorbed DMPG on TiO,.
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Figure 5.15. IR spectra of adsorbed DMPG on TiO,-A and TiO,-R at (a) pH 2 and (b)
pH 9. Pure DMPG at pH 2 and pH 9 are presented for comparison.

Intensity of peaks at 1111 cm™ and 1330 cm™ are significantly altered after the
adsorption of DMPG on TiO,. The first peak is attributed to stretching of C-O in the
secondary alcohol of glycerol and the second is assigned to C-O-H bending. At both pH 2 and
pH 9, the intensity of C-O-H peak decreases. This is a clear evidence for the involvement of

hydroxyl groups of glycerol in the interaction with TiO,.

The behavior of the C-O peak is dependent on crystallinity of TiO,. On TiO,-A, the
intensity of this peak increases, whilst it decreases on TiO,-R. This change in intensity
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demonstrates that the interaction of glycerol OH groups with TiO,-R is stronger than with
TiO,-A. Especially, the sharp peak at 1088 cm™, which may be attributed to the primary OH
group in glycerol substituent, interacts with surface TiO,-R. The spectral data are apparently
in agreement with the adsorption isotherms reported in chapter 4. Indeed, we observed that
DMPG adsorbed in greatest amount on rutile than on anatase phases, and that this amount did

not depend on pH (2 or 9).

5.5.3 Interaction model

In addition to the presence of terminal (Ti-OH) and bridging (Ti,-OH) hydroxyl
groups, the surface of TiO; in this study is overall covered by multilayers of physisorbed
water. At pH 2, the positively charged groups (Ti-OH,") appear because of the protonation of
surface hydroxyl groups. At pH 9, negatively charged groups (Ti-O™ and Ti,-O") are present
via the deprotonation processes. At ambient condition, the presence of surface coordinatively
unsaturated Ti** sites is excluded. Figure 5.16 suggests the dominant phospholipid species
and surface functional groups on TiO; in solution at pH 2 and pH 9.
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Figure 5.16. Predominant protonation states of DMPA and DMPG at pH 2 and pH 9.
Possible surface functional groups existing on TiO, according to pH of environment.
Reference to Tocanne 1990*° for DMPA and DMPG.
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It is conceivable that mono-substituted phosphate has two possibilities of binding to
TiO, surface: monodentate and bidentate, whereas disubstituted phosphate has only one
possibility: monodentate. Connor and McQuillan proved that n-butyl phosphate adsorbed on
TiO; via bidentate binding. Nonetheless, dimethyl phosphate did not bind to TiO; in the same
condition.? DMPA and DMPG can be considered as monosubstituted and disubstituted

phosphate, respectively, as DMPG has an additional glycerol substituent.

As shown by spectroscopic investigations, DMPG is not expected to bind via the
phosphate group. The bulky structure in conjunction with intra-hydrogen bonds can hinder the
direct binding of DMPG to TiO through the phosphate group. Consequently, there is a higher
probability for the chemical bond to be formed between the primary hydroxyl of glycerol
substituent and the surface of TiO,.

Evidences from Raman, NMR and Infrared spectra show the disturbance of phosphate
group in adsorbed species in comparison with pure phospholipids. Furthermore, the removal
of surface hydroxyl groups (including -OH,") on TiO, upon adsorption gives rise to the
evidence of a strong interaction between phospholipids and TiO, surface. Nonetheless, it is
uncertain to confirm the formation of chemical bonds between phospholipids and TiO,.

Hereafter, some adsorption modes of DMPA and DMPG onto TiO; are suggested.

At low pH, it is likely that phospholipids displace -OH,™ groups and create a direct
covalent bond between oxygen in phosphate or glycerol and Ti* sites (Lewis acid). Another
possibility is that an electrostatic bond could be established between Ti** sites and negative
oxygen atoms from phosphate moieties. In addition, the formation of H-bonds between
phospholipids with residual surface OH groups or with surface oxygen atoms (terminal and
bridging) is highly possible.
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Figure 5.17. Some binding modes of DMPA (a, b, ¢) and DMPG (a, b, d) at pH 2 to
surface of TiO,. Ti; indicates that only one Ti** atom in the lattice bind to one oxygen atom
(terminal oxygen). Ti, denotes that there are two Ti** atoms in the lattice bind to one oxygen

atom (bridging oxygen).

At high pH, the majority of surface hydroxyl groups is deprotonated and results in Ti-
O and Ti,-O  groups. In this condition, electrostatic interaction between TiO, and
phospholipid headgroups is repulsive. This explains why DMPA could not adsorb on TiO,
surfaces at pH 9. In contrast, DMPG can form H-bonds between OH groups of glycerol
function and negatively charged surface oxygen atoms. This binding mode has been proven
for the interaction between glycerol and anatase particles.*® In addition, oxygen atoms from
the carbonyl group can establish H-bonds with residual surface OH groups as suggested in

literature.*®
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Figure 5.18. Some binding modes of DMPG at pH 9 to surface of TiO,. Ti; indicates
that only one Ti atom in the lattice bind to one oxygen atom (terminal oxygen or Tisc). Ti>
denotes that there are two Ti atoms in the lattice bind to one oxygen atom (bridging oxygen).

Although the direct evidence of these binding modes was not observed in this study,
the displacement of surface hydroxyl groups on TiO, by the adsorption of phospholipids is

certain. In order to probe these binding modes, more studies are now required.

5.6 Perspective

This chapter shows at first that the spectroscopic methodology proposed here
combining NMR, Raman, MIR and NIR analysis is a good approach to investigate the
interactions at the interfaces PL/TiO, in aqueous solutions. The experimental adsorption
conditions chosen in a first step to favor the recording of the spectroscopic signals, and not to
be perfectly comparable to the experimental conditions of the chapter 4, do not allow us to
conclude about the adsorption at low ratio PL/TiO,. Thus, with perhaps too high ratios
PL/TiO,, and despite efforts, determining the bond nature of phospholipids onto TiO; has not
yet be achieved. There is a clear need to further extend this study. For this goal, NMR should
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be employed in combination with hydrogen — deuterium exchange method (H/D exchange) in
order to follow the signal of *'P. This provides possible insight concerning the involvement
of the phosphate moiety into the interaction with surface oxide. In addition, exchange
hydrogen by deuterium atom in hydroxyl groups of DMPG can help to determine the

implication of these groups into the interaction.

As both phospholipids and TiO, surface are very sensitive to the effect of humidity, it
would be interesting to follow the adsorption of phospholipids on TiO, by controlling H,O
vapor pressure. The role of H,O has been found to be crucial in the interaction at the solid —

liquid interface.

Furthermore, the adsorption of glycerol molecules and phosphate ions (PO,*) should be
investigated in conjunction with phospholipids by IR spectroscopy in the same conditions.
This should bring supplementary information to understand the complex interaction of

phospholipids with TiO,.

Effect of crystal faces of TiO, on the interaction with phospholipids could be
investigated through the use of single-crystals. This direction should take advantage of Sum

Generation Frequency techniques.

Finally, the effect of ultraviolet light on the adsorbed species can be followed through
Diffuse-Infrared spectroscopic study. This step should bring more useful information related
to the photocatalytic activity of TiO, particularly towards biomolecules which are directly in

contact with the oxide integrated in some commercial products (food, sunscreen...).
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General conclusion and outlook

This study investigated the interactions between nanoparticles of TiO, and
phospholipids in aqueous medium. A first screening step using Laser Doppler Velocimetry
and Langmuir films whose organization is highly sensitive to media, was carried out with the
popular TiO,-P25 particles and a large panel of phospholipid molecules. This allowed us to

classify phospholipids in two groups.

In the first group, there are the phospholipids that are sufficiently charged and interact
with TiO,-P25 particles solely in acidic media (phosphatidic acid DMPA, phosphatidylserine
DMPS), and those which interact with TiO,-P25 particles on a large pH range
(phosphatidylglycerol DMPG and cardiolipin TMCL). The phospholipids DMPA and DMPS
interact with TiO,-P25 particles by electrostatic interactions that are screened by salt in
concentrations 10" mol/L and 10 mol/L respectively. Obviously, the phosphate group of
DMPA is involved in the adsorption on TiO,-P25 particles, while the carboxylate group in
DMPS is at least one of the groups involved in the adsorption on TiO,-P25 particles. For
DMPG and TMCL, the hydroxyl groups of the ending glycerol group are expected to play a

role in the adsorption on TiO,-P25 particles.

In the second group, there are the zwitterionic lipids like phosphatidylcholine DMPC,
phosphatidylethanolamine DMPE and sphingomyelin SM, which do not interact with TiO,-
P25 regardless of pH. These phospholipids, widely present in the composition of biological

membranes, thus do not favour the anchoring of TiO,-P25 particles on the membranes.

The different affinities of phospholipids for titanium dioxide help us to understand the
separation of only PC, PE and SM phospholipids from milk by chromatography on TiO,
columns. Indeed, some charged phospholipids that are present in milk were not further
identified after the separation and were probably retained on the columns.

Since TiO,-P25 particles are composed of anatase and rutile phases, the role of the
surface crystalline structures was investigated with separated anatase and rutile samples.
Surface pressure-area isotherms and batch adsorption experiments performed at pH 2 and pH
9 in aqueous medium showed that DMPA and DMPG, the main adsorbing phospholipids on
TiO,-P25 particles, adsorb on both anatase and rutile surfaces. DMPA adsorbs solely at acidic
pH on anatase and rutile, while DMPG adsorbs on rutile and anatase in similar amounts in

both acidic and basic media, then by non-electrostatic interactions. The strong interactions
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between TiO,-P25 (85 % anatase + 15% rutile) and DMPA or DMPG at pH 2, as well as the
remaining interactions observed between DMPG and TiO,-P25 at pH 9 and pH 2 in the
presence of salt, can be thus understood by the interactions of DMPA and DMPG at pH 2
with both anatase and rutile, and with rutile at pH 9 for DMPG.

The characterization of the bonds by vibrational spectroscopy (infrared and Raman)
and **P NMR did not bring a direct evidence of the formation of covalent bonds, as claimed in
the literature. Adsorbed phospholipids (DMPA & DMPG) displaced adsorbed H,O and
surface OH groups on TiO,. They clearly form inner-sphere complexes. While the phosphate
group is actually the sole species involved in the adsorption of DMPA on TiO5, it is less clear
for DMPG: the primary and secondary alcohols of the glycerol moiety are mainly involved in
the interaction with TiO, but also in a less extent, the phosphate group carrying the glycerol
group.

In spite of our extensive efforts, there are yet many questions to answer. The effect of
ultraviolet light on the interaction is worth studying due to the photo-catalytic activity of
TiO,. The dynamics of phospholipid adsorption on TiO, can be followed with H/D exchange
method applied in NMR and Infrared spectroscopy. The absence of phospholipid interactions
with some anatase samples is quite surprising, thus a fine description of the oxide surface
could help us to understand this phenomenon and extend our results to any anatase sample. A
single crystal of TiO, should be used in the future to investigate the different adsorption
behaviors of crystal facets against phospholipids. If humidity can be controlled during IR

experiment, the effect of water on the interaction of phospholipids with TiO, can be revealed.

Regarding phospholipids, a more complex system (mixture of phospholipids,
protein...) can now be studied considering the organization of the phospholipids (that do not
mix with each other in any conditions and form lipid rafts with cholesterol). It must be

interesting and useful for studying at physiological conditions.

This thesis may have potential implications in biomaterial research considering
phospholipids as modifiers, which can render TiO, surface biocompatible. Furthermore,
understanding the TiO,-phospholipids interaction can serve as a background to assess the
interaction of this oxide with cell, cell membrane or, at larger level, with living beings. This

must be useful in toxicology studies in the area of nanomaterials.
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